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Preface

Celebrating the 10th anniversary of Coatings through a Special Issue focused on surface and

interface engineering is a great way to highlight advancements in the field. This Special Issue

provides a platform for researchers and experts to share their latest findings and innovations related

to various coating deposition processes and surface treatments for attaining the enhanced protection

and improved functionality of modified or treated surfaces under challenging conditions. By

comprehensively characterizing the properties of coated or treated surfaces, researchers can gain

insights into how these modifications impact material performance. This information is valuable

for both advancing our understanding of surface engineering principles and guiding the practical

applications of this research.

Georgios Skordaris

Editor
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Nano- and Micro-Scale Impact Testing of Hard Coatings:
A Review

Ben D. Beake

Micro Materials Ltd., Willow House, Yale Business Village, Ellice Way, Wrexham LL13 7YL, UK;

ben@micromaterials.co.uk; Tel.: +44-1978-261615

Abstract: In this review, the operating principles of the nano-impact test technique are described,

compared and contrasted to micro- and macro-scale impact tests. Impact fatigue mechanisms are

discussed, and the impact behaviour of three different industrially relevant coating systems has been

investigated in detail. The coating systems are (i) ultra-thin hard carbon films on silicon, (ii) DLC

on hardened tool steel and (iii) nitrides on WC-Co. The influence of the mechanical properties of

the substrate and the load-carrying capacity (H3/E2) of the coating, the use of the test to simulate

erosion, studies modelling the nano- and micro-impact test and performing nano- and micro-impact

tests at elevated temperature are also discussed.

Keywords: nano-impact; micro-impact; fatigue; fracture

1. Introduction

Impact resistance is critical in many applications of coating systems involving highly
loaded mechanical contact. These include automotive and aero-engine components and
interrupted high-performance machining operations where intermittent high strain rate
contact occurs [1–3]. In a diesel engine system, diamond-like carbon (DLC) coatings are
deposited on many components in the powertrain, including fuel injectors, tappets, pistons,
and piston rings, where they can be subjected to repetitive impacts in service [2]. In a gas
turbine engine, high-temperature erosion of the thermal barrier coatings that protect the
underlying superalloy turbine blades is a key factor lowering service life and restricting
operating temperatures.

Cyclic impact tests are used as model tests for assessing coating durability under
dynamic loading [4–6]. Bulk materials and coatings systems often undergo fatigue defor-
mation mechanisms in the multi-cycle tests that are not observed in single-cycle tests [7,8].
In an impact test on a coated system, the test severity and positions of peak impact-induced
stresses relative to the coating–substrate interface can be controlled by varying the impact
energy and the geometry of the test probe. Fatigue mechanisms can vary with the ratio of
coating thickness t to the indenter radius R [9,10] (t/R), so it can be very useful to perform
impact tests with different contact sizes to obtain data over a range of t/R. Therefore,
macro-scale, micro-scale and nano-scale impact tests have been developed. The differences
between them and how these influence the observed behaviour is discussed in more detail
in later sections. Deformation and failure mechanisms depend on applied load and indenter
sharpness. t/R values are very low (≈0.001) in macro-scale tests of thin physical vapour
deposition (PVD) coatings with cemented carbide or hardened steel spherical indenters
with 1–3 mm end radius. The peak von Mises stresses that result in plastic deformation are
located deep into the substrate, and hence, the fatigue behaviour can be strongly influenced
by the substrate properties [1,4–7,11]. Although they can be useful, macro-scale impact tests
have some limitations. An alternative approach to determining coating fatigue resistance
is to perform nano-scale impact tests at higher t/R with much sharper probes. These
accelerated tests are of much shorter duration than macro-scale tests and subject coatings

Coatings 2022, 12, 793. https://doi.org/10.3390/coatings12060793 https://www.mdpi.com/journal/coatings
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to more severe conditions that replicate the high stresses generated in actual operating
conditions. The position of peak von Mises stresses relative to the coating-substrate inter-
face is completely different in the nano- and macro-scale tests. Nano-impact tests are very
sensitive to small differences in coating properties and have shown excellent correlation to
coating performance in applications. In particular, there have been many studies on Al-rich
(Ti,Al)N-based PVD coatings on cemented carbide that have shown strong correlation
between the wear of coated tools in high-speed machining applications and the fracture
resistance found in the nano-impact test [12–23].

Nano-impact testing utilises the depth-sensing capability of a multifunctional nanome-
chanical test system (NanoTest system, Micro Materials Ltd., Wrexham, UK) to perform
impact testing at strain rates that are several orders of magnitude higher than those in
quasi-static indentation tests [24–29]. Although nano-impact is the most common terminol-
ogy, the technique was originally termed micro-impact [30] and has also been described
as impact indentation or impulse impact. The small scale tests provide more localised
assessment of impact resistance. They have potential advantages in high throughput,
automation and surface sensitivity, so they are particularly suited to thin coatings/small
volumes and in investigating the influence of nano/microstructure on performance.

To bridge the gap in t/R between the nano- and macro-ranges, the micro-impact test,
involving higher loads and larger probe sizes than in nano-impact, has been developed as
an instrumented accelerated test sensitive to coating and substrate together where stresses
can be concentrated near interface(s) in the system [31–37]. In the micro-impact test, coating
and substrate deformation is important, and coatings can be subjected to high bending
stresses. The importance of the strain rate on the fatigue failure of coatings has been
highlighted by Bouzakis and co-workers, with even only a relatively modest increase in
strain rate decreasing the fatigue endurance limit of Al0.6Ti0.4N-coated WC-Co [38]. The
high strain rate contact in nano- and micro-impact tests can provide closer simulation of
the performance of coatings systems under highly loaded intermittent contact and the
evolution of wear under these conditions than tests at a lower strain rate.

Originally envisaged as a test method primarily to assess the degradation of coatings
to repeated localised stresses, the availability of single and multiple impact configurations,
nano- and micro-scale load ranges and different indenter geometries have resulted in
the development of a wide range of applications [39–59]. Applications of single impact
tests have included (i) strain rate sensitivity [24,25,27,28], (ii) dynamic hardness [29,41,42],
(iii) dynamic H/E [45], (iv) energy absorption [40] and (v) particle–matrix delamination [46].
Applications of repetitive impact tests have included (i) the evolution of dynamic hardness
and debonding [51], (ii) erosive wear simulation by matching contact size [43], (iii) fracture
toughness [56], and (iv) understanding how hierarchical structures influence damage
tolerance in natural tough materials [47]. A single impact is effectively a high strain rate
indentation test. Analysis methods for single-impact data have been developed using the
approaches outlined by Schuh, van Vliet and others [24,29,41] to measure the dynamic
hardness (impulse hardness) of the material, i.e., its effective hardness at high strain rate.
The nano-impact test has also been used to assess toughness at a small scale [56]. Although
it does not measure quasi-static fracture toughness K1c, it can provide a quantitative
assessment of resistance to fatigue fracture, or effective dynamic toughness, under repetitive
loading. The power of the test as a reliable simulation tool is that in many cases, this is
more representative of actual contact conditions in applications; i.e., wear resistance is
controlled by a combination of load support and resistance to fracture rather than by coating
hardness or toughness alone. To improve our understanding of coating system behaviour
under repetitive impact, it has proved beneficial to also (i) develop analysis methods
for quantifying deformation in single impacts [40,41], (ii) perform repetitive impacts on
uncoated substrates [49], (iii) develop test metrics from single impacts, which can be used
to detect the onset of fracture [50,52], and (iv) support conclusions with multi-sensing
approaches such as acoustic emission monitoring [53,54].
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In this review, the operating principles of the nano-impact test technique are described,
and nano-impact tests are compared to micro- and macro-scale tests. Impact fatigue
mechanisms are discussed, and the impact behaviour of three different industrially relevant
coating systems—(i) ultra-thin hard carbon films on silicon, (ii) diamond-like carbon (DLC)
on hardened tool steel, and (iii) PVD nitrides on cemented carbide—is investigated in
detail. This is followed by sections describing the influence of the substrate mechanical
properties and the load-carrying capacity (H3/E2) of the coating, the use of the test to
simulate erosion, studies modelling the nano- and micro-impact test and lastly, performing
nano- and micro-impact tests at elevated temperature.

2. Nano-Impact—Experimental Setup, Test Basics and Test Metrics

In the nano-impact test, a diamond indenter is withdrawn to a set distance from
the sample surface and then rapidly accelerated to produce a high strain rate impact
event. The depth-sensing capability of a commercial nanoindentation system (NanoTest,
Micro Materials Ltd., Wrexham, UK) is used to monitor the degradation of surface from
repeated localised stresses at high rates of strain, which are orders of magnitude higher
than in normal (quasi-static) nanoindentation. The configuration is shown schematically in
Figure 1a.

 
(a) 

(b) 

Figure 1. (a) Schematic representation of experimental configuration for repetitive nano-impact test.

(b) Example of instantaneous probe position in a repetitive micro-impact test.

An initial surface contact by the impact probe under a minimum contact load deter-
mines the depth zero at the beginning of the nano-impact test experiment. The actuated
(static) coil force is then applied, producing elastoplastic deformation by indentation. The
corresponding initial indentation depth under load, h0, which includes elastic and plastic

3
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deformation, is used to confirm that the depth zero is measured correctly and the test did
not impact in an anomalous region of the surface. Repetitive contacts are produced by
electromagnetic actuation where the impact probe is rapidly withdrawn from the surface
(e.g., to 10 µm above the surface, as shown schematically on the left-hand side of Figure 1b)
and then accelerated over this distance to impact the surface (right-hand side of Figure 1b),
producing true high strain rate impact events (see also Figure 2) where the probe leaves the
surface between each subsequent impact. The under-load impact depth, h, is always larger
than h0, as the dynamic impact force is significantly larger than the static impact load, due
to inertia. Once the probe comes to rest, it is retracted, and with periodic actuation, the
surface re-impacted at the same position at a set frequency, typically at 4 s intervals, to
produce a cyclic impact test. The position of the impacting diamond probe under load is
recorded throughout the test, allowing the progression of damage to be monitored cycle by
cycle. An example is shown in Figure 1b.

μ

−

 

≈

μ

Figure 2. Strain rate in a nano-impact test on alumina with a cube corner indenter at 5 mN.

Several authors have shown that the strain rate at contact in the nano-impact test can
be extremely high, typically in the region of 104–105 s−1 [26–28,55,57]. To illustrate this,
Figure 2 shows how the strain rate varies with time during a single impact event on a bulk
alumina sample when impacted by a cube corner diamond probe (three repeats are shown).
Although the strain rate reduces after contact, it remains at a high level throughout the
majority of the impact event.

Experimental parameters such as the test probe geometry, applied load, acceleration
distance and the total number of impact cycles and their frequency are user-controlled
in the nano-impact test to alter the severity of the test and its duration. A cube corner
diamond indenter (with a small end radius of ≈50 nm) has been the most popular choice
of impact probe, as its geometry produces high contact strain, which is beneficial in driving
impact-induced fracture within a short test time. The applied load and accelerating distance
control the impact energy delivered to the sample. Typical nano-impact test parameters that
have been used for testing hard coatings are: (i) cube corner diamond impact probe, (ii) 90◦

impact angle, (iii) 25–150 mN applied load, (iv) 15 µm accelerating distance, (v) 0.25 Hz
impact frequency, (vi) 300 s test duration (i.e., 75 impacts in total), (vii) 5–10 repeat tests at
each load, and (viii) normal laboratory temperature (e.g., 22 ◦C). The general procedure for
micro-impact tests is the same.

Qin and co-workers [29] have split the impact process into three stages: (i) acceleration,
(ii) indentation, and (iii) rebound. High-resolution analysis of probe depth vs. time data
is used to determine a range of metrics from single impacts including (i) coefficient of
restitution (Vin/Vout) and (ii) from knowledge of the effective mass of the pendulum,

4
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fractional potential energy (KEin/KEout) [50]. Analysis of single nano-impacts [29] provided
an estimate of the fraction of the impact energy transferred to the sample as ≈0.7 and the
fraction lost through losses to the system, i.e., transmission into the pendulum, vibration,
and air damping as ≈0.3.

The response of a material to repetitive contact in the nano-impact test depends on
its ductility or brittleness. On a ductile material, there is a gradual increase in probe
penetration depth. The rate of depth increase slows with continued impacts, particularly
for strongly work-hardening materials. In contrast, for a brittle material, there are often
several abrupt increases in probe depth during the test due to cohesive and/or interfacial
failures. A typical example on a coating system is shown in Figure 3. At 50 mN, there was
no clear failure, but at higher loads, the abrupt increases due to fracture are clear.

≈

≈

 

Figure 3. Variation in probe depth with number of impacts in nano-impact tests at 50–150 mN on

Ti0.25Al0.65Cr0.1N PVD coating on cemented carbide with a sharp cube corner indenter.

Since it is trivial to set up multiple tests in an automated schedule, typically, multiple
replicate tests are performed at different positions (e.g., in a grid array) on the sample
surface to improve the statistical significance of the results. The impact resistance of
different coatings can be assessed by the number of impacts required for failure to occur in
50% of the tests. Rebound impacts are essentially elastic [39] so that only the initial impact
in each cycle is counted. Failure probability can be estimated by ranking the number of
impacts-to-failure events in order of increasing fatigue resistance and then assigning a
probability of failure to the nth ranked failure event in a total sample size of N, according to
Equation (1), in an analogous approach to the treatment of distributions of failure stresses
in Weibull statistics.

P(f) = n/(N + 1) (1)

By combining failure probability data at different loads, a plot of the number of impacts
required for failure to occur in 50% of tests vs. the impact force can be obtained. Failure in
the nano-impact test can be strongly load-dependent. As an example, Figure 4 illustrates
how the failure probability changes with load and number of impacts for an 80 nm ta-C
coating on Si when impacted by a spherical indenter with a 4.6 µm end radius [58].

5
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μ

 

μ
μ

Figure 4. Failure probability vs. load for 80 nm ta-C on Si.

Several methods have been used to confirm that the abrupt changes in depth (as
shown in Figure 3) are due to the onset of fracture. Jennett and Nunn [50] have used
high-resolution analysis to monitor the change in fractional potential energy absorbed
with continued impacting, showing a marked increase in energy absorbed for the impacts
that resulted in abrupt increases in probe depth. In nano-impact tests on the bulk ceramic
materials, alumina and partially stabilised zirconia, simultaneous acoustic emission (AE)
detection has been used to reveal which impacts cause cracking [53,54]. Although there was
a correlation between impacts that caused a large increase in depth being accompanied by
bursts of AE, the in situ monitoring of AE revealed a more complex behaviour with crack
systems developing over several impacts before a larger burst of AE for the impact resulting
in material removal under the impact probe. Shi and co-workers [52] used high-resolution
data acquisition of single nano-impacts on CrN to reveal changes in depth–time data when
fracture occurred. In cyclic impact, more stochastic behaviour is observed from the onset of
cracking. An indirect but practically useful indication of fracture is the onset of variability
in depth vs. number of impacts in repeat tests [58]. When there was no fracture in any of
the tests, the reproducibility in probe depth was typically very good. Higher variability
begins once fracture occurs after a certain number of impacts in some tests but not others.

3. Comparison between Nano-, Micro- and Macro-Scale Impact Tests

The general procedure for nano- and micro-impact tests is the same. In micro-impact
tests on hard coatings, the experimental parameters are typically the same except for
accelerating distance, applied load and probe geometry. The accelerating distance is
typically set at 40 µm so that differences in impact energy are obtained by altering the
applied load (0.5–5 N). Sphero-conical diamond test probes with end radii of 8–100 µm
have been most commonly used [36,49,59]. The impact energy is given by the product of
the impulse force and accelerating distance. Since the accelerating distance is typically kept
constant, it is common to report data in terms of the actuated impact force. Due to higher
forces and accelerating distances, the energy supplied in micro-impact is typically from
×100 to ×1000 greater than in the nano-impact test, which enables spherical probes to be
used effectively, causing fracture rapidly.

Typical experimental parameters in each type of test are summarised in Table 1. Al-
though the principles behind nano-/micro- and macro-scale impact tests are common, there
is a fundamental difference of approach in the nano-/micro- tests, which are depth-sensing,
as the change in depth under load is monitored throughout the test with a capacitive sensor,
and the macro-impact tests, which are not depth-sensing. Instead, coating durability in
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macro-scale impact tests has been assessed by post-test evaluations of damage such as crater
volume [60] or failed-area ratio (defined as area of substrate exposure divided by the total
contact area) [4,61]. Nano- and micro-impact tests are accelerated tests that are typically
much shorter and probe coating system behaviour under more severe conditions where
there is greater coating strain. Detailed information on the fatigue failure mechanisms in
nano/micro-impact tests is obtained through setting up automated arrays of rapid repeat
tests at different loads (e.g., 5–10 repeats per load) with cycle-by-cycle monitoring of the
damage providing a precise measure of the number of impact cycles to coating failure in
each test.

Table 1. Comparison between nano-, micro- and macro-scale impact test techniques (1).

- Nano-Impact Micro-Impact Macro-Impact

Depth sensing Y Y N

Accurate time-to-failure recorded Y Y N

Test duration 1–60 min (2) 1–60 min (2) Extended duration

Number of impact cycles 15–450 15–900 102–106

Test probe material Diamond Diamond WC-Co, hardened steel, Si3N4

Test probe radius, R ≈50 nm 5–100 µm 1–3 mm

t/R ≈10 ≈0.1 ≈0.001

Sensitivity to coating
mechanical properties

High High may be low

Sensitivity to adhesion Medium High may be low

Automatic scheduling of multiple
tests/tests on multiple samples

Y Y N

Applied load (N) 0.001–0.2 0.1–5 >>100

Accelerating distance (µm) 10–15 10–60 can remain in contact

(1) Macro-scale data taken from references [4,60–72]. (2) most commonly 5 min, i.e., 75 impacts.

The micro-impact test at higher t/R than macro-impact can be more sensitive to
coating and substrate together, since stresses can be concentrated near interfaces in the
coating system [31]. Beake, Liskiewicz and co-workers [31–37] have used this technique to
investigate (i) impact resistance of hard carbon coatings on hardened tool steel [33–35,37]
and (ii) PVD nitrides on WC-Co [31,32,36,37]. The impact energy in nano- and micro-impact
tests is much lower than in the macro-scale tests, but critically, it is acting over a very small
volume so that the resultant impact energy density is high. The size of the affected volume
can be estimated by 2.4a × πa2, where a is the contact radius and 2.4a is the depth of the
primary indentation zone [73,74]. In a study of micro-impact of TiAlCrN/NbN coatings,
the calculated energy densities when using R = 8 or 20 µm probes were ≈2–4 GJ/m3,
resulting in rapid fracture [36].

The potential advantages of studying coating fatigue resistance by nano- or micro-scale
tests are the much shorter duration of the experiments compared to conventional, high-cycle
macro-scale tests and impact-by-impact monitoring of the impact-induced deformation
process that provides a precise record of the exact number of cycles to failure with detailed
information on the fatigue failure mechanism. It is possible to use nano- or micro-impact
testing to automatically build up complete S-N fatigue curves from single samples, enabling
rapid screening to evaluate the performance of novel coating compositions and load-
dependent deformation mechanisms to be evaluated.

4. Impact Fatigue Mechanisms

By altering the impact load, probe sharpness and test duration, it is possible to study
fatigue mechanisms. In nano- and micro- scale impact tests, the instantaneous probe
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position is recorded throughout, so changing depth can be correlated with a post-test
analysis of impact craters by SEM, with additional sub-surface information available from
FIB cross-sections through the craters [75]. The initial resistance to crack nucleation and
subsequent crack propagation under cyclic loading are studied by monitoring the evolution
in probe depth.

When comparing coatings and their deformation mechanisms across wide force ranges
and/or different probe geometries, it is common to plot depth vs. number of impacts from
multiple tests together. However, small inflexions in probe depth that can occur at the onset
of failure events may be obscured. As an alternate approach to compare coating behaviour
at different applied load and/or with different probe geometries, the change in depth after
the initial impact (i.e., [h − h0]) with continued impact can provide a more useful indication
of the damage progression [37,49,59]. This approach enables (i) effective comparison of
nano- and micro-impact data with different probe geometries and (ii) convenient investiga-
tion of load-dependent behaviour at either length scale whilst retaining the same probe
geometry. However, it removes the effects of initial load-dependent coating bending. An
example of this is discussed in more detail in Section 6 (Figure 10).

Coating failure in a nano-impact test is usually accompanied by abrupt increases in
probe depth, as shown in Figure 3. For some coating systems, the on-load probe depth has
been found to decrease with continued impacts under certain conditions when spherical
probes are used [51,55,76]. This backward depth evolution has been confirmed [55] by
post-test AFM imaging of impact scars showing volume uplift. This uplift has been
considered to be the results of interfacial delamination occurring without (or before) the
accompanying fracture that results in the increase in depth. It is more commonly found at
low load where stresses are relatively low and impact-induced plasticity is minimised. This
behaviour indicates that under certain conditions, the impact test may be used to assess
adhesion strength, particularly where debonding is induced without being preceded by
appreciable plasticity.

Experimental studies with a range of different probe geometries have clearly shown
that hard PVD coatings can display fatigue behaviour under cyclic loading. The location
and extent of cracking observed depends on a range of factors including coating and
substrate mechanical properties and coating thickness, and test conditions including the
test probe geometry, applied load and number of cycles. Experimental studies of repetitive
micro-impact by spherical indenters with end radii 17–20 µm and macro-scale tests with
larger radius probes have reported crack formation at the top surface at the periphery of
the contact where high tensile stresses exist. For example, Tarrés and co-workers [77] have
studied the damage mechanism under cyclic loading of PVD TiN-coated hard metal sub-
strate by a 1.25 mm radius WC-Ni spherical indenter at 200–900 N. This occurred through
(i) nucleation of a surface circular crack after plastic deformation of the substrate, (ii) grad-
ual crack growth down from the coating surface with increasing cycles through the coating
thickness, and (iii) substrate cracking without any intermediate interface delamination.
The critical loads for cracking under monotonic and cyclic loading were used to determine
the fatigue sensitivity of the TiN coating. Spherical probe geometry has been generally
preferred for investigating repetitive indentation/impact damage evolution and fatigue
sensitivity [77], but sharper probe geometries such as Vickers, Berkovich or cube corner
also can generate surface fatigue. For example, surface radial cracks which grow gradually
extend from the impact zone with an increasing number of cycles and/or load. In cyclic
Vickers indentation of hard coatings on tool steels, the observed crack morphology around
the indent was found to depend on the H/E ratio of the coatings [78]. A quasi-plastic
damage mode with radial cracks that increased in length under continued cyclic loading
was found in coatings with relatively lower H/E [78].

Thin zirconia, alumina and zirconia-alumina bi-layer coatings deposited on glass have
been studied by nano- and micro-impact testing [59] as a model brittle coating/brittle sub-
strate system. Back-scattered SEM imaging revealed a range of load-dependent deformation
mechanisms including (i) radial cracking without chipping/delamination, (ii) concentric
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ring cracks leading to chipping/delamination, (iii) chipping/delamination accompanied by
spiral cracking outside the chipped/delaminated region and (iv) chipping/delamination
accompanied by substrate fracture. A range of load-dependent mechanisms were also
found in micro-impact testing of TiAlCrN/NbN nanomultilayered coatings on WC-Co [36].
Ring cracks precede radial cracks in indentation [79]. In spherical indentation and cyclic
fatigue tests, circumferential cracking is commonly observed initially, transitioning to radial
cracking and chipping at higher loads and/or longer cycling.

FIB milling has been used to study sub-surface crack networks developed by repetitive
nano-impact testing. Zhang and co-workers [57] observed that lateral cracks developed
in 10 µm TiN/Ti multilayers on Ti6Al4V. Chen and co-workers noted [75] that despite
extensive spallation, there was no interfacial cracking in TiAlSiN and TiN coatings on
hardened steel. Ma and co-workers used [80] X-FIB to show that degradation in columnar
TiN and TiAlN-TiN bilayer coatings on steel subjected to indentation with a spherical
indenter was predominantly by shear at columnar grain boundaries. Circumferential
cracking outside the indentation zone was also observed. In cyclic loading of ≈1.5 µm
thick TiN on 304 stainless steel with a R = 5 µm indenter; Cairney and co-workers [81]
used FIB to show that the principal deformation mechanism appeared to be sliding along
intercolumnar cracks. They proposed that fatigue occurred through a reduction in the shear
stress at the column boundaries with repeated indentation. The reduction in shear stress
resulted in greater load being transferred to the softer substrate, with a consequent increase
in penetration depth [81]. Shi and co-workers [82] noted that in nano- and micro-impact
tests on graphitic carbon coatings on stainless steel substrate, i.e., a substrate that does not
provide as much load support as hardened tool steel, the failure location was not at the
periphery of the crater but in the centre (underneath).

Abdollah and co-workers [83] proposed a three-stage impact deformation–wear tran-
sition map to describe wear evolution in impact tests of a DLC coating at 70–240 N with a
1 mm radius steel indenter: (i) initial steel substrate plastic deformation occurring without
coating wear, (ii) suppression of substrate plasticity and (iii) coating wear. Boundaries
between these regions depended [83] on the impact load and number of impact cycles.
Under these conditions (low t/R), the presence of the thin hard coating barely influences
the elastoplastic deformation of the steel substrate, and the mean contact pressure was
close to 1.1 times the substrate yield stress. In micro-impact tests of graded a-C:H and a-C
coatings on hardened M2 steel, the mean pressure during the test was calculated from the
dynamic impact force and the contact area under load [33]. The contact pressure gradually
reduces with each successive impact to reach the plateau contact pressure where the con-
tact is effectively elastic. In tests at the micro-scale, the mean pressure in this region was
somewhat controlled by substrate yield stress, although the harder coatings also carried
some of the impact load.

The extent of plastic deformation and resultant coating bending and tensile stresses
developed at the edge of the contact varied with both the applied load (hence impact
energy) and the radius of the indenter. Increasing the applied load produces greater
substrate plasticity with higher tensile stresses. Failure is more severe and occurs after
fewer impacts.

Finite element analysis (FEA) has shown that varying the t/R ratio can alter the
dominant failure mechanisms in single indentation tests through changes to the location
of initial yielding [9,10]. When the ratio is very low, as in impact tests with probes with
1–3 mm radii, at low enough load, substrate plasticity can be reduced, and the mechanical
properties of the coating do not influence substrate elasto-plastic deformation. Under these
conditions, high-cycle coating (or substrate) fatigue may occur, with the highest tensile
stresses being generated very close to the contact periphery and blistering inside the impact
zone. In impact tests with low t/R, detailed investigation of the fatigue wear process
revealed blistering and subsequent delamination of isolated regions [69,70]. Micro-scale
impact tests have been performed over a range of t/R by changing the test probe radius to
investigate the influence of the substrate on the coating degradation mechanism.
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5. Coating Systems

5.1. Ultra-Thin Hard Carbon Films on Silicon—Influence of Probe Geometry

The high surface-to-volume ratio in Si-based Micro-electro-mechanical-system (MEMS)
devices makes interfacial interactions a dominant factor in their wear and lifetime. Silicon
is a brittle material with little or no conventional plasticity and low fracture toughness. It
has highly complex mechanical and tribological behaviour with pressure-dependent phase
transformations and lateral cracking observed in indentation and brittle fracture in a range
of mechanical contacts [84–86]. Wear and stiction forces have limited the reliability of silicon-
based MEMS when/if mechanical contact occurs [87–89]. The reliability of MEMS devices
under severe shock conditions is an active research area, which has been reviewed by Peng
and You [90]. Hard ultra-thin carbon films, including tetrahedral amorphous carbon (ta-C)
coatings deposited by filtered cathodic vacuum arc (FCVA), have been developed for MEMS
applications, and protective low friction coatings have been developed for micromachined
components. The carbon coatings restrict silicon phase transformation under mechanical
loading by providing additional load support, reducing the load reaching the substrate and
spreading the deformation out over a wider area [91].

The behaviour of 5–80 nm FCVA ta-C on Si [58,92] and 100 nm sputtered DLC on
Si [55] under repetitive impact loading has been studied in nano-impact tests with different
impact probe geometry and applied load. Repetitive impact of the 100 nm DLC with a
10 µm end radius spheroconical indenter produced delamination and uplift at low load.
FEA suggested that the blistering and delamination occurred when the maximum von
Mises stresses were near the coating–substrate interface. To reduce the severity of the test,
they also performed indentation fatigue tests where the probe did not leave the sample
between tests [55]. Under these lower strain rate conditions, coating failure occurred after
much longer fatigue cycles. The high strain rate in the nano-impact test, where each cycle
is a true impact event, is more efficient at promoting coating failure.

In the nano-impact behaviour of 5, 20, 60 and 80 nm ta-C coatings deposited on silicon
by FCVA using a well-worn Berkovich indenter at sub-mN forces [92], it was found that
the 60 and 80 nm ta-C coatings failed clearly after only a few impacts. These coatings were
less resistant to impact-induced damage than the underlying Si under these conditions.
The on-load probe depths at the end of the test (including elastic deformation) therefore
primarily reflect differences in coating thickness (so that higher depths were found on
thicker coatings). Under the low-impact forces, the impact-induced stresses were not
high enough to cause phase transformation or lateral cracking in the silicon substrate,
but the fatigue process causes coating failure, as has also been reported in nano-fretting
tests (reciprocating short track length) of the same coatings with higher loads, blunter
probes (R = 5 and 37 µm), and lower contact pressures below that required for phase
transformation (under ≈11 GPa) [91]. Goel and co-workers reported that in molecular
dynamics simulations of very thin carbon coatings, they were able to resist nano-impact
by reducing the contact pressure in the silicon substrate [93] to below that required for
phase transformation.

Single and repetitive nano-impact tests with a R = 4.6 µm spherical diamond probe
were performed over a range of loads on the 5 and 80 nm ta-C coatings and uncoated
Si(100) to investigate how damage tolerance of silicon was modified by the presence of the
ultra-thin coatings [58]. At low impact load, the deformation mechanisms involved coating
damage with minimal permanent substrate damage, with delamination outside of the
impact crater for the 80 nm coating, but this did not occur for the 5 nm coating. Substrate
fracture occurred at higher loads through a failure mechanism involving initially plastic
deformation/phase transformation during the first few impact cycles, with subsequent
brittle fracture after the completed plastic deformation. In the tests on the ta-C coatings, the
impact depth was lower, with more impacts required before substrate fracture than in tests
on uncoated silicon, particularly for the 80 nm ta-C coating. This improvement appears to
be related to their enhanced load support, which restricts the silicon phase transformation.
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Shi and co-workers suggested [58] that delamination of the 80 nm coating might be an
additional impact energy dissipation mechanism.

5.2. DLC on Hardened Tool Steel

Fatigue resistance of DLC coatings under highly loaded repetitive contact is required
for their performance and use in demanding contact applications, e.g., in a diesel engine
powertrain [2,94,95]. However, DLC coatings are susceptible to poor durability under
severe loading conditions. Under these conditions, the performance of DLC coatings is
limited by their resistance to contact damage [10,96], and typically, they perform poorly
at higher load despite being hard and elastic. Nano-impact tests with sharp cube corner
indenters and micro-impact tests with spherical probes (R = 17–20 µm) have been effective
at highlighting differences in resistance to the contact damage of thin hard carbon coat-
ings deposited on hardened steel. Studies have investigated [33–35,37,97,98] the role of
coating mechanical properties and layer architecture on the fatigue resistance and the load
dependence of the failure mechanisms under repetitive impact.

a-C:H coatings typically have shown high brittleness when subjected to repetitive
impact [33–35,37,97,98]. Nano-impact tests on a 2.3 µm a-C:H (2 µm a-C:H with 300 nm
Cr bond layer) with a cube corner diamond probe over a 3–15 mN load range revealed a
strongly load-dependent coating lifetime [98]. Nano-impact tests were performed [98] on
PACVD a-C:H coatings on hardened M2 steel with the same surface mechanical properties
(H ≈ 22 GPa, E ≈ 200 GPa) but different coating architectures. The coatings were (i) 2.3 µm
a-C:H, (ii) 3.0 µm a-C:H with TiN interlayer and (iii) 4.5 µm multilayered a-C:H. All three
coatings were susceptible to rapid impact-induced cohesive fracture in tests with a cube
corner indenter at 5 mN load. After the initial fracture, the damage tolerance of the coatings
was dependent on their thickness, with thicker coatings providing better load support to
the softer steel substrate and wearing at lower rate.

The load dependence of the impact response on compositionally graded 2.5 µm a-C
(Graphit-iC from Teer Coatings) and 2.8 µm a-C:H (Dymon-iC from Teer Coatings) coatings
on M42 tool steel has been studied in nano- and micro-impact tests [33,97,98]. Hydrogen-
free a-C coatings produced by closed field unbalanced magnetron sputter ion plating
(CFUBMSIP) are reported to have a predominantly sp2 bonded graphitic structure resulting
in high Id/Ig, low stress and hence good adhesion [99]. The a-C coating is lower in hardness
but stiffer, and it consequently has lower H/E and H3/E2 than the a-C:H coatings.

Final depth data from nano-impact tests are shown in Figure 5a and the failure
probability vs. number of impacts at 5 mN are shown in Figure 5b. The harder graded
a-C:H coating with higher sp3/sp2 bonded C was significantly less durable under fatigue
loading than the softer graded a-C. For the graded a-C:H, fewer impacts were required
until fracture (Figure 5b), and there was a greater change in depth on fracturing and a
larger final depth at the end of the test (Figure 5a). At 1 mN, there was cohesive fracture
within the coating and ring cracking at ≥5 mN. There was only minor cohesive cracking
after ≈280 impacts at the same (or higher) impact forces for the graded a-C coating. In the
micro-impact test, the graded a-C:H coating also showed greater susceptibility to cracking
under repetitive loading. Raman spectra acquired from the centre of the impact craters
showed an increase in the Id/Ig ratio over the unworn surface for graded a-C:H due to
cracking. The initially very high Id/Ig ratio on graded a-C did not change after 75 impacts
at 0.75–2 N, and it decreased only slightly after 300 impacts at 2 N [33].

Micro-impact tests with an 18 µm end radius diamond indenter have been performed
at 0.5–2 N on an a-C:H, Si-doped DLC and W-doped DLC coatings on hardened steel [35].
Si-doped DLC showed the lowest resistance to repetitive impact. The a-C:H, which was
the hardest and highest H3/E2 of the coatings studied, was also susceptible to fracture
throughout the load range. The softer W-doped DLC was more impact-damage tolerant
than the other coatings, despite having lower wear resistance in reciprocating sliding [35]
and nano-fretting tests [100]. Although the W-doped DLC had a hard CrN sub-layer,
this does not appear to be the main reason for its damage tolerance. McMaster and co-
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workers [34] noted that in nano- and micro-impact tests, a W-doped DLC without a CrN
sub-layer also showed significantly enhanced damage tolerance compared to a-C:H and
Si-doped DLC.

 
(a) 

 
(b) 

μ

Figure 5. Nano-impact tests of graded a-C and a-C:H coatings on hardened M42 tool steel (a) Final

depth at 1–15 mN, (b) Failure probability vs. number of impacts at 5 mN.

Studies of the impact performance of DLC coatings on hardened steel substrates in
nano- [97,98], micro- [33–35,37] or macro-impact tests [101] have reported that coatings
with lower hardness, H/E and H3/E2 were consistently significantly more impact resistant.
In repetitive tests with 1.25 mm radius WC indenters, Ramírez and co-workers [102] found
improved impact resistance for a soft W-doped carbon coating on cold-work steel than
for a TiN coating on the same substrate. Under high load mechanical contact, where a
combination of high load support and resistance to impact fatigue is required, an improved
durability of coated components may be achieved by designing the coating system to
combine these properties, rather than by increasing coating hardness alone, as this may be
accompanied by brittle fracture and higher wear [33]. The combination of a coating with
relatively lower H/E and a tough (i.e., damage tolerant) substrate appears beneficial for
impact resistance [37].
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5.3. Nitrides on WC-Co

Increasingly complex coating designs, with improved high-temperature oxidation
resistance and other improved properties, have resulted in TiN being largely superceded
in high-performance metal-cutting applications [103,104]. Ternary and quarternary coat-
ings, microstructure control, layer architecture design (e.g., nano-multilayer coatings) and
residual stress optimisation have been developed to increase cutting speeds and machine
hard-to-cut materials economically.

Ternary nitrides have shown enhanced tool life over TiN-coated tools. Improved
fracture resistance for (Ti,Al)N coatings compared to TiN has been reported in nano-impact
tests [75,101]. High Al-fraction (Al = 0.52–0.67) coatings have been developed combining
dense nanocrystalline or columnar microstructures, high oxidation resistance, good mechan-
ical properties and low thermal conductivity at elevated temperature with the potential for
self-adaptive behaviour through the formation of Al-rich tribo-films [12–23,101,103–116].
These Al-rich coatings typically outperform Ti0.5Al0.5N in cutting tests and perform well
in machining aerospace alloys such as titanium alloys [14,105], Ni-based superalloys
(Inconel 718, Waspaloy, ME16) [14,16], and other difficult-to-machine materials includ-
ing hardened steel [17,106–108], stainless steel [112] and super duplex stainless steel [110].

Despite the tribological complexity of high-speed metal cutting and the limitation of
the nano-impact test to simulate the exact contact conditions, many studies have shown
that a very strong correlation exists between fracture resistance in the nano-impact test
and reduced wear of Al-rich (Ti,Al)N-based coatings on cemented carbide coated tools in
high-speed machining [12–23,101,116]. In metal cuttings, many different wear mechanisms
can be operative, and the resultant tool life is influenced by many factors besides coating
mechanical properties. Studies where the (Ti,Al)N coating properties were modified
without changing their microstructure, e.g., (i) through post-deposition micro-blasting
or (ii) substrate bias during deposition, resulting in changes in tool life that have been
directly correlated to the coating behaviour in the nano-impact test [3,18,21,117,118], show
that rapid nano-impact tests are very useful as screening tests for coating optimisation in
selecting potential coatings for cutting trials.

The earliest example where nano-impact tests were used as part of a comparative
study with tool life data was by Fox-Rabinovich and co-workers [12]. They reported
better performance of Al0.7Cr0.3N than Ti0.5Al0.5N in end milling of AISI 1040 steel, in-
terrupted turning 42CrMo4V steel and deep hole drilling of hardened structural steel.
Figure 6 shows nano-impact test data and cutting data in end milling 1040 structural
steel. The better performance of Al0.7Cr0.3N would not be possible to predict from room-
temperature nanomechanical data, since this coating was softer with lower H/E and H3/E2

than the Ti0.5Al0.5N.
In nano-impact tests, Al0.67Ti0.33N also showed significantly improved resistance

to repetitive impact than Ti0.5Al0.5N [13]. Fox-Rabinovich and co-workers reported [13]
longer tool life for Al0.67Ti0.33N than Ti0.5Al0.5N in face milling of 1040 steel, end milling
of 4340 steel and Ti6Al4V. Moderate improvement for more Al-rich (Ti,Al)N coatings
compared to Ti0.5Al0.5N has also been reported in face milling of low-carbon steel [112]
and turning of medium carbon steel. Inspektor and Salvador [103] reported that with
the increasing Al:Ti ratio, there was a gradual increase in the life of (Ti,Al)N-coated tools
when face milling of 4140 steel. The higher Al-fraction coatings display multifunctional
and adaptive behaviour in high-speed metal cutting, which results in improved tool
life [12–23,101,103–121]. The coatings can more efficiently protect the tool from thermal
softening through (i) more effective age-hardening by spinodal decomposition, (ii) lower
thermal conductivity and brittleness at elevated temperature, and (iii) protective alumina-
based tribo-films.

13



Coatings 2022, 12, 793
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(b) 

Figure 6. Comparative nano-impact and tool life data for Al0.7Cr0.3N and Ti0.5Al0.5N coatings on

cemented carbide tool inserts (a) Nano-impact depth vs. time data, (b) cutting tool data in end milling

AISI 1040 structural steel.

Nano-impact tests have also been used to study comparative fracture resistance in
Al0.67Ti0.33N and Ti0.1Al0.70Cr0.2N coatings [14,20]. Ti0.1Al0.70Cr0.2N has lower tool life than
Al0.67Ti0.33N in cutting the aerospace alloys Ti6Al4V and Waspaloy. In nano-impact tests,
both coatings behave similarly on initial impact, but with repetitive impact, the TiAlCrN
fractures dramatically resulting in much larger final impact depth [14,20].

Monolayer columnar coatings that have weak columnar boundaries which can act
as lines of weakness for the development of through-thickness cracks that lead to exten-
sive chipping often have lower durability. Designing coatings to be denser with addi-
tional interfaces has generally proved an effective strategy. Multilayer nitride coatings
have shown improved performance in a wide range of tribological tests and machining
applications [122–127]. Multilayer nitride coatings with high H3/E2 are discussed in more
detail in Section 7.

Bouzakis and co-workers reported that varying the through-thickness multilayer
microstructure of ≈8 µm thick Al0.54Ti0.46N coatings by periodically stopping the deposition
process to increase the number of layers from one to four enhanced their resistance to
repetitive nano-impact and increased cutting life [18,19]. Stopping and restarting the
coating deposition resulted in layering through abrupt changes in grain growth. They
showed that a further increase in cutting life was achieved by increasing the number of
interfaces by depositing a nanocomposite coating with approximately 600 alternating layers
of 24 nm TiAlN and 3 nm TiN to the same 8 µm total thickness. There was a clear (inverse)
correlation between the final impact depth and cutting life at short and long cutting edge
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entry durations reported in their data, as shown in Figure 7. A reduction in fracture resulted
in lower final impact depth and longer tool life.

≈ μ

μ

μ

μ

Figure 7. Relationship between impact depth and cutting life for 8 µm Al0.54Ti0.46N coatings with

differing microstructures (open circles = 0.3 ms entry time; closed circles = 5 ms entry time).

Nano-impact tests have been used to study the influence of compressive stresses
developed during wet micro-blasting, with either angular Al2O3 or more spherical ZrO2

grain materials, on the brittleness of 3.5 µm thick Al0.54Ti0.46N coatings deposited on WC-
Co [4,18,117,118]. Micro-blasting induces high compressive stresses within the coating
which may reduce wear, although results are sensitive to the blasting pressure as well as
the grain size and geometry of the abrasive materials. In addition to increasing coating
hardness, the induced compressive stresses can result in increased coating brittleness. For a
given micro-blasting condition and abrasive grain diameter, the abrasion with ZrO2 was less
intense than with Al2O3 due to the spherical nature of the ZrO2 [4,18,117,118]. In optimising
the wet micro-blasting conditions for improved cutting performance, Bouzakis and co-
workers supplemented their cutting data with nanomechanical data and FEA [4,18,117,118].

High-impact resistance correlated with longer cutting tool life when milling AISI
4140 hardened steel (Figure 8). The trends in tool life with micro-blasting pressure were
replicated in the nano-impact test. Maximum tool life and impact resistance were found at
0.2 MPa micro-blasting pressure. The relative ranking of cutting performance after micro-
blasting with ZrO2 and Al2O3 at a given pressure and the switch in relative performance
above 0.2 MPa were reproduced in the nano-impact tests.

The influence of residual stress on the tool life of Al0.55Ti0.45N coatings on cemented
carbide in turning AISI 1045 steel has been studied by Skordaris and co-workers [21].
Coatings with different residual stress were obtained by depositing at different bias voltage
(40, 65, 85 V), with higher bias voltages producing more compressively stress coatings.
The coating deposited at 40V, which had the lowest compressive stress, was annealed to
introduce tensile stress. An optimum level of compressive residual stress (−2.7 GPa) in the
coating deposited at 65 V produced the best cutting performance. The improved perfor-
mance for the coating with moderate compressive stress is consistent with other reports
of too much compressive stress lowering durability [128]. There was a clear relationship
between the final nano-impact depth and tool life, as shown in Figure 9. Skordaris and
co-workers noted that coating fatigue occurred through over-stressing of the coating [21].
This contrasts to the situation in a macro-scale impact test where the coating is assumed to
deform as a thin elastic plate. This may be another reason why the accelerated nano- and
micro-impact tests correlate well with actual cutting behaviour.
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Figure 8. Correlation between maximum impact depth in tests at 30 or 50 mN and the number of

cuts before tool failure at different micro-blasting pressure (a) Al2O3 abrasive (b) ZrO2 abrasive.
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Figure 9. Influence of residual stress on tool life of Al0.55Ti0.45N coatings on cemented carbide in

turning AISI 1045 steel and correlation to nano-impact behaviour.

Chowdhury and co-workers reported [116] that a 3 µm thick nano-multilayered
TiAlCrSiYN/TiAlCrN with a 100 nm TiAlCrN interlayer, with optimised residual stress,
showed better impact resistance than the other architectures they studied (either TiAlCrN
or TiAlCrSiYN monolayers, TiAlCrSiYN/TiAlCrN nano-multilayers without an interlayer,
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or of lower thickness), which is consistent with its improved tool life in dry ball nose
high speed milling of hardened H13 steel. Chowdhury and co-workers more recently
investigated [23] the influence of varying TiAlCrN interlayer thickness (100, 300 or 500 nm)
on the performance of nano-multilayered TiAlCrSiYN/TiAlCrN in dry high-speed milling
of H13 steel. They found that there was a longer tool life with the 300 nm interlayer. In
nano-impact tests, the coating with 300 nm interlayer was more resistant to spallation than
the coatings with 100 or 500 nm interlayers, which is consistent with its longer tool life.

In a nano- and micro-impact comparative study of Ti0.1Al0.7Cr0.2N, Ti0.25Al0.65Cr0.1N
and Al0.67Ti0.33N PVD coatings deposited on cemented carbide, the coatings exhibited
strongly load-dependent fatigue behaviour in both nano-impact tests with a sharp cube
corner indenter and in micro-impact tests with a R = 17 µm spherical indenter [31]. The
relative ranking of the three coatings was the same in both tests. Ti0.25Al0.65Cr0.1N, which
had greater load-carrying capability due to slightly higher H3/E2 and greater thickness,
performed best. There were differences in the impact fatigue mechanism in nano- and
micro-scale impact tests due to the different stress distributions generated under repetitive
nano-impact with a sharp cube corner probe failure occurred by chipping of the coating. In
repetitive micro-impact with the blunter spherical probe, this coating chipping was also
accompanied by debonding around the contact periphery and substrate fatigue.

The influence of t/R on the deformation behaviour has been studied in micro-impact
tests on TiAlCrN/NbN nano-multilayer coatings on WC-Co by varying the sharpness of
the diamond indenters, using R = 8, 20, 100 µm end radius probes [36]. With the 100 µm
probe, there was no clear failure. Deformation with the 8 and 20 µm radius diamond
probes was strongly load-dependent. At lower load, the dominant fracture behaviour was
coating fracture through a three-stage process: (1) ring cracking, (2) radial cracking and
(3) chipping. As the load increased, there was a transition to more substrate-dominated
modes, and the impact stress field extended deeper into the WC-Co substrate, with less
coating chipping and more carbide break-up.

6. Substrate Effects

In macro-scale impact tests using mm-sized WC indenters, the stresses for plastic-
ity are far into the substrate, and hence, fatigue behaviour is influenced by substrate
properties [1,129]. Knotek [1] noted that CrN coatings had better impact resistance when
deposited on tool steel than on hard metal substrate due to stress relief by plastic defor-
mation. The macro-scale impact wear of TiAlN and TiN coatings has been investigated by
Yoon and co-workers on AISI D2 steel and WC-Co substrates [6]. There was lower crater
volume and a longer number of cycles-to-fracture for the TiAlN when deposited on D2
steel. The more ductile tool steel substrate minimises the accumulation of elastic strain at
high load. When deposited on WC-Co, the TiAlN was initially more resistant than the TiN,
but with continued impacts, TiAlN exhibited pronounced brittle cracking, resulting in a
dramatic increase in impact wear volume.

The WC-Co substrate is more impact fatigue resistant than the hard PVD coatings
deposited on it. This can be seen in micro-impact tests at 300 mN with a R = 8 µm probe
(Figure 10a). By showing data as depth increases (h − h0), as in Figure 10b, it can be seen
that the TiAlCrN/NbN coating had initially slightly better resistance than the substrate,
but with continued impact, there was a transition to a more severe damage mechanism
which was absent on the uncoated substrate under the same conditions. Bromark and
co-workers [11] reported that the relative erosion resistance of uncoated and TiN-coated
steels by SiC erodent at 20 m·s−1 was dependent on impingement angle, with improved
erosion resistance for the uncoated steels than the TiN-coated steels found at a higher angle.
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Figure 10. Micro-impact test data on TiAlCrN/NbN coated WC-Co (three repeat tests shown) and

uncoated WC-Co: (a) impact depth vs. number of impacts, (b) increase in depth vs. number of

impacts, for the first 45 impacts.

Beake and co-workers compared the micro-impact behaviour of carbon coatings on
hardened tool steel and nitrides on cemented carbide substrates tested under the same
conditions [37]. These authors showed that as the load in the micro-impact test increased,
there was an increasing contribution of the properties of the substrate (specifically, its load
support—influencing coating bending, and its ductility—influencing damage tolerance)
to the coating system response whilst retaining high sensitivity to the coating properties.
On cemented carbide substrates, coatings with higher H3/E2 performed well, although it
was not possible to avoid lateral fracture at higher load. On hardened tool steel with its
lower load support, the carbon coatings were subjected to higher bending strains. Under
these severe conditions, carbon coatings with high H/E were too brittle and susceptible
to extensive lateral fracture, but carbon-based coatings with more moderate hardness and
relatively low H/E on hardened tool steel were more resistant to radial cracking and lateral
fracture [33,35–37]. The damage tolerance of the coating systems at higher load was helped
by the greater ductility of the hardened tool steel substrate.

With much softer substrates than hardened steel or cemented carbide, the reduced
load support commonly results in the coating being broken through during the first few
impacts of a nano- or micro-scale impact test. The abrupt depth step characteristic of brittle
fracture is absent, and the depth vs. number of impacts behaviour is closer to that of a
ductile material. Shi and co-workers reported the failure of graphite-like carbon coatings
on stainless steel under the impact crater [82]. The coating is unable to accommodate the
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plastic deformation of the substrate and tensile stresses develop that result in cracking with
repetitive contact. Yonezu and co-workers [130] reported that spiral cracks form within the
indent crater for a 12 mm DLC on a 304 stainless steel. Mendibide and co-workers [131]
purposely did not subject the steel substrate to a thermal anneal before cyclic fatigue testing
with a R = 300 µm indenter. The coating was therefore subjected to greater strain. A total of
4000 impacts of 0.8 mJ energy were needed before delamination of multilayered TiN/CrN,
which was much larger than the number of impacts needed on either monolayered TiN or
CrN coatings (500 or 100 impacts, respectively). In macro-impact tests with 1.25 and 2.5 mm
radius probes, Bouzakis [4] stated that superficial thin coating layers did not influence the
failure initiation of the underlying coatings, i.e., lower sensitivity to coatings due to the
larger radius probes.

7. Load Carrying Capacity, H
3/E2

Contact mechanics shows that for a flat surface in elastic/plastic contact with a rigid
ball of radius R, the yield pressure (Py) is a function of H3/E2, as shown in Equation (2) [132].
At a given contact pressure, contact is more likely to be elastic for a surface with higher
H3/E2. H3/E2 can be considered as a measure of the resistance to plastic deformation or
the load-carrying capacity of a material.

Py = 0.78 R2(H3/E2) (2)

In a coated system, behaviour is more complex, since changing the radius of the test
probe changes the location of initial yielding, with the subsequent fatigue behaviour being
dependent on where this takes place. Although H3/E2 is still important, the microstructure
and mechanical properties of a coating system are intimately linked so should not be
considered in isolation.

Multilayered TiAlCrSiYN/TiAlCrN coatings have been developed showing adaptive
behaviour and longer life when deposited on cemented carbide tools in high-speed ma-
chining. In nano-impact tests, multilayered TiAlCrSiYN/TiAlCrN with higher H3/E2

showed better impact resistance than monolayered TiAlCrSiYN coatings with lower
H3/E2 [16,17,20]. In contrast, for hard carbon coatings on hardened tool steel, coatings with
higher H3/E2 did not show enhanced impact resistance. Bousser and co-workers [133]
observed that in Vickers indentation of 8–13 µm CrN and CrSiN coatings on stainless steel,
the ratio of indentation depth to film thickness at which circular cracking occurred was
inversely correlated with coating H3/E2. This implies it is the inability of the coating to
accommodate the deformation of the soft steel substrate that drives the cracking process
under these highly loaded conditions [133].

Multilayer coating design has also proved effective on other substrates providing less
load support than WC-Co in tribological and impact tests. Chen and co-workers studied
the response of multilayer TiAlSiN and monolayer TiN coatings on hardened tool steel
in nano-impact tests [75]. Greater repetitive impact load was required for chipping in the
multilayered TiAlSiN. This was due to a combination of microstructural advantage (less
columnar with multilayer structure to aid crack deflection) and mechanical (higher H3/E2)
advantage in comparison to the monolayered columnar TiN. On a non-hardened tool steel
substrate, a multilayered TiN/CrN showed a much larger number of impacts to failure
than monolayered TiN or CrN coatings [131]. Enhanced crack resistance of TiN/CrN on
hardened tool steel was also reported by Roa and co-workers in indentation tests [123]
through the interlayers restricting intergranular shear sliding.

The impact resistance of TiFeN and TiFeMoN coatings on silicon has been investi-
gated [44,134]. It was found that increasing coating H3/E2 improved its resistance to single
impact. At lower impact load, the ratio of impact depth to film thickness was low, and
higher H3/E2 was able to prevent crack formation. However, under repetitive contact
at high load, it was not possible to prevent substrate yield and fracture, and there was
no benefit in increased H3/E2. In the absence of a toughening mechanism such as crack
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deflection from a multilayer microstructure, very high H3/E2 does not ensure impact
resistance at high load when the coating is unable to protect the substrate from deforming.
Durability and damage tolerance under cyclic loading requires resistance to both crack
initiation and propagation.

8. Erosion Simulation

Shipway and Hutchings [135] have reviewed the use of erosion testing to evaluate
coating durability, highlighting different methods employed to assess wear rate (erosion
scar width, depth, mass loss). More recently, nano-impact tests have been used to assess
coating durability under repetitive contact and simulate erosion testing [34,43]. Chen and
co-workers have reported that the influence of thermal ageing on the solid particle erosion
testing of columnar EB-PVD TBCs for aero-engines correlated with rapid nano-impact
tests. The similar contact footprint in both types of test was highlighted [43]. Zhang and
co-workers [57] have studied the influence of modulation period in 10 µm thick TiN/Ti
multilayer coatings on Ti6Al4V on the damage mechanism in nano-impact tests using a
well-worn Berkovich indenter as the impact probe. Interestingly, these authors found that
when the period of modulation was reduced from micro (1000 nm) to nano- (60 nm), the
impact resistance decreased. The well-defined interfaces and thicker Ti layers present in the
coating with 1000 nm modulation period were able to effectively restrict lateral cracking. A
clear correlation between DLC coating performance in nano- and micro-impact tests and
resistance to sand erosion was reported by McMaster and co-workers [34].

9. Modelling Nano- and Micro-Impact

Bouzakis and co-workers have used FEA to model wear of TiAlN coatings in repet-
itive nano-impact tests with cube corner indenters [136–138]. They developed 3D-FEA
and 2D axis-symmetric FEA models using ANSYS LS-DYNA software to simulate the
damage progression. With the sharp cube corner probe geometry, the impact-induced
stresses were more localized than with blunter probes; hence, failure initially proceeded by
damage evolution under the indenter rather than cracking at the top surface at the contact
periphery more commonly observed when spherical probes are used in micro-impact. The
small contact size with the sharper cube corner probe enabled 3D-FEA simulation of the
progressive damage.

Feng and co-workers [139] performed a numerical study of the fatigue behaviour
of a model coating system composed of (i) TiN coating, (ii) a case-hardened diffusion
zone with graded mechanical properties and (iii) H11 steel substrate under cyclic loading
by a R = 300 µm indenter. Crack initiation and propagation under cyclic loading was
simulated with an irreversible cohesive zone model, which enabled local degradation of
the material properties with the increasing cycles to be incorporated into the model by
a damage variable. A crack formed at the edge of the contact area between the indenter
and coated surface during the first few loading cycles, which under further cyclic loading
gradually progressed through the coating. The bending stress at the edge of contact area,
caused by the plastic deformation of hardened case, influenced the crack initiation. A
compressive stress, due to increasing indentation contact pressure during reloading, forced
crack closure. Subsequent unloading released this compressive stress, causing crack re-
opening. The study indicated that the irreversible cohesive zone model could track crack
propagation under cyclic loading; therefore, it has potential to predict the load-bearing
capacity of coating systems under contact fatigue loading.

10. Elevated Temperature Impact Testing

Changes to coating and substrate mechanical properties at elevated temperature alter
the location of and magnitude of the developed stresses in contact and the subsequent
dominant mechanism. Temperature-dependent changes in deformation influence the
damage tolerance, with plastic deformation generally prevailing over brittle fracture as
a major damage mode. With this greater plasticity and reduced brittleness, it becomes
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more difficult to drive brittle fracture within the short test duration in a nano- or micro-
impact test.

In high-speed machining applications, high stresses and temperatures are generated
in the contact zone. In continuous high-speed cutting applications (e.g., turning), the
temperatures can reach 700–1000 ◦C due to frictional heating [140,141]. In interrupted
cutting of difficult-to-cut materials such as Ti6Al4V, they can be significantly lower, and
at lower cutting speed, it may be well below 400 ◦C [105]. The correlation between coat-
ing performance in room-temperature impact tests and tool life commonly observed in
practice implies that either coating brittleness is significantly more important than the hot
hardness/load support in the application (i.e., cracking is life-limiting) or that relative
differences in coating mechanical properties do not change as the temperature increases
(i.e., coatings with higher H, H3/E2 at room temperature also maintain these advantages at
elevated temperature), which may, at least in part, be a consequence of the relatively lower
temperatures in milling operations compared to continuous turning.

Bouzakis and co-workers have developed a high-temperature macro-impact test
capability utilising compressed inert gas heating to 600 ◦C [142–144]. These authors
showed that coating failure required more load at higher temperatures, with the effect
being particularly strong around 200 ◦C [143]. Performing nano- and micro-scale impact
tests at elevated temperature is an alternative approach to simulate the high contact stresses
and temperatures generated in high-speed interrupted contacts in milling.

Nano-impact tests up to 500 ◦C have been performed on 3 µm Ti0.5Al0.5N and
Al0.67Ti0.33N deposited on H10A cemented carbide (6 wt.% Co) [13] and micro-impact
tests up to 600 ◦C on 2 µm PVD TiAlSiN and nanomultilayered TiAlN/TiSiN coatings
on P30 cemented carbide (10 wt.% Co) [32]. Alongside these tests, nanoindentation and
micro-scratch tests were also performed over the same temperature range to understand
how the coating properties change with increasing temperature.

In the nano-impact tests at 500 ◦C, there was lower susceptibility to coating fracture
than at room temperature for both coatings, which is consistent with the significant soft-
ening shown in nanoindentation tests [13]. Due to the reduction in coating hardness, the
impact stresses in the high-temperature tests were lower, which resulted in reduced fracture.
Al0.67Ti0.33N showed improved resistance to fracture in the elevated temperature nano-
impact test and longer tool life than Ti0.5Al0.5N in machining steels and Ti6Al4V [13,145].
Micro-impact tests at 25 ◦C on TiAlSiN and TiAlN/TiSiN displayed a brittle response with
fatigue and a transition to more rapid wear after fracture [32]. There was a change in
the dominant fatigue mechanism from fracture-dominated to more plasticity-dominated
deformation at higher temperatures. Nanoindentation and micro-scratch tests at 600 ◦C
indicated this was related to significant substrate—rather than coating—softening. In these
nano- and micro-impact test studies [13,32], increasing temperature reduced the mechanical
properties of the coating system, which resulted in reduced fracture in the impact tests.
In the case of the Ti0.5Al0.5N and Al0.67Ti0.33N coatings deposited on a cemented carbide
substrate with low Co fraction, this reduction in high-temperature hardness was primarily
through coating softening. In contrast, for the TiAlSiN coatings, the reduction in coating
properties was less severe, but there was more substrate softening due to the higher Co
fraction in the cemented carbide used.

11. Outlook/Conclusions

The challenge in developing laboratory test methods for validating coating perfor-
mance in industrial applications is to devise experimental tests that can simplify the
complex contact conditions whilst retaining sufficient key features so they are practically
useful [146–148]. High strain rate nano- and micro-impact tests can effectively overcome
the limitations of quasi-static nanomechanical testing or impact/cyclic indentation test-
ing at larger scale. A strong correlation between coating performance in the nano- and
micro-impact tests and interrupted contact situations such as erosion or metal cutting has
been reported in many studies. In this review, case studies on (i) ultra-thin hard carbon
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films on silicon, (ii) DLC on hardened tool steel and (iii) nitrides on WC-Co have been
used to show how substrate load support and coating thickness influence how coating
mechanical properties affect impact resistance. For nitrides on WC-Co, impact resistance
can be enhanced by coating design with a combination of optimised mechanical properties
and microstructure (e.g., high H3/E2 and multilayer structure). For carbon coatings on
hardened tool steel, there is higher coating strain, and impact resistance is significantly
worse for a-C:H coatings with high H3/E2 than softer a-C or WC/C coatings with lower
H3/E2. For ultra-thin coatings on Si, phase transformation processes in the silicon substrate
can be important. Substrate ductility and load support influence impact resistance in coated
systems. Although stress fields generated in lower load nano-impacts with cube corner
indenters or higher load micro-impacts with spherical probes are different in both cases,
substrate properties cannot be ignored. Interestingly, for the coating systems studied so far,
the relative ranking in nano- and micro-impact tests has been the same; i.e., a coating that
performs well in nano-impact also performs well in micro-impact.

Both nano- and micro-impact tests have shown clear correlation with in-service per-
formance and therefore have significant potential to be used standard tools in coating
screening and optimization campaigns. Compared to macro-impact tests, they have many
potential benefits including the ability to automatically test a large number of coatings in a
short space of time. Statistical data are conveniently obtained through performing a large
number of small contact size rapid repeat tests at different locations on the same sample.

Active research directions for future development of the nano- and micro-impact test
techniques fall into two categories: (i) extending instrumentation capabilities and (ii) post-
test characterization for more detailed analysis of the deformation mechanisms. These
include modifications of the test setup to more closely simulate specific repetitive contact
scenarios such as high-temperature erosion by increasing maximum test temperatures
(e.g., to 900 ◦C) and performing angled impacts. Rueda-Ruiz and co-workers have recently
shown [27,28] that the addition of an integrated load cell to enable the direct measurement
of impact forces is a more effective approach in measuring high strain rate hardness in
single impacts, and this will be extended to the study of repetitive impacts. Sub-surface
damage can be assessed by cross-sectional FIB analysis [54]. FIB cross-sections of impact
tests stopped after different numbers of cycles would be able to show locations of initial
impact damage and crack propagation in detail. Such analysis could be supplemented with
the modelling of repetitive impact, e.g., by adapting the approach in [139] to micro-scale
impact tests with smaller radii probes to improve our fundamental understanding of the
interrelationships between coating microstructure and mechanical properties and impact
wear resistance.
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Abstract: Miniaturized powering devices with both sufficient capacity as well as fast charging

capability are anticipated to support microelectronics with multi-functions. However, most reported

miniaturized energy storage devices only display limited performances around capacity or rate

performance, and it remains challenging to develop high-rate microdevices with large capacities.

Herein, a reconstructed NiCo alloy is proposed as a promising microcathode for a Ni-Zn microbattery

with a high-rate performance and large capacity. With the reconstructed layer compactly adhered on

the metal substrate, the activated NiCo alloy demonstrates an excellent conductivity close to metals.

Meanwhile, the abundant alloying defect contributes to a relatively higher reconstruction depth up to

20 nm. Both the superior electron transport and the higher reaction depth facilitate the simultaneous

excellent performance in the reaction rate and capacity. As a consequence, the microcathode achieves

a large capacity up to 1.51 mAh cm−2, as well as an excellent rate performance with a capacity

retention of 82.9% when the current density is expanded to 100 mA cm−2. More surprisingly, such

excellent performance can shift towards the full Ni-Zn microbattery, and the fast-charging capability

based on large capacity can stably maintain 7000 cycles. This unique strategy of reconstructed NiCo

alloy microcathode provides a new direction for the construction of high-performance output units.

Keywords: Ni-Zn microbattery; NiCo alloy; reconstruction; high rate; high capacity

1. Introduction

With the boom of the Internet of Things (IoT) in the fields of integrated systems
and flexible electronics, there forms a growing demand for high-performance miniatur-
ized energy storage devices, including microbatteries (MBs) and microsupercapacitors
(MSCs) [1–5]. Typically, MSCs are featured with having the merits of a long cycling durabil-
ity and a high-rate capability, while also having the drawbacks of self-discharge issues and
a low energy supply, which severely restrict their practical applications. To the contrary,
MBs with high energy densities could well maintain a stable voltage output for a long
period in powering advanced miniaturized devices [6–10]. Among the ever-developed
MBs, aqueous Ni-Zn MBs hold the most application anticipation for their relatively high
voltage output (~1.8 V), fast reaction kinetics, and abundant resources. There have been
reports about Ni-Zn batteries with high energy densities through dense Ni cathodes [11]
and 3D Zn anodes [12]. However, the development of Ni-Zn MBs is neither sufficient in
the capacity supply nor in the reaction rate.

To address the above issues of Ni-Zn MBs associated with capacity supply and reaction
rate, many reports have proposed powder techniques with various structures and composi-
tion designs, or deposition techniques with active materials on current collectors [13–15].
However, these traditional techniques suffer from the limited reaction transport when a
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thick electrode is applied [3]. Generally, when more active materials are constructed in a
given electrode, it is hard to guarantee that the reactivity is always maintained at a high
level. This effectiveness decline could be attributed to the accompanied higher reaction
impedance and longer diffusion distance, thus resulting in a worse power performance
when more energy is provided. Additionally, even though the design of the thin-layer
reaction with a fine structure is effective at reactivity [16], the contact resistance of active
materials and current collectors cannot be ignored if a high-rate current is applied. Recently,
there have been reports about the concept of reconstruction based on the nickel element in
catalysis, which could effectively provide a high performance of catalyzers. Generally, as
an activation strategy, reconstruction refers to the in situ transformation of pre-fabricated
materials through oxidization/reduction reactions under alkaline electrochemical environ-
ments [17–19]. This approach is essentially a rearrangement of the atoms on the atomic
layer of the crystal surface, leading to a change in the two-dimensional structure of the
surface layer, and the utilizing depth of the substrate is very shallow (~10 nm). A recon-
struction strategy can also be used as a reference for material activation in the field of
energy storage. For example, in our previous work, we firstly adopted the strategy of
reconstruction to obtain in situ active Ni(OH)2/NiOOH on a nanoporous Ni substrate for
high-rate Ni-Zn MB [20]. The reconstructed nickel microcathode was featured as having an
ultrahigh reactivity as well as an excellent rate performance. However, an inadequate Ni
deposition and a shallow reconstruction layer correspondingly led to low production of
active materials, which cannot provide satisfactory capacity. To this end, how to construct
a high-rate Ni-Zn MB with a large capacity remains challenging.

Herein, a NiCo alloy was proposed as the pre-fabricated material for reconstruction,
and the constructed Ni-Zn MB delivered both a high-rate performance and large capacity.
Initially, we co-deposited the NiCo alloy hierarchical porous structure by virtue of a bubble
template. The NiCo alloy skeleton is larger and more porous than that of pure nickel,
demonstrating an enhanced surface area for reconstruction activation. Then, during the
reconstruction process in aqueous alkali, the abundant alloying defect contributes to a
relatively higher reconstruction depth of up to 20 nm. Therefore, more Ni(OH)2/NiOOH
components are produced while the superior electron transport is still well maintained.
Meanwhile, benefiting from the naturally formed double hydroxide in the reconstructed
layer, the structure deformation during the proton insertion/extraction is greatly eased,
resulting in an enhanced cycling durability. As a consequence, both high-rate performance
and large capacity are ensured for the reconstructed microcathode on the premise of
electrochemical stability. The reaction capacity is realized to 1.51 mAh cm−2, and the current
density can be expanded up to 100 mA cm−2. Lastly, the cycling retention is more than
80% in 7000 cycles. The final fabricated Ni-Zn MB inherits this excellent electrochemical
performance with a slightly decreased capacity of 1.39 mAh cm−2, an enhanced rate current
of 200 mA cm−2, and an almost maintained cycling durability in 7000 cycles.

2. Materials and Methods

2.1. Preparation of Reconstructed NiCo Alloy Microcathode

The CHI 760E electrochemical workstation (CH Instruments, Shanghai, China) was
utilized for the electrochemical operation. In brief, the customized miniaturized nickel plate
(effective area: 0.2 cm × 0.5 cm) served as the working electrode with a saturated calomel
electrode as the reference electrode, and a Pt plate as the counter electrode. The deposition
process for the NiCo alloy was conducted at a cathodic potential of 6 V in the solution
of 2 M NaCl, 2 M NH4Cl, 0.1 M NiCl2, and x M CoCl2 (the variable x refers to 0, 0.015,
0.03, and 0.045). After washing the microelectrodes with the deionized water a few times,
the mentioned reconstruction processes were switched to an alkaline solution (1 M KOH)
with a Hg/HgO electrode as the reference electrode instead. The typical reconstruction
method of CV refers to a cyclic sweep within the potential range of 0.2–0.6 V at a scan rate
of 10 mV s−1. Furthermore, according to the previous report, the saturated reconstruction
cycles are within 750 cycles, and, herein, we followed the procedures.
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Safety Statement: During the electrodeposition process, the chlorine and hydrogen
will be released. Finally, the experiment is suggested to be conducted in a fume hood.

2.2. Preparation of Zinc Microanode

The zinc microelectrode was obtained via the electrochemical process as well. The
same customized miniaturized nickel plate was selected as the working electrode and an
ordinary zinc plate worked as the counter electrode. The electrodeposition was conducted
at a constant potential of −1.5 V for 30 min in a solution of 6 M ZnO-saturated solution
of KOH.

2.3. Assembly of Ni-Zn MB

Firstly, 500 mg of sodium polyacrylate was slowly added into a 20 mL solution of
6 M ZnO-saturated solution of KOH. Then, after stirring for 30 min, the transparent gel
electrolyte was formed. Two films tailored from plastic bag were selected as the package
materials. Firstly, three edges of the two films were sealed via a sealer machine. Afterward,
the reconstructed NiCo alloy microcathode and Zn microanode were put inside the micro
pocket and separated via two thin cardboards. After transferring the gel electrolyte into
the middle and removing the separated cardboards, the final edge was sealed and the
packaged Ni-Zn MB was obtained.

2.4. Structure and Composition Characterizations

The morphologies and microstructural and component characteristics of the samples
were measured using FE-SEM (ZEISS Gemini 300, Carl Zeiss AG, Oberkochen, Germany),
transmission electron microscopy with a voltage of 200 kV (TEM, F200X, Thermo Fisher
Scientific, Waltham, MA, USA). The chemical states and atomic structure information
were investigated by XPS (Thermo Scientific K-Alpha, Thermo Fisher Scientific, Waltham,
MA, USA).

2.5. Electrochemical Measurements

Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) tests were all
conducted on a CHI 760E. The single microelectrode was tested in a three-electrode system
and the Ni-Zn MB was packed for the test. All the tests related with single NiCo alloy
microelectrodes were conducted in 1 M KOH solutions while the Ni-Zn packed MB was in
the gel electrolyte of the 6 M ZnO-saturated solution of KOH. The specific capacity (C) of
the single microelectrode or assembled MB was calculated by the formulas C = It/A, where
I is the discharge current (mA cm−2) and A is the geometric area of the microelectrode for
the operation.

3. Results and Discussion

We prepared four microelectrodes (denoted as Ni, NiCo0.15, NiCo0.3, and NiCo0.45)
by varying the amount of Co2+ in the deposition process. As shown in Figure 1, the
deposited pure Ni is densely featured with uniform small micro pores (mostly around
5 µm) as a result of the accompanied release of gas. When the Co2+ was added, it could be
clearly observed that the skeleton of the deposited alloy and the pores became larger, and
this trend tended to expand with the increase in added Co2+. This is possibly due to the
provided alloy deposition environment and the initial formed alloy substrate with a high
reactivity [21], which lowered the reaction barrier for both metal depositions and hydrogen
evolution. As a result, the deposition of metals as well as the gas release became severe
at the same given potential, and a large metallic skeleton with micro pores and cracks
was finally obtained. Meanwhile, we also combined energy dispersive spectrometer to
analyze the 4 SEM images, and the resulted Ni/Co ratios were 1:0, 1:0.18, 1:0.35, and 1:0.51,
respectively. This ratio result reflects that the deposition potential of Co is slightly lower
than that of Ni and the ratio of deposited alloy is close to that of the original added ions.
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Figure 1. SEM images of prepared (a) Ni, (b) NiCo0.15, (c) NiCo0.3, and (d) NiCo0.45 microelec-
trodes.

To analyze the composition of the reconstructed layer, the TEM and high-resolution 
TEM (HRTEM) were investigated. As could be observed in Figure 2a, the contrast in the 
TEM images revealed that the depth of the activated layer was up to 20 nm, and the sub-
sequent redox reactions were maintained since compact connection with the metallic sub-
strate. The d spacings about the reconstructed lattice fringes were 0.244 and 0.232 nm, cor-
responding to both (101) planes of Co(OH)2 (JCPDS No. 001-0357) and Ni(OH)2 (JCPDS 
No. 003-0177), indicating that the deposited alloy was partly reconstructed. For the inner 
layer, the d spacings of 0.177 and 0.204 nm clearly referred to the (200) plane of Ni (JCPDS 
No. 001-1258) and the (111) plane of Co (JCPDS No. 001-1259), respectively (Figure 2b). 
We then carried out the XPS measurement to clarify the chemical environment of the re-
constructed alloy microelectrode. As shown in Figure 2c, the signals of Ni(OH)2 (855.75 
and 873.3 eV) and NiOOH (856.8 and 874.45 eV) existed in the reconstructed layer of pure 
Ni [22], indicating that the final reconstructed products contained the nickel hydroxide 
and its oxidized derivative. Furthermore, affected by the alloying effect, the electron cloud 
migration left a slight negative shift (approximately 0.4 eV) for the reconstructed NiCo 
alloy [23]. As shown in Figure 2d, when it comes to the Co 2p signals, both Co(OH)2 (781 
and 796.36 eV) and CoOOH (782.3 and 797.9 eV) could be identified [24], similar to that of 
nickel. All of the results confirmed the hydroxides product after the reconstruction treat-
ment.

Figure 1. SEM images of prepared (a) Ni, (b) NiCo0.15, (c) NiCo0.3, and (d) NiCo0.45 microelectrodes.

To analyze the composition of the reconstructed layer, the TEM and high-resolution TEM
(HRTEM) were investigated. As could be observed in Figure 2a, the contrast in the TEM
images revealed that the depth of the activated layer was up to 20 nm, and the subsequent
redox reactions were maintained since compact connection with the metallic substrate. The
d spacings about the reconstructed lattice fringes were 0.244 and 0.232 nm, corresponding
to both (101) planes of Co(OH)2 (JCPDS No. 001-0357) and Ni(OH)2 (JCPDS No. 003-0177),
indicating that the deposited alloy was partly reconstructed. For the inner layer, the d spacings
of 0.177 and 0.204 nm clearly referred to the (200) plane of Ni (JCPDS No. 001-1258) and the
(111) plane of Co (JCPDS No. 001-1259), respectively (Figure 2b). We then carried out the XPS
measurement to clarify the chemical environment of the reconstructed alloy microelectrode. As
shown in Figure 2c, the signals of Ni(OH)2 (855.75 and 873.3 eV) and NiOOH (856.8 and 874.45
eV) existed in the reconstructed layer of pure Ni [22], indicating that the final reconstructed
products contained the nickel hydroxide and its oxidized derivative. Furthermore, affected
by the alloying effect, the electron cloud migration left a slight negative shift (approximately
0.4 eV) for the reconstructed NiCo alloy [23]. As shown in Figure 2d, when it comes to the
Co 2p signals, both Co(OH)2 (781 and 796.36 eV) and CoOOH (782.3 and 797.9 eV) could be
identified [24], similar to that of nickel. All of the results confirmed the hydroxides product
after the reconstruction treatment.

Around the electrochemical performance associated with the enhanced capacity, we
compared the discharge curves of four reconstructed microelectrode whose deposition
times were set to be 60 s. As shown in Figure 3a, with the increase in the Co content,
the related alloy microelectrode displayed a higher capacity. Compared with pure nickel
hydroxide, the slight addition of cobalt hydroxide means more active sites and an optimized
diffusion polarization, thus increasing the discharge plateau even though more active
materials were provided. However, when the Co content further increased to 0.3 or 0.45,
the ohmic resistance arising from the increased load of active materials may affect the
reaction polarization [25,26], generating a negative effect on the discharge plateau. Here,
it should be noted that the increased capacity was not only attributed to the enhanced
reconstruction depth, but also from the increased deposition when Co ions were involved in
the reduction reactions. Finally, when more metallic structures were loaded via extending
the deposition time, the optimal mixture ratio was not NiCo0.45, as its structure would
become unstable when deposition time reached 120 s. Instead, the NiCo0.3 ensured a
stable deposition time of up to 180 s. The related discharge curves under various current
densities and the cycling performance of such microelectrode are shown in Figure 3b,c,
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respectively. The discharge capacities were 1.51, 1.49, 1.45, 1.37, and 1.25 mAh cm−2 at the
current densities of 5, 10, 20, 50, and 100 mA cm−2, respectively. To evaluate the stability
of the high-rate performance, a cycling test at the current density of 100 mA cm−2 was
conducted for both microelectrodes of NiCo0.3 and pure Ni (180 s). Having benefited from
the stabilizing effect of double hydroxides [4,27], the NiCo0.3 microelectrode displayed a
capacity retention of 83.36% after 7000 cycles, while that of pure Ni microelectrode dropped
to 48.83% after 3000 cycles. These results confirmed that the reconstructed alloy (NiCo0.3)
is a promising cathode with a high capacity, high rate, and high cycling durability.

 

Figure 2. (a) TEM image and (b) HRTEM image of reconstructed NiCo alloy, and XPS (c) Ni 2p and 
(d) Co 2p signals for both pure Ni and NiCo alloys after reconstruction.
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droxide, the slight addition of cobalt hydroxide means more active sites and an optimized 
diffusion polarization, thus increasing the discharge plateau even though more active ma-
terials were provided. However, when the Co content further increased to 0.3 or 0.45, the 
ohmic resistance arising from the increased load of active materials may affect the reaction 
polarization [25,26], generating a negative effect on the discharge plateau. Here, it should 
be noted that the increased capacity was not only attributed to the enhanced reconstruc-
tion depth, but also from the increased deposition when Co ions were involved in the 
reduction reactions. Finally, when more metallic structures were loaded via extending the 
deposition time, the optimal mixture ratio was not NiCo0.45, as its structure would be-
come unstable when deposition time reached 120 s. Instead, the NiCo0.3 ensured a stable 
deposition time of up to 180 s. The related discharge curves under various current densi-
ties and the cycling performance of such microelectrode are shown in Figure 3b,c, respec-
tively. The discharge capacities were 1.51, 1.49, 1.45, 1.37, and 1.25 mAh cm−2 at the current 
densities of 5, 10, 20, 50, and 100 mA cm−2, respectively. To evaluate the stability of the 
high-rate performance, a cycling test at the current density of 100 mA cm−2 was conducted 
for both microelectrodes of NiCo0.3 and pure Ni (180 s). Having benefited from the stabi-
lizing effect of double hydroxides [4,27], the NiCo0.3 microelectrode displayed a capacity 
retention of 83.36% after 7000 cycles, while that of pure Ni microelectrode dropped to 
48.83% after 3000 cycles. These results confirmed that the reconstructed alloy (NiCo0.3) is 
a promising cathode with a high capacity, high rate, and high cycling durability.

Figure 2. (a) TEM image and (b) HRTEM image of reconstructed NiCo alloy, and XPS (c) Ni 2p and

(d) Co 2p signals for both pure Ni and NiCo alloys after reconstruction.

 

Figure 3. Discharge curves of (a) four microelectrodes at the current density of 10 mA cm−2 and (b) 
the NiCo0.3 microelectrode under various current densities. (c) The cycling performance of pure Ni 
and NiCo0.3 microelectrodes.

The assembly process of Ni-Zn MB is shown in Figure 4a. To further demonstrate the 
practical performance of this microcathode in assembled Ni-Zn MBs, CV curves, gal-
vanostatic discharge profiles, and cycling test were conducted. As shown in Figure 4b, 
there was no obvious change in the CV shape when the scan rate increased from 1 to 10 
mV s−1, indicating a good electrochemical reversibility. According to previous research 
about double hydroxides, the redox peak can be ascribed to the following electrochemical 
reaction: Zn + CoOOH + NiOOH + 2 KOH + 2 H2O ⇌ K2[Zn(OH)4] + Co(OH)2 + Ni(OH)2 
[28,29]. For the rate performance of this Ni-Zn MB, the increased electrolyte concentration 
(6 M) further expanded the rate current to 200 mA cm−2. The discharge capacities were 
1.39, 1.37, 1.36, 1.32, and 1.23 mAh cm−2 at the current densities of 10, 20, 50, 100, and 200 
mA cm−2, respectively (Figure 4c). Similar to the exploration of the mentioned stability of 
the fast charge/discharge capability, the long-term cycling durability of the Ni-Zn MB was 
investigated at 200 mA cm−2. As observed in Figure 4d, the assembled MB delivered an 
excellent cycling performance with a capacity retention of 92.0% in 7000 cycles along with 
a nearly 100% Coulombic efficiency. All these performances clearly indicate the successful 
assembly of the Ni-Zn MB with the reconstructed NiCo0.3 microcathode, and that the 
high-rate performance with a large capacity and the cycling durability is advanced in the 
ever-reported MBs, which is promising for practical applications in microelectronics 
[8,15,30].
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(b) the NiCo0.3 microelectrode under various current densities. (c) The cycling performance of pure

Ni and NiCo0.3 microelectrodes.
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The assembly process of Ni-Zn MB is shown in Figure 4a. To further demonstrate the
practical performance of this microcathode in assembled Ni-Zn MBs, CV curves, galvano-
static discharge profiles, and cycling test were conducted. As shown in Figure 4b, there
was no obvious change in the CV shape when the scan rate increased from 1 to 10 mV s−1,
indicating a good electrochemical reversibility. According to previous research about dou-
ble hydroxides, the redox peak can be ascribed to the following electrochemical reaction:
Zn + CoOOH + NiOOH + 2 KOH + 2 H2O ⇋ K2[Zn(OH)4] + Co(OH)2 + Ni(OH)2 [28,29].
For the rate performance of this Ni-Zn MB, the increased electrolyte concentration (6 M)
further expanded the rate current to 200 mA cm−2. The discharge capacities were 1.39, 1.37,
1.36, 1.32, and 1.23 mAh cm−2 at the current densities of 10, 20, 50, 100, and 200 mA cm−2,
respectively (Figure 4c). Similar to the exploration of the mentioned stability of the fast
charge/discharge capability, the long-term cycling durability of the Ni-Zn MB was investi-
gated at 200 mA cm−2. As observed in Figure 4d, the assembled MB delivered an excellent
cycling performance with a capacity retention of 92.0% in 7000 cycles along with a nearly
100% Coulombic efficiency. All these performances clearly indicate the successful assembly
of the Ni-Zn MB with the reconstructed NiCo0.3 microcathode, and that the high-rate per-
formance with a large capacity and the cycling durability is advanced in the ever-reported
MBs, which is promising for practical applications in microelectronics [8,15,30].

 

Figure 4. Assembly process and electrochemical performance of the Ni-Zn MB with reconstructed 
NiCo0.3 microcathode: (a) schematic diagram of assembly process, (b) CV curves at various scan 
rates, (c) discharge curves under various current densities and (d) cycling results.

4. Conclusions
In summary, a high-rate Ni-Zn microbattery with a large capacity was realized 

through the reconstruction approach for the NiCo alloy. By virtue of the bubble template, 
a highly porous metallic structure was obtained with various Ni-Co ratios in the prepara-
tion. When the Co content in the NiCo alloy increased, the higher alloy content facilitated 
the deposition reactions, leading to an enhanced metal loading and surface area. Addi-
tionally, benefiting from the highly active NiCo alloy structure, a deeper reconstruction 
of up to 20 nm was achieved, resulting in a higher capacity when compared with pure 
nickel. Meanwhile, the formed reconstructed layer contained double hydroxides which 
possessed enhanced electrostatic forces between the hydroxides when compared with the 
pure nickel hydroxide, hence realizing a more stable cycling performance. As a result, the 
final assembled Ni-Zn MB with reconstructed alloy microelectrode achieved a high capac-
ity of up to 1.39 mAh cm−2, an ultrahigh rate performance with a capacity retention of 
88.5% when the current density increased to 200 mA cm−2, and an excellent cycling stabil-
ity with over 90% retention after 7000 fast-charging cycles. This optimization design from 
the perspective of substrate metal provides an effective strategy for developing MBs with 
large capacities and high-rate performances simultaneously.
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Figure 4. Assembly process and electrochemical performance of the Ni-Zn MB with reconstructed

NiCo0.3 microcathode: (a) schematic diagram of assembly process, (b) CV curves at various scan

rates, (c) discharge curves under various current densities and (d) cycling results.

4. Conclusions

In summary, a high-rate Ni-Zn microbattery with a large capacity was realized through
the reconstruction approach for the NiCo alloy. By virtue of the bubble template, a highly
porous metallic structure was obtained with various Ni-Co ratios in the preparation. When
the Co content in the NiCo alloy increased, the higher alloy content facilitated the de-
position reactions, leading to an enhanced metal loading and surface area. Additionally,
benefiting from the highly active NiCo alloy structure, a deeper reconstruction of up to
20 nm was achieved, resulting in a higher capacity when compared with pure nickel.
Meanwhile, the formed reconstructed layer contained double hydroxides which possessed
enhanced electrostatic forces between the hydroxides when compared with the pure nickel
hydroxide, hence realizing a more stable cycling performance. As a result, the final assem-
bled Ni-Zn MB with reconstructed alloy microelectrode achieved a high capacity of up to
1.39 mAh cm−2, an ultrahigh rate performance with a capacity retention of 88.5% when the
current density increased to 200 mA cm−2, and an excellent cycling stability with over 90%
retention after 7000 fast-charging cycles. This optimization design from the perspective of
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substrate metal provides an effective strategy for developing MBs with large capacities and
high-rate performances simultaneously.
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Abstract: In this work, a composite coating composed of iron-based amorphous material and alumina

mixed with 13 wt.% titanium oxide (AT13) ceramic was successfully fabricated by High Velocity

Air-fuel Flame Spray (HVAF). The corrosion process of the composite coating in Sulfate-Reducing

Bacteria (SRB) solution for 31 d was investigated by Electrochemical Impedance Spectroscopy (EIS).

The corrosion morphologies and corrosion products were tested by X-ray photoelectron spectroscopy.

The corrosion mechanism can be divided into two stages: microbial adhesion and biofilm failure.

The microbial adhesion on the surface of the composite coating improved the formation of biofilm,

which improved the corrosion resistance. On the other hand, the SRB metabolic process in the biofilm

accelerated the formation of corrosion products, which resulted in the failure of the biofilm and thus

the composite coating was re-exposed in the corrosion solution.

Keywords: iron-based amorphous coating; ceramic; corrosion; SRB

1. Introduction

The marine environment is a complex corrosion environment. In addition to the
corrosion damage by seawater medium, the widespread microorganisms in the marine
environment can also affect the corrosion behavior of alloys [1,2]. Generally, the service
failure of metal materials can be caused by microbiologically influenced corrosion (MIC),
due to microorganisms and their metabolic activities [3–6]. This is an important type
of corrosion, causing the failure of marine engineering materials. The SRB is one kind
of well-known anaerobic bacterium existing widely in the deep sea and causing MIC.
Researchers investigated the polarization resistance of stainless steel in a sterile solution
and SRB solution, and the results indicated that the corrosion rate of the coupons in SRB
solution was 10 times higher than that in sterile medium [7,8]. This is caused by the uneven
adsorption of SRB biofilm on the surface of metal materials [9]. Therefore, the corrosion
mechanism caused by SRB and protection technologies for severe corrosion environments
require further study.

Coating technology is regarded as one of the effective approaches for the protection
of steels from corrosion [10–12]. Water-borne coatings have been used widely in the last
decade due to the provisions of low volatile organic compound emissions [13,14]. However,
some problems also need to be noted, such as toxicity, carcinogenicity and the pollution of
biocides, accompanying the release of antibacterial agents to the environment [15,16]. On
the other hand, the interaction between the abrasion caused by sea mud and corrosion will
accelerate the failure of materials. Thus, it is promising to fabricate a novel coating with
high abrasion and corrosion resistance.

The high strength, high hardness and superior corrosion resistance of iron-based
amorphous alloys have attracted the attention of researchers [17–20]. However, the poor
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glassy formation ability of amorphous alloy restricts its applications. In order to avoid the
disadvantages of iron-based amorphous alloys, we can fabricate amorphous coatings using
thermal spraying technology [21]. Zhou et al. [22] prepared a dense iron-based amorphous
coating by high-speed oxygen fuel spraying. The electrochemical test results showed that
the coating exhibited excellent corrosion resistance in 3.5% sodium chloride, 1 N hydrogen
chloride and 1 N sulfuric acid solution. Chu [23,24] fabricated iron-based amorphous
composite coatings with AT13 and titanium nitride with high corrosion resistance and
wear resistance. However, the corrosion resistance of amorphous composite coating in SRB
solution needs to be further studied.

In the present work, the corrosion resistance of iron-based amorphous coatings with
AT13 in SRB solution was studied systematically. The electrochemical characteristics of iron-
based amorphous composite coating and EIS were investigated. The corrosion mechanism
caused by SRB was proposed.

2. Materials and Experimental Process

Fe54Cr25Mo17C2B2 alloy amorphous powders were produced by high pressure Ar
gas atomization. Then, sprayed AT13 ceramic powders (20–40 µm) and amorphous pow-
ders were mixed by a mechanical mixing machine for 4 h. The sprayed powders are
shown in Figure 1. Mild steel (0.45 wt.% C) was selected as the substrate with a size of
10 mm × 10 mm × 12 mm. HVAF was adopted to fabricate iron-based amorphous coatings
and composite coatings. The parameters of the spraying process by HVAF are summarized
as shown in Table 1.

–

–40 μm) and amorphous powders 

 

 

 

 

 

 

 

 

  

 
(b)   (a)   

Figure 1. Sprayed powder morphologies: (a) AT13; (b) Fe-based amorphous powders.

Table 1. Spraying parameters of the HVAF process.

Coating by HVAF Parameter

Spray distance (mm) 180
Air pressure (MPa) 0.54
Fuel 1 press (MPa) 0.48
Fuel 2 press (MPa) 0.26

Powder delivery rate (rpm) 3

The morphologies of coatings were observed by scanning electron microscopy (SEM,
S4800, Hitachi, Tokyo, Japan). X-ray diffraction (XRD, Bruker D8 Focus, Billerica, MA, USA)
was adopted to analyze the microstructures of coatings. A fluorescence microscope was
used to observe the adhesion of microorganisms on the coating surface. Porosity data were
determined according to the results of the SEM photos and Image-Plus software. More
than 6 images were chosen.

Electrochemical tests were performed by a three-electrode cell, including a saturated
calomel electrode (SCE), a graphite electrode as the reference and an auxiliary electrode.
Specimens for the corrosion test were closely sealed with epoxy resin, leaving only an
end-surface with a surface area of 1 × 1 cm2 exposed for testing. A Tafel plot was created at
a potential sweep rate of 0.5 mVs−1 from −100 mV to 1500 mV in SRB solution, which was
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open to air after immersing the specimens for an hour. In addition, EIS was examined in
SRB solution. The impedance plots were interpreted on the basic of the equivalent circuit
using a suitable fitting procedure by Echem Analyst. After EIS measurement, the corroded
surface was examined by SEM. The corrosion products also were investigated by X-ray
photoelectron spectroscopy.

In this study, the SRB were purchased from Beina Chuanglian Biotechnology Co.,
Ltd., Beijing, China. SRB medium included 0.98 g MgSO4, 1.0 g yeast extract, 1.0 g NH4Cl,
1.0 g Na2SO4, 0.5 g K2HPO4, 0.1 g CaCl2·2H2O, 1.0 mg Resazurin, 0.5 g FeSO4·7H2O,
0.1 g Na-thioglycolate, and 1 L deionized water. The PH of the medium was adjusted to
7.8 ± 0.2 by NaOH. The growth curve of SRB was measured by an ultraviolet spectropho-
tometer; see Figure 2. It can be seen from the figure that 0~5 h was the slow period, and
6~16h was the logarithmic growth period. The stable period occurred after 16 h. In this
experiment, all samples were soaked in SRB solution when in the stable growth period.
Meanwhile, fresh bacterial liquid was replaced every three days to ensure the activity
of bacteria.

− −

∙ ∙

 

angle of 2θ –

thickness of about 300 μm. 

Figure 2. The growth curve of SRB.

3. Results

The as-sprayed iron-based amorphous coating and composite coatings with various
contents of AT13 were tested by X-ray diffraction, and the XRD patterns are shown in
Figure 3a. For the iron-based amorphous coating, there was a broad diffraction bump at the
angle of 2θ = 30–43◦. This represented the amorphous phase. For the composite coatings,
the Bragg peaks were associated with AT13 crystalline phases, which indicates that the
composite coating was composed with amorphous and AT13. The iron-based amorphous
composite coating could be successfully prepared by HVAF technology.

The cross-section of the composite coating with iron-based amorphous and 15 wt.%
AT13 is shown in Figure 3b. It is found that the as-sprayed coating is closely bonded to the
substrate and the AT13 particles are distributed homogeneously; the composite coatings
are dense structures. All of coatings had a thickness of about 300 µm.

The porosities of coatings were calculated based on the SEM photos. The statistical
results are shown in Figure 4b. With the addition of AT13 into iron-based amorphous
coating, the porosity is reduced. Meanwhile, the smallest porosity is obtained for the
composite coating with 15% AT13.
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(a) 

Figure 3. (a) XRD patterns of composite coatings with various content of AT13; (b) surface morphol-

ogy of iron-based amorphous coating with 15 wt.% AT13.

 

Figure 4. (a) SEM photo of coatings for calculation of porosity and (b) statistical porosities of coatings.

Firstly, the potendiodynamic polarization curves of different samples with various
content AT13 composite coatings were investigated as shown in Figure 5. Some electro-
chemical parameters, such as corrosion potential (Ecorr), corrosion current density (icorr),
transpassive current density (ipass), transpassive potential (Etr) and corrosion rate, are listed
in Table 2. It clearly shows that the corrosion resistance of composite coatings is improved
with the introduction of AT13. The Ecorr of the composite coating is larger than that of
iron-based amorphous coating, and the icorr of the composite coating is lower than that of
iron-based amorphous coating. Meanwhile, it is worthy to note that the composite coating
with 15 wt.% AT13 has the largest corrosion potential and transpassive potential. This
indicates that the best corrosion resistance was obtained for the composite coating with
15 wt.% AT13.

Furthermore, EIS measurement was adopted to evaluate the corrosion failure process,
and the immersion experiments in SRB solution combined with EIS measurements were
carried out to analyze the corrosion behavior of the coating. Figure 6 illustrates the EIS
plots of the coatings with 15 wt.% AT13 compared with iron-based amorphous coatings
immersed in SRB solution for 31 d. The Nyquist plots are shown in Figure 6a,c. It is shown
that the capacitive arc decreases firstly in a small range for 1d. It is considered that the
corrosive solution gradually penetrated into the coating from the pores of the surface. This
indicates the corrosion resistance is reduced at the beginning.
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Figure 5. Potentiodynamic polarization curves of different samples with various contents of AT13.

Table 2. Electrochemical parameters obtained from potentiodynamic polarization curves of coatings.

Content of AT13/wt.% Ecorr/mV icorr/A cm−2 ipass/A cm−2 Etr/mV Corrosion Rate/mpy

0 −580 5.14 × 10−5 5.42 × 10−3 867 25.06
5 −519 7.50 × 10−6 6.23 × 10−5 905 6.47

10 −467 5.01 × 10−6 1.12 × 10−4 993 5.49
15 −411 1.75 × 10−6 5.37 × 10−4 1236 2.07
20 −430 4.06 × 10−6 6.94 × 10−4 1012 4.60

Content of 
AT13/wt.%

Ecorr/mV icorr/A cm−2 ipass/A cm−2 Etr/mV Corrosion 
Rate/mpy

0 −580 5.14 × 10−5 5.42 × 10−3 867 25.06
5 −519 7.50 × 10−6 6.23 × 10−5 905 6.47

10 −467 5.01 × 10−6 1.12 × 10−4 993 5.49
15 −411 1.75 × 10−6 5.37 × 10−4 1236 2.07
20 −430 4.06 × 10−6 6.94 × 10−4 1012 4.60

 

 

 

(a) 
(b) 

(c) (d) 

Figure 6. Electrochemical impedance spectrogram of Fe-based amorphous coating soaked in SRB

solution: (a) Nyquist plot; (b) Bode plot; and composite coating with 15 wt.% AT 13 soaked in SRB

solution: (c) Nyquist plot; (d) Bode plot.
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However, the radius of the capacitive reactance arc for both the iron-based amorphous
coating and the composite coating increased after being immersed for 4 d and 10 d. Mean-
while, for the composite coating with AT13, the radius of the capacitive reactance arc was
larger than that of the initial stage. The largest radius was obtained when the soak time
was 10 d. Generally, the large radius of the capacitive reactance arc means high corrosion
resistance. Thus, it is suggested that the corrosion resistance is improved after immersion
for 10 d. The arc radius of high-frequency capacitive reactance is related to the charge
transfer resistance and corrosion product film. The increase of capacitive reactance arc
radius indicates that the charge transfer resistance is increased, which means the protective
ability of the corrosion product film is enhanced. On the other hand, it is worthy to note
that Warburg impedance can be observed in the composite coating. this is caused by
the diffusion of corrosive ions in solution. Meanwhile, the Bode impedance plots of the
composite coating show two continuous semi-circle shapes for 4 d and 10 d (as shown in
Figure 6d). This means that there are two time constants. One time constant is in the high
frequency range related to the capacitance impedance of the coating. The other constant is
the Warburg impedance caused by the reaction metabolic process of SRB.

As immersion time increased, the radius of capacitance arc was reduced gradually
after 17 d. The smallest radius of the capacitance arc was obtained for the iron-based
amorphous coating. This indicates more defects are formed in the coating due to corrosion.
The other time constant in the Bode plot in the low frequency range is related to charge
transfer resistance and a double-layer capacitance between the solution/coating interface.

According to the Bode plot, the EIS curves are fitted by the proposed equivalent
circuit. There are two stages for the corrosive process. For the initial stage, the equivalent
circuit model (Figure 7a) is used, which is composed of the resistance of electrolyte solution
(Rs), the CPE of coating (Qc) in parallel with the resistance of coating (Rct), and inductive
reactance W [25–27]. Model B (Figure 7b) is applied to analyze the later corrosion stage of
the composite coatings. For model B, CPE-cf represents the characteristics of the external
film layer and film resistance (Rf). The EIS fitting parameters of various components are
summarized in Table 3. The Rct is decreased firstly and then increased. Finally, it is reduced.
This indicates the initial increase of corrosion resistance. The biofilm is broken, so the
electrolyte solution penetrates into the coating from the pores.

According to the Bode plot, the EIS curves are fitted by the proposed equivalent cir-
cuit.

–
 the characteristics of the 

external film layer and film resistance (Rf)

  
(a) (b) 

(Ω·cm− (Ω·cm− (Ω·cm−

Figure 7. Schematic diagram of the equivalent circuit: (a) the pre-corrosion stage of the coating

(0~10 d); (b) the corrosion stage of the coating (17~31 d).

Table 3. Summary of the EIS fitting parameters for various components.

Time (day) Rs (Ω·cm−2) Rct (Ω·cm−2) CPEdl Rf (Ω·cm−2) CPEf Goodness of Fit

0 4.56 950.1 8.58 × 10−4 / / 2.20 × 10−3

1 5.036 402.1 2.07 × 10−3 / / 1.13 × 10−3

4 3.845 838.3 5.05 × 10−4 / / 1.08 × 10−3

10 5.026 680.4 7.94 × 10−4 / / 1.09 × 10−3

17 4.992 177.1 8.80 × 10−3 588.7 3.14 × 10−3 3.19 × 10−4

24 4.492 133.4 4.23 × 10−4 489.8 1.46 × 10−3 4.04 × 10−5

31 2.781 101.6 1.2 × 10−1 274.8 2.04 × 10−3 6.47 × 10−4
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According to the results of the EIS, the corrosion process can be divided into two
stages: the pre-corrosion stage and the corrosion stage. When the sample is immersed
in the SRB solution for 1d, the adhesion of some microorganisms on the surface can be
observed, as marked in Figure 8a. With the increased immersion time, the microbial film is
formed with the metabolic process. So, the Warburg impedance appears in the EIS results
due to the transfer of charge. On the other hand, the microbial film protects the substrate
from corrosion. Therefore, the capacitive reactance arc radius is increased from 1 d to 10 d.

 

Figure 8. Corrosion morphology of AT13 composite coating: (a) soak for 1d; (b) soak for 17 days;

(c) soak for 31 days.

However, when the immersion time exceeds 17 d, the broken microbial film can be
observed as shown in Figure 8b. The corrosion resistance is reduced. Meanwhile, the
capacitance is formed between the microbial film and the composite coating. The corrosive
solution penetrates into the composite coating. When the immersion time is 31 d, the
microbial film is peeled, and the crack on the composite coating is observed, as shown in
Figure 8c.

Meanwhile, the corrosive surface of the composite coating was also observed by fluo-
rescence microscope after 1 d, 17 d and 31 d, as shown in Figure 9. The green fluorescence
represents the adhesion of SRB on the surface. It can be found that there are some SRBs on
the coating surface when it is immersed for one day. With the increase of immersion time,
more and more SRBs appear on the surface of the coating. When the sample is immersed
for 31 d, some colonies are formed on the surface of the coating.

  

 

Figure 9. Adhesion of SRB on the surface of the composite coating after immersion for (a) 1 d, (b) 17 d,

(c) 31 d.
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The corrosion products were analyzed by X-ray photoelectron spectroscopy (XPS).
Figure 10a shows the main distribution of sulfur ions in the corrosion products. S comes
from the metabolite of SRB bacteria. The sulfur element is composed of four peaks, mainly
SO4

2− and S2−. The peak area of S2- is larger than that of SO4
2−. According to the

BCSR theory, SRB will consume SO2−
4 , and the final product is HS−; the reactions are as

follows [25,26]:
H2O → 2H+ + OH− (1)

H+ Hydrogenase
−−−−−−−→ [H] (2)

SO2−
4 + 8[H] SRB

→ 4H2O + S2− (3)

where [H] acts as an electron transfer medium, which is generated by the cathode reac-
tion. During the metabolic process of the SRB, the film is formed on the surface of the
composite coating.

However, the metabolic process enhances the acidity covering the coating at the same
time. This results in the corrosion of the coatings. The Fe element is transferred to Fe2+ and
Fe3+ as follows:

Fe → Fe2+ + 2e− (4)

Fe → Fe3+ + 3e− (5)

Fe3+ + 3OH+
⇋ Fe(OH)3 (6)

Fe2+ + 2OH+
⇋ Fe(OH)2 (7)

Fe2+ + S2−
→ 2FeS (8)

FeS is formed with the metabolic product of the SRB. The XPS spectrum of Fe, Fe(OH)3

and FeS are mainly formed as shown in Figure 10b.
Meanwhile, there are three peaks in the XPS spectrum of the Al element, as shown in

Figure 9c. They are Al2O3, Al2S3 and Al (OH)3. The reactions are as follows:

Al3+ + S2−
→ Al2S3 (9)

Al3+ + 3OH+
→ Al(OH)3 (10)

 

–

Figure 10. XPS atlas of corrosion product elements: (a) S; (b) Fe; (c) Al.
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4. Discussion

At present, researchers have proposed various theories to explain the corrosion mech-
anism of SRB [27–29]. One of them is the cathode depolarization theory (CDT), which
reported that the corrosion is caused by utilizing a hydrogenase to consume the hydrogen
produced by cathodic reactions [30]. Another one is the mechanism of sulfides produced
by the metabolism of SRB [31]. The biocatalytic cathodic sulfate reduction (BCSR) theory
was proposed and developed by Gu [32] and Xu et al. [33]. The studies showed that SRB
can induce MIC by acting as the acceptor of the electrons produced by anodic reactions
(metal dissolution), which generally prevails under the conditions lack of carbon source.

According to above results, the corrosion mechanism is proposed. The schematic of the
corrosion mechanism is shown in Figure 11. In the SRB environment, [H] is as a medium for
electron transfer, so the corrosion of SRB causes a large amount of H to leave the composite
surface, accelerating the cathode reaction. At the same time, the anode reaction remains
stable, resulting in a large number of electrons being consumed on the composite surface.
This indicates that the reaction through which SRB consumes [H] further promotes the
metabolic activity of SRB. Meanwhile, the biofilm is formed, which can effectively block the
contact between corrosive factors in the solution. However, when the corrosion products in
the film cannot be metabolized, this leads to the deterioration of the film environment. At
the same time, the lack of nutrients in the film will also cause the bacteria in the biofilm to
start to take electrons from the composite coating. Then, with the acidity increase, the SRB
corrosion produces porous FeS, which accelerates the absorption of H and the cathodic
depolarization process, accelerating the corrosion rate. Finally, the film cracks due to the
change of the internal environment, re-exposing the composite coating in the solution.

— —

 

–
 

 

 
–

Figure 11. The schematic of the corrosion mechanism.

5. Conclusions

The composite coatings with iron-based amorphous and AT13 were prepared by HVAF.
The corrosion process in SRB bacteria was studied by EIS. The corrosion products were
analyzed by SEM and XPS. Based on the results, the corrosion mechanism was proposed.
The SRB corrosion process can be divided into two stages: one is microbial adhesion, which
is accompanied with SRB metabolic process and biofilm is formed. The other one is failure
of the biofilm. With the acidity increase, the corrosion produces porous FeS and Al(OH)3

increase, which accelerates the absorption of H and the cathodic depolarization process,
accelerating the corrosion rate. Finally, the biofilm is destroyed and the composite coating
is re-exposed in the solution.
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Abstract: The potential to increase the life span of tools applied in cheese cutting machines is of

great importance, considering their cost and the risk of fragmented metallic parts of the tool being

inserted into the cheese. Such tools are commonly manufactured using stainless steel 405 and are

subjected to dynamic loads during their operation, leading to fatigue failure. An efficient method

to improve the fatigue properties of such tools is the application of micro-blasting. In this work, for

the first time, an experimental–analytical methodology was developed for determining optimum

micro-blasting conditions and ascertaining a preventive replacement of the tool before its extensive

fracture. This methodology is based on the construction of a pneumatic system for the precise cutting

of cheese and simultaneous force measurements. Additionally, the entire cheese-cutting process

is simulated by appropriate FEA modeling. According to the attained results, micro-blasting on

steel tools significantly improves the resistance against dynamic loads, whilst the number of impacts

that a tool can withstand until fatigue fracture is more than three times larger. Via the developed

methodology, a preventive replacement of the tool can be conducted, avoiding the risk of a sudden

tool failure. The proposed methodology can be applied to different tool geometries and materials.

Keywords: cheese cutting; tools; micro-blasting; fatigue

1. Introduction

The production of standard pieces of cheese concerning weight is a complicated pro-
cess, and its interruption due to the failure of the cutting tool entails prolonged production
time due to worn tool replacements and increased cost. In such a production process,
the tools are commonly made of stainless steel, and they are subjected to dynamic loads
during the cheese-cutting process. In this way, fatigue failure is the prevailing wear phe-
nomenon, significantly reducing tool life [1,2]. Various experimental techniques supported
by analytical models have been developed in the past for evaluating the fatigue behavior
of coated and uncoated steel parts possessing different geometries [3–6]. Moreover, the
perpendicular impact test is an efficient method for characterizing the material’s fatigue
endurance [7]. By conducting this test, the required force after one million impacts for the
initiation of failure is determined. Based on the appropriate FEA model, the maximum
equivalent stress developed in the material at the fatigue threshold force during its loading
and the remaining one due to the plastic deformation is calculated [7]. As a consequence,
the Smith-like diagram, as well as the Woehler diagram of the material, can be determined.

The success of products strongly depends on the properties of the outermost layer,
which can be significantly enhanced by appropriate surface treatments and suitable coat-
ings. In the past decade, the field of surface engineering has gained a leading role in
materials science and engineering and attracted great scientific and research interest with
a view to producing cost-effective and advanced multifunctional materials. In this way,
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the effect of various surface treatments, such as sandblasting, shot peening, etc., applied
to different materials on their mechanical properties were extensively investigated by
conducting well-established experimental procedures [8–10]. Among the examined pa-
rameters of shot-peening was the application of semi-random or regular shot peening [11],
different pressures [9], etc. Furthermore, theoretical investigations were conducted to
examine the effects of shot distance and impact sequence on the residual stress field in
shot-peening [12]. Based on these studies, the improvement of the mechanical and fatigue
properties of different materials after shot peening was revealed [13,14]. Moreover, in the
tool industry, micro-blasting has been registered as an efficient method for increasing the
life of coated tools [15–17]. However, the applied micro-blasting conditions have to be
carefully selected since this process can lead to an augmentation of the cutting-edge radius,
resulting in reduced cutting tool ability [18,19]. In the frame of the conducted research, the
potential of an effective application of micro-blasting on tools applied for cheese cutting
was investigated.

More specifically, various dry micro-blasting conditions were applied to the tool in
order to attain a similar magnitude of cutting-edge roundness to the pristine one. An
experimental–analytical methodology was developed for predicting the number of im-
pacts that the tool can receive during cheese cutting before its fatigue fracture initiation.
In this context, the mechanical properties of the untreated and micro-blasted tools were
determined by nanoindentations and perpendicular impact tests coupled with appropriate
FEA simulations. An appropriate device was designed and developed based on a pneu-
matic system for measuring the required forces for cheese cutting using micro-blasted
and untreated tools. Finally, 3D-FEA models were developed using ANSYS software for
simulating the cheese-cutting process and thus to determine the developed equivalent
stresses using the calculated forces as input data. It must be pointed out that the modeling
of the cutting processes has been denoted as a valuable tool for studying and predicting
the tool life [1,20,21]. Based on the developed methodology, a preventive replacement of
the tool can be conducted, avoiding the risk of a sudden tool failure.

2. Materials and Methods

2.1. The Used Tools and the Employed Devices

The geometry of the tools employed for cheese cutting is illustrated in Figure 1.
The tools were made of annealed stainless steel 405. The radius of the cutting edge was
measured using white light scanning by a 3D confocal system mSURF of NANOFOCUS
AG [1], and amounted to 10 µm. Dry micro-blasting was carried out on tools using sharp-
edgedAl2O3 or spherical ZrO2 grains, as illustrated in the same figure. The average grain
size was 10 µm. Due to the different grains’ geometry, the cutting edge topomorphy was
expected to be variously affected.

The dry micro-blasting process was conducted using the WIWOX DI12SF located
in the Laboratory for Machine Tools and Manufacturing Engineering of the Aristotle
University of Thessaloniki (see Figure 2). All the micro-blasting parameters were kept
constant except for the pressure. More specifically, the micro-blasting duration was equal
to 4 s, the distance between the blasting nozzle and the tools was set to 100 mm, and the
applied pressure amounted to 0.1 or 0.2 MPa. For determining the mechanical properties
of the employed materials, nanoidentations were conducted by a FISCHERSCOPE H100
device (Helmut Fischer GmbH, Sindelfingen, Germany). The fatigue properties of the
untreated and micro-blasted tools were assessed by perpendicular impact tests using
an impact tester designed and manufactured by the Laboratory for Machine Tools and
Manufacturing Engineering of the Aristotle University of Thessaloniki in collaboration with
the company Impact-BZ (London, UK) [22]. The employed ceramic ball had a diameter of
5 mm. The applied time-dependent force signal is shown in Figure 2. Three-dimensional
measurement facilities of the confocal microscope SURF of NANOFOCUS AG (Oberhausen,
Germany) were used for evaluating the impact imprints. ANSYS 2021 R1 software was

49



Coatings 2022, 12, 1343

used for simulating the nanoindentation and impact tests and thus to determine the tool’s
mechanical properties [1].

 

tool’s mechanical properties

Figure 1. The applied tool geometry for cheese cutting and the used grains for micro-blasting.

 

ment. The maximum knife’s displacement is approximately 160 mm. In this way, cheese 

ing “Labview” sof

Figure 2. The employed devices for conducting micro-blasting and impact experiments as well as the

applied force signal during impact test.

2.2. The Developed Device for Cheese Cutting

For conducting cutting experiments on cheese possessing different hardness, an exper-
imental device was designed and manufactured by the Laboratory for Machine Tools and
Manufacturing Engineering (LMTME) of the Mechanical Engineering Department at the
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Aristotle University of Thessaloniki (see Figure 3). The cutting mechanism consists of a
cylindrical shaped piston that uses air pressure in order to move the cutting knife up and
down. For stabilizing the device, two high-rigidity beams were used, in which there is the
possibility of moving the piston mechanism according to the needs of the experiment. The
maximum knife’s displacement is approximately 160 mm. In this way, cheese with different
geometries can be cut. Between the piston and the cutting knife, a force measurement
sensor was set in order to directly record the cutting force of the cheese. The operation of
the developed device was controlled and monitored by a suitably developed algorithm
using commercial computer software (Labview 8.6), thus enabling its fully automated
operation. More specifically, the analog signal of the measurement device was turned into
digital through an AT converter. The digital control, the data processing, the recording, and
the results presentation were achieved through a developed algorithm using “Labview”
software (8.6). Typical registered results, such as force, displacement, and velocity versus
the experimental time taken from the developed software are presented at the bottom of
Figure 3.

 

Figure 3. The developed device for measuring the cutting forces during cutting cheese experiments.

2.3. The Developed 3D-FEA Models for Simulating Cheese Cutting

Three-dimensional FEA models were developed using ANSYS 2021 R1 software
for simulating the cheese-cutting process when untreated tools and micro-blasted ones
were employed, as shown in Figure 4. The kinematic hardening rule was applied in
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the developed FEA model due to the fact that it leads to a rapid convergence in the
corresponding FEM calculations [23].

 

–

materials’

–

Figure 4. The developed FEA models for simulating cheese cutting experiments.

The kinematic hardening assumes that the yield surface remains constant in size and
the surface translates in stress space with progressive yielding, whereas the Besseling model
is used [24], also called the sub-layer or overlay model, to characterize the material behavior.
In the case of the micro-blasted tool, a second material area was considered to possess the
mechanical properties and the width of the deformed region of a micro-blasted tool, as will
be described in the next session. A rigid film–substrate interface was considered in the case
of the coated tool. The geometry of the tool was similar to that one depicted in Figure 1.
The width of the tool was equal to the contact region between the cheese and the tool.
Convergence studies were conducted to determine the optimal mesh density and attain
a mesh-independent grid. Solid elements possessing a pyramid geometry were used for
generating the meshed volume. In order to simulate the cheese cutting, perpendicular nodal
forces were applied to the cutting-edge region until the calculated reaction loads in the fixed
upper area were equal to the measured one. The mechanical properties of the employed
materials were set accordingly to the extracted results shown in the next sessions. The
materials’ mechanical behavior was simulated as an isotropic using multilinear laws. With
the aid of the developed FEA models, the developed maximum stresses corresponding to
certain impact forces can be calculated in the case of untreated tools and micro-blasted ones.

3. Results

3.1. Hardness Characterization of the Untreated and Micro-Blasted Tools

Nanoindenation measurements were carried out to characterize the hardness of the
examined materials using a Berkovich diamond indenter. The maximum indentation force
was selected to be 15 mN in order to capture the effect of the micro-blasting process on
superficial hardness modifications. The load–displacement diagrams of the untreated
and micro-blasted tools at various pressures are illustrated in Figure 5a. To exclude the
roughness effect on results accuracy, 30 measurements per nanoindentation were conducted.

52



Coatings 2022, 12, 1343

In this way, the moving average of the indentation depth versus the indentation force
was stabilized [1]. As observed in both micro-blasting grain cases, an increase in the
pressure was associated with a reduction of the maximum indentation depth. The latter
is an indication that there is a hardness augmentation after micro-blasting. This fact
can be explained by considering the induced residual stresses in the material structure
after micro-blasting and the resulting superficial material deformation. The effect of the
different employed grains on the material hardness is more clearly visible in Figure 5b,
where the course of maximum indentation force versus the micro-blasting pressure is
shown. According to the attained results, the registered maximum indentation depths were
comparably larger in the case of ZrO2 grains under the same conditions. More specifically,
the pristine maximum indentation depth amounted to 230 nm. After micro-blasting, the
attained indentation depths at a pressure of 0.1 MPa were equal to 222 nm and 218 nm
when Al2O3 and ZrO2 were employed, respectively. Moreover, the increase in material
hardness at higher micro-blasting pressure was not so intense since there was a limit to the
induced residual stresses that a material can receive prior to its fracture.

 

Figure 5. (a) Nanoindentation results of the untreated and micro-blasted tools; (b) maximum attained

indentation depths after micro-blasting at various pressures.
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In order to interpret the previous shown results, roughness measurements were
conducted on variously micro-blasted tools. A characteristic roughness magnitude for
showing the effect of different employed grains on surface integrity was the maximum peak
to valley height Rt. Since Rt shows the height difference between the highest mountain
and lowest valley within the measured range, potential superficial cracks created due to
the grains’ impact can be captured. The related results are shown in Figure 6. Each bar
shown in this figure represents the mean value of 10 measurements. As can be observed in
Figure 6, the roughness Rt became more intense when Al2O3 grains were used. This can
be explained by considering the geometries of the used grains. Due to their sharp edges,
a part of the initial kinetic energy of the Al2O3 grains was consumed to micro-chipping
on the material surface, and in this way, the roughness increased. On the contrary, in the
case of ZrO2 grains, a bigger portion of the initial kinetic energy was used for material
deformation and as a consequence, larger indentation depths were attained.

rains’ impact can be captured

 

μm. 

Figure 6. Roughness measurements on variously micro-blasted tools.

3.2. Cutting Edge Radius of the Untreated and Micro-Blasted Tools

A crucial issue for the effective application of tools in a cheese-cutting machine is the
magnitude of their cutting-edge radii. This is attributed to the fact that the sharpness of the
tool plays a dominant role in maintaining the surface integrity of the cheese after its cutting,
which is desired to be as smooth as it can be. Although micro-blasting has been reported to
be an efficient method for improving material hardness, it causes an enlargement of the
cutting-edge radius [18]. In order to determine the variation of the cutting-edge radius of
the micro-blasted tools, confocal microscopy measurements were carried out. The related
results are shown in Figure 7. More specifically, it was necessary to register successive
cross-sections of the cutting edges and to determine the average values (see Figure 7). The
pristine cutting-edge radius of the untreated tools amounted to 10 µm. The conduct of
micro-blasting resulted in an enlargement of the cutting-edge radius. Only in the case of
Al2O3 grains and when the micro-blasting amounted to 0.1 MPa did this magnitude remain
almost invariable. Based on these results, an optimum micro-blasting pressure of 0.1 MPa
with Al2O3 grains was selected for improving the tool life.
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Figure 7. Measurements of cutting-edge radii via light scans along the cutting edge.

3.3. Mechanical Properties of the Untreated and Micro-Blasted Tools

For determining the mechanical properties of the untreated and micro-blasted tools
at a pressure of 0.1 MPa, the FEM-based procedure concerning the stepwise simulation
of the nanoindentation procedure, based on the SSCUBONI algorithm, was employed [1].
It has to be pointed out that only in these two cases the cutting-edge radii were almost
equal, and the tools preserved their sharpness. In this way, using the nanoindentation
results diagrams shown in Figure 5a, the input data to the developed algorithm was created,
and the mechanical properties of the investigated materials were extracted. These results
are illustrated in Figure 8. As observed, the elasticity modulus remained unaffected by
the micro-blasting process, whereas the yield and rupture stress grew. Generally, micro-
blasting results in a gradation of the strength properties [25]. In the described investigations,
for simplifying the related calculations, it was assumed that evenly distributed strength
properties develop up to a certain depth from the film surface. By applying the technique
described in ref. [25], the occurring equivalent stress distribution during micro-blasting
can be determined, and the width of the shadowed area associated with the plastically
deformed region can be calculated. These data were employed in the developed FEA model,
simulating the cheese-cutting process for determining the maximum developed stresses.

Furthermore, perpendicular impact tests were conducted at various impact loads in
order to detect the critical ones for fatigue damage initiation in the case of untreated and
micro-blasted tools. Related results in terms of the remaining imprint depths at various
exercised loads after 106 impacts on annealed stainless steel 405 and the micro-blasted ones
at a pressure of 0.1 MPa are shown in the diagram of Figure 9. To avoid the interpretation of
surfaces asperity damages as material damage, the double of the tool’s arithmetic roughness
Ra was considered as a criterion for material fracture. According to the attained results,
the critical impact loads for exceeding the above-mentioned criterion were 25 N and 50 N
for the annealed stainless steel 405 and the micro-blasted ones, respectively. Characteristic
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impact imprints at various loads in the case of stainless steel 405 and the micro-blasted
ones, scanned by white light via confocal microscopy, are shown in the bottom part of
the figure.

 

tation of surfaces asperity damages as material damage, the double of the tool’s arithmetic 

Figure 8. Mechanical properties of the untreated and micro-blasted tool at 0.1 MPa and the width of

the deformed region after micro-blasting at 0.1 MPa.

 

Figure 9. Perpendicular impact test results at various loads of the untreated and micro-blasted tool at

0.1 MPa.

56



Coatings 2022, 12, 1343

Based on a FEM simulation of the impact process [1] and considering the results shown
in Figure 9, the Smith-like diagrams and the Woehler diagrams of an annealed stainless steel
405 and the micro-blasted ones were determined and are illustrated in Figure 10. The Smith
diagram presents the maximum load alterations versus its mean value for a fatigue-safe
operation of stressed material. The Woehler diagram illustrates the fatigue-safe maximum
stress versus the number of repetitive loads alternating from zero to a maximum value.
Since the developed stresses during the operation of the cheese cutting tool alternate from
zero up to a maximum value, the latter diagram can be used for predicting the number of
impacts that the tool can receive during cheese cutting before its fatigue fracture initiation.

 

upon its hardness. Moreover, the knife’s displacement and the velocity of the piston 

Figure 10. Determined Smith-like diagrams and Woehler diagrams of an annealed stainless steel 405

and the micro-blasted at 0.1 MPa.

3.4. Cutting Results

The experiments were carried out on two different types of cheese concerning its
hardness (feta cheese and semi-hard cheese), as illustrated in Figure 11. The effect of cheese
hardness on the developed forces is clearly visible. Every curve represents the mean value
of approximately 20 experiments. For the semi-hard cheese, a cutting force of about 220 N is
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required, while for the feta cheese, only 100 N is needed. According to the conducted force
measurements of cheeses with different heights, the maximum developed force remains
practically invariable from the cheese geometry, and it depends only upon its hardness.
Moreover, the knife’s displacement and the velocity of the piston were measured, as shown
in the bottom part of the figure. It is obvious that the measurements are almost identical for
both types of cheese. The whole cutting process for a knife displacement of 160 mm lasts
approximately less than 250 ms. Thus, dynamic loads are developed on the cutting edge of
the knife during the repetitive cuts, leading to the initiation of fatigue failure after a certain
number of cuts.

 

Βy

Figure 11. Measured forces as well as knife displacement and velocity in the case of cutting cheese

with different hardness.

3.5. FEA Results during Cheese Cutting

By employing the aforementioned FEA models (see Figure 4), the developed equivalent
stress fields in the tools during cheese cutting associated with the most intense loading
case of semi-hard cheese were determined. The related results for both uncoated and
micro-blasted tools are shown in Figure 12. The maximum stress in both cases amounts to
0.81 GPa. This stress is developed in the right part of the tool. This fact can be explained
by the cutting-edge geometry (see Figure 1). More specifically, in this region, due to its
geometry, higher bending stresses are developed, resulting in a more intense tool loading.
Although the maximum equivalent stress does not exceed the material yield stress in
both cases, it is higher than the critical fatigue endurance stress. As a consequence, a
fatigue damage initiation is expected after approximately 200,000 impacts in the case of the
uncoated tool (see Figure 13). Moreover, the application of micro-blasting at 0.1 MPa results
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in a significant augmentation of the number of impacts that the tool can withstand up to
the fatigue fracture initiation. As can be observed in Figure 13, the first coating fracture
occurred after approximately 700,000 impacts.

 

Figure 12. Developed equivalent stress fields in the case of annealed stainless steel 405 and 
Figure 12. Developed equivalent stress fields in the case of annealed stainless steel 405 and the

micro-blasted ones at a pressure of 0.1 MPa during cutting semi-hard cheese.
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Figure 13. Prediction of the number of impacts up to the first fatigue fracture in the case of

annealed stainless steel 405 and the micro-blasted ones at a pressure of 0.1 MPa during cutting

semi-hard cheese.

4. Discussion

In the food industry, the production of standard pieces of cheese concerning its weight
is a complicated process with high importance. In this context, cheese packages less than
a certain weight are not accepted, whereas overweight packages are associated with an
additional cost for industries. Moreover, the interruption of this process due to the failure
of the cutting tool entails prolonged production time due to the replacement of worn tools
and increased cost. In such a production process, the tools are commonly made of stainless
steel, and they are subjected to dynamic loads during the cheese-cutting process. In this
way, fatigue failure is the prevailing wear phenomenon, significantly reducing the tool life.

The importance of micro-blasting as a technique to increase the life span of tools has
been registered in the past [18,19]. This process has as a target to induce residual stresses
in the material structure and, in this way, to increase the mechanical properties [14]. As
a consequence, the fatigue properties are also expected to be improved. However, this
process has to be carefully applied concerning the selected conditions since it can modify
the geometry of the cutting edge. In our previous publication [18], dry micro-blasting was
conducted on TiAlN coatings deposited on cemented carbide inserts using Al2O3 or ZrO2

grains. These coatings were characterized by comparably superior mechanical properties.
As a result, larger micro-blasting pressures must be applied to deform the coating structure
and thus induce residual stresses. In the case of the coated tools described in ref. [18], an
enlargement of the cutting-edge radius takes place as the micro-blasting pressure increases.
A larger cutting-edge radius leads to a reduction of the developed stresses on the coated
tool during cutting and to a simultaneous tool life increase [26]. However, special care must
be taken to avoid substrate revelation due to coating abrasion in the cutting-edge region
during micro-blasting. In the case of annealed stainless steel 405, the applied conditions
must appropriately change to attain sufficient increases in the mechanical characteristics
without enlarging the cutting-edge radius. This must occur since the sharpness of the
tool plays a dominant role in ensuring the surface integrity of the cheese after its cutting,
making it as smooth as it can be.

In this paper, for the first time, an experimental-analytical methodology was developed
for selecting optimum micro-blasting conditions dependent upon the tool geometry and
properties and for determining the number of impacts that the tool can withstand until the
first fatigue fracture. Via the developed methodology, preventive replacement of the tool
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can be conducted, avoiding the risk of sudden tool failure. This methodology was applied
in the case tools employed in cheese cutting. To verify the developed methodology’s
capability to predict the number of impacts for fatigue damage initiation of the tool, cutting
experiments were conducted using a semi-hard cheese as the workpiece material (see
Figure 14). The tool possesses the geometry as illustrated in Figure 1, and it is made of
annealed stainless steel 405. According to attained results, after 200,000 impacts, there was
no sign of failure, and fatigue cracks appeared after the conduct of further 10,000 impacts,
resulting in tool material removal. These results are in good agreement with the calculated
ones. Thus, the capability of the developed methodology to predict the critical number
of impacts for tool replacement is verified. The issue of the tool replacement prior to its
fatigue fracture is very important. Despite the cheese cleanness process after the production
of standard pieces of cheese concerning weight, the whole process became more secure
since any possibility of fragmented metallic parts of the tool being inserted into the cheese
was avoided. Another significant issue in the market is the surface integrity of the cheese
region that must be cut. By assuring an unworn cutting-edge geometry of the tool, the
surface integrity of the cheese is expected to be improved, and wasted material during
cutting is predicted to be minimized.

 

• 

• 

• 

• 

Figure 14. Characteristic images of an unworn and worn tool after cheese cutting.

5. Conclusions

In the present work, the potential to enlarge the life span of tools applied in a cheese
cutting machine via micro-blasting was investigated. Optimum micro-blasting conditions
were detected, considering an almost invariable cutting-edge radius as a criterion. More-
over, a methodology was developed for predicting the number of impacts that the tool
can receive during cheese cutting before its fatigue fracture initiation. This methodology
was based on the construction of a pneumatic system for the precise cutting of cheese and
the simultaneous measurement of the forces developed, as well as on appropriate FEA
modeling. The following basic conclusions can be summarized:

• The conduct of dry micro-blasting at a pressure of 0.1 MPa using Al2O3 grains can
increase the number of impacts that the tool can withstand, more than three times,
until the fatigue fracture initiation.

• Experimental cutting investigations on semi-hard cheese using an untreated tool verify
the capability of the developed methodology to predict the critical number of impacts
for fatigue damage imitation.

• The proposed methodology can be applied to different tool geometries and materials
since a parametric FEA model was developed.

• The issue of the tool replacement prior to its fatigue fracture is very important. De-
spite the cheese cleanness process after the production of standard pieces of cheese
concerning weight, the whole process became more secure since any possibility of
damaged parts being inserted into the cheese was avoided. Moreover, by assuring
an unworn cutting-edge geometry of the tool, the surface integrity of the cheese was
expected to be improved, and wasted material during cutting was minimized.
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Abstract: Solar light-driven hydrogen by photocatalytic water splitting over a semiconductor pho-

toelectrode has been considered a promising green energy carrier. P-type semiconducting copper

oxides (Cu2O and CuO) have attracted remarkable attention as an efficient photocathode for photo-

electrochemical (PEC) water splitting because of their high solar absorptivity and optical band gaps.

In this study, CuO thin films were prepared using the sol-gel spin coating method to investigate the

effects of aging time and layer dependency. Electrodeposition was also applied to fabricate Cu2O

thin films. Cu2O thin films annealed at 300 ◦C are a hetero-phase system composed of Cu2O and

CuO, while those at 400 ◦C are fully oxidized to CuO. Thin films are characterized using atomic force

microscopy (AFM), scanning electron microscopy (SEM), ultraviolet-visible spectroscopy (UV-VIS),

Fourier transform infrared spectroscopy (FTIR), spectroscopic ellipsometry (SE), X-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XPS), and Raman microscopy. The hetero-phase thin films

increase the photoconversion efficiency compared to Cu2O. Fully oxidized thin films annealed at

400 ◦C exhibit a higher efficiency than the hetero-phase thin film. We also verified that CuO thin

films fabricated using electrodeposition show slightly higher efficiency than the spin coating method.

The highest photocurrent of 1.1 mA/cm2 at 0.10 V versus RHE was measured for the fully oxidized

CuO thin film under one-sun AM1.5G illumination. This study demonstrates a practical method to

fabricate durable thin films with efficient optical and photocatalytic properties.

Keywords: p-type semiconductor; copper oxide; thin film; sol-gel deposition; electrodeposition;

photoelectrochemical water splitting

1. Introduction

Hydrogen generation using solar energy through water electrolysis with solar-powered
electricity and photocatalytic solar water splitting is vital to fulfill the pipe dream of the
hydrogen economy, due to global demand for renewable energy [1]. Among solar energy
conversion methods, photoelectrochemical (PEC) water splitting is considered one of the
most pivotal and sustainable approaches to tackle the global energy crisis. It dissociates
water molecules directly into hydrogen and oxygen using sunlight and semiconducting
PEC materials [2]. Even if it is sustainable without producing greenhouse gases, developing
novel PEC materials with excellent efficiencies, durability, and cost-effectiveness is impera-
tive for their commercialization [3]. PEC water splitting occurs sequentially through the
production of electron-hole pairs due to absorbing sunlight, the charge drift and diffusion,
the separation of charge carriers, and the reduction or oxidation of water on the surfaces
with the charge carriers [4]. Semiconducting PEC materials must meet several requirements
to split water molecules [5]. For example, the potential of the conduction band (CB) gap
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must be lower than the reaction potential of reduced water, and that of the valence band
(VB) gap higher than the reaction potential of oxidized water.

The photoelectrodes for large-scale applications may be cost-effective metal oxides [6]
among various semiconductor materials of metal oxides (TiO2 and WO3), metal sulfides
(CdS and WS2), and metal selenides (WSe2 and ZnSe) [7]. Their ionic character origi-
nated from the hybrid orbitals of transition metal cations and oxygen (O 2p) could lead
to a large band gap [5]. Furthermore, the VB’s localized p-orbital characteristic causes
the low mobility of electron holes in conventional metal oxides, resulting in no durable
photoanode device producing a photocurrent greater than 10 mA/cm2 with adequate
photovoltage coupled with a photocathode [8]. In addition, metal oxides often experi-
ence short charge diffusion and slow charge transfer, owing to the formation of sluggish
and self-trapped charge carriers [9]. Therefore, the search for novel, highly efficient, and
cost-effective metal oxide semiconductors with a narrower band gap and a longer carrier
diffusion length has attracted wide attention [10]. However, it remains a great challenge
to propose high-performance materials for photocatalytic water splitting, for example,
by regulating electronic band structures and creating the direct Z-scheme heterojunction
(i.e., Co9S8/CdS [11], ZnO/CdS [12], and TiO2/CdS [13]) and the p-n heterojunction (i.e.,
B-C3N4/Mo-BiVO4 [14], Cu2O/CeO2 [15], and CuO/ZnO [16]). To the best of our knowl-
edge, no candidate material meets all requirements with a high enough energy conversion
efficiency [7].

Among semiconducting photoelectrode materials, copper oxides (CuxO; x = 1 or 2)
have received remarkable attention due to their outstanding properties and numerous
applications for solar-to-hydrogen conversion from water [17,18]. Copper oxides are
naturally a p-type semiconductor [19] with high solar absorptivity, low thermal radiation,
and low energy band gaps (Cu2O: 2.1–2.6 eV and CuO: 1.3–2.1 eV) [20]. The band gaps also
depend on sample preparation approaches and surface morphologies. Due to their high
natural abundance, copper oxides can also be used for cost-effective solar cells [21]. Cu2O-
based solar cells with a band gap of 2.0 eV were reported to potentially reach a theoretical
maximum efficiency of 20% [19,22] according to the Shockley-Queisser limit (SQL) [23].
Moreover, copper oxide-based photoelectrodes can be applied for photochemical CO2

reduction [24]. Regardless of these advantages and the versatile applications of copper
oxides as excellent solar absorbing materials, a grand challenge may be to rationally
minimize the strong electron-hole recombination of copper oxides [22]. Various reports also
address obtaining the optimal diffusion length of minority charge carriers and thicknesses
of thin films [22,25]. Therefore, it may be crucial to effectively separate electron-hole pairs
to improve the efficiency of photocatalytic solar water splitting using copper oxide-based
photocathodes. To date, as summarized in Table S1, the fabrication of copper oxide-based
photocathodes applied to PEC water splitting is a tremendous challenge that requires
technological advances [26], since the efficiency (e.g., 0.10–1.75%) [17,27–37] depends on
many factors, such as substrates, pH values, and surface modification. For the preparation
of high-performance photoelectrode materials, metal oxide thin films can be prepared
by numerous methods, including the sol-gel method, chemical vapor deposition (CVD),
pulsed laser deposition (PLD), and electrodeposition. Among them, the sol-gel spin coating
method is more cost-effective, faster, and higher-yield than physical methods (i.e., CVD and
PLD). Its process comprises the preparation of a precursor solution, aging the solution for
conversion of sol in the liquid to gel, depositing the sol-gel on a substrate by spin coating,
and heat treatment of thin films. Even if the sol-gel approach is fast and straightforward
compared to other thin-film deposition methods, the performance of thin films is influenced
by several factors, including sol aging time and temperatures, sol concentrations, chelating
agents, pre- and post-heating temperatures, and spin coating speed and time. Among the
factors for preparing high-quality thin films, optimizing sol aging time and heat-treatment
parameters may be essential for fabricating nanostructured thin films and controlling
optical band gaps. Accordingly, this study first examined the effects of sol aging time, heat
treatment, and layer dependency on p-type CuO thin films fabricated using the sol-gel spin
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coating method, followed by photocatalytic solar water splitting. CuO thin films were also
prepared using electrodeposition with thermal oxidation to compare with the sol-gel spin
coating method. We demonstrated the effect of the substrates on photocatalytic efficiencies
using indium tin oxide (ITO or tin-doped indium oxide) and fluorine-doped tin oxide (FTO)
coated glass substrates since their properties are affected by thermal treatment [38,39].

2. Experimental Details

2.1. Thin-Film Preparation

The sol-gel thin-film deposition method [40] was applied on ITO (~120 nm) coated
glass substrates to examine the effects of CuO sol using p-type CuO thin films. ITO
substrates were sequentially cleaned in an ultrasonic bath of acetone, isopropyl alcohol
(IPA), ethanol, and deionized (DI) water for 5 min, followed by drying in an oven and ozone
treatment for 10 min. For spin coating, we prepared a precursor solution by adding 1 mL of
ethanolamine to 15 mL of IPA under stirring, followed by mixing with 0.68 g of copper (II)
acetate. After the complete dissolution of the copper acetate, a solution of 0.2 g of ethylene
glycol was added. The precursor solution was stirred for 24 h in air to reach complete
mixing at 1500 rpm. Impurities were removed using a 0.45 µm syringe filter [41]. Then, the
sol solution was aged at room temperature for 0, 12, 24, 36, and 48 h with magnetic stirring.
The prefiltered 150 µL sol solution was placed on an ITO substrate at 2000 rpm for 30 s
using a spin coater in a fume hood. The spin-coated thin films were then dried at 120 ◦C
on a hot plate for 2 min, and was pre-annealed at 350 ◦C for 5 min to remove precursor
chemicals. All thin-film samples were subjected to a final annealing process at 400 ◦C on a
hot plate for 2 h in air. To examine layer dependency, the pre-annealing process at 350 ◦C
for 5 min was repeated twice, four times, six times, and eight times, followed by the final
annealing process at 400 ◦C for 2 h. Cu2O thin films were also fabricated on FTO (~400 nm)
coated glass substrates by electrodeposition. In this study, FTO substrates were applied for
electrodeposition because of their excellent chemical resistance [38]. It was performed using
the chronoamperometric (CA) method at −0.36 V versus Ag/AgCl (3 M NaCl) for 20 min in
a solution of 3 M lactic acid and 0.4 M CuSO4 (pH = 9) [29] added to 40 mL of DI water. The
pH value was obtained using 5 M NaOH, while the entire electrodeposition process was
conducted with magnetic stirring at 100 rpm. A potentiostat (BioLogic, SP-150) was used to
supply a constant current during the electrodeposition process at room temperature using
a coiled platinum wire (0.5 mm diameter) as a counter electrode. To obtain hetero-phase
CuO/Cu2O and pure CuO thin films, Cu2O thin films were thermally oxidized at 300 ◦C
and 400 ◦C, respectively, for 1 h in air, after cleaning the Cu2O thin films using DI water
and drying in an oven at 70 ◦C.

2.2. Characterization of Thin-Film Samples

Atomic force microscopy (AFM, Bruker Innova, MA, USA), with the tapping mode,
and scanning electron microscopy (SEM, Zeiss Auriga, Oberkochen, Germany), at an
accelerating voltage of 5.0 kV and a working distance of 5.2 mm after gold coating, were
employed to examine the surface morphologies of thin films. Band gaps of thin films
were measured using ultraviolet-visible spectroscopy (UV-VIS, Shimadzu UV1800, Kyoto,
Japan), while Fourier transform infrared spectroscopy (FTIR, Thermo Nicolet iS-10, MA,
USA) was used to investigate the temperature-dependent variation of precursor chemicals.
Furthermore, we characterized the optical constants using variable angle spectroscopic
ellipsometry (VASE, J.A.Woollam α-SE, Lincoln, NE, USA) to examine the thickness of CuO
thin films by measuring at three different angles of 65◦, 70◦, and 75◦. X-ray diffraction (XRD,
Brucker D8 DISCOVER, Billerica, MA, USA) using Cu Kα radiation (λ = 0.154184 nm), an
X-ray photoelectron spectrometer (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA)
equipped with mono-chromated Al Kα radiation and a flood gun, and Raman microscopy
(CL Technology UniDRON-S, New Taipei, Taiwan) with a 532 nm excitation wavelength
were applied to characterize the temperature-dependent effects of thin films grown on
FTO. PEC measurements were carried out with a typical three-electrode system using
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Ag/AgCl (3 M NaCl) and a coiled platinum wire as reference and counter electrodes,
respectively, and the working electrode of copper oxide thin films with an active area of
1.0 cm2 in 0.2 M Na2SO4. The Nernst equation was applied to convert the potentials (V
versus Ag/AgCl) to the reversible hydrogen electrode (RHE) scale (V versus RHE) [42].
The applied bias photon-to-current conversion efficiency (ABPE, %) was used to calculate
the photoconversion efficiency of thin films using ABPE = [JP(1.23 − Vb)/Plight]AM1.5G,

where JP is the photocurrent density measured in mA/cm2, Vb is the applied bias in V, and
Plight is the power density of incident light (AM1.5G 100 mW/cm2 illumination, Enlitech
SS-X, Kaohsiung, Taiwan) [43,44].

3. Results and Discussion

3.1. Sol Aging Time

The effects of the aging time of the CuO sol solution from 0 to 48 h were examined to
understand the influence of structural and optical properties of CuO thin films. The AFM
images of CuO thin films are displayed in Figure 1a–e. The AFM images in 3 µm × 3 µm
were used to quantify the root mean square (RMS) roughness of thin-film surfaces, which
could be calculated from the cross-sectional profile. As illustrated in Figure 1f, the RMS
roughness of CuO thin films prepared at different aging times (0, 12, 24, 36, and 48 h)
corresponded to 35.5, 20.5, 15.7, 12.8, and 12.5 nm, respectively. It demonstrated that the
surface of CuO thin films became smoothened by surface diffusion and were stable after
36 h. Based on the stable RMS roughness, we assumed that copper oxide grains became
homogeneous after annealing because of the stable CuO sol solution. Furthermore, we
measured the thickness of CuO thin films using spectroscopic ellipsometry (SE). We first
verified the thickness of ITO measured using SEM (~120 nm) with the Cauchy model [45]
used for transparent thin films. Then, the Tauc-Lorenz method was applied to examine
non-transparent CuO thin films [46]. Figure 1f shows the variation of the thickness of CuO
thin films by changing the aging time of the sol. It was found that the film thickness was
stabilized as the surface roughness became constant after 36 h, similar to the previous
study [47]. Then, we conducted absorption measurements of CuO thin films using UV-VIS
spectroscopy. We observed that longer aging times (0 and 12 h) showed less absorbance,
confirming that the RMS roughness was correlated with absorbance [47]. The Tauc plot
analysis [48,49] with a direct transition (γ = 1

2 ) resulted in the band gap of ~1.99 eV [20]

using (αhv)1/γ = B
(

hv − Eg

)

, where α, h, v, B, and Eg were the absorption coefficient, the
Plank constant, the photon energy, a constant, and the energy band gap, respectively. It
verified that the aging time negligibly affected the optical property of the stabilization
process. Our detailed examination showed that 36 h may be imperative to fabricate stable
thin films. Therefore, in this study, we used the aging time of 36 h to prepare the sol-gel
CuO thin films. As summarized in Figure 2a, FTIR spectra confirmed the complete removal
of precursor chemicals and the formation of metal oxide phases after 300 ◦C. After heating
as-deposited thin films, the characteristic peaks of the precursor chemical of copper(II)
acetate disappeared [50], while the absorption peak at around 587 cm−1 assigned to the
vibration of Cu(II)-O [51] appeared.

3.2. Characterization of Layer-Dependence Effects of Spin-Coated CuO Thin Films

The layer dependency of CuO thin films was performed to determine a reasonable
thickness compared to that fabricated by electrodeposition. As mentioned above, the
sol-gel thin-film deposition method [40] was applied on ITO substrates. As described
above, two, four, six, and eight-layer CuO films were prepared. After each layer deposition,
pre-annealing was conducted at 350 ◦C for 5 min, while final thin-film samples were
annealed at 400 ◦C for 2 h. In addition to the surface morphology analysis, the band gap
was obtained via the Tauc plot analysis using the absorbance spectra of each CuO thin-film
layer. Figure 2b,c show the absorption spectra and averaged energy band gaps of CuO
thin films with different layers. The absorption intensity increased as the thickness of
the thin films became thicker, indicating that the transmittance decreased accordingly. To
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improve the accuracy of the optical energy gap measurements, due to the inhomogeneity
of the thin films, we measured each thin-film sample three times, resulting in 1.83, 1.73,
1.62, and 1.49 eV, respectively. The growth of grains caused a decrease in the number of
grain boundaries. This led to an increase in the absorption intensity and a shift of the
absorption edge to higher wavelengths. Consequently, the energy gap decreased [52].
Shown in Figure 3a–d are AFM-based images to examine the surface morphology of the
layer dependency. As shown in Figure 3e, the RMS roughness analysis illustrated a linear
relationship with the number of layers of CuO thin films (8.9, 15.1, 15.6, and 20.4 nm versus
two, four, six, and eight layers, respectively). Furthermore, we observed that the thickness
of the CuO thin film using ellipsometry with the Tauc-Lorentz method linearly increased
with the growth of CuO layers (Figure 3e, 97.8, 123.9, 180.4, and 274.2 nm versus two, four,
six, and eight layers, respectively). The layer-dependence study suggested that eight-layer
CuO thin films under the experimental conditions were optimal for further analyses to
avoid too low transmittance of CuO thin films.

 

Figure 1. AFM images of CuO thin films deposited on an ITO substrate obtained with the tapping

mode AFM for the aging time of (a) 0, (b) 12, (c) 24, (d) 36, and (e) 48 h. Image areas are 3 µm × 3 µm.

(f) Variation of the RMS roughness as a function of aging time and the thickness of CuO thin films

measured using SE.

 

Figure 2. (a) FTIR spectra of the sol-gel spin-coated thin film before and after annealing at 300 ◦C in

air. (b) Absorbance spectra and (c) optical band gaps with different layers of CuO thin films.
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Figure 3. AFM images of (a) two, (b) four, (c) six, and (d) eight-layer CuO thin films deposited on

ITO after the annealing process at 400 ◦C for 2 h. Image areas are 3 µm × 3 µm. (e) Variation of the

RMS roughness and the thickness of CuO thin films measured using SE.

3.3. Preparation and Characterization of Copper Oxide Thin Films Using Electrodeposition

As summarized in Figure 4, we carried out SEM measurements to examine whether
the surfaces of thin films, using spin coating and electrodeposition, were dense enough for
PEC measurements. As an initiative, we first examined the PEC performance of CuO/ITO
and CuO/FTO prepared using the sol-gel spin-coating method and annealed at 400 ◦C.
As shown in Figure S1, the ITO-based CuO thin film showed a lower PEC performance
than the FTO-based thin film, due to the change of the electrical property at >300 ◦C [38,39].
Accordingly, we applied the FTO substrate to examine the photoconversion efficiency in
this study. We prepared yellowish-red Cu2O thin films using electrodeposition at room
temperature to fabricate hetero-phase CuO/Cu2O and CuO films on FTO. As shown in
Figure 4a,b, we observed that the thickness of electrodeposition-based thin films was
approximately 100 nm. In addition, it demonstrated that the Cu2O thin film was well
prepared without cracks, and the thermally oxidized samples became denser with smaller
grains. More characterizations were carried out to examine how Cu2O was transformed
into CuO after annealing. As shown in Figure 4c, the spin-coated CuO surfaces consisted
of nanostructured and homogeneous grains, leading to a high surface roughness compared
to Cu2O-based samples. We assumed that these surface morphologies would influence
the PEC performance because nanostructured surfaces significantly affect optical proper-
ties [53], making nanostructured photoelectrodes more effective than conventional bulk
films. SEM confirmed that the thickness of the spin-coated CuO thin film on FTO was
~257 nm, which was in line with that deposited on ITO using SE (Figure 3e, ~274 nm). We
conducted surface characterizations to understand the chemical composition of thin films
using XRD, Raman microscopy, and XPS. As shown in Figure 5a, the two major diffraction
peaks at 36.7◦ and 42.4◦ corresponding to (111) and (200) planes were attributed to Cu2O
(JCPDS file No. 05-0667) [54,55]. The spin-coated CuO (JCPDS file No. 78–0428) thin
film was identified by those at 33.5◦, 35.5◦ , and 38.6◦, corresponding to (110), (002), and
(111) planes [55,56]. After thermal oxidation at 300 ◦C, the thin film was characterized by
a mixture of Cu2O and CuO. Then, after thermal oxidation at 400 ◦C, the XRD patterns
became identical to those of CuO, confirming the complete oxidation of Cu2O to CuO at
400 ◦C under the experimental conditions. However, as the intensity of the XRD pattern
was not remarkable, Raman spectroscopy was used to characterize the surfaces to com-
plement the XRD analysis, clarifying the change of thin-film-based copper oxides. Shown
in Figure 5b are Raman spectra for thin-film copper oxides deposited on FTO using spin
coating and electrodeposition before and after annealing at 300 ◦C and 400 ◦C scanned in
the spectral region of 100 to 800 cm−1. The characteristic Raman bands for CuO at 292 cm−1
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and Cu2O at 213, 529, and 633 cm−1 agreed with those in the literature [57]. Like the XRD
measurements, we verified that the Cu2O-based thin-film sample annealed at 400 ◦C to
become CuO, while the sample that annealed at 300 ◦C exhibited the characteristic peaks of
Cu2O and CuO. It revealed that the Cu2O thin films annealed at 300 ◦C could be considered
a hetero-phase system composed of CuO and Cu2O. To identify the elemental composi-
tions and oxidation states of CuO and Cu2O thin-film samples prepared by the sol-gel
spin coating and electrodeposition methods, XPS measurements were performed [58,59].
The survey spectra of Cu2O and CuO deposited on FTO are shown in Figure S2, where
copper and oxygen elements are characterized. The C 1s peak at 284.8 eV was applied to
calibrate the XPS spectra of Cu2O and CuO [60,61]. As shown in Figure 5c, the main peaks
of the Cu2O thin film at 932.8 eV and 952.5 eV (Cu+) and those of the CuO thin film at
933.3 eV and 953.6 eV (Cu2+) corresponded to Cu 2p3/2 and Cu 2p1/2, respectively [62].
Furthermore, the shake-up satellite peaks were detected in the region of 940.0–943.5 eV and
at 962.2 eV [63,64]. Figure 5d shows the XPS analysis of the O 1s peaks for Cu2O and CuO.
The peak at 529.7 eV observed from the thermal oxidation sample was identified as lattice
oxygen in CuO, while that at 530.3 eV was assigned to lattice oxygen in Cu2O [65]. The
optical properties of copper oxide thin films were also examined by the band gap change
in the range of 300–1100 nm. All thin films exhibited higher absorption in the UV region
(350 to 390 nm) than in the visible region (Figure 6a). The absorption of the Cu2O film was
greatly enhanced in the range of 400–800 nm after annealing. As shown in Figure 6b, the
2.45 eV band gap of Cu2O aligned with those in the literature [20]. After annealing, as
anticipated, its band gap shifted down to that of CuO (i.e., 1.61 eV (annealed at 300 ◦C),
1.51 eV (annealed at 400 ◦C), and 1.49 eV (spin-coated CuO)) [20].

− −

−

 

Figure 4. SEM images of cross-sectional and top views for (a) the as-prepared Cu2O thin film by

electrodeposition and (b) the thermally oxidized sample at 400 ◦C after electrodeposition. (c) The

spin-coated eight-layer CuO thin film annealed at 400 ◦C. Thin films are deposited on FTO.
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Figure 5. (a) XRD patterns and (b) Raman spectra of as-prepared Cu2O and after thermal oxidation

at 300 ◦C and 400 ◦C and CuO fabricated by the sol-gel spin coating method on FTO. XPS spectra of

(c) Cu 2p and (d) O 1s for Cu2O and CuO on FTO. The survey spectra are shown in Figure S1.

 

Figure 6. (a) Absorption spectra of Cu2O and thermally oxidized at 300 ◦C and 400 ◦C, and

(b) Tauc plot for the Cu2O thin film deposited on FTO. The inset shows a comparison of the band

gaps of different samples. (c) Photocurrent densities and (d) photoconversion efficiencies of Cu2O

and annealed thin films at 300 ◦C and 400 ◦C and the spin-coated CuO thin film on FTO.
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3.4. Photocatalytic Solar Water Splitting Using P-Type Semiconducting Copper Oxide Thin Films

After characterizing photoelectrode materials, as summarized in Figure 6c,d, we
conducted PEC water splitting experiments, demonstrating the onset potential of pho-
toelectrodes at ~0.45 V [29,66]. Similar to the previous study [29], the photoconversion
efficiency of Cu2O prepared by electrodeposition was 0.09%, while thermally oxidized
electrode materials at 300 ◦C and 400 ◦C showed enhanced efficiencies of 0.45% and 1.19%,
respectively (Figure 6d), compared to Cu2O. We also measured the photoconversion ef-
ficiency of the spin-coated CuO thin film, and its efficiency of 1.05% was comparable to
that annealed at 400 ◦C. As described above, the nanostructured surface of thin films
might influence the efficiency. As we characterized that Cu2O samples annealed at 400 ◦C
were identified as CuO, we hypothesized that electrodeposition-based electrode materials
might improve photocurrent collection, owing to a better interface between the nanos-
tructured photoelectrodes and substrates, leading to less energy loss during transport. In
summary, hetero-phase thin films (Cu2O and CuO) boosted PEC performance compared
to the Cu2O film, while a fully oxidized sample at 400 ◦C exhibited better performance.
A rational design of high-efficiency copper oxide-based photoelectrodes might be critical
to understanding the mechanisms, since the enhancement of photoconversion efficiencies
through hydrogen evolution was related to the carrier concentrations of Cu2O and CuO
(3.1 × 1017 cm−3 and 2.4 × 1018 cm−3, respectively) [29].

4. Conclusions

Cu2O thin films were successfully fabricated using electrodeposition, while CuO thin
films were also prepared using the sol-gel spin coating method. We studied the effects
of aging time and layer dependency based on surface morphologies and optical property
variation, suggesting an optimal eight-layer CuO thin film (~270 nm) for further exper-
iments. XRD and Raman spectroscopic measurements confirmed that Cu2O thin films
annealed at 300 ◦C are a hetero-phase system composed of Cu2O and CuO. It revealed that
>400 ◦C annealing is essential for fabricating pure CuO. The surface morphology examina-
tion using SEM and AFM observed the nanostructured formation from thermal oxidation,
suggesting a good junction between electrode materials and the substrate. Consequently, it
may affect photoconversion efficiencies. The Tauc plot was successfully applied to measure
the energy band gaps of thin films, which were consistent with those in the literature (Cu2O:
2.45 eV and CuO: 1.49–1.51 eV). The hetero-phase thin film had a slightly larger band gap of
1.61 eV than CuO. We verified that CuO thin films fabricated via electrodeposition exhibit
a slightly higher efficiency than the sol-gel spin coating method (1.19% versus 1.05%). A
systematic thickness-dependent study on Cu2O thin films, by adjusting preparation condi-
tions (i.e., pH and temperatures of precursor solutions and annealing temperatures), may
influence PEC performance by generating heterojunction layers [18,29]. This study would
offer pivotal information to achieve the rational design of highly efficient and cost-effective
PEC water splitting and CO2 seawater splitting using different fabrication approaches for
copper oxide-based photoelectrodes.
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Abstract: The research described in this study focuses on the innovation and optimization of build-
ing envelope panels with integrated energy-active elements in the thermal barrier function. It is
closely related to developing and implementing the prototype prefabricated house IDA I with com-
bined building-energy systems using renewable energy sources. We were inspired by the patented
®ISOMAX panel and system, which we have been researching and innovating for a long time. The
thermal barrier has the function of eliminating heat loss/gain through the building envelope. By
controlling the heat/cold transfer in the thermal barrier, it is possible to eliminate the thickness of
the thermal insulation of the building envelope and thus achieve an equivalent thermal resistance
of the building structure that is equal to the standard required value. The technical solution of the
ISOMAX panel also brings, besides the use of the thermal barrier function, the function of heat/cold
accumulation in the load-bearing part of the building envelope. Our research aimed to design and
develop a panel for which the construction would be optimal in terms of thermal barrier operation
and heat/cold accumulation. As the production panels in the lost formwork of expanded polystyrene
(according to the patented system) proved to be too complicated and time consuming, and often
showed shortcomings from a structural point of view, the next goal was to design a new, statically
reliable panel construction with integrated energy-active elements and a time-saving, cost-effective,
unified production directly in the panel factory. In order to develop and design an innovative panel
with integrated energy-active elements, we analyzed the composition of the original panel and
designed the composition of the innovative panel. We created mathematical–physical models of
both panels and analyzed their energy potential. By induction and an analog form of formation,
we designed the innovative panel. Based on the synthesis of the knowledge obtained from the
scientific analysis and the transformation of this data, most of the building components and all
the panels with integrated energy-active elements were manufactured directly in the prefabrication
plant. Subsequently, the prototype of the prefabricated house IDA I was realized. The novelty of our
innovative building envelope panel solution lies in the panel’s design, which has a heat loss/gain
that is 2.6 times lower compared to the ISOMAX panel.

Keywords: active energy elements (EAE); active thermal protection (ATP); thermal barrier (TB);
renewable energy sources (RES); heat/cold accumulation

1. Introduction

Energy self-sufficiency and security are among the priorities of all governments. Scien-
tists worldwide are looking for solutions to halt climate change on our planet and reduce
dependence on fossil fuels. Our research focuses on innovating and optimizing energy
systems that use renewable energy and waste heat from technologies. Building structures
that have an internal energy source with active thermal protection (ATP) represent technical
solutions with a high potential to use environmentally friendly energy sources.
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Active thermal protection is a dynamic process that is characterized by the building of
structures with integrated active elements which are themselves characterized by one or
more functions in different modes of energy systems operations. The energy functions of
ATP are: thermal barrier, large-scale radiant low-temperature heating/high-temperature
cooling, heat/cool storage, solar and ambient energy capture, and heat/cool heat recovery.

The research described in this study focuses on the innovation and optimization of
building envelope panels with integrated energy-active elements in the thermal barrier
function. The field of combined building-energy systems has been researched in our
department for a long time, since approximately 2004. The contribution to the research and
development of innovative building components with embedded energy-active elements is
closely related to developing and implementing the prototype prefabricated house, IDA I
(the name of the prototype prefabricated house was derived from the first name of the wife
of the client of the development and implementation of the building, Ida, in accordance
with the work contract), with combined building-energy systems using renewable energy
sources (RES)(Figure 1).

 

ň ň

ň ň

Figure 1. A view of the construction of the prototype prefabricated house IDA I [1].

We were inspired by the patented ®ISOMAX panel and system, [2], which we have
been researching and innovating for a long time. The thermal barrier has the function of
eliminating heat loss/gain through the building envelope. By controlling the heat/cold
transfer in the thermal barrier, it is possible to eliminate the thickness of the thermal
insulation of the building envelope and thus achieve an equivalent thermal resistance for
the building structure that is equal to the standard required value.

Based on a request from the practice, we were approached by AQUA IDA Slovakia,
s. r. o. in 2005. (Currently Paneláreň Vrakuňa, a. s.)—the owner of the license of the
building technology with the name and trademark ®ISOMAX [2]—to develop a prototype
prefabricated house called IDA I. In accordance with the work contract HZ 04-309-05
between the customer and the Department of Building Services of the Faculty of Civil
Engineering of the STU in Bratislava, a prototype of the panel house IDA I was developed,
designed, and implemented in 2005–2006. It currently serves as an administrative building
for the joint-stock company Paneláreň Vrakuňa (responsible researcher: Kalús, D.) [1].

The technical solution of the ISOMAX panel also brings, besides the use of the ther-
mal barrier function, the function of heat/cold accumulation in the load-bearing part of
the building envelope. Our research aimed to design and develop a panel for which the
construction would be optimal in terms of thermal barrier operation and heat/cold accu-
mulation. The novelty of our innovative building envelope panel solution lies in the panel’s
design, which has a 2.6 times lower heat loss/gain compared to the ISOMAX panel from
the load-bearing part of the panels, which accumulates heat/cool for controlled operation
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of the thermal barrier. So, in addition to a higher equivalent thermal resistance compared
to the ISOMAX panel, our innovative building envelope panel has significantly lower
requirements for the operation of the circulation pumps. This result lowers the building’s
energy intensity and is both economically efficient and environmentally friendly.

The production panels in lost formwork of expanded polystyrene, according to the
patented system, proved too complicated and time-consuming (Figure 2). Because the
panels often showed shortcomings from a structural point of view, the next goal was to
design a new, statically reliable panel construction method that had integrated energy-active
elements and a timesaving, cost-effective, unified production directly in the panel factory.
The sponsor’s priority for the applied research was that as many of the components of the
IDA I prototype prefabricated house as possible should be mass-produced in prefabrication.

 

Figure 2. View of ISOMAX panel production from lost formwork [2].

In this study, we used the following methods of scientific work:

(1) Analysis and synthesis of knowledge in the field of active thermal protection and
thermal barrier (Section 2);

(2) Description of the basic calculation equations for thermal barrier sizing (Section 3.1);
(3) Analysis of the ISOMAX panel composition and the development of a mathematical–

physical model (Section 3.2);
(4) Analysis of the composition of the innovative envelope panel solution and develop-

ment of the mathematical–physical model, (Section 3.3);
(5) Development and design of innovative panels and the details of panel joining (Section 3.4);
(6) Inductive and analog forms of formation of the innovative panel with integrated

energy-active elements (Section 4.1);
(7) Analysis of the energy potential of the retrofitted panel with a thermal barrier com-

pared to the original panel (Section 4.2);
(8) Synthesis of the knowledge obtained from the scientific analysis and the transforma-

tion of the data into the design and implementation of the IDA I prefabricated house
prototype (Section 4.3).

Finally, we defined the objectives of our further research in Section 5.

2. Overview of Studies Dealing with Active Thermal Protection and Thermal Barrier

Lehmann et al., (2007) [3]: The authors examined the possibilities of use and function-
ality of thermally activated building systems (TABS). For the analysis of thermal comfort
factors, maximum permissible thermal gains in the room, and cooling of the building mass
for a typical administrative building, the building simulation program TRNSYS was used,
in which the RC modeling approach for TABS was gradually developed. Based on the
results, it can be concluded that, depending on the maximum permissible daily amplitude
of the room temperature, it is possible to use the modules to control typical heat gain
profiles with a peak load of up to approx. 50 W/m2 of floor area. However, the design
of the panels will, in most cases, be decisive for transitional periods with already high
solar gains and a still-limited comfort range, thus limiting the maximum load to lower
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values. The results also showed that room-side processes are hardly affected by supply-side
processes. In the case of cooling, this makes it possible to extend the re-cooling period of
the fabric to 24 h a day with correspondingly “high” supply temperatures and a reduction
in the maximum load by up to 50%. The stated results can indicate whether the slats can be
used in a specific building and provide relevant parameters for dimensioning the slats.

Gwerder et al., (2008) [4]: The article outlined the basic thermal models, assumptions,
and gives a procedure and example of the application of the calculation method for TABS.
The integration of the building structure as TABS for energy storage has been shown to
be energy efficient and economically viable for cooling and heating buildings. However,
control remained an issue that needed to be improved. This paper outlined a method
to enable both sizing and automated control of TABS with automatic switching between
cooling/heating modes for variable comfort criteria.

Rijksen et al., (2010) [5]: The study aimed to establish general guidelines for the
required cooling performance of an office building using TABS. On-site measurements
aimed at obtaining the required cooling performance of the entire building as well as
individual zones were carried out. In addition, indoor room environmental parameters
and TABS surface temperatures were measured. The measured data were used to analyze
the predictive performance of the simulation model. To obtain general guidelines for the
required cooling performance of a standard office building, whole building simulations
were used to determine the impact of different window sizes as well as variable internal
heat gains. The required cooling performance was compared with the cooling performance
of a system without energy balancing (e.g., cooled ceiling panels). Research has shown
that TABS can reduce the cooling performance of a radiator by up to 50%. The results
presented in this paper can be used for guidance in the first phase of the design process.
The results focused on temperate climates and were derived for the climatic conditions in
the Netherlands.

Kowalczuk and Krzaczek (2010) [6]: The authors focused on analyzing the thermal
performance and stability of the thermal barrier (TB). The research was carried out on a 3D
FE model (three-dimensional finite-element model) of a prefabricated outer wall component
that had a built-in TB formed by a polypropylene U-pipe system with a flowing liquid. The
temperature of the TB was fixed at 17 ◦C, although it varied only to a small extent during the
year. The FE analysis was supported by a new SVC (scheduling variable controller) control
system implemented in FORTRAN to simulate real working conditions. The FE simulations
showed that the optimal mass flow range is 0.05–1.0 kg/s. No significant influence of TB
placement on the thermal behavior of the external prefabricated component was found.
The optimal design of the outer wall with a TB is a multilayer structure composed of at
least three layers: an outer insulating layer, a massive core layer with the TB U-pipe system,
and an inner layer material of low thermal conductivity. The TB reduces the heating and
cooling requirements by at least three times compared to a traditional exterior wall without
a TB. The TB temperature, almost fixed at 17 ◦C, radically reduces the risk of water vapor
condensation. It allows for designing insulation layers on the inside of the exterior walls.
The TB technique can thus be successfully implemented both in designing new buildings
and in the thermal modernization of existing buildings.

Lehmann et al., (2011) [7]: The authors investigated the influence of a control strategy,
a hydronic circuit, and a (cold) generation system on the energy efficiency of TABS. Based
on a case simulation study for a typical Central European office building, they found that
TABS with separate zoned return water systems can achieve energy savings of around
20–30% of heating and cooling demand compared to conventional zoned return water.
With the intermittent pulse width modulation (PWM) system control strategy, it is possible
to reduce the electrical energy consumption of circulating water pumps by more than 50%
compared to continuous operation. In terms of cooling generation for TABS, free cooling
with a wet cooling tower has been shown to be most effective when the cooling source
is outside air. Variants with mechanical chillers show 30–50% higher electrical energy
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requirements for the production and distribution of cold, even though their running times
are much shorter than the cooling towers’ operating times.

Stojanovic et al., (2014) [8]: The study focused on the possibilities of increasing the
energy efficiency of buildings when using integrated thermally activated systems that use
geothermal energy. It analyzed the effect of temperature, as well as the type and thickness
of other materials of the nontransparent part of the building façade, on energy efficiency, as
this type of element strongly depends on these parameters. The building energy demand
for heating was obtained for a real apartment building in Serbia using EnergyPlus software.
The building with all the necessary inputs for the simulation was modeled in Google
SketchUp using the Open Studio Plug-in. The obtained results were compared with the
measured energy consumption for heating. The results showed that thermally activated
building systems are a good way to increase the energy efficiency of a building and that,
by applying certain temperatures within this element, a low-energy house standard can
be achieved.

Babiak et al., (2015) [9]: A study compared TABS with traditional convection air
conditioning and fan coil systems in office buildings in France, Lyon. TABS is a combined
heating and cooling system with piping embedded in structural concrete slabs or walls of
multistory buildings. An evaluation project had been performed by appointing a building
energy simulation consultant. The thermal indoor climate and energy modeling were
conducted, and heating/cooling load profiles were provided for selected systems. The
HVAC (heating, ventilation, and air conditioning) schemes were selected based on what was
commonly specified in France for similar projects. Based on the thermal modeling results,
the consultant created schemes for each method of mechanical service. The cost amount
was obtained from various sources. A life cycle cost analysis provides an assessment of
different methods of heating, cooling, and ventilation. The cost data and building energy
simulations showed that TABS reduces the total cost of the building by a significant 16–27%
compared to other air handling equipment. The results also showed that selecting TABS for
the HVAC scheme will improve the indoor thermal energy environment (class B PMV index
ranges from 22% to 24% more working hours in the two selected rooms). In conclusion,
TABS has proven to be adaptable and cost-effective for French conditions.

Yu et al., (2016) [10]: The authors proposed a novel idea of using an MTC (minitubular
capillary network) with low-grade thermal water for the thermal activation of conventional
walls. In contrast to the general indoor water embedded design, this innovation applies
MTC at the boundary between the space and the outdoor environment and brings the ther-
mal energy closer to the load. It can significantly relax the constraints on water temperature
and facilitate the direct use of low-grade renewable energy in buildings without conversion.
To investigate the thermodynamic performance of the wall, a transient dynamic model
was developed for the cases with and without the MTC thermal layer. Simulated results
showed that the embedded MTC wall could significantly change the thermodynamics of
the wall, from balancing environmental influences to indirectly cooling the space. This wall
can activate the wall, can effectively stabilize the internal surface temperature, compensate
for heat gains, and supply cooling energy to the space in summer.

Kisilewicz et al., (2019) [11]: In the paper, the authors discussed how an active in-
sulation system can replace commonly used standard passive insulation systems. The
research was carried out in an experimental apartment building in the city of Nyiregyház in
Hungary, which was equipped with an innovative system that had a direct connection from
the ground heat exchanger to the wall heat exchanger. The results were obtained using
the method of experimental measurements of selected physical quantities and dynamic
simulation. Initial research results concluded that active thermal insulation significantly
improves the insulation parameters of the outer wall. In the analyzed periods, the total
amount of heat loss through the perimeter walls decreased from 53% in February to 81% in
November. The equivalent thermal transmittance Ueq of the analyzed wall was dependent
on the local climatic conditions and was 0.047 W/(m2

·K) in November and 0.11 W/(m2
·K)

in March, while the standard heat transfer value was 0.282 W/(m2
·K). These research
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results should be the basis for implementing an innovative system in buildings with almost
zero energy consumption.

Figiel and Leciej-Pirczewska (2020) [12]: the authors studied the effect of an active ther-
mal barrier on heat loss and CO2 emissions. The analysis was performed for a family house
in a temperate climate based on parameters taken from one of the Polish meteorological
databases. The calculations were carried out using current procedures for assessing the en-
ergy efficiency of the building. General calculations of energy demand for heating, cooling,
and ventilation were based on methods from CEN standards. Research has shown that the
application of a thermal barrier has the effect of reducing heat loss from the inside. Placing
the barrier close to the exterior is beneficial and installing it during a thermal renovation
can provide significant energy improvements and be more environmentally friendly.

Kalús et al., (2021) [13]: The article focused on describing an innovative solution
and application of active thermal protection (ATP) of buildings using thermal insulation
panels, with the active regulation of heat transfer in the form of a contact insulation system.
Thermal insulation panels are part of a prefabricated light outer shell, which, together with
a system of low-temperature heating and high-temperature cooling, creates an internal
environment. The energy source is usually renewable energy sources or technological
waste heat. Research and development of an innovative facade system with ATP is in
the phase of computer simulations and laboratory preparation for measuring thermal
insulation panels’ parameters with different energy function combinations. The paper
presented the theoretical assumptions, calculation procedure, and parametric study of three
basic design solutions of combined energy wall systems in the function of low-temperature
radiant heating and high-temperature radiant cooling. The most significant limitation of
implementing this technology in practice is that thermal insulation panels with ATP are not
yet certified and produced by any manufacturer. We recommend further research, especially
towards multifunctional thermal insulation panels with ATP in low-temperature radiant
heating/high-temperature radiant cooling modes, but also as a solar energy absorber and
ambient energy in cooperation with heat pumps.

Kalús et al., (2021) [14]: The study aimed to evaluate TBs in terms of energy demand,
economic efficiency, and environmental friendliness by comparing the use of a classic
perimeter wall with the required thickness of thermal insulation (that meets the normative
requirements for thermal resistance) and a perimeter wall with an integrated TB (signif-
icantly eliminating the thermal insulation thickness). The use of a thermal barrier was
evaluated using a number of economic indicators. Economic indicator one compared the
cost of heat delivered to the TB in a building with significantly eliminated insulation with
the saved cost of insulation at standard thickness. Economic indicator two compared the
cost of heat delivered to the TB in a building with significantly eliminated thermal insula-
tion with the potential gain from the sale of the usable area of the building gained relative
to the area with the normative thickness of thermal insulation. Economic indicator three
compared the cost of heat delivered to the TB in a building with significantly eliminated
insulation with the cost of grey energy at the normative insulation thickness. On the basis of
a parametric study based on theoretical assumptions, it can be concluded that the thermal
barrier represents a very promising and effective solution in terms of evaluating economic
indicators one to three, which are even more significant if heat from renewable energy
sources (RES) or waste heat is used for TB.

Research in the field of active thermal protection and thermally activated building
systems in connection with renewable energy sources have been carried out by many
other scientists and their colleagues, including as Maruyama et al., (1989) [15], Olesen et al.,
(2006) [16], Krecké et al., (2007) [17], Gwerder et al., (2009) [18], Xie et al., (2012) [19], Doležel
(2014) [20], Ibrahim et al., (2021) [21], and Kalús et al., (2010) [22].

3. Innovated Thermal Barrier Panel Compared to the Patented ISOMAX Panel

In Section 3.1, we present the initial calculation relations for the sizing of the thermal
barrier. In Section 3.2, we analyze the composition of the patented ISOMAX panel. We
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present the results of a parametric study of the temperatures in the different layers of
the building structure and graphically illustrate the progression of temperatures from the
interior to the exterior in winter and summer. We analyze the energy potential of the
patented ISOMAX panel. In Section 3.3, we analyze the design of an innovative thermal
barrier panel and also present the results of a parametric study of the temperatures in
the different layers of the building structure and graphically illustrate the progression
of temperatures from the interior to the exterior in winter and summer. We analyze the
energy potential of the upgraded panel. In Section 3.4, we give the basic details of joining
the panels.

3.1. Initial Calculation Relations for Thermal Barrier Dimensioning

The idea of using a thermal barrier to eliminate heat loss/heat gain throughout the
building structure is based on the knowledge of the temperatures between the layers—
specifically between the static load-bearing layer and thermal insulation layers of the
building structure. When calculating the thermal resistance R ((m2

·K)/W) and the heat
transfer coefficient U (W/(m2

·K)) of a multilayer building structure, the temperatures
between the layers are calculated.

The thermal resistance of the jth structure is calculated by:

Ri =
dj

λj
, (1)

where:

Ri is the thermal resistance of the jth layer of the structure ((m2
·K)/W),

dj is the thickness of the jth layer of the structure (m), and
λj is the coefficient of thermal conductivity of the jth layer of the structure (W/(m K)) [23].

The thermal resistance of a multilayer structure shall be calculated:

Rc = ∑Ri, (2)

R = Rsi + Rc + Rse, (3)

where:

Rj is the thermal resistance of the jth layer of the structure ((m2
·K)/W),

Rc is the total thermal resistance of the structure ((m2
·K)/W),

Rsi is the thermal resistance to heat transfer at the internal surface of the structure ((m2
·K)/W),

Rse is the thermal resistance to heat transfer at the external surface of the structure
((m2

·K)/W), and
R is the thermal resistance of the structure ((m2

·K)/W), [23].

The value of the heat transfer coefficient of a multilayer structure is calculated as follows:

U =
1

Rsi + R + Rse
, (4)

where:

U is the heat transfer coefficient of the structure ((m2
·K)/W),

Rsi is the thermal resistance to heat transfer at the internal surface of the structure ((m2
·K)/W),

R is the thermal resistance of the structure ((m2
·K)/W), and

Rse is the thermal resistance to heat transfer at the external surface of the structure
((m2

·K)/W), [23].

The temperature in the jth layer of the structure is calculated:

θj = θi − U × (θi − θe) × (Rsi + ∑Rj), (5)
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where:

θj is the temperature in the jth layer of the structure (◦C),
θi is the internal design temperature (◦C),
θe is the outdoor design temperature in winter (◦C),
U is the heat transfer coefficient of the structure ((m2

·K)/W),
Rsi is the thermal resistance to heat transfer at the internal surface of the structure
((m2

·K)/W), and
∑Rj is the sum of thermal resistances of the jth layers of the structure ((m2

·K)/W) [23].

The external wall prefabricated component is assumed to be a 3D system (Figures 4 and 7).
The heat transfer equation for transient conditions in a Cartesian coordinate system is
as follows:

Cpρ
∂T

∂t
= λ

(

∂2T

∂x
+

∂2T

∂y
+

∂2T

∂z

)

, (6)

where:

Cp is the specific heat under constant pressure (kJ/kg K),
p is the density of the wall layer material (kJ/m3)],
T is the temperature (◦C), and
t is the time (s) [24].

Suppose the outer wall at constant temperature Ti separates the inner zones from the
ambient conditions—it is possible to define boundary conditions on the Si and Se surfaces
using Newton’s law. When using the convection/radiative heat transfer coefficient, it is
possible to determine the inner Si surface’s convection and radiative heat transfer rates.
Based on these facts, the boundary conditions after the modification of Equation (6) on the
Si surface are given as follows:

λ
∂T(t)

∂x

∣

∣

∣

∣

si

= hi[TFi(t)− Ti] (7)

where:

λ is the thermal conductivity (W/m K),
hi is the convective/radiative heat transfer coefficient on the internal surface (W/m2

·K),
TFi(t) is the internal surface temperature (◦C), and
Ti is the internal air temperature (◦C) [24].

For the heat exchange between the external surface Se and the external environment,
convection and radiation are considered separately. The convection heat transfer coefficient
defines convection, and the solar temperature defines radiation. The actual heat transfer
mechanism between the roof or wall surface and the outside air is replaced by a fictitious
solar temperature Te, which provides the same heat transfer rate. Considering variable
ambient conditions, the boundary conditions at the external surface Se can be defined
as follows:

λ
∂T

∂x

∣

∣

∣

∣

se

= he(t)[Te(t)− TFe(t)] (8)

where:

he(t) is the convective heat transfer coefficient on the external surface (W/m2
·K),

Te(t) is the solar temperature (◦C), and
TFe(t) is the external surface temperature (◦C) [24].

The boundary conditions on the adiabatic surfaces Sa1 and Sa2 are defined as follows:

q(t)|Sa1 = 0, (9)

and
q(t)|Sa2 = 0, (10)
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where:

q(t) is the heat flux normal to the surface (W/m2), and
Sa1 and Sa2 are adiabatic surfaces (m2) [24].

3.2. The Composition of the Patented ISOMAX Panel

Building envelope panels, according to the ISOMAX system [2], consist of a lost
formwork on the interior and exterior side—slabs of expanded polystyrene with a thickness
of 75 mm and a load-bearing static reinforced concrete part with a thickness of 150 mm,
in which PP-20/2 tubes are embedded at an axial distance of 100 to 250 mm from each
other, forming the circuits of the thermal barrier (Figure 3). The wall constructed in this
way functions not only as a thermal barrier, but also accumulates heat and cold in the mass
of the load-bearing part where a large-capacity reservoir is formed.

 

Figure 3. View of the lost formwork of the ISOMAX panel and the principal location of the thermal
barrier [2].

In our research, in addition to troubleshooting the ISOMAX panels for on-site im-
plementation, we also focused on the energy analysis of the thermal barrier function and
the heat/cold accumulation potential in the mass of the load-bearing reinforced concrete
wall. For the purpose of the parametric study, a mathematical–physical model of the wall
ISOMAX was created (Figure 4). The basic physical properties of the building materials
comprising the ISOMAX panel—thickness, bulk density, thermal conductivity coefficient,
specific heat capacity, and diffusion resistance factor—are tabulated in the mathematical–
physical models included in Figure 4.

The function of the thermal barrier is to reduce heat loss/gain through the external
building envelope. In terms of the calculation procedure described in Section 3.1, the
thermal resistance of the building structure R ((m2

·K)/W), the thermal transmittance of
the building structure U (W/(m2

·K)), the thermal transmittance of the thermal insulation
on the exterior side UTIe (W/(m2

·K)), and the temperature θTB (◦C) in the thermal barrier
layer for different thicknesses of the thermal insulation on the exterior side are determined.
Table 1 shows the values for the heating period for an indoor temperature of θi = +20 ◦C and
an outdoor design temperature of θe = −11 ◦C. Table 2 shows the values for the summer
period for an indoor temperature of θi = +26 ◦C and an outdoor temperature of θe = +34 ◦C.
Suppose the external thermal insulation thickness remains constant, and a heat transfer
fluid is supplied to the thermal barrier to heat/cool the layer. In that case, the building
structure has an equivalent thermal resistance Requivalent ((m2

·K)/W) corresponding to the
temperature in the thermal barrier layer (see Tables 1 and 2).
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θ θ θ
θ θ

φ φ

Figure 4. Mathematical–physical model: thermal properties and evaluation of the ISOMAX perimeter
wall fragment. qi—heat flow towards the interior (W/m2), qe—heat flow towards the exterior (W/m2),
θi—internal calculation temperature (◦C), θe—outdoor calculation temperature (◦C), θpi—interior
surface temperature (◦C), θpe—exterior surface temperature (◦C), θTL—temperature of the heating
medium (◦C), ϕi—design relative humidity of the indoor air (%), ϕe—design relative humidity of
the outdoor air (%), Rse—thermal resistance to heat transfer at the external surface of the struc-
ture ((m2

·K)/W), Rsi—thermal resistance to heat transfer at the internal surface of the structure
((m2

·K)/W), i—interior, e—exterior, DN—pipe dimension, L—pipe pitch (mm), h—fragment length
(m), w—height of the fragment (m).
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Table 1. Results of calculation of physical variables during the heating season.

Heating by ISOMAX 75–150-d2

d2 (mm) 75 100 125 150 175 200 225 250 300 400 500 750 1000

R (m2
·K/W) 4.182 4.857 5.533 6.209 6.884 7.560 8.236 8.911 10.263 12.965 15.668 22.425 29.182

U (W/(m2
·K)) 0.231 0.199 0.175 0.157 0.142 0.129 0.119 0.110 0.096 0.076 0.063 0.044 0.034

UTI (m2
·K/W)) 0.481 0.363 0.292 0.244 0.209 0.183 0.163 0.147 0.123 0.092 0.074 0.049 0.037

θm (◦C) 3.91 5.98 7.64 8.95 10.01 10.88 11.62 12.24 13.25 14.64 15.55 16.88 17.60

Table 2. Results of calculation of physical quantities during the cooling season.

Cooling by ISOMAX 75–150-d2

d2 (mm) 75 100 125 150 175 200 225 250 300 400 500 750 1000

R (m2
·K/W) 4.182 4.857 5.533 6.209 6.884 7.560 8.236 8.911 10.263 12.965 15.668 22.425 29.182

U (W/(m2
·K)) 0.231 0.199 0.175 0.157 0.142 0.129 0.119 0.110 0.096 0.076 0.063 0.044 0.034

UTI (m2
·K/W)) 0.481 0.363 0.292 0.244 0.209 0.183 0.163 0.147 0.123 0.092 0.074 0.049 0.037

θm (◦C) 30.17 29.62 29.19 28.85 28.58 28.35 28.16 28.00 27.74 27.38 27.15 26.80 26.62

Figure 5 shows the temperature evolution in each layer of the ISOMAX panel during
the heating and cooling seasons.

For the ISOMAX panel, the total thermal resistance R = 4.182 ((m2
·K)/W) and the

heat transfer coefficient U = 0.231 (W/(m2
·K)). The heat transfer coefficient of the thermal

insulation on the exterior side of the external wall is UTI,e = 0.481 (W/(m2
·K)). If we reach

a temperature of +20 ◦C in the thermal barrier layer in winter, the specific heat loss from
the thermal barrier to the exterior at a mean temperature of the heat transfer medium of
+20 ◦C would be q = 0.481 × (20 − (−11)) = 14.911 W/m2. If a temperature of +26 ◦C is
reached in the thermal barrier layer in summer, the specific heat gain to the thermal barrier
from the exterior at a mean temperature of the heat transfer medium of +26 ◦C will be
q = 0.481 × (26 − 34)) = −3.848 W/m2.

θ

θ
θ −
θ θ

θ

θ

Figure 5. Temperatures in individual layers of the ISOMAX panel, i—interior, e—exterior.

3.3. Analysis of the Design of an Innovative Panel with a Thermal Barrier

The design of the innovative panel with a thermal barrier was part of the overall
upgraded solution of the ISOMAX system, which resulted in the design and realization of
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the prototype prefabricated house IDA I (Figure 6). The perimeter panels were designed
with thermal insulation made of expanded polystyrene on the interior side with a thickness
of 100 mm, and on the exterior side with a thickness of 200 mm, based on the energy
analysis and the requirements for reducing the energy demand for heating. The supporting
static reinforced concrete part of the panels, in which PP-20/2 tubes were embedded at an
axial distance of 100 to 250 mm from each other, forming the thermal barrier circuits, was
left at 150 mm thickness. Figure 7 shows a mathematical–physical model of an innovative
thermal barrier perimeter panel solution.

− −

− −

 

Figure 6. Prototype of prefabricated house IDA I—view of the innovative panels with built-in thermal
barrier and construction of the first floor [1].

By analogy with the ISOMAX panel, according to the calculation procedure described
in Section 3.1, the thermal resistance of the building structure R ((m2

·K)/W), the heat
transfer coefficient of the building structure U (W/(m2

·K)), the heat transfer coefficient
of the thermal insulation on the outside UTIe (W/(m2

·K)), and the temperature θTB (◦C)
in the thermal insulation layer were determined for the upgraded panel for different
thicknesses of the thermal insulation on the outside. Table 3 shows the values for the
heating period for an indoor temperature of θi = +20 ◦C and an outdoor design temperature
of θe = −11 ◦C. Table 4 shows the values for the summer period for an indoor temperature
of θi = +26 ◦C and an outdoor temperature of θe = +34 ◦C. If the thickness of the external
thermal insulation remains constant and a heat transfer fluid is supplied to the thermal
barrier to heat/cool the layer, the building structure has an equivalent thermal resistance
Requivalent ((m2

·K)/W) corresponding to the temperature in the thermal barrier layer (see
Tables 3 and 4).

The basic physical properties of the building materials comprising the innovative
panel—thickness, bulk density, thermal conductivity coefficient, specific heat capacity, and
diffusion resistance factor—are tabulated in the mathematical–physical models included in
Figure 7.

For the upgraded panel, the total thermal resistance R = 8.236 ((m2
·K)/W) and the

heat transfer coefficient U = 0.119 (W/(m2
·K)). The heat transfer coefficient of the thermal

insulation on the exterior side of the external wall is UTI,e = 0.183 (W/(m2
·K)). If we reach

a temperature of +20 ◦C in the thermal barrier layer in winter, the specific heat loss from
the thermal barrier to the exterior at a mean temperature of the heat transfer medium of
+20 ◦C would be q = 0.183 × (20 − (−11)) = 5.673 W/m2. If a temperature of +26 ◦C is
reached in the thermal barrier layer in summer, the specific heat gain to the thermal barrier
from the exterior at a mean temperature of the heat transfer medium of +26 ◦C will be
q = 0.183 × (26 − 34)) = −1.464 W/m2. Figure 8 shows the temperature evolution in the
different layers of the upgraded panel during the heating and cooling season.
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Figure 7. Mathematical–physical model: composition of an upgraded thermal insulation envelope
panel. qi—heat flow towards the interior (W/m2), qe—heat flow towards the exterior (W/m2),
θi—internal calculation temperature (◦C), θe—outdoor calculation temperature (◦C), θpi—interior
surface temperature (◦C), θpe—exterior surface temperature (◦C), θTL—temperature of the heating
medium (◦C), ϕi—design relative humidity of the indoor air (%), ϕe—design relative humidity of
the outdoor air (%), Rse—thermal resistance to heat transfer at the external surface of the struc-
ture ((m2

·K)/W), Rsi—thermal resistance to heat transfer at the internal surface of the structure
((m2

·K)/W), i—interior, e—exterior, DN—pipe dimension, L—pipe pitch (mm), h—fragment length
(m), w—height of the fragment (m).
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Table 3. Results of calculation of physical variables during the heating season.

Heating by Innovated Construction 100–150-d2

d2 (mm) 75 100 125 150 175 200 225 250 300 400 500 750 1000

R (m2
·K/W) 4.857 5.533 6.209 6.884 7.560 8.236 8.911 9.587 10.938 13.641 16.344 23.100 29.857

U (W/(m2
·K)) 0.199 0.175 0.157 0.142 0.129 0.119 0.110 0.102 0.090 0.072 0.061 0.043 0.033

UTI (m2
·K/W)) 0.481 0.363 0.292 0.244 0.209 0.183 0.163 0.147 0.123 0.092 0.074 0.049 0.037

θm (◦C) 1.82 3.97 5.67 7.04 8.17 9.05 9.93 10.63 11.77 13.38 14.46 16.07 16.96

Table 4. Results of calculation of physical variables during the cooling season.

Cooling by Innovated Construction 100–150-d2

d2 (mm) 75 100 125 150 175 200 225 250 300 400 500 750 1000

R (m2
·K/W) 4.857 5.533 6.209 6.884 7.560 8.236 8.911 9.587 10.938 13.641 16.344 23.100 29.857

U (W/(m2
·K)) 0.199 0.175 0.157 0.142 0.129 0.119 0.110 0.102 0.090 0.072 0.061 0.043 0.033

UTI (m2
·K/W)) 0.481 0.363 0.292 0.244 0.209 0.183 0.163 0.147 0.123 0.092 0.074 0.049 0.037

θm (◦C) 30.69 30.14 29.7 29.34 29.05 28.8 28.6 28.42 28.12 27.71 27.43 27.01 26.79

 

Figure 8. Temperatures in individual layers of the upgraded panel, i—interior, e—exterior.

This means that the construction of the perimeter panel that was designed by us shows
approximately a 2.6 times lower specific heat loss from the thermal barrier to the exterior at
a mean temperature of the heat transfer medium of 20 ◦C than the wall of the ISOMAX
system [2].

3.4. Details on Connecting Panels during Construction

Our research was not focused on the static and technological design of the panel joints;
therefore, we only presented the principal details of the panel joints (Figures 9 and 10).
There are several variants for joining reinforced concrete panels. In designing the IDA I
prototype panel house, the structural engineer and the panel plant technologist designed
the standard joints at that time.
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Figure 9. First floor plan showing the location of details A, B, and C; K—chimney for fireplace; the
digit +0.000 indicates the ground floor elevation.

 
Figure 10. Cross section showing the location of details D and E.

Detail A (Figure 11) shows the corner joint of two perimeter panels. Detail B (Figure 12)
shows the through joint of two perimeter panels. Detail C (Figure 13) shows a continuous
joint of two perimeter panels with an internal load-bearing panel. Detail D (Figure 14)
shows the connection of the inner load-bearing panel to the base plate. Detail E (Figure 15)
shows the joint of the perimeter panel with the base plate.
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Figure 11. “Detail A”, the corner joint of two perimeter panels. The colored points (red) in the picture
are thermal barrier pipes.

 
Figure 12. “Detail B”, the through joint of two perimeter panels. The colored points (red and blue) in
the picture are thermal barrier pipes.

 

“Figure 13. “Detail C”, a through joint of two perimeter panels with an internal load-bearing panel.
The colored points (red and blue) in the picture are thermal barrier pipes.
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Figure 14. “Detail D”, the connection of the inner load-bearing panel to the base plate.

 

Figure 15. “Detail E”, the joint of the perimeter panel with the base plate. The colored points (red
and blue) in the picture are thermal barrier pipes.
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4. Results and Discussion

In this section, we describe and analyze the most important results of our research:

■ Induction and analog form of forming an innovative panel with integrated energy-
active elements.

■ Analysis of the energy potential of the retrofitted panel with a thermal barrier com-
pared to the original panel.

■ Synthesis of the knowledge obtained from the scientific analysis and transforma-
tion of the data into the design and implementation of the IDA I prefabricated
house prototype.

4.1. Inductive and Analogous Form of the Formation of the Innovative Panel with Integrated
Energy-Active Elements

As can be seen from the photos in Figures 2, 3, 16 and 17, the production of ISO-
MAX panels is quite laborious, lengthy, and, on the construction site, requires gradual
implementation—pouring concrete. It is problematic to achieve uniform placement of
the tubes in the center of the load-bearing reinforced concrete wall and the compaction
itself. It is also not possible to pour the lost formwork over the entire height of the wall,
which causes cracks and nonconnection of the individual concrete layers along the height
of the wall. We proposed removing these deficiencies by prefabricating the individual
panels directly in the precast using vibratory tables and applying the finished panels to the
building structure (Figure 18).







 

Figure 16. Construction with patented ISOMAX panels [2].







 

Figure 17. Construction with patented ISOMAX panels [2].
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Figure 18. Construction with upgraded panels [1].

The application of the thermal barrier in innovative panels can be on the auxiliary rein-
forcement in the center of the panel structure (Figure 19, left), or on the outer reinforcement
of the panel structure (Figure 19, right).

 

Figure 19. Principle of thermal barrier application in innovative panels (left—thermal barrier pipes
are installed on the auxiliary reinforcement in the center of the panel structure; right—thermal barrier
pipes are installed on the outer reinforcement of the panel structure). The colored points (red and
blue) in the picture are thermal barrier pipes [1].

The prototype of the prefabricated house IDA I was additionally insulated (see
Figures 1, 6 and 18). For the complex production of modernized panels already with in-
sulation, a technological procedure has been designed. In the first step, the forms of the
panels are created, the interior thermal insulation is inserted, and then the individual layers
of reinforcement are created—the distances of which are precisely defined by the auxiliary
demarcation elements between each other and the thermal insulation. The next step is to fix
the thermal barrier pipes to the reinforcement (center layer or exterior reinforcement layer,
Figure 19). Finally, the exterior thermal insulation is inserted, which is also delineated from
the panel reinforcement. After these steps, the panel form is closed on all sides, leaving
only the upper part of the form free, through which the concrete is poured. Before pouring
the concrete, the forms are vertically erected and fixed on the vibrating table.
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4.2. Analysis of the Energy Potential of the Retrofitted Panel with a Thermal Barrier Compared to
the Original Panel

This technical solution of the building envelope, in addition to the function of a thermal
barrier, fulfills the function of a large-capacity heat reservoir. In the mass of the load-bearing
part of the walls or roofs made of reinforced concrete, heat/cold is accumulated, which
significantly influences the passage of heat/cold through the building structure. When
designing the innovative panel, we did not consider the possibility of using concrete with
air to increase the thermal properties. In this panel construction, it is important that the
load-bearing part is thermally well-conductive to create a uniform thermal layer = thermal
barrier and simultaneously have the highest possible heat/cool accumulation capacity. For
this reason, we consider the upgraded construction of the envelope panel with a greater
thickness of thermal insulation, especially on the exterior side, to be justified and important
from energy, economic, and environmental points of view.

The temperature in the thermal barrier of the thermal insulation panel of the envelope
can be regulated as required in all four seasons. The role of building structures with
integrated energy-active elements (in this case with a thermal barrier) is to actively control
the heat transfer through the building envelope (i.e., to adjust the thermal resistance of the
building envelope). Our research aimed to design an optimal structure in terms of energy
efficiency, economic efficiency, and environmental friendliness.

Sections 3.2 and 3.3 described the compositions of the ISOMAX panel and the up-
graded panel designs. Mathematical and physical models were developed and subse-
quently used to calculate the thermal resistance of the panels R ((m2

·K)/W, the heat transfer
coefficient U (W/(m2

·K)) of the panels, the heat transfer coefficients of the external thermal
insulation UTIe (W/(m2

·K)), and the temperature θj (◦C) between the different layers of
the panel structures for different thicknesses of the external thermal insulation through
a parametric study. Figures 20–24 show a comparison of the most important physical
parameters of the ISOMAX panel and the upgraded panel.

The graphs show that, for example, a mean temperature of θTB (◦C) = +15 ◦C in the
thermal barrier layer of this panel design during heating represents the equivalent ther-
mal resistance Requivalent ((m2

·K)/W) or the equivalent heat transfer coefficient Uequivalent

(W/(m2
·K)) of the panel as would be achieved with a 500 mm thick exterior thermal insula-

tion. By analogy, this can be applied to the cooling period, wherein a mean temperature of
θTB (◦C) = +27 ◦C in the thermal barrier layer for this panel design represents an external
thermal insulation thickness of 500 mm.

θ

 

Figure 20. Dependence of the thermal resistance R of the ISOMAX panel and the innovative panel on
the thickness of the exterior thermal insulation.
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θ

Figure 21. Dependence of the heat transfer coefficient U of the ISOMAX panel and the innovative
panel on the thickness of the external thermal insulation.

 

θ

Figure 22. Dependence of the heat transfer coefficient UTI of the exterior thermal insulation on
the thickness.

 

θFigure 23. Dependence of the average temperature θm in the thermal barrier layer of the ISOMAX
panel and the innovative panel in the heating period on the thickness of the external thermal insulation.
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θ

θ

θ

Figure 24. Dependence of the average temperature θm in the thermal barrier layer of the ISOMAX panel
and the innovative panel during the cooling period on the thickness of the external thermal insulation.

Figures 25 and 26 show the isotherms characterizing the heat transfer through the
ISOMAX panel structure and our proposed panel structure in the heating (winter) and
cooling (summer) periods. The area between the isotherms of the two designs expresses
the heat saving/loss for these alternatives. The area above the isotherms, when heated
to a thermal barrier temperature equal to the interior temperature of 20 ◦C, indicates
the potential for heat savings. Similarly, the area below the isotherms, when cooling to
a thermal barrier temperature equal to the interior temperature of 26 ◦C, indicates the
potential for cold savings.

 

θ
θ − θ

θ ∆θ

Figure 25. The course of isotherms characterizing the heat transfer through the ISOMAX panel
construction and the upgraded panel construction in the heating season. qi—heat flow towards the
interior (W/m2), qe—heat flow towards the exterior (W/m2), θi = 20 ◦C—internal calculation tem-
perature (◦C), θe = −11 ◦C—outdoor calculation temperature (◦C), θpi—interior surface temperature
(◦C), θpe—exterior surface temperature (◦C), ∆θ—temperature difference, i—interior, e—exterior.
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Figure 26. The course of isotherms characterizing the heat transfer through the ISOMAX panel
design and the upgraded panel design in the summer period. qi—heat flow towards the interior
(W/m2), qe—heat flow towards the exterior (W/m2), θi = 26 ◦C—internal calculation tempera-
ture (◦C), θe = 34 ◦C—outdoor calculation temperature (◦C), θpi—interior surface temperature (◦C),
θpe—exterior surface temperature (◦C), ∆θ—temperature difference, i—interior, e—exterior.

4.3. Synthesis of the Knowledge Obtained from the Scientific Analysis and Transformation of the
Data into the Design and Implementation of the IDA I Prefabricated House Prototype

In the following section, we describe the realization of the prototype of the prefabri-
cated house IDA I, wherein we describe the construction part and the energy part of the
building in more detail.

The prototype of the prefabricated house IDA I serves as an administrative building
and is located in the Vrakuňa district of Bratislava and the site of the Paneláreň Vrakuňa,
a.s. plant (Figure 27). The prefabricated house is a two-story building.

θ
θ θ θ

∆θ

ň ň ň

 

Figure 27. Location of the prototype of the prefabricated house IDA I within Bratislava, Slovak
Republic. (https://www.google.com/maps (accessed on 20 June 2022)).

4.3.1. Structural System

From a structural point of view, a prefabricated longitudinal load-bearing system was
applied, with load-bearing peripheral walls and one central wall formed by reinforced
concrete panels (Figure 28). The roof is gable with a ridge parallel to the front façade
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(Figure 29). The ground floor contains an entrance hall with a staircase, offices, and sanitary
facilities. The attic contains a corridor, offices, and sanitary facilities.

θ
θ θ θ

∆θ

ň ň ň

 

Figure 28. Completion of the ground floor assembly (photo archive: Kalús, D.) [1].

 

Figure 29. View of the realization of the wooden truss (photo archive: Kalús, D.) [1].

The foundation strips were designed from 450–800 mm wide B-15 concrete, and the
underlying concrete was designed from 150 mm thick B-15 concrete reinforced with welded
KARI mesh.

The building walls are made of assembled prefabricated panels, which were subse-
quently insulated with a contact insulation system. The walls with a thermal barrier were
designed with thermal insulation on both sides: 100 mm thermal insulation in the interior
and 200 mm in the exterior.

The ceiling structures were reinforced concrete monolithic slabs cast into lost formwork.
The total thickness of the ceiling slab is 250 mm.
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The method of laying the roof covering was dry laying using clamps. Roof ventilation
was ensured by breaking the waterproofing film at the ridge and using ventilation tiles [1].

Figure 30 shows a view of the insulated prototype of the IDA I prefabricated house
before the final modifications of the external facade [1].

 

Figure 30. View of the implementation of the insulation of the perimeter panels (photo archive:
Kalús, D.) [1].

4.3.2. Energy System

Figure 31 shows a simplified wiring diagram of the technical design of the energy
systems of the IDA I prototype prefabricated house. The prototype of the panel house
contains a solar energy absorber (i.e., an energetic solar roof) which was designed from
20 × 2 mm, or 16 × 2 mm PP pipes, with lengths of 100–120 m. This system is connected in
the attic space to the distributor and collector.

The panel house also contains an underground heat storage tank, accumulating solar
energy captured by the solar absorbers. The ground heat reservoir consists of three zones:
two located under the base plate and the third zone located directly in the base plate.
Excess heat from the heating water tank or directly from the fireplace with a hot water heat
exchanger is also stored in the third zone located in the base plate. Individual zones are
designed with 20 × 2 mm PP pipes with lengths of 120–200 m.

Low-temperature radiant heating is designed for heating. To eliminate thermal gains
and losses, thermal barrier circuits were integrated in the perimeter construction. These
systems are connected to the distributor and collector located in the space under the stairs.
All other heat and cold sources and energy systems are also connected here. The building’s
control system cabinet, pumps, expansion vessels, and control valves are also located here.

An energy roof connects the individual circuits of the energy systems: an underground
heat storage tank, a peak heat source—a fireplace with a hot water heat exchanger, and
a heating water storage tank equipped with an electric heating insert. This is so that the
supply of the necessary energy for heating is possible at any time and from any heat source.
The circuits of the thermal barrier are also connected to liquid circuits stored in the ground
outside the building, which are mainly used for passive cooling.
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Figure 31. Simplified wiring diagram of the technical solution of the energy systems of the IDA I
prefabricated house prototype [1]. 1—solar absorber (energy/solar roof), 2—short-term heat storage,
3a—long-term heat storage, 3b—long-term heat storage, 4—active thermal protection circuits (build-
ing structure with an internal heat source), 5—mixing and control equipment, 6—low-temperature
heating circuits, 7—heat recovery ventilation equipment, 8—cooling circuits located in the ground
outside the building, 9—high-temperature cooling circuits, 10—waste heat from the drainage system,
11—building control system, 12a—fireplace, 12b—peak heat source. The red and green arrows in the
figure represent the direction of flow of the heat transfer fluid.

In the building, a pipe-in-pipe countercurrent recuperation exchanger (ISOMAX sys-
tem) was designed, which was made of a special stainless-steel pipe with an antimicrobial
surface of DN 180 for the inner pipe and DN 250 for the outer pipe.

The air supply to the rooms was solved using a plastic distribution under the base
plate directly from the combined distributor and air collector on the first floor. On the
second floor, the supply distributions are embedded in the thermal insulation of the floor.
Air extraction on the first and second floors is handled through the pipe in the soffit.

An underground cooling circuit was designed for cooling the building—the pipes
were made of PP 20 × 2 mm, and it was placed outside the building at a depth of 2 m below
the ground level. The cooling system is connected through the distributor and the collector
to the thermal barrier circuits in the external perimeter walls and also to the heat exchanger
in the ventilation air cooling pipe.

A two-stage preparation of hot water was proposed. First, the water in the ground
heat storage tank is preheated from a temperature of about 10 ◦C to about 25–30 ◦C. The
hot water is then heated to the required temperature of 55 ◦C to 60 ◦C in a trivalent heating
water tank with an integrated hot water tank (which uses solar energy), heating the water
in a hot water exchanger in the fireplace or electricity.
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After the completion of the assembly work, all necessary pressure and tightness tests
were carried out. Both the heating systems (floor heating) and the thermal barrier were
hydraulically regulated, the operating values of the control devices were set, and they were
subjected to verification of functional characteristics.

5. Conclusions

Based on this study, we can draw the following conclusions:

■ The analysis and synthesis of the knowledge from the production and implementation
of ISOMAX panels have determined the shortcomings of these panels. We have
designed and developed innovative panels that eliminate the lengthy and complicated
production as well as on-site implementation. We eliminated the static problems
associated with insufficient concrete compaction when the original panels were poured
on-site by fabricating the panels on vibratory tables in the panel factory;

■ The thermal barrier is one of the functions of building structures with integrated
energy-active elements;

■ From the review of the scientific literature, it is clear that this is a very progressive area
of research. So far, most studies on active thermal protection are based on calculations,
computer simulations, and experimental measurements. Few studies have focused
on the economic and environmental aspects of the use of active thermal protection;

■ For the analysis of both the ISOMAX panel and the upgraded panel, we developed
mathematical–physical models and analyzed the energy potential of both panels
based on a parametric study;

■ The analysis shows that, for example, a mean temperature of θTB (◦C) = +15 ◦C in
the thermal barrier layer of this panel design during heating represents the equiva-
lent thermal resistance Requivalent ((m2

·K)/W) or equivalent heat transfer coefficient
Uequivalent (W/(m2

·K)) of the panel—as would be achieved with a 500 mm thick exte-
rior thermal insulation. By analogy, this can be applied to the cooling period, where
a mean temperature of θTB (◦C) = +27 ◦C in the thermal barrier layer for this panel
design represents an external thermal insulation thickness of 500 mm;

■ The energy analysis and design of the upgraded thermal barrier panel show an
energy potential of the thermal barrier and heat/cold accumulation in the mass of the
reinforced concrete load-bearing part of the panel. The potential was up to 2.6 times
higher than that of the panel in the original ISOMAX design of the system;

■ The results of the analysis of the innovative panel design with integrated energy-active
elements show high potential for the use of RES and waste heat with the technology;

■ In addition to a higher equivalent thermal resistance compared to the ISOMAX panel,
our innovative building envelope panel has significantly lower requirements for
the operation of the circulators, making the building’s energy intensity lower, more
economically efficient, and more environmentally friendly;

■ The ISOMAX panels and the innovative panels with integrated energy-active elements
only fulfil the energy functions of a thermal barrier and heat/cold storage. The design
of building envelope panels (by application without external thermal insulation)
offers additional energy functions, namely low-temperature radiant heating and
high-temperature radiant cooling;

■ Further variants of the self-supporting thermal insulation panels for systems with
active heat transfer control are presented in the utility model SK 5729 Y1 [25];

■ Among the most significant results and novelty of our research in this area can be
considered the realization of the prototype of the prefabricated house IDA I.

The objectives of our further research are to:

1. Develop further design variants of thermal insulation envelope panels with integrated
energy-active elements.

2. Develop a methodology for the installation of envelope panels with ATP.
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3. Implement selected types of perimeter thermal insulation panels with integrated
energy-active elements on a laboratory building.

4. Apply the proposed calculation methodology, selection, and assessment for selected
combined building-energy systems using RES in buildings.

5. Conduct experimental measurements of selected types of building envelope thermal
insulation panels with integrated energy-active elements using RES as part of a
laboratory building object in different operating modes.

6. Measure usable energy of selected types of thermal insulation panels with integrated
energy-active elements using RES in the application of active thermal protection in
the functions of thermal barriers, cooling, and preparation of TV or heating water.

7. Measure the efficiency of selected types of thermal insulation panels with integrated
energy-active elements using RES in the application of active thermal protection for
the elimination of overheating of the envelope and the interior depending on the
intensity of solar radiation, shading, and the outdoor temperature.

8. Develop software for designing, calculating, and assessing envelope thermal insula-
tion panels with integrated RES-using active elements.

9. Develop a methodology for applying building envelope thermal insulation pan-
els with integrated RES energy components in a building information modeling
(BIM) model.

10. Ensure the automated transfer of the proposed database of envelope thermal insula-
tion panels with integrated energy-active elements using RES to the BIM model.

11. Verify the proposed solution on a concrete building project created in the BIM model.

6. Patents

The novelty of the research described in this study lies in the innovation of the design
of the envelope panel with a thermal barrier. Partial results of our research have been
published in several scientific articles and are also part of three utility models (UM SK 5749
Y1, [26], UM SK 5729 Y1, [25], and UM SK 5725 Y1, [27]) and one European patent (EP 2
572 057 B1, [28]).
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Abstract: New highly hydrophobic fluorinated oligoamides were synthesized and studied as mate-

rials for the protection of non-varnishable wooden artifacts. The new oligoamides were designed

to achieve the best performance (including high chemical affinity to the wood material) and the

lowest environmental impact. In order to minimize the risk of bioaccumulation, short perfluo-

roalkyl side chains were reacted with oligoethylene L-tartaramide (ET), oligoethylene adipamide-L-

tartaramide (ETA), oligoethylene succinamide-L-tartaramide (EST), oligoethylene succinamide (ES),

and oligodiethylenetriamino-L-tartaramide (DT). Favorable reaction conditions were also adopted to

obtain low molecular weight compounds characterized by non-film-forming properties and solubility

or dispersibility in environmentally friendly organic solvents. Their behavior in terms of modification

of the wood surface characteristics, such as wettability, moisture absorption, and color, was analyzed

using a specific diagnostic protocol to rapidly obtain preliminary, but reliable, results for optimizing

a future synthesis of new and tailored protectives. The influence of different monomer units on the

reactivity, solubility, and hydrophobic properties of different oligoamides was compared showing

ESF (contact angle 138.2◦) and DF (132.2◦) as the most effective products. The study of stability to

photochemical degradation confirms ESF as promising protective agents for artefacts of historical and

artistic interest in place of long-chain perfluoroalkyl substances (PFAS), products currently subject to

restrictions on use.

Keywords: sustainable coating; hydrophobic coating; diagnostic protocol; wood conservation;

wood finishing

1. Introduction

The degradation of wooden objects is an important topic in the conservation field [1]
and is influenced by various factors related to the characteristics of the material itself, such
as the wood species, the site of origin, the section of the piece of wood, the defects, and
the treatments applied, as well as the environmental conditions to which the wooden arte-
fact was subjected in its history, i.e., temperature, pH, oxygen concentration, and relative
humidity [2]. Water is one of the main causes of deterioration of wood. Water vapor can
condense on exposed surfaces, carrying many impurities and making possible the action of
liquid water even on surfaces protected from rain. Water promotes the acid hydrolysis of
polysaccharides and solubilizes both the fragments thus formed and some the extractive
components of the wood, causing the loss of material as well as a radical change in the me-
chanical properties of wood [3]. In addition, the presence of water allows the development
of algae, fungi, lichens, and bacteria, giving rise to biological degradation [4]. A specific
problem of wood is also due to the rapid equilibrium that it establishes with the external
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humidity. Excursions of temperature and relative humidity induce changes in the wood
moisture content. As a consequence, moisture exchanges induce dimensional variations,
i.e., any loss in moisture content leads to a decrease in volume (shrinkage), while any in-
crease induces a volume increase (swelling). Moisture exchanges can cause cracks, reaching
even permanent deformations and collapses [5]. Furthermore, the impact of environmental
factors such as atmospheric pollutants and microorganism colonization, responsible for
decohesion phenomena, requires hydrophobic surface treatment to halt or slow down
degradation, in particular under outdoor conditions, but also for storage indoors in certain
stressful conditions. Fundamental action in contrasting the degradation of wood is carried
out by protectives and varnishes. Since ancient times, hydrophobic compounds (e.g., natu-
ral oils, waxes, creosote oil, acrylic polymers, silicon compounds) have been used for the
protection of wood, to both limit moisture content exchanges and creating a physical barrier
for insects and fungi [4,6,7]. More recently, with the increased interest in the fabrication of
superhydrophobic and self-cleaning surfaces, superhydrophobic and superparamagnetic
composite films have recently been obtained on wood by a soft lithography technique,
using Fe3O4 nanoparticles and polydimethylsiloxane treated with fluorine silane [8], or
using nanoscale copper compound particles [9] or with a layer-by-layer deposition of
TiO2 nanoparticles modified with 1H, 1H, 2H, 2H-perfluoroalkyltriethoxysilane [10]. In
general, the use of nanotechnologies in the treatment of wood promotes deep penetration
by significantly modifying the properties of the wood [11]. Furthermore, superhydrophobic
surfaces with flame retardancy has been obtained with polydimethylsiloxane (PDMS) and
stearic acid (STA)-modified kaolin (KL) particles [12].

However, when the application field concerns wooden artefacts of historic and artistic
interest, two further considerations need to be evaluated. First, the long-term efficacy
and durability of these compounds is unsatisfactory. Natural oils, waxes, other natural
compounds, and acrylic polymers are known to have moderate hydrophobic effects and
undergo photo-oxidative and/or hydrolytic reactions [13–16]. Silicon compounds, after
an in situ sol-gel process [17], can react with the substrate [7,18] and (like other polymeric
materials do) form a rigid structure, susceptible to cracking with inevitable loss of both
protective efficacy and the aesthetic features of the surface. Secondly, the complexity
of application, the aesthetic characteristics of the products, or their high ability to form
irreversible, non-vapor-permeable and chromatically visible films make some of these
treatments very often not applicable in the field of Cultural Heritage [19,20]. Indeed, as in
the conservation of stone artworks, in some specific wooden artefacts, the original aesthetic
appearance of the surface after protection must be unaltered.

Recently, partially fluorinated oligoamides, containing short-pendant perfluo-
ropolyether (PFPE) chains, have been successfully synthesized and tested as protective
agents for stone [21–23]. The simultaneous presence on the molecule of hydrophilic
(-C=O-NH- units) and hydrophobic (perfluoropolyether chain) groups, their waxy con-
sistency and solubility in hydro-alcoholic solvents (environmentally friendly solvents),
their good photo-oxidative and chemical stability, as well as their ability to fabricate
superhydrophobic surfaces, make these compounds good candidates as protective
agents for wooden artifacts [21–23].

At the same time, hydroxylated and non-hydroxylated water-soluble oligoamides
with a high affinity for polar materials have been synthesized by a polycondensation
reaction between ethylene diamine or amino acids and diesters of dicarboxylic natural
acids (e.g., L-tartaric acid, D(+)-glucaric acid and α,α-trehaluronic acid), and successfully
tested as consolidation agents for waterlogged archaeological wood [24–26].

In this study, the high affinity of hydroxylated oligoamides for wooden materials and
the high hydrophobic effect of short perfluorinated chains have been exploited to obtain
new compatible and hydrophobic oligoamides for the protection of wooden artefacts.

Due to the unavailability of mono-functional low molecular weight PFPEs and their
derivatives on the European market, the identification of new perfluorinated compounds
has been necessary. An epoxy with a C6 perfluorinated chain (EC6F), soluble in 2-propanol
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and easily reactive with amino groups, was used for the functionalization of (hydroxylated)
oligoamides containing terminal amino groups. Moreover, compared to PFPEs, the short
perfluorinated chain of EC6F is considered to have a low risk of bioaccumulation [27] and
therefore a lower environmental impact.

To obtain and study products with different structural characteristics, several partially
fluorinated (hydroxylated) oligoamides have been synthesized by reaction of EC6F with the
terminal amino groups of oligoamides obtained from different combinations of polyamines
(i.e., ethylene diamine and diethylenetriamine) and esters of (hydroxylated) dicarboxylic
acids (i.e., L-tartaric, succinic, adipic acid). Namely, fluorinated oligoethylene L-tartaramide
(ETF), fluorinated oligoethylene adipamide-L-tartaramide (ETAF), fluorinated oligoethy-
lene succinamide-L-tartaramide (ESTF), fluorinated oligoethylene succinamide (ESF), and
fluorinated oligodiethylenetriamino-L-tartaramide (DTF) have been synthesized. The fluo-
rinated diethylenetriamine (by reaction of EC6F with diethylenetriamine) (DF) has been
also synthesized as a reference product.

To evaluate the performance of the new compounds, a specific diagnostic protocol was
set up to quickly obtain preliminary, but reliable results. The diagnostic protocol includes
contact angles, moisture absorption, and color measurements on treated wood samples,
and photo-oxidative test on the neat synthesized compounds. The photo-oxidative stability
is followed by FT-IR and NMR analysis, color measurements, and mass variations.

2. Materials and Methods

2.1. Materials

Ethylenediamine (99.5%), diethylenetriamine (99.9%), dimethyl L-tartrate (99%), di-
ethyl succinate (99%), methanol (99.8%), anhydrous ethyl alcohol (99.5%), anhydrous
ethyl ether (99.8%), and acetone (99.9%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dimethyl adipate was kindly supplied by Radici Chimica S.p.A. (Bergamo,
Italy). Triethylamine (97%) and 2-propanol (99.9%) was purchased from Carlo Erba, and
3-perfluorohexyl-1,2-epoxypropane (95%) (Hexafor IM-P6, EC6F) was kindly supplied by
Maflon S.p.A. (Bergamo, Italy). All chemicals were used without further purification. The
new products were characterized by Fourier-transform infrared spectroscopy (FT-IR) and
nuclear magnetic resonance spectroscopy (1H NMR, 13C NMR, gCOSY and gHSQC NMR).
Wooden samples (beech or oak prismatic specimens with a square base with dimensions
of 5 × 5 × 2 cm3 for colorimetric and contact angle measurements or 2.5 × 2.5 × 1 cm3

for water vapor absorption test and contact angle measurement) were used to test the
performance of the surface-wetting modification agents.

A 70:30 poly(ethylmethacrylate-co-methylacrylate) (Paraloid B72) was used as coating
reference material.

2.2. Instruments
1H NMR, 13C NMR, gCOSY, and gHSQC spectra were recorded with a Varian Mercury

Plus 400 (Palo Alto, CA, USA) spectrometer and a Varian INOVA (Palo Alto, CA, USA)
spectrometer, both working at 399.921 MHz, on D2O or CD3OD solutions. All spectra are
reported in ppm and referred to TMS as internal standard. 19F NMR spectra were recorded
with a Varian INOVA spectrometer operated at 376.5 MHz and shifts are reported in ppm
respect to CFCl3 at 0 ppm. Spectra elaboration was performed with the software Mestre-C
(1996, Mestrelab Research S.L., Santiago de Compostela, Spain) 4.3.2.0. FT IR spectra
were recorded with a Shimadzu FT-IR IR Affinity-1S model (Kyoto, Japan) and elaborated
with the Lab Solution IR v. 2.16 (2017, Shimadzu, Kyoto, Japan) program. The spectra
of solid samples were recorded as KBr pellets or as such without further manipulation
in transmission mode using a diamond anvil cell (Specac, Slough, UK). The spectra were
collected from 400 to 4000 cm−1 with a resolution of 2 cm−1 and 64 scans.
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2.3. Synthesis

The syntheses of oligoethylene-L-tartaramide (ET) and its fluorinated derivative (ETF),
oligodiethylenetriamino-L-tartaramide (DT) and its fluorinated derivative (DTF), and
oligoethylene-adipamide-L-tartaramide (ETA) and its fluorinated derivative (ETAF) were
performed according to the reported methods for the other oligoamides as described
in the following paragraphs. Details of all of these syntheses, as well as the FT-IR
and NMR (1H, 13C, 19F) characterization of all synthesized compounds are given in the
supplementary materials.

2.3.1. Fluorinated Diethylenetriamine (DF)

In a Sovirel® tube (SciLabware Limited, Stoke on Trent, UK), diethylenetriamine (D)
(20.1 mg, 0.194 mmol), 3-perfluorohexyl-1,2-epoxypropane (EC6F) (291.8 mg, 0.776 mmol)
and 4 mL of solvent (2-propanol) were added under nitrogen atmosphere. The reaction
mixture was allowed to react at 70 ◦C for 48 h. A yellow solution was observed at the end
of the reaction. After evaporating the reaction mixture, the residue was washed with water.
A light orange oil (310 mg, 99% yield) was obtained.

1H NMR (CD3OD) δ: 2.07–2.83 (m, 2H, CH2CH(OH)CH2(CF2)5CF3), (m, 8H,
NHCH2CH2NHCH2CH2NH) and (m, 2H, NHCH2CH(OH)), 4.11 and 4.19 (m, 1H,
CH2CH(OH)CH2(CF2)5CF3) ppm.

13C NMR (CD3OD) δ: 35.4 (CH2CH(OH)CH2(CF2)5CF3), 55.0 (CH2NH), 61.0
(CH2CH(OH)CH2(CF2)5CF3), 63.1 (CH2CH(OH)CH2(CF2)5CF3), 108.8, 111.7, 113.5,
115.9, 118.6, 121.0 (CF3(CF2)5) ppm.

19F NMR (CD3OD) δ: −82.6 (CF3), −123.0, −124.1, −124.8 (CF2), −127.5 (CF2CF3) ppm.
Using the same synthetic procedure, different molar ratios of D/EC6F were employed

to obtain mono- or di-substituted fluorinated primary amino groups (Table 1).

Table 1. Synthesis of fluorinated diethylenetriamine (DF).

Molar Ratio
(D/EC6F) 2

RNHF 1

(%)
RNF2

1

(%)
R2NF 1

(%)

Yield
(%)

Solubility (%)
(Ethanol, 1%) 3

1:1 100 0 0 76 100
1:2 72 28 0 97 100
1:4 28 71 1 99 100
1:6 10 88 2 100 100

1 Percentage ratio between different amino groups: RNHF = mono-substituted fluorinated primary amino
group; RNF2 = di-substituted fluorinated primary amino group; R2NF = fluorinated secondary group.
2 D = diethylenetriamine, EC6F = 3-perfluorohexyl-1,2-epoxypropane. 3 The solubility was determined as percent-
age of product dissolved for 1% concentration (w/w solute/solvent). Similar solubility was found in 2-propanol.

2.3.2. Oligoethylene-Succinamide-L-Tartaramide (EST) and Its Fluorinated
Derivative (ESTF)

(a) EST—Diethyl succinate (S) (348.4 mg, 2 mmol), ethylenediamine (E) (240.4 mg,
4 mmol) and 1.5 mL of solvent (methanol) were added under nitrogen atmosphere to
dimethyl L-tartrate (T) (356.3 mg, 2 mmol) in a Sovirel® tube. After stirring at 80 ◦C for
72 h, the formation of a light yellow solid was observed. In the work-up process, the
reaction mixture was filtered on a Büchner Funnel, washed with ethyl ether, and then
dried at a reduced pressure, giving 584.6 mg of product. A light yellow and water-soluble
solid was recovered, with an average molecular weight of 887.92 g/mol, 100% yield, and a
succinic/tartrate unit ratio of 1:1.

With the same procedure, but stirring at 80 ◦C for only 24 h instead of 72 h, a light
yellow and water-soluble solid (EST2) was obtained, with an average molecular weight of
633.86 g/mol, 72% yield, and a succinic/tartrate unit ratio of 1:2.

1H NMR (D2O) δ: 2.52 and 2.54 (m, 4H, COCH2CH2CO), 2.97 (m, 2H, CH2NH2),
3.2–3.5 (m, 2H, CH2NHCO), 4.56 (m, 1H, CHOH) ppm.

13C NMR (D2O) δ: 31.0 (CH2CONH), 38.5 (CH2NHCO), 39.3 (m, 2H, CH2NH2), 72.3
(CH-OH), 174.0 and 175.0 (CONH) ppm.
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(b) ESTF—In a Sovirel® tube, oligoamide EST2 (120 mg, 0.189 mmol), EC6F (284.3 mg,
0.756 mmol), and 4 mL of solvent (a mixture of 2-propanol/MilliQ water 3/1) were added
under nitrogen atmosphere. After 48 h at 70 ◦C, the reaction mixture was evaporated to
dryness under reduced pressure, and the solid residue was washed first with water and
then with cold acetone (−20 ◦C) obtaining a yellow solid (281.8 mg, yield 70%).

1H NMR (CD3OD) δ: 2.46 (m, 4H, COCH2CH2CO), 2.10–2.80 (m, 4H,
CH2CH(OH)CH2(CF2)5CF3), 2.8 (m, 2H, CH2NHCH2CH(OH)CH2(CF2)5CF3), 3.0–3.5 (m, 2H,
CH2NHCO), 4.10 (m, 1H, CH2CH(OH)CH2(CF2)5CF3), 4.47 (m,2H, CH(OH)CH(OH)) ppm.

13C NMR (CD3OD) δ: 30.7 (COCH2), 35.5 (CH2CH(OH)CH2(CF2)5CF3), 38.5
(CH2NHCO), 54.7 (CH2NH), 60.9 and 65.4 (CH2CH(OH)CH2(CF2)5CF3), 61.9, 63.5,
63.5 (CH2CH(OH)CH2(CF2)5CF3), 72.7 (COCH(OH)CH(OH)CO), 108.3, 111.5, 113.5,
115.7, 118.4, 121.0 (CF3(CF2)5), 173.8 (CONH) ppm.

19F NMR (CD3OD) δ: −82.5 (CF3), −122.9, −124.0, −124.6 (CF2), −127.5 (CF2CF3) ppm.

2.3.3. Oligoethylenesuccinamide ES and Its Fluorinated Derivative ESF

(a) ES—In a Sovirel® tube, S (348.4 mg, 2 mmol), E (240.4 g, 4 mmol), and 1.5 mL of
solvent (methanol) were added under nitrogen atmosphere. After stirring at 80 ◦C for
24 h and carrying out the same work-up used for EST, a white solid was obtained with an
average molecular weight of 486 g/mol and a yield of 73%.

1H NMR (D2O) δ: 2.38, 2.51 (m, 4H, COCH2CH2CO), 2.71 (m, 2H, CH2NH2), 3.14,
3.31(m, 2H, CH2NHCO) ppm.

13C NMR (D2O) δ: 31.1 (CH2CONH), 38.6 and 41.3 (CH2NHCO), 39.7 (m, 2H, CH2NH2),
175.0 (CONH) ppm.

(b) ESF—In a Sovirel® tube, oligoamide ES (120 mg, 0.247 mmol), EC6F (371.6 mg,
0.988 mmol) and 2 mL of solvent (2-propanol) were added under nitrogen atmosphere.
After 48 h at 70 ◦C, a white dispersion was observed. The reaction mixture was evaporated
at reduced pressure and the residue was washed with water to remove the unreacted
oligoamide ES. A light yellow solid (438 mg) was obtained with a 89% yield.

1H NMR (CD3OD) δ: 2.46 (COCH2CH2CO), 2.05–2.77 (m, 4H, CH2CH(OH)CH2(CF2)5CF3),
2.6–2.7 (m, 2H, CH2NHCH2CH(OH)CH2(CF2)5CF3), 3.26 (m, 2H, CH2NHCO), 4.11 (m, 1H,
CH2CH(OH)CH2(CF2)5CF3) ppm.

13C NMR (CD3OD) δ: 30.7 (COCH2), 34.6 (CH2CH(OH)CH2(CF2)5CF3), 38.2 (CH2NHCO),
52.6 and 54.1 (CH2NH),61.1 and 61.2 (CH2NHCH2CH(OH)CH2(CF2)5CF3), 62.3 and 63.2
(CH2CH(OH)CH2(CF2)5CF3), 108.4, 110.8, 112.9, 114.7, 118.9, 121.3 (CF3(CF2)5),
173.6 (CONH) ppm.

19F NMR (CD3OD) δ: −82.5 (CF3), −122.9, −124.1, −124.6, −124.9(CF2), −127.6
(CF2CF3) ppm.

2.4. Diagnostic Protocol

The diagnostic protocol was designed to investigate the relationship between the
chemical structure of the coating agents and their performance on wood samples. Vari-
ous tests were selected to compare the changes in some wood properties obtained as a
consequence of different treatments.

Beech and oak clear samples, oriented according to the anatomical directions, were pre-
pared in the shape of parallelepipeds with a square base of 5 × 5 × 2 cm3 or 2.5 × 2.5 × 1 cm3.
To evaluate the effect of wood extractives on the behavior of the tested products, samples
as such and pre-extracted with ethanol (two extractions of 24 h at room temperature) were
compared. In accordance with the known peculiarity of the wooden material, the samples
presented an appreciable heterogeneity of appearance between the different faces of the
same specimen, visible to the naked eye, and sometimes even between different portions
of the same face. To reduce the error in the data evaluation, it was necessary to carry out
the measurements by monitoring the behavior of the selected samples before and after
treatment, identifying, when necessary, the precise positions on the samples and repeating
more measurements even in different positions of the same sample.
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Static water contact angle (CA), water vapor absorption, and chromatic changes were
the measurements selected for evaluating the performance of the protective treatments.

The static CA of the neat and treated wood samples was measured using 5 µL of
distilled water. Preliminary measurements were recorded through a video using an Osmo
pocket (DJI, Shenzhen, China) camera, while definitive data were collected by a Ramé-Hart
Model 190 CA (Succasunna, NJ, USA) Goniometer. To calculate the average value of five
different drops on a same position of each sample, a specific position was selected and
fixed through a mask, and the measurement was repeated after complete evaporation of
the previous drop of water (approximately after 48 h).

The water vapor absorption test was performed introducing the dried samples in a
climate-controlled room (temperature set at 20 ◦C) inside a closed container, where the
relative humidity (RH%) was controlled by means of saturated salt solutions (UNI EN ISO
483—2006 [28]). The relative humidity was gradually increased, applying the following
RH% values:

• Saturated solution of NH4NO3(RH 65%);
• Saturated solution of KCl (RH 86%);
• Distilled water (RH 100%).

The samples were regularly weighed at time intervals ranging from 2 to 24 h. Only
when the difference between two subsequent measurements was less than 0.5% were they
moved on to the next humidity step. As a starting point for the absorption tests, according
to standard methods [29,30], it would have been correct to use the wood in an anhydrous
state after drying the specimens in an oven at 103 ◦C for 24 h. However, in this case, the
high temperature would have modified the interaction between the oligoamides and the
wood, inducing a migration of the product and altering the treatment. It was therefore
decided to use the weight of the samples kept for 72 h in the desiccator at room temperature
as an initial dry value. In this way, the weight obtained is not the anhydrous weight of
the sample, but the weight in equilibrium with the moisture not retained by the calcium
chloride present inside the desiccator.

The chromatic changes induced by the coatings were examined by colorimetric analy-
sis performed before and after the application of the coating, following the standard method
UNI-EN 15886–2010 [31]. Only one sample for each type of treatment was tested to select
samples as similar as possible in initial chromatic behavior. In fact, the chromatic variation
in the wood is also affected by the different shade of color present in different areas, even in
the same initial piece of wood. Five measurements for each sample (before and after coating)
were collected on the same spot, previously located by using a mask, exploiting a portable
X-Rite SP60 (Grand Rapids, MIichigan, USA) spectrophotometer in specular component
excluded mode. The results were analyzed and reported in the CIE-L*a*b* standard color

system, and the color alterations (∆E*) were expressed as: ∆E∗
=

√

∆L∗2
+ ∆a∗2 + ∆b∗2,

where L* indicates lightness, and a* and b* are the color axes. ∆L*, ∆a*, and ∆b* were
calculated as ∆X = Xa − Xb, where Xa and Xb are the L*, a*, or b* values after and before
the application of the coating, respectively.

2.5. Treatment of Wood Samples

Based on the solubility test in ethanol or 2-propanol (see results and discussion), the
products with the best solubility were selected for the coating treatments (i.e., ETAF, ESTF,
ESF, DTF, DF), and 2-Propanol was selected as the solvent. Paraloid B72 was dissolved in
acetone at the same concentration of the synthesized compounds.

Each product was tested on three wood samples (one 5 × 5 × 2 cm3 and
two 2.5 × 2.5 × 1 cm3). Propanol solution (ETAF, ESTF, DTF, DF) or dispersion (ESF),
8 mg/mL, was freshly prepared and the volume of each formulation, as needed for each
treatment, was measured using a graduated pipette (accuracy 0.01 mL). The treatment
was performed by a Pasteur pipette using the classical method “wet on wet”. A surface
concentration of 30 g/m2 was applied on one 5 × 5 cm2 surface for the wettability tests and
the colorimetric measurements, while all the surfaces of the sample were treated with an
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excess of product (40 g/m2) for the water vapor absorption tests. After solvent evaporation
in lab conditions for 3 days under a fume hood, all samples were put in a desiccator until
constant weights were reached.

2.6. Photo-Oxidative Test

The stability of the synthetic partially fluorinated oligoamides and amine was esti-
mated by means of accelerated aging tests exploiting UV radiations. Their behavior was
followed via 1H NMR, FT-IR spectroscopies and colorimetric measurements. The weight
change was also recorded in order to track the change of the compounds after the UV
exposure test.

Exposure to UV radiation was carried out using a Spectroline (Melville, NY, USA)
lamp, Model ENF-260C/FE, with an emission in UV-A range at wavelength of 365 nm
(tube of 6 W).

3. Results and Discussion

3.1. Non-Fluorinated Oligoamides Synthesis

In the first step, the synthesis of non-fluorinated oligoamides was performed by
condensation of an ester and an amine group through step-growth polymerization. The
monomers were selected to obtain products with the structural characteristics required for
their use as wood protective agents. When it was possible, the monomers recoverable from
biomass were also chosen.

Dimethyl L-tartrate was chosen as one of the monomers for the production of oligoamides
because it has two hydroxyl groups in the molecule, which can make the final product affine
to a polar material as wood. The dextrorotatory enantiomer of (R,R)-L-(+)-tartaric acid is a
renewable resource widely distributed in nature (in many plants, particularly grapes, bananas,
and tamarinds as well as in other fruits).

Diethyl succinate or diethyl adipate were selected to improve the solubility in alcohol
and the hydrophobicity of the final fluorinated derivatives. Diethyl succinate derives from
succinic acid, which is a naturally occurring four-carbon dicarboxylic acid, naturally formed
by most living cells as an outcome of anaerobic digestion, and it is a coproduct of particular
interest in biorefineries production. Adipic acid can be obtained in biorefinery processes by
the fermentation of sugars to muconic acid followed by hydrogenation, direct fermentation,
or by the anaerobic oxidation of sugar to glucaric acid and subsequent hydrodeoxygenation
of glucaric acid.

Ethylenediamine and diethylenetriamine were selected as the amine blocks for the syn-
thesis to compare the role of two different amines in the performance of the final products.

The selected amines can react with esters of dicarboxylic acid to form the –CONH–
functional group, which make the final product affine to polar materials by interacting with
their components through dipolar interaction or hydrogen bonding. Moreover, the amide
group is more stable than other polar groups such as the ester ones.

By combining different amine blocks with different esters of diacids, it is possible to
modulate the molecular weights and the physical characteristics of the products, such as
hydrophilic or hydrophobic properties and solubility.

In the diethylenetriamine, the secondary –NH– group, generally not involved in the
amidation reaction, can interact with polar material with additional hydrogen bonding,
providing different physical characteristics and properties.

In summary, the choice of monomers was made in order to balance the presence of
polar groups, to favor interactions with polar substrates and hydrophobic parts.

Synthetic procedures for the synthesis of oligoamides were designed to obtain products
with low molecular weight and/or unwanted degradation products. In fact, in previous
preliminary syntheses carried out in accordance with the industrial synthesis of common
nylons (i.e., salts of hydroxylated monomers heated at high temperature), we obtained
polymers with too-high molecular weights or a high percentage of byproducts. Therefore,
esters of dicarboxylic acids were used for amides production in mild reaction conditions,
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avoiding salt formation between diacid and diamine, which requires higher temperatures
for the condensation reaction. Starting from diesters, the low temperature (80 ◦C) avoids
the alteration of the hydroxylated portions. In order to obtain oligoamides with terminal
amine groups for successive reactions, the molar amount of amine was kept in slight
excess with respect to the selected stoichiometric ratio diamine/diester (1:1 or 2:1). The
syntheses of oligoamides were typically carried out in methanol as polar solvent, suitable
for solubilizing all of the reagents.

The different reactivity of each monomer affects chain growth, resulting in different
molecular weights, different monomer unit ratios, and different conversions for different
oligoamide syntheses. Solid products were generally obtained for all of the oligoamides.

The reaction conditions used in the various syntheses are reported in Table 2 together
with the yields, molecular weights, and the ratios between the monomer units. The reaction
schemes for the synthesis of ES, EST, and ES are shown in Figure 1. As expected, different
monomers influence the reactivity and, consequently, the yield. The co-products present
in the reaction mixture are typically unreacted products, rather than byproducts. In fact,
by prolonging the reaction time, the yield increases, as observed for EST where the yield
respectively passes from 72% to 100% after 24 and 72 h (Table 2). In Figure 2, the oligoamide
yield for different monomers is compared after 24 h and after long reaction times.

Table 2. Synthesis of non-fluorinated oligoamides performed at 80 ◦C with methanol as solvent.

Oligoamide
Reaction Time

(h)
Initial Molar Ratio
(Diacids/Diamine)

Units Ratio
x:y:z 1

Yield
(%)

MW 2

(g/mol)

ET 60 1:1 1:1:0 64 700

ETA 24 1:1 3:4:1 62 750

DT 48 1:1 1:1:0 70 1734

EST
24 1:1 2:3:1 72 633.9
72 1:1 1:2:1 100 887.9

ES 24 1:2 0:1:1 73 486
1 x = tartaric unit, y = amine unit, z = succinic or adipic unit. 2 Molecular weight evaluated through the 1H-NMR
spectra as described below.

The results show that diethylenetriamine is more reactive than ethylenediamine, while
the reactivity of the aliphatic diesters is in the order succinate > adipate. As the literature
reports that diesters with hetero atom groups (including hydroxylated diesters) show
enhanced reactivity in mild conditions compared with aliphatic diesters [32,33], the higher
reactivity of ES (yield 73% after 24 h) in respect to ET (64% after 60 h) may be explained
with the different diamine:diester ratio (2.1 instead of 1:1). However, when aliphatic and
hydroxylated esters (i.e., tartrate) are contemporarily present in the reaction mixture, the
tartrate shows a greater reactivity. This behavior is evidenced by comparing the higher yield
of EST (73%) after 24 h (Figure 2a) with the lower yield of ET (64%) after 60 h. (Figure 2b).
Moreover, in agreement with the reported higher reactivity of diesters with hetero atom
groups, a higher tartaric:succinic ratio is observed at low reaction times (Table 2).

During the step-growth polymerization, the monomers initially form oligomers with
low molecular weight, which grow gradually, but molecules of different lengths are syn-
thesized and the final product, although at low average molecular weight, is composed of
macromolecules with a different degree of polymerization. The 1H NMR spectral integra-
tion method was previously applied to estimate the number of average molecular weights
(Mn) [26,34]. Similarly, in this study, specific equations were applied for each oligoamide
in agreement with its structure, selecting suitable signals. First of all, the characterization
of new compounds with the attribution of all of the signals present in the 1H and 13C
NMR spectra was also performed using, when necessary, 2D NMR spectroscopy (gCOSY,
gHSQC). In particular, using 1H and 13C NMR spectroscopy, the presence of amino groups
at the end of the polymeric chain was determined (signals respectively at 2.70–3.00 ppm
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and near 40 ppm). The absence in the 1H NMR of a singlet signal in the 3.60–3.80 ppm range
and a signal at 52 ppm in the 13C NMR, both attributable to the –OCH3 in the terminal ester
group, is in agreement for all products with the presence of two terminal amino groups.
As the CH2-NH2 signal is present in a quite clean region of the 1H NMR spectrum, the
corresponding integral was used as the reference value and set as 2 when one amino group
was present at the end of chain, or 4 when both end groups were amino groups. Then, the
integrals of the other signals were evaluated with respect to this value. Since the integral
of the signal area is proportional to the number of protons, it is possible to calculate the
number “x”, “y”, “z” of the repeating units of the oligoamide using the equations reported
in Table 3 for each compound. As an example, the 1H NMR spectrum of EST is shown in
Figure 3, while the other NMR and FT-IR spectra of all synthesized products are shown in
the Supplementary Materials (Figures S1–S36).

 

Figure 1. Schemes of the synthesis of oligoamides ET (a), EST (b) and ES (c). Scheme of synthesis for

DT is the same as scheme (a) with diethylenetriamine (D) instead of ethylenediamine (E). Scheme of

synthesis for ETA is the same as scheme b with diethyl adipate (A) instead of diethyl succinate (S).
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≥

Figure 2. Oligoamide yield (%) for different monomers after different reaction times (a) 24 h;

(b) ≥48 h at 80 ◦C.

Table 3. Synthesis of oligoamides: equations to calculate the number of repeating units of the

oligoamide using the 1H NMR integral values 1.

OA 2 Tartaric Units
(x)

Diamine Units
(y + 1)

Diamine Units
(y + 1)

Succinic Units
(z′)

Adipic Units
(z”)

ET ICHOH = 2x I-CH2NHCO = 4y + 4 - - -

ETA ICHOH = 2x I-CH2NHCO = 4y + 4 - - ICH2CONH = 4z
ICH2CH2CONH = 4z

DT ICHOH = 2x I-CH2NHCO = 4y + 4 I–CH2NHCH2 = 4y + 8 - -

EST ICHOH = 2x I-CH2NHCO = 4y + 4 - ICH2CONH = 4z -

ES I-CH2NHCO = 4y + 4 - ICH2CONH = 4z -

1 I = integral value of signal attributable to the labeled group, calculated with respect to the integral of the CH2NH2

signal set equal to 4 (two terminal amino groups). The x, y, and z values refer to the units within the chain in the
presence of two terminal amino groups. The value y + 1 refers to the total number including two terminal amino
groups. 2 OA = oligoamide.

 

α

α

Figure 3. 1H NMR spectrum in D2O of oligoamide EST.

Based on the 1H NMR characterization, the formation of the amide group is confirmed
by the presence of signals between 3.2 and 3.5 ppm attributable to the CH2 group in α
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position to this group: CH2NHCO (2 methylene groups in the middle of the chain and
the CH2 in the terminal amino groups CONHCH2CH2NH2). Similarly, in the 13C NMR
spectrum, the amide group formation is confirmed by the presence of signals at 174.0 and
175.0 ppm (CONH) and 38.5 ppm (CH2NHCO).

The presence of different monomeric units is confirmed by the presence of character-
istic signals. In particular, the signal at 4.56 ppm in the 1H NMR spectrum is attributable
to protons of tartrate units COCH(OH)CH(OH)CO, while a signal at 72.3 ppm is present
in the 13C NMR spectrum related to the CHOH. Signals between 2.30 and 2.55 ppm in
the 1H NMR spectrum are attributable to protons of 2 methylene groups in the α position
of each of the 2 carbonyl groups CH2CONH of the succinic or adipic units, while in the
13C NMR spectrum a signal is present at 31.0–35.5 ppm (CH2CONH). In the 1H NMR,
a signal between 2.73 and 2.77 attributable to protons of CH2NHCH2 is present when
diethylenetriamine has been used as monomer, while in the 13C NMR, the signals at 47.0
and 45.7 are attributable to CH2NHCH2. Finally, a signal at 1.61 ppm (24.7 ppm in the 13C
NMR) is attributable to the presence of adipic units (CH2CH2CONH).

3.2. Partially Fluorinated Oligoamides Synthesis

The synthesis of fluorinated derivatives was carried out by the nucleophilic ring-
opening reaction between the terminal amino groups of oligoamides and a perfluorinated
epoxy derivative (3-perfluorohexyl-1,2-epoxypropane, EC6F, Figure 4). This fluorinated
compound was selected in order to use a reagent with good solubility in alcoholic and
hydro-alcoholic solvents and with a low environmental impact.

 
Figure 4. 3-perfluorohexyl-1,2-epoxypropane.

Preliminarily, the reactivity of the fluorinated epoxide was studied with hydroxyl
nucleophiles such as the OH groups of sodium tartrate, selected as a reference for the
reactivity of the tartaric unit. The reactivity with water was also studied for possible
use of alcohol/water mixtures as solvent, if necessary, for the dissolution of oligoamides
containing tartrate units. Regarding the evaluation of reactivity with the hydroxyl groups
of the tartrate, no reaction was observed in the presence of EC6F with a molar ratio
tartrate/EC6F = 2:1 after heating 48 h at 70 ◦C with 2-propanol. On the contrary, in the
presence of water as a co-solvent, the formation of the diol by opening the epoxy ring
prevailed. As confirmation, the formation of diol was also obtained by reacting EC6F with
water. In the 1H NMR spectrum (Figure S1), new signals are present at 4.06 ppm (CHOH)
and between 3.65 and 3.45 ppm attributable to CH2OH. Therefore, the presence of water as
a co-solvent requires an excess of reagents for the competitive reaction of the epoxy group,
which produces the corresponding diol and the subsequent purification of the product
from the diol.

On the other hand, no conversion of the epoxide is observed after heating for 48 h at
70 ◦C in 2-propanol, as confirmed by the presence of the characteristic signals of EC6F at
3.30, 2.85, and 2.60 ppm (Figure S2) in the 1H NMR spectrum of the solid residue recovered
at the end of the reaction.

Similarly, to evaluate the reactivity of the epoxide with the amines, preliminary tests
were carried out in 2-propanol using diethylenetriamine as a reagent with different molar
ratios with respect to the epoxide (1:1, 1:2, 1:4, 1:6). In this way, it was possible to observe
the formation of products (DF) with mono and di-substituted amino groups and to compare
their behavior with respect to oligoamides.

In the 1H NMR spectrum (Figure 5), the signals at 4.11 and 4.19 ppm are attributable
to CH in the CH2CH(OH)CH2(CF2)5CF3 respectively for the amino group with two fluori-
nated chains and for the mono-substituted one. In fact, the presence of different integral
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ratios between the two signals attributable to CH2CH(OH)CH2(CF2)5CF3 agrees with the
different molar ratio used between the two reagents (Table 1). This integral ratio, along
with the molar ratio of the reagents, allowed the identification of the signals at 4.11 ppm
for the presence of amino groups with two fluorinated chains, while the signal at 4.19 ppm
can be assigned to the presence of amino groups with only one substituent. Finally, the
low signal at 4.25 pm can be attributed to the reaction of the secondary amino group with
the epoxide. The gCOSY spectrum (Figure S4) confirms the coupling between both signals
at 4.11 or 4.19 ppm and signals between 2.07 and 2.83 ppm, which are attributable to
NHCH2CH(OH)CH2(CF2)5CF3 overlapped with the signals ascribable to CH2NH.

 

Figure 5. 1H NMR spectrum in CD3OD of oligoamide DF.

On the basis of the preliminary results, the conditions for the reactions between
oligoamides and epoxide were selected considering that the starting oligoamides show
different solubility in pure alcoholic solvent depending on the monomers present and on
the molecular weight. The reaction schemes for the synthesis of ES, EST, and ES are shown
in Figure 6. In particular, for oligoamides without tartaric units, 2-propanol was selected as
the solvent, while oligoamides containing tartrate units are partially soluble in 2-propanol
and soluble in water or a mixture of 2-propanol/water. Consequently, for the products
containing tartrate units, the presence of undissolved oligoamide in the synthesis with
2-propanol can cause low conversion. On the contrary, the dissolution of both reactants can
be achieved by working with a mixture of 2-propanol/water favoring the conversion. Then
mixtures of water and 2-propanol in different ratios (1:1 or 1:3) were tested as a solvent to
optimize the conversion, while different oligoamide/epoxide (OA/EC6F) molecular ratios
between 1/1 and 1/12 were also studied to obtain different functionalization degrees. The
most relevant results are shown in Table 4.

The best reaction conditions resulted in a molar ratio OA/EC6F of 1:4 and heating
at 70 ◦C for 48 h. Using a 2-propanol/water mixture as a solvent in the ratio 3:1, higher
conversion and degree of substitution values were obtained compared to the 1:1 ratio.
Furthermore, a lower quantity of diol was obtained in the presence of a smaller quantity of
water, allowing for better purification. As observed for the synthesis of non-fluorinated
oligoamides, the co-products were typically unreacted reagents, except for the reaction
performed with 2-propanol/water mixture as a solvent in which the fluorinated diol was
also formed.
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Figure 6. Scheme of the synthesis of fluorinated oligoamides (ETF, ESTF, ESF).
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Table 4. Synthesis of fluorinated oligoamides 1.

OAF 2 Solvent
Molar Ratio
(OA:EC6F)

Yield (%) DSF
3 Solubility (%)

(Ethanol, 1%) 4

ETF

2-propanol 1:2 trace
Not

evaluable
-

2-propanol/water
(1:1)

1:2 30 0.6 -

2-propanol/water
(1:1)

1:4 48 2.5 57

DTF
2-propanol/water

(1:1)
1:4 56 3.0 68

ETAF
2-propanol/water

(1:1)
1:4 48 3.7 83

ESTF

2-propanol 1:4 trace >3 -
2-propanol/water

(1:1)
1:4 61 3.6 65

2-propanol/water
(3:1)

1:4 70 3.9 65

ESF 2-propanol 1:4 89 ~4.0 85
1 Reaction conditions: T = 70 ◦C, 48 h. 2 OAF = fluorinated oligoamide. 3 DSF: substitution degree with
fluorinated group. 4 The solubility was determined as percentage of product dissolved for 1% concentration (w/w
solute/solvent). Similar solubility was found in 2-propanol.

In the general work-up procedure, the solvent and the excess epoxide were removed by
evaporation, and then water was used to wash the residue from the unreacted oligoamide.
Finally, cold acetone (−20 ◦C) was used to wash the residue again in order to remove the
diol formed as a byproduct of the reaction between the epoxy and water.

Oligoethylene-L-tartaramide was used as the first oligoamide in order to highlight
the influence of the -OH groups of the hydroxylated diacid on the reactivity with EC6F
and on the properties of the final product (i.e., solubility, color, physical state). Using
2-propanol as a solvent and an OA:EC6F molar ratio of 1:2, no reaction was observed due
the low solubility of the starting oligoamide. Low conversion was also obtained using
2-propanol:water 1:1 as solvent and the same OA/EC6F molar ratio, while a yield of 48%
with a degree of substitution of 2.5 was achieved by increasing the concentration of EC6F
up to a OA/EC6F molar ratio of 1:4 (Table 4). Unfortunately, the fluorinated product shows
a reduced solubility in all common solvents, and ethanol or methanol only dissolves 57% of
the reaction solid residue. This behavior makes the product difficult to use for subsequent
applications, and for this reason, ethylenediamine was replaced with diethylenetriamine to
increase the polarity of the final product. As a result, a slightly higher conversion (56%)
was observed compared with a better solubility in alcohol of the fluorinated product (68%
instead of 57% of ETF) (Table 4), confirming that the reactivity with the epoxide is mainly
controlled by the reduced solubility of the oligotartaramide. The partial solubility of the
fluorinated products is attributable to the presence of oligomers with different molecular
weight and also with different degrees of functionalization, which give rise to fractions of
product with different solubility.

To increase the solubility of the starting oligoamide and fluorinated products in
alcoholic solvents, products containing units of succinic or adipic acid together with tartaric
acid were synthesized. The reactivity of the ETA or EST oligoamides was subsequently
tested with the EC6F epoxide.

Due to the few secondary interactions between the aliphatic chains and the consequent
better affinity for the solvent, greater solubility in alcohol is expected for the fluorinated
products when using adipic or succinic units.

As reported in Table 4, the best results as conversion were obtained for ESTF. In
this synthesis, the reaction was performed in the mixture 2-propanol:H2O with a volume
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ratio of 1:1 or 1:3 for 48 at 70 ◦C and with a molar ratio OA:EC6F of 1:4. After the work-
up procedure, the final product was obtained as a yellow solid with yields of 61% (in
2-propanol:water 1:1) or 70% (in 2-propanol:water 3:1) and was found to be soluble in
2-propanol or ethanol (8 mg/mL, 1%). However, the milky solution maintained for a long
time (typically 1 day) at room temperature easily forms a fine solid. The spectroscopic
characterization (1H, gCOSY, 13C, 19F NMR) confirms the presence of fluorinated groups
attached to the oligoamide with a degree of functionalization (DS) > 3.5. For this compound,
DS was evaluated as the integral ratio between the signal at 4.10 (ascribing to 1H) and
4.47 ppm (ascribing to 2H for an average of 2.18 tartaric units on each oligoamide chain,
value obtained by processing NMR data according to the equations reported in Table 3).
In the 1H NMR spectrum recorded in CD3OD (Figure 7), the presence of the fluorine
chain is confirmed by the signals between 2.10 ppm and 2.80 ppm attributable to CH2 in
CH2NHCH2CH(OH)CH2(CF2)5CF3, while the signal at 4.10 ppm is attributable to CH in
the fragment CH2CH(OH)CH2(CF2)5CF3, which is formed by the opening of the epoxy
group during the reaction with the amino group. The signals ascribable to the hydroxylated
oligoamide fragment are also present. The signals present in the 19F NMR spectrum confirm
the presence of fluorinated chains (−82.5 (CF3), −122.9, −124.0, −124.6 (CH2(CF2)4CF2CF3)
and −127.5 (CH2(CF2)4CF2CF3) ppm).

 

Figure 7. 1H NMR spectrum in CD3OD of oligoamide ESTF.

The presence of succinic units improved the solubility of the final product and it
therefore seemed interesting to synthesize the fluorinated derivative of oligoethylenesucci-
namide to evaluate the effect of structural variations from an applicative point of view.

The molar ratio between the reagents and the reaction conditions were the same as
those used for the ESTF synthesis, but pure 2-propanol was used as a solvent. In fact, the
solubility of the starting oligoamides in alcohol increases when the ratio of alkyl groups
increases in its structures and when tartaric units are not present. The fluoro-oligoamide
ESF was obtained as a white solid with an 89% yield.

The signals in the 1H, 13C, 19F NMR, and gCOSY spectra confirm the presence of
fluorinated groups bonded to oligoamide. However, the overlap between numerous
signals does not allow an evaluation of the degree of functionalization for this compound,
although also in this case, the presence of the signal at 4.11 ppm and the considerations
reported on the characterization of the previous fluorinated products (ESTF and DF) allows
one to hypothesize the presence of amino groups with two substituent groups and therefore
a high degree of functionalization.
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3.3. Treatments Evaluation

In this study, a specific protocol was developed to evaluate the efficacy of the syn-
thesized products as hydrophobic agents and to evaluate the usefulness of their use on a
highly hydrophilic and inhomogeneous material such as wood. To define the tests for the
protocol, the need to obtain preliminary information to optimize the design of a suitable
protective was also taken into consideration. However, based on the results obtained in
this preliminary phase of the research, it will have to be optimized.

Diagnostic protocols for the evaluation of wood treatment generally concern the field
of painted artefacts or preservative products, and are only partially regulated. However,
this study aims to evaluate the behavior of materials capable of minimally altering the
aesthetic appearance of the wood, but modifying its wettability and moisture content
(mainly vapor absorbed to reach equilibrium with environmental humidity). Therefore,
this specific diagnostic protocol is intended to be applied to those products that assume
high importance in the conservation of materials of historical and artistic interest, such as
the compounds developed in this work.

To the best of our knowledge, research in this area has not provided a very extensive
previous background and few studies or patents cover this field of interest [8–12,35].

For sake of clarity, we remember that wood is a highly inhomogeneous material whose
physical properties change anisotropically and its aesthetic appearance, even for the same
wood species, is also affected by its different origin. The properties of wood are also
influenced by manufacturing processes and environmental conditions. Consequently, the
choice of the wood species, the type of cut and surface processing, and the presence or
absence of concentrated extractives on the surface are the parameters that must firstly
be taken into consideration for the selection criteria of the samples for the tests. The
weight (moisture content variation) and other chemical–physical characteristics are finally
influenced by the ambient humidity with which the wood is quickly balanced and a monitor
of the behavior as a function of different RH values is also required.

Therefore, to reduce errors in the different measurement tests, and to understand
the influence of some of the peculiarities of the wood, we decided to test two types of
wood, beech and oak, with the same type of cut, two types of processing (planed and
polished), and virgin and pre-extracted samples (i.e., wood extracted in ethanol for the
removal of extractives).

On the basis of the data on the solubility in 2-propanol, the oligoamides ETAF, ESTF,
ESF, and DF were selected for wood treatments.

The tested products, as expected and desired, did not show film-forming behavior,
but they could vary the aesthetic appearance of the wood from a colorimetric point of view.
The surface color variations, performed on the same position of each specimen before and
after the treatment and expressed as ∆L*, ∆a*, ∆b*, and ∆E, are reported in Table 5. Only
for the samples treated with ESF was the chromatic variation below the detection limit of
the human eye (∆E = 3). For the other samples, appreciable chromatic variations mainly
influenced by the L* parameter were observed (Table 5). However, it should be noted that
the aesthetic appearance of the wood is not significantly altered compared to the typical
and variable color of each species for all tested products, as can be seen in Figure 8, where
the samples treated with ESF, DF, or ESTF are compared with the wood without a coating
as a reference.
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Table 5. Color variations of wood surfaces after coating.

Fluorinated Products ∆L* ∆a* ∆b* ∆E

ETF 1 −5.26 ± 0.02 1.94 ± 0.02 4.23 ± 0.03 7.02

DTF 1 −1.74 ± 0.62 1.83 ± 0.10 3.67 ± 0.15 4.46

ESTF 2 7.88 ± 0.14 2.88 ± 0.04 3.77 ± 0.05 9.20

ESF 2 2.28 ± 0.21 0.63 ± 0.13 1.67 ± 0.04 2.90

DF 2 9.57 ± 0.63 4.25 ± 0.25 4.6 ± 0.1 11.46

DF 1 −2.81 ± 0.54 1.29 ± 0.08 5.69 ± 0.14 6.48
1 beech sample; 2 oak sample.

∆ ∆ ∆ ∆

∆

∆ ∆ ∆ ∆
−
−

−

 

Figure 8. Oak samples after treatment with ESF, DF, or ESTF compared with the wood without

coating as reference samples. (a) Virgin samples. (b) Samples pre-extracted in ethanol.

The hydrophobic properties of the synthesized compounds were evaluated by de-
tecting the wettability change of the coated wood surface through contact angle (CA)
measurements. However, due to the inhomogeneity of wood, as previously mentioned, a
great variability of the CA values is expected, even on different areas of the same surface.
For this reason, to estimate the degree of variability, preliminary measurements of CA were
carried out on both untreated (virgin) and ethanol-extracted (for the removal of extractives)
wood samples. As expected, the preliminary measurements obtained on different positions
of the same surface of each sample showed a great variability. In fact, the contact angle
of the uncoated wood, evaluated after one second from the deposition of the water drop,
varied between 50◦ and 105◦, whether the measurement was performed in different posi-
tions of the same sample or on different samples of the same wood species. After 5 s from
the deposition of the water drop, the CA becomes generally non-evaluable. These results
confirm the need to adopt the strategy of always measuring the contact angle in the same
area (before and after the coating) to obtain reliable data on the hydrophobic effect of the
protective agent. Moreover, to provide statistical data, at each step of the test (i.e., before
coating, after coating, or after aging), it is necessary to repeat the CA measurement several
times, in different moments and after the complete evaporation of the previous drop.

Furthermore, the wood extractives could influence the CA values. In fact, the extrac-
tion treatment with ethyl alcohol decreased the natural hydrophobicity of wood attributable
to the presence of extractives on the surface. For a reference oak sample, the contact angle
changed from 105.9◦ ± 1.2◦ to 84.5◦ ± 0.9◦, after extraction in ethanol. As these com-
pounds are soluble in alcohols, their dissolution and migration during the application of
the alcoholic solution of the coating is expected. For this reason, some coatings were also
applied to oak wood after extraction with alcohol. Similar to the extraction treatment, a
decrease in the contact angle can be observed after abrasion of the surface (59.2◦ ± 0.1◦),
while the simultaneous abrasion and extraction with alcohol determines a contrasting
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effect of the two actions on wettability (69.3◦ ± 1.1◦). In fact, the abrasion of the wood
surface likely removes the extractives concentrated on the surface, while it can expose a
new surface where the extractives were not completely removed during the extraction
process. Furthermore, abrasion with varying roughness can influence the hydrophobic
behavior of the surfaces. Finally, it is necessary to consider the natural variability of the
wood when different samples are used as a reference. In all cases, after extraction with
alcohol and/or abrasion, the values of the contact angles are considerably lower than those
of raw wood and always less than 90◦.

Based on these observations, the comparison of the performance between different
products was carried out in the following conditions: (a) by using wood samples with or
without the preliminary extraction with ethanol; (b) by evaluating the CA several times,
over time, in a well-defined position of each sample after 1 and 5 s. In the end, a final
evaluation of the CA was carried out after 8 min, although this measurement could be
affected by the minimal evaporation of water. The results are reported in Table 6.

Table 6. Water contact angle (ϑc, ◦).

Fluorinated Products Pretreatment After 1 s After 5 s After 8 min

Beech
(reference sample)

None 66.3 ± 1.2 n.e. 3 n.e. 3

Ethanol extraction 59.9 ± 4.3 n.e. 3 n.e. 3

Oak
(reference sample)

None 105.9 ± 1.2 75.4 ± 0.2 n.e. 3

Ethanol extraction 84.5 ± 0.9 n.e. 3 n.e. 3

ETF 1 None 89.8 ± 2.6 64.1 ± 1.5 n.e. 3

DTF 1 None 78.2 ± 0.3 53.1 ± 1.8 n.e. 3

ESTF 2
None 82.4 ± 0.5 54.2 ± 0.2 n.e. 3

Ethanol extraction 76.4 ± 0.4 63.7 ± 0.6 n.e. 3

ESF 2
None 138.2 ± 1.6 132.6 ± 1.2 87.8 ± 0.5

Ethanol extraction 132.4 ± 1.5 126.1 ± 1.4 90.0 ± 0.8

DF 1 None 130.4 ± 1.8 114.9 ± 0.8 99.6 ± 1.5

DF 2
None 132.2 ± 1.4 119.3 ± 0.2 104.7 ± 1.1

Ethanol extraction 121.2 ± 0.4 112.4 ± 0.3 87.8 ± 0.3
1 beech sample; 2 oak sample. 3 n.e.: not evaluable.

Treatment with fluorinated oligoamides containing tartaric unit show low CA values,
always lower than 90◦ and generally lower than the initial value of the wood sample before
treatment. This result highlights a negative effect of the presence of hydroxyl groups on
the oligoamide chain, which can be attributed to a concomitant hydrophilic effect or to
a greater ability to penetrate into the surface layers of the wood. In the latter case, the
greater affinity with the polysaccharides constituting the wood instead of favoring the
anchoring on the surface would favor its penetration and/or do not favor the distribution
of fluorinated fragment towards the outside. The use of 2-propanol as a solvent for the
deposition can also act on the surface of the wood favoring the migration of the extractives
if not previously removed.

On the contrary, after treatment with ESF and DF, the wood samples show higher
contact angle values, with a greater increase in the contact angle for the samples pre-treated
with ethanol. The best hydrophobicity was founded in the sample without pre-treatment
with ethanol and treated with ESF (138.2◦). The presence of a non-functionalized NH
group in the DF compound can favor anchoring to the support, but could reduce the
hydrophobicity deriving from the presence of the fluorinated chain. However, the values
obtained without pre-extraction in ethanol are around 132◦. It is interesting to observe the
comparison of these data with the contact angle observed in the presence of a commercial
product such as Paraloid B72, a product widely used in the Cultural Heritage field. The
application of equal amounts of product under the same conditions used for the fluorinated
products shows a contact angle of (66 ± 4)◦ on wood as it is, and (63 ± 4)◦ on wood
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pre-extracted with ethanol. With this acrylic product, the color variation is relatively low
(∆E respectively 2.3 and 4.3), but the poor stability of the product reduces the interest in
acrylic products.

After 5 s from the deposition of the water drop, a significant change in the contact
angle is observed for samples with hydrophilic behavior (ϑc < 90◦) compared to those with
initial ϑc > 90◦, in agreement with the hydrophobic properties and a reduced ease of water
absorption of the wood specimens coated with ESF and DF. Finally, the contact angle was
assessed after 8 min, but it was only possible for the treatments with ESF and DF.

The water vapor absorption test was performed using oak wood samples treated with
ESTF, ESF, and DF on all surfaces with a suitable quantity of product to completely cover
them (40 g/m2). All of the samples were preliminarily extracted in ethanol, and after
coating, they were kept in a desiccator for 72 h until a constant weight was reached. The
weight variations observed by keeping the coated samples in the presence of progressively
increasing humidity values (RH 65%, 86%, and 100%) were compared with those obtained
in similar uncoated samples (one raw and one pre-extracted). For all humidity values,
high water absorption is observed in the initial phase, which progressively decreases to
zero in correspondence with the reached equilibrium, with a higher absorption rate on
anhydrous samples (uncoated samples) (Figure 9). The mass of water absorbed per unit
mass of the specimen is lower for the samples coated with the fluorinated products, in
the order ESF < DF < ESTF, compared to the one observed in the uncoated wood, with or
without pre-extraction in ethanol (Table 7 and Figure 10).

Δ Δ Δ

− −

Figure 9. Variation of water vapor absorption over time at different RH values for oak sample, oak

sample after ethanol extraction, and oak samples after coating with ESTF, ESF, or DF.

Table 7. Total mass of water absorbed at different RH values and mass per unit of weight of the

sample (%).

Oak Samples
RH 65% RH 86% RH 100%

mH2O (mg) ∆m/m(%) 1 mH2O (mg) ∆m/m(%) 1 mH2O (mg) ∆m/m(%) 1

Without coating 290 4.7 461 7.3 769 11.7
After extraction

in ethanol
277 4.5 438 6.9 736 11.1

ESTF coating 2 262 4.3 411 6.5 678 10.4

ESF coating 2 257 4.1 410 6.4 680 10.2

DF coating 2 261 4.2 417 6.6 671 10.2

1 Mass of water absorbed per unit mass of the specimen (%). 2 Oak pre-treated with ethanol.
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Figure 10. Water vapor absorption per unit of weight (%) over time at different RH values for oak

sample, oak sample after ethanol extraction, and oak samples after coating with ESTF, ESF, or DF.

The increase in the surface wettability of wood (i.e., lower CA, Table 6) and the
reduction in vapor absorption (i.e., lower mass of vapor absorbed, Table 7) for the specimens
extracted in ethanol, compared to the raw wood, can be explained with the removal of
saccharide components and other compounds. The extraction in ethanol of saccharide
components of different complexity is confirmed both by 1H-NMR (Figure S37), for the
presence of the signals attributable to the saccharide skeleton at 3.40–4.00 ppm, and by
FT-IR (Figure S38), for the signals at 3390 (O–H stretching), 1113, 1076, 1049 cm−1 (C–O
stretching). Low-intensity signals at 2927 (C–H stretching) and 1732 cm−1 (C=O stretching),
attributable to the presence of triglycerides and/or free fatty acids, were also present
in the FT-IR spectrum. A different mobility of the various extractive components can
be speculated, which can determine a lower concentration of hydrophobic components
(e.g., triglycerides, free fatty acids) on the surface after extraction with ethanol, while the
saccharide components are probably removed mainly from the wood mass, thus reducing
its affinity towards water.

Finally, the stability of the synthetic partially fluorinated oligoamides and amine,
deposed on glass slides, was estimated by means of accelerated aging tests exploiting
UV radiations (wavelength of 365 nm). Their behavior was followed via 1H NMR, FT-IR
spectroscopy and colorimetric measurements. The weight change was also recorded, in
order to monitor the decomposition or oxidation (mainly absorption of oxygen) reactions.

The colorimetric measurements were made before and after irradiation to evaluate the
color variations due to the interaction between the partially perfluorinated compounds and
the UV radiation. No appreciable weight changes were noted for any product. The results
of the colorimetric measurements on UV irradiated glass slices are shown in the Table 8.

Table 8. Color changes after UV aging on glass slide after 254 h of irradiation.

Fluorinated Products ∆L* ∆a* ∆b* ∆E

ESTF −0.62 ± 0.23 −0.23 ± 0.02 0.85 ± 0.06 1.07
ESF 0.06 ± 0.19 −0.20 ± 0.02 −0.95 ± 0.08 0.97
DF −1.27 ± 0.23 −2.27 ± 0.04 8.76 ± 0.14 9.14

DF, which contains diethylenetriamine units, shows the highest ∆E* (9.14) after 254 h
of irradiation among the three irradiation products tested, and is much higher than the
threshold limit imperceptible to the human eye (∆E* = 3). In particular, DF has a significant
increase in ∆b*, which means the samples turned yellow under UV radiations. On the
contrary, both ESF and ESTF, which contain ethylenediamine units, show ∆E* and ∆b*
values around 1.
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The FT-IR and the 1H NMR spectra of ESF after irradiation do not show changes, while
the FT-IR of the irradiated ESTF displays slight shifts of the signals at about 3300 cm−1

(–OH and –NH stretching) and 1550 cm−1 (–NH bending, Amide II) compared to the
non-irradiated ESTF. This modification may be justified with hydrogen bonding involving
mainly –OH and –NH groups. ESTF did not show a significant yellowing after irradiation;
however, in the 1H NMR spectrum, the reduction of signal intensity to 4.11 ppm and
of signals between 2.6 and 3.0 ppm were observed (Figure 11). These variations, as for
the FT-IR results, are in agreement with a reduction in solubility due to hydrogen bonds
between the OH and NH groups present in the compound.

 

−

Figure 11. 1H NMR spectra of ESTF after (a) and before (b) aging.

The FT-IR spectrum of irradiated DF (Figure S39) shows changes mainly in the region
1600–1700 cm−1, probably attributable to a partial oxidation on the triamine units. In the 1H
NMR spectrum (Figure 12), the variation of the shape and relative intensity of the signals
of CHNH in the 2–3 ppm zone can be observed. In particular, a new signal at 3.0 ppm
appeared and the shape of the original CHNH area also changed.
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Figure 12. 1H NMR spectra of DF after (a) and before (b) aging.

4. Conclusions

New fluorinated oligoamides and a diethylenetriamine derivative were successfully
synthesized using 3-perfluorohexyl-1,2-epoxypropane. A shorter length of the fluorinated
segment, compared to similar compounds previously studied as protective agents for
stone, was used to minimize the risk of bioaccumulation with a consequent reduced
impact on the environment. The influence of different monomer units, deriving from
diacids and polyamines of different complexity, on reactivity, solubility, and hydrophobic
properties was studied by comparing different oligoamides. The effectiveness of the
new products as protective agents for wood was studied by developing a diagnostic
protocol capable of rapidly providing information on some specific properties given to
wood surfaces (i.e., hydrophobicity, water vapor uptake, color) in order to refine the design
of new tailored materials.

All new synthesized compounds, soluble in 2-propanol, were tested as wood protective
coatings, analyzing the variations in color and contact angle of the water drop. The best
results were obtained with ESF, while DF, which also shows good hydrophobicity, provides
a visible colorimetric variation, even if aesthetically acceptable for a wooden component.

On the contrary, the oligoamides containing the tartaric units show low contact angles.
However, if the water drop is monitored on time, the value of the CAs decreased more
slowly than that calculated on wood without treatment, which is in agreement with a
reduced absorption capacity.

The absorption of water vapor in controlled humidity conditions in the presence of
the protective coatings shows a reduction both in the speed of reaching equilibrium and in
the mass of water absorbed with an efficiency that improves in the order ESTF < DF < ESF.

The comparison of the behavior of the wood with and without pre-extraction in
ethanol highlighted the difficulty of applying a diagnostic protocol due to the heterogeneity
of the samples. Reliable results were obtained by introducing some targeted changes to the
protocol to favor the optimization of the measurements. The different type of wood (oak
or beech) does not seem to influence the protective efficacy, which is, instead, influenced
by the presence of extractives on the surface. However, the color variations are influenced
not only by the chosen wood, but also by the area from which the samples were obtained
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from the same piece of wood. Aging by UV irradiation allowed the highlighting of greater
stability for the ESF compound, which is confirmed as the best protective agent for wood.
ESTF and DF showed lower photostability: indeed, ESTF reduced the solubility, while DF
turned yellow.
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Abstract: Prussian blue analogs are promising cathode materials in aqueous ion batteries that

have attracted increasing attention, but their low specific capacity and limited cycling stability

remain to be further improved. Effective strategies to optimize the electrochemical performance

of Prussian blue cathode materials are the aspects of electrolyte and structure modification. In

this work, Na2MnFe(CN)6@PPy nanocubes were prepared by a simple co-precipitation method

with PPy coating. Compared with the uncoated electrode material, the discharged capacity of the

Na2MnFe(CN)6@PPy cathode material is raised from 25.2 to 55.0 mAh g−1 after 10 cycles in the Na-Zn

hybrid electrolyte, while the capacity retention is improved from 63.5% to 86.5% after 150 cycles,

indicating higher capacity and better stability. This work also investigates the electrochemical

performances of Na2MnFe(CN)6@PPy cathode material in hybrid electrolyte of Li-Zn and K-Zn

adjusted via different mixed ion solutions. The relevant results provide an innovative way to

optimize advanced aqueous hybrid batteries from the perspective of cycling stability.

Keywords: Prussian blue analogues; cathode materials; aqueous zinc-ion batteries; hybrid ion electrolyte

1. Introduction

As a new type of secondary energy storage battery, aqueous zinc-ion battery (AZIB)
has the advantages of environmental friendliness, high safety, non-toxicity, etc., which
suggests rather broad application prospects. AZIBs can be assembled in air, which is
convenient and efficient compared to lithium-ion batteries, which must be assembled in a
glove box [1–3]; thus, it is considered to be a promising alternative to lithium-ion batteries,
which have been incorporated widely in portable electronic devices. Zinc metal anode
has low redox potential (−0.76 V vs. standard hydrogen electrode), high-quality specific
capacity (820 mAh g−1) [4,5], etc. Combined with high electrical conductivity (5.91 µΩ cm)
and fast reaction kinetics of aqueous electrolyte, AZIBs exhibit advantages such as high
specific capacity, high safety, low cost, and long cycle life, making them gradually become
a hot research point in aqueous battery systems [6,7]. However, AZIBs still face great
challenges, especially the cathode materials in AZIBs which show irresistible fading of
capacity in long-cycle tests, and the study of ion storage mechanisms still remains to
be further investigated. The current research on the cathode materials of AZIBs can be
broadly classified as the following: vanadium-based cathode materials, manganese-based
cathode materials, organics cathode materials, and Prussian blue analogue (PBA) cathode
materials [8–13].

Compared with other cathode materials of rechargeable AZIBs, the biggest advan-
tage of PBA material lies in its high working voltage platform, even up to 1.7 V [14,15].
However, PBA materials are prone to suffer complex phase transformation in the reaction
process, and unstable structure will lead to collapse of the framework, leading to low
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specific capacity and poor cycling performance. For example, Svensso et al. found that
CuHCF electrode material is prone to irregular structural damage during battery cycle. The
specific capacities of CuFe(CN)6 electrode materials is only 53 mAh g−1 at 60 mA g−1 [16].
Munseok et al. demonstrated nickel hexacyanoferrate K0.86Ni[Fe(CN)6]0.954(H2O)0.766 as
the cathode material which shows a rather low capacity of 55.6 mAh g−1 at 11.2 mA g−1,
and the coulombic efficiency exhibits a rapid decay in 20 cycles in aqueous zinc ion elec-
trolyte [17], which is lower than vanadium and manganese cathode materials in AZIBs [4].
Therefore, it is of prime importance to improve the electrochemical performance of PBA
cathode material; strategies of coating polymer materials on the surface of PBA have been
reported [18,19], indicating that improvement in the electrochemical properties of PBA
cathode materials can be achieved by coating or mixed methods. Conductive polymer
materials have attracted attention due to their excellent electrical conductivity, for example,
polypyrrole (PPy), polyamide (PI), polyethylene glycol (PEG), etc., which have been proved
to be conductive skeletons of electrode materials [20]. The electronic conductivity of PPy is
relatively high (up to 102 S cm−1) among all conductive polymers because of the alternating
conjugation of single and double bonds in the macromolecular structure, and the extra
electrons in the double bond can move freely across the polymer chain. Furthermore, to
eliminate the effect of the vacancies in the PBA material, researchers have used approaches
of surface modification and composition optimization to reduce the lattice defects, which
suggests that by coating with PPy the [Fe(CN)6] vacancies in PBA material can be reduced
and the electrochemical performance of the electrode is improved [21,22]. By coating with
PPy, the damage to the structure can also be alleviated due to the mitigation of Mn2+

emissions of MnII-FeIII-based PBA material, resulting in better stability of electrochemical
performance [23]. Therefore, intensive research studies have been carried out to promote
the electrochemical properties of PBA cathode materials by coating with PPy. Xue et al. pro-
posed a polypyrrole-modified KHCF@PPy cathode material for potassium-ion batteries via
an in situ polymerization coating method which shows better electronic conductivity and
electrochemical properties [21]. Chen et al. synthesized K2Mn[Fe(CN)6] cathode material
for aqueous zinc batteries which can achieve superior rate capability and prolonged cycle
life due to the better electronic conductivity enhanced by coating with PPy [24]. Previous
reports have been focusing on the effect of PPy in PBA materials in various types of ion
batteries. However, the PBA cathode materials coated with PPy in aqueous hybrid batteries
have not received much attention, which needs to be further investigated.

Herein, Na2MnFe(CN)6 (NMHFC) nanocube material was synthesized by simple
co-precipitation method. Then, NMHFC sample was coated with PPy under ice bath
condition and is referred to as NMHFC@PPy. The specific capacity and cyclic stability of the
electrode material were improved by the coating of Ppy, of which the capacity retention after
150 cycles was enhanced in the Na-Zn hybrid battery. Electrochemical performances were
further conducted via different types of electrolyte, which gives the proof of considerable
promotion of cycle capacity in hybrid electrolyte. We also investigated the kinetic properties
of NMHFC@PPy in the Na-Zn hybrid electrolyte using multiple scan rates of CV (Cyclic
Voltammetry) tests, while the mechanism of zinc storage in the reaction was revealed by
means of ex situ XRD (X-Ray Diffraction) and XPS (X-ray Photoelectron Spectroscopy). This
work shares the insight into the research of enhancing the electrochemical performance of
the Ppy-coated PBA cathode materials, which provides a new approach to the design of
cathode materials in aqueous hybrid batteries.

2. Materials and Methods

2.1. Material Synthesis

Na2MnFe(CN)6 nanocubes were synthesized by a simple co-precipitation method.
Typically, 2 mmol MnSO4, 4 mmol K4Fe(CN)6, and 15 g NaCl were dissolved in 50 mL of
water, respectively, denoted as solutions A, B, and C, respectively. Then, solution A and
solution B were added dropwise to solution C simultaneously under magnetic stirring
for 10 min. The white suspension solution obtained was maintained at room temperature
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for 12 h, and then the resulting precipitates were filtered and wash with deionized water
and dried at 60 ◦C overnight. Finally, a dark gray powder was obtained and recorded as
Na2MnFe(CN)6, marked as NMHFC.

Synthesis of Na2MnFe(CN)6@PPy was performed as follows: 0.0345 g NMHFC pow-
der prepared above, 0.5 mL pyrrole, and 0.1 mmol FeCl3 (applied as the initiator) were
dispersed in 40 mL deionized water and stirred for 6 h at 0–5 ◦C to complete the reaction.
The final composites obtained were washed three times with deionized water and ethanol,
respectively, then dried in a vacuum oven at 60 ◦C for 6 h. The black powder obtained was
noted as NMHFC@PPy.

2.2. Material Characterization

The crystal structure of the samples was characterized by X-ray diffraction (XRD,
Bruker, MA, USA) with a D8 Advance X-ray diffractometer equipped with Cu Kα X-ray
source. Field-emission scanning electron microscopy (SEM, JEOL-7100F microscope, Tokyo,
Japan) was employed to analyze the morphology and elemental composition of the samples.
Transmission electron microscopy (TEM, JEM-1400Plus, Tokyo, Japan) was conducted to
adopt further studies on morphologies of the prepared materials. Raman spectra were
obtained using a micro-Raman spectroscopy system (Raman, Renishaw INVIA, London,
UK), while Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Fisher
Scientific, Waltham, MA, USA) was performed to obtain the unique functional groups and
molecular bonds in compound molecules. The surface elemental valence and molecular
structure were analyzed by X-ray photoelectron spectroscopy (XPS, AXIS SUPRA, Kratos,
Tokyo, Japan). STA449F3 (NETZSCH F3, Selb, Germany) was used to conduct the thermo-
gravimetric analysis at a heating rate of 10 ◦C/min from room temperature to 800 ◦C under
a N2 atmosphere.

2.3. Electrochemical Measurements

The three different hybrid electrolytes were prepared by dissolving LiCF3SO3 and
Zn(CF3SO3)2; NaCF3SO3 and Zn(CF3SO3)2; and KCF3SO3 and Zn(CF3SO3)2 in distilled
water, then marked as Li-Zn, Na-Zn, and K-Zn, respectively, and the concentration of
all electrolytes was 1 mol L−1. Electrochemical performance tests were carried out with
coin batteries (CR2016) assembled in the air. The cathode consisted of active material,
acetylene black, and binder (PTFE) in a weight ratio of 6:3:1. High-purity zinc foil with
a thickness of 0.1 mm was directly used as anode after cutting and polishing. Glass fiber
film (GF/A, Whatman) was applied as separator of the cathode and anode. Galvanostatic
discharge–charge tests were conducted with the LAND battery testing system (CT2001A,
Wuhan, China). Cyclic voltammetry (CV) tests were performed using a VMP3 multichannel
electrochemical workstation (Bio-Logic, Grenoble, France).

3. Results and Discussion

The XRD test results of NMHFC and NMHFC@PPy nanocubes are shown in the
Figure 1a. All diffraction peaks can be attributed to the cubic phase space group (FM-3m)
with good crystallinity (JCPDS: 73-0687) [25,26]. The XRD patterns of coated NMHFC@PPy
nanocubes are rather close to those of the uncoated ones. All of the diffraction peaks
exhibit sharp shapes, while the intensity of the diffraction peaks was only weakened af-
ter coating with PPy. Compared with bare NMHFC, the PPy-modified nanocubes show
no peak of other phases, since PPy on the surface is amorphous, revealing that the coat-
ing process of PPy does not change the crystal structure of the material [27]. With the
intention of confirming the coating of PPy, FTIR tests of the samples before and after
coating were performed (Figure 1b); according to previous literature, the characteristic
peaks belonging to PPy appear at about 1559 and 1650 cm−1, which can be attributed to
the =C–H vibration of the pyrrole in the benzene ring and the C–N stretching vibration,
respectively [20,28,29], indicating the appearance of specific vibrational IR peaks of PPy
in the material, while the peaks at ~597, 1617, 2066, and 3418 cm−1 can be ascribed to
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the PBAs [30]. Therefore, NMHFC@PPy nanocubes have been successfully obtained by a
chemical polymerization method. Figure S1 shows the Raman spectra of NMHFC@PPy
ranging from 100 to 2000 cm−1. Four peaks were observed around 110.1, 460.5, 519.5, and
582.6 cm−1. These peaks reflect the bonding of the (C≡N)− ions with metal ions in different
valence transition. Two peaks were observed at 110.1 cm−1 and 460.5 cm−1, which can be
attributed to the bonding vibrations of both FeII-CN-MnII and FeIII-CN-MnIII, respectively,
since the cyanogen coordination with the lower valence FeII and MnII is higher than that
with the higher valence FeIII and MnIII at lower wave positions [26]. From the TG profile
(Figure S2), the mass loss before 200 ◦C is caused by the evaporation of interstitial water [31].
The water content in NMHFC@PPy is about 8.7%. Owing to the fact that the temperature of
decomposition of PPy is close to the evaporation temperature of the coordinating water [32],
the PPy content can only be roughly calculated to be 7.3 wt. % for NMHFC@PPy.

−1

═ – –

−1

−1

−1 ≡ −

−1 −1

Figure 1. Characterization of as-synthesized NMHFC and NMHFC@PPy. (a) XRD patterns,

(b) FTIR spectra.

The morphology of NMHFC and NMHFC@PPy nanocubes were characterized by
SEM, of which the results are shown in Figure 2a,b. The edges of the nanocubes after
coating are blurred. The presence of Na, Mn, and Fe in the material was confirmed by EDS-
mapping analysis (Figures 2e and S3); the obvious increase in C and N was evident in the
EDS-mapping pattern after coating, which, combined with the previous IR results, further
indicates that PPy had been obtained on the NMHFC nanocubes. TEM characterizations
of NMHFC and NMHFC@PPy nanocubes were shown in Figure 2c,d, which reveals that
the samples are nano-cubic particles. After PPy coating, the morphology and size of
NMHFC@PPy remain unchanged; the edges of the nanocubes turn into a rough and
irregular state, indicating the existence of PPy.

In order to analyze the electrochemical performance of the as-synthesized PBA cath-
ode material, in this work the CR2016 coin-type cells with different electrolytes and pol-
ished zinc as anode were assembled. Since the rechargeable aqueous hybrid ion batteries
(RAHBs) system has been proved to be an efficient way to improve the electrochemical
properties [33–38], we applied a Na-Zn hybrid battery in the following tests (1 mol L−1

NaCF3SO3 and Zn(CF3SO3)2 mixed ion solution as the Na-Zn hybrid electrolyte). Figure 3a
shows the charge and discharge curves of NMHFC@PPy in the first 10 cycles at 200 mA g−1;
similar discharging plateaus near 1.4 V were observed. The capacity of NMHFC@PPy
reaches about 55.0 mAh g−1 after the first 10 cycles, while the uncoated NMHFC shows
only about 25.2 mAh g−1 (Figure S5a). This result proves that the coating of PPy can signif-
icantly improve the electrochemical performance of the material, mainly on the grounds
that the PPy coating on the material surface increases the electrical conductivity and im-
proves the kinetics of ion intercalation in the structure, and the PPy on surface also protects
the integrity of the electrode material during charging and discharging, thus improving
the cycling performance of the electrode material. During the cycles, compared with the
uncoated electrode material (Figure S5a), the charge and discharge curves of NMHFC@PPy
do not show any obvious shape change, which proves that the electrochemical properties
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of this material are more stable after coating. In addition, the CV diagram shows that the
PPy-coated material (Figure 3b) has a smaller change in reaction capacity from the first to
the tenth cycle compared with the uncoated one (Figure S5b), which further indicates that
the PPy-coated electrode material has a better capacity retention. Long-cycle performance
tests were conducted at a current density of 200 mA g−1. As shown in Figure 3d, the
PPy-coated electrode materials exhibited higher cycling capacity and cycling stability. The
discharged capacity of NMHFC@PPy is 50.1 mAh g−1 after 150 cycles with a retention
of 86.5%, while the uncoated electrode material showed a significant decrease in the first
30 cycles, and the capacity was only 25.1 mAh g−1 after 150 cycles with a retention of 63.5%,
indicating that the ionic conductivity of the material was enhanced after coating of PPy,
thus improving the kinetics of ion deintercalation in the framework of cathode material and
demonstrating a higher reaction of capacity. The XRD patterns of the electrode materials
after 100 cycles in the Na-Zn hybrid electrolyte (Figure S6) show that the NMHFC@PPy
cathode retains a better crystal structure after 100 cycles compared with the electrode
material without coating with PPy, indicating better preservation of the structure improved
by PPy. Furthermore, PPy exhibits higher tensile strength, good flexibility, and corrosion
resistance, which can buffer the volume change of the cathode material during the charging
and discharging process, resulting in the improved cycling stability of the material.
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Figure 2. SEM and TEM images of NMHFC (a,c) and NMHFC@PPy (b,d) and (e) EDS-mapping

elemental analyses of NMHFC@PPy.
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Figure 3. (a) Charge and discharge curves of NMHFC@PPy from first to tenth cycle at a current

density of 200 mA g−1; (b) CV curves of NMHFC@PPy at a scan rate of 0.1 mV s−1; (c) long-cycle

performance at 200 mA g−1 of NMHFC@PPy and NMHFC; (d) rate performance; (e) EIS tests of

NMHFC@PPy and NMHFC; (f) charge and discharge curves in different electrolytes at a current

density of 50 mA g−1.

To further investigate the electrochemical properties in different electrolytes, this work
continues with an in-depth analysis of electrochemical measurements. In the following
work, different RAHBs will be taken into electrochemical tests, and their special advantages
will be analyzed. Three more types of electrolyte include: Zn(CF3SO3)2 at a concentration
of 1 mol L−1, mixed ionic solution of Li-Zn (LiCF3SO3 and Zn(CF3SO3)2), and K-Zn
(KCF3SO3 and Zn(CF3SO3)2); all concentrations were specified as 1 mol L−1. Figure 3f
shows the charging and discharging curves of NMHFC@PPy cathode material in four
different electrolytes of plain Zn, Li-Zn, Na-Zn, and K-Zn at a current density of 50 mA g−1

all in the third cycle to reduce the effect of polarization. The pure Zn electrolyte shows
the lowest discharged capacity of 37.1 mAh g−1, while Li-Zn, Na-Zn, and K-Zn hybrid
electrolytes exhibit discharged capacities of 57.3, 84.7, and 59.6 mAh g−1, respectively,
indicating the highest discharged capacity in the Na-Zn hybrid electrolyte. Meanwhile,
the Na-Zn hybrid electrolyte shows the longest platform of midpoint voltage. As shown
in Figure S4, the cycling performance tests of the Li-Zn, Na-Zn, and K-Zn samples were
conducted at a current density of 50 mA g−1, which corresponded to the charge–discharge
curves in Figure 3f. The discharge capacities of the Li-Zn and K-Zn hybrid electrolytes
were both lower than 50 mAh g−1 after 100 cycles, with the coulombic efficiencies less than
80%, while the discharged capacity in the Na-Zn hybrid electrolyte reaches 99.3 mAh g−1

after 100 cycles with coulombic efficiency up to 93.3%, indicating higher capacity and
stability. It is presumed that irreversible side reactions may appear during the charging
process, which may lead to damage to the material structure resulting in electrochemical
degradation. The capacity in K-Zn hybrid electrolyte is close to that in Li-Zn; both suffer
from rapid capacity decays due to the fact that the framework of the material collapses
in the continuous reaction. The Li-Zn hybrid electrolyte exhibits capacity decay after the
first few cycles, relating to the solventization reaction of Zn2+ in the electrolyte, which
could affect the pH of the solution and, thus, the cation–solvent interaction. It has been
reported that the pH of Li-Zn hybrid electrolyte ranges from pH = 3 at 1 mol L−1, which
leads to hydrolysis side reactions, all the way to pH ≈ 7 at high concentrations of Li-Zn
hybrid solution; hydrolysis could be effectively inhibited by neutral pH, implying that
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Li-Zn hybrid electrolyte requires higher concentrations of the mixed solution to inhibit the
occurrence of hydrolysis side reactions for better cycling stability [39].

In view of the electrochemical performance of NMHFC@PPy cathode materials in
different hybrid electrolytes, it was found that NMHFC@PPy showed the best cycling
efficiency and stability in the Na-Zn hybrid electrolyte among the four comparison samples.
To further investigate the zinc storage performance by coating with PPy, Na-Zn mixed
solution was used as the electrolyte for the following tests, with NMHFC@PPy as the
cathode material.

In order to further investigate the kinetic properties of NMHFC@PPy cathode material,
CV tests with different scan rates of the electrode reaction was conducted. In CV testing, it
is possible to distinguish whether the cell behaves diffusively or pseudocapacitively during
charging and discharging by mathematically analyzing the scan rate (v, mV s−1) with the
resulting peak current response (i, A). With the increase of scan rate, the peak current
of redox increases gradually, and the peak potential difference between oxidation peak
and reduction peak also rises. The oxidation peak shifts to high potential and reduction
peak shifts to low potential, indicating that the electrochemical polarization increases with
the increase of scan rate. The following formula exists between the i and the v, which is
discussed [40]:

i = avb (1)

For the cathode electrode material, the electrochemical reaction process generally
contains both battery properties and pseudocapacitance properties. Therefore, the current
response at a specific voltage consists of two components: the diffusion contribution (k2v1/2)
and the capacitance contribution (k1v), which can be shown as:

i = k1v
1
2 + k2v (2)

where k1 and k2 are constants whose value magnitude can reflect the percentage of different
property response contributions at a specific voltage. The current magnitudes at different
sweep speeds and specific voltages can be obtained by multi-sweep speed cyclic voltamme-
try tests. Therefore, the corresponding k1 and k2 values can be gained by linearly fitting the
current response at different sweep speeds using the above equations, and the diffusion
contribution and capacitance contribution at specific sweep speeds can be obtained by
integrating the k1 and k2 values obtained at each voltage.

Based on the theory discussed above, CV tests at different scan rates were performed
for NMHFC@PPy cathode material (voltage ranging from 0.4 to 1.9 V) with scan rates of
0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 2.0 mV s−1, and the results are shown in Figure 4, where it
can be seen that as the scan speed increases, the corresponding redox peaks shift toward
the anode and cathode, respectively. This can be attributed to the polarization effect
at high currents, which will lead to poor cycling performance at high currents if the
polarization is too large. In addition, it can be clearly observed that the end current
changes significantly during the test from 0.4 to 1.9 V. The electrochemical analysis of
the NMHFC@PPy electrode material was carried out using the above equation. Based
on Figure 4c, we can find the proportions of pseudocapacitive and diffusion-controlled
contributions from the total capacity at various scan rates of 0.1 to 2.0 mV s−1. The
contribution of the pseudocapacitance process (red shaded region) is 58.04% at a scan rate
of 0.8 mV s−1 (Figure 4d), due to good rate performance of the NMHFC@PPy material.
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Figure 4. (a) CV curves at different scan rates; (b) logarithmic relationship between peak current and

scan rate; (c) the diffusion and capacitance contributions at different a scan rates; (d) the contribution

proportion of pseudocapacitance at 0.8 mV s−1.

To investigate the changes of the crystal structure during the charging and discharg-
ing process of the aqueous hybrid Na-Zn battery, we conducted ex situ XRD tests of
NMHFC@PPy during the first cycle in Figure 5a. As can be seen from the ex situ XRD
patterns in the Na-Zn hybrid electrolyte, the diffraction peaks during the charge and dis-
charge process indicates that no phase transition occurred during the electrochemical redox
process, and the results show similar patterns of the initial and fully charged state, which
indicates good reversibility of NMHFC@PPy electrode material. Moreover, the peak at
18.1◦ belongs to PTFE, which acts as the binder in the electrode material, while the peaks at
16.8◦, 34.0◦, and 38.2◦ are attributed to the NMHFC@PPy cathode; they all exhibited weak-
ened intensities when discharged to 0.4 V, indicating the intercalation of Zn2+ according
to previous reports [41]. Besides, the peak at 23.8◦ shows a slight shift to a larger angle
when the electrode was fully discharged and charged, which gives further proof of the
intercalation and deintercalation of Zn2+ [21,24]. Figure S7 shows the ex situ XRD and XPS
patterns of NMHFC electrode material. As can be seen from the ex situ XRD results, the
cathode without coating with PPy exhibits alike peaks compared with the coated one, while
the peaks at fully discharged state maintained worse crystal structure when discharged
to 0.4 V in comparison to NMHFC@PPy, suggesting that the coating of PPy can improve
the reversibility of the electrode material during the cycle [21]. In addition, the ex situ
Fe 2p XPS results of NMHFC demonstrate that the changes of peaks are relatively small
(0.3 eV), indicating that the volume change during the charge–discharge process can be
reduced via PPy coating [24]. To further characterize the situation of the material before
and after the charging and discharging process, EDS-mapping analysis was performed
on the elemental distribution of the material before and after discharge. As shown in
Figure S8, the results show that when the electrode material is discharged to 0.4 V, after
the Zn2+ intercalation occurs in the corresponding charge–discharge curve, the presence
of Zn element can be clearly detected in the elemental spectrum. At the same time, the
morphology of the material does not change significantly after discharge, and the material

137



Coatings 2022, 12, 779

still maintains the morphology of nanocubes, indicating that the morphology of the clad
material is well preserved after the discharge, which demonstrates the excellent stability of
the material. The ex situ XPS Zn 2p spectra of NMHFC@PPy electrode material in different
states were also collected in Figure 5b (initial, full discharge at 0.4 V, and full charge at
1.9 V states). There exists no signal for Zn in the XPS spectrum of the initial NMHFC@PPy
electrode. When discharged to 0.4 V, an obvious Zn 2p3/2–2p1/2 spin–orbit doublet was
detected, indicating the successful intercalation of Zn2+ into the structure of the cathode
material, while the signal of Zn exhibits a weakened state when the cathode is fully charged
to 1.9 V. The XPS results indicate the successful insertion/extraction of Zn2+ ions into/from
the NMHFC@PPy electrode during discharge/charge processes.

–

–

– –

 

– ═ –

–

Figure 5. (a) Ex situ XRD and (b) ex situ XPS patterns of NMHFC@PPy cathode material during the

first cycle in different states.

To explore the chemical composition of NMHFC@PPy cathode material, XPS spectra
of NMHFC@PPy in different states are shown in Figure S9; the elements of C, N, O,
and Fe are found in the initial state of NMHFC@PPy. XPS spectra of Fe 2p and C 1s in
different states are shown in Figure 6. After coating with PPy, the initial Fe 2p3/2 XPS
peak (Figures 6a and S10a) of NMHFC@PPy cathode material can be fitted by the peak
related to FeII (705.4 eV) and the peak attributed to FeIII (708.8 eV) [42], and the C 1s
XPS peak (Figure 6d) can be fitted by the peaks related to C–C/C=C (281.4 eV) and C–N
(289.9 eV) [41,43]. When the electrode is fully discharged to 0.4 V (Figure S10b), the peak
changes attributed to Fe 2p (0.6 eV) are larger than that of NMHFC (0.3 eV, Figure S7b),
indicating that the coating of PPy can reduce the volume change in the charge and discharge
process, while the strength of the peak fitted to FeIII increases. The C 1s shows a new peak
of C–H in 285.5 eV (Figure 6c) in fully discharged state. However, after the cathode material
has been fully charged in the Na-Zn hybrid electrolyte, the peak of FeII shows a slight
change (705.5 eV) compared with the initial one (Figure S10c), while C 1s is almost the
same as the initial one (Figure 6b), and Fe 2p shows weak FeIII peaks in initial and charged
states, mainly due to the oxidation of Fe in the synthetic process. This indicates that
the intercalated Zn2+ in the PPy-coated cathode material mainly interacts with the redox
reactions of Fe ions of both FeII and FeIII when the electrode material is fully discharged,
and C–H bonds of PPy also contribute to the ionic conductivity of the cathode material
during the discharge process, which is similar to the previous reports [30,44].
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Figure 6. XPS spectra of NMHFC@PPy in different states; (a) Fe 2p and (b–d) C 1s.

4. Conclusions

In this paper, NMHFC nanocubes were synthesized by a simple co-precipitation
method and modified by PPy coating to obtain NMHFC@PPy nanocubes. Compared with
bare NMHFC, the as-prepared NMHFC@PPy cathode material exhibited an enhanced
cycling stability and rate performance due to the better electronic conductivity provided
by PPy. The capacity retention was improved from 63.5% to 86.5% by coating with PPy
after 150 cycles in a Na-Zn hybrid battery, while the rate performance of NMHFC@PPy
cathode material in high current densities is also superior to that of the uncoated one. These
advances provide new research views for development of modified PBA cathode materials
for cycling-stable aqueous hybrid batteries in the future.
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www.mdpi.com/article/10.3390/coatings12060779/s1, Figure S1: Raman spectra of NMHFC@PPy;

Figure S2: TG curve of NMHFC@PPy; Figure S3: EDS-mapping elemental analysis of NMHFC;

Figure S4: Cycling performance curves of NMHFC@PPy in Li-Zn, Na-Zn, and K-Zn mixed ionic

electrolytes at current density of 50 mA g−1; Figure S5: Charge and discharge curves of NMHFC

from first to tenth cycle at a current density of 200 mA g−1, CV curves of NMHFC at a scan rate of

0.1 mV s−1; Figure S6: XRD patterns of NMHFC@PPy and NMHFC electrode material after 100 cycles;

Figure S7: (a) Ex situ XRD and (b) ex situ Fe 2p XPS patterns of NMHFC cathode material during the

first cycle in different states; Figure S8: SEM and EDS-mapping analyses of NMHFC@PPy electrode

material before discharge and after discharge to 0.4 V; Figure S9: XPS spectra of NMHFC@PPy in

different states; Figure S10: Fe 2p XPS spectra of NMHFC@PPy in different states.
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Abstract: Taking high nitrogen aluminum dross as the research object, the effects of the additives

sodium carbonate and cryolite and the roasting process on the denitrification effect of aluminum

dross were studied. The principle of additive denitrification was studied by XRD, SEM and TG-DSC.

The experimental results show that sodium carbonate and cryolite can quickly reduce the content of

aluminum nitride in aluminum dross. The optimum denitrification process parameters were also

obtained simultaneously. When the mass ratio of cryolite to aluminum dross was 0.4, the roasting

temperature was 900 ◦C, and the roasting time was 3 h, the denitrification degree could reach 96.19%.

When the mass ratio of sodium carbonate to aluminum dross was 0.8, the roasting temperature was

1000 ◦C, and the roasting time was 4 h, the denitrification degree could reach 91.32%. This study

provides a reference for the non-harmful treatment of high nitrogen aluminum dross.

Keywords: high nitrogen aluminum dross; additive; nitrogen removal; process parameter

1. Introduction

Aluminum dross is a kind of waste produced in the process of electrolytic aluminum
furnace front casting and aluminum alloy casting. According to the National Hazardous
Waste List (2021 Edition) [1], aluminum dross is recognized as hazardous waste. Accord-
ing to the content of nitride and fluoride, aluminum dross is divided into high-nitrogen
aluminum dross and high-fluoride aluminum dross. Between these, high-nitrogen alu-
minum dross is mainly produced in the secondary aluminum process, and high fluoride
aluminum dross is mainly produced in the aluminum electrolysis process [2–4]. At present,
the treatment method for aluminum dross is still mainly stacking and landfill, but when
aluminum dross that has not undergone non-harmful treatment is landfilled or stacked,
inorganic salts dominated by NaCl and KCl will enter the soil, resulting in the aggravation
of land salinization, and fluoride ions will penetrate into the soil and groundwater. When
exceeding the discharge standard in the national standard, it is easy to cause high-fluoride
water and high-fluoride soil and to induce immune diseases [5–8]. Therefore, a low-cost
and high-efficiency non-harmful aluminum dross treatment method is a top priority. Many
scholars have studied the non-harmful treatment of aluminum dross. Based on the response
surface method, Wang [9] carried out research on the influence of cryolite (Na3AlF6), roast-
ing temperature and soaking time on the denitrification degree of secondary aluminum
dross. Li [10] achieved nitrogen removal and fluoride retention with the addition of calcium
salt (CaCl2) and the roasting of aluminum dross at a high temperature (1300 ◦C). With
sodium carbonate (Na2CO3) and cryolite as additives, this study attempted to explore
the effect of the additive ratio, roasting temperature and roasting time on the nitrogen
removal effects of high-nitrogen aluminum dross, as well as the phase transformation law
of high-nitrogen aluminum dross under different roasting conditions.
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The aluminum dross obtained after non-harmful treatment can be used in many fields.
Taking the treatment results of this paper as an example, the experimental samples treated
with cryolite could be returned to the electrolytic cell for reuse and NaAlO2 could be
obtained from the samples treated with sodium carbonate by solid–liquid separation and
other purification methods.

2. Materials and Methods

2.1. Raw Material, Reagent and Instrument

Raw material: high-nitrogen aluminum dross obtained by recovering part of the alu-
minum from the primary aluminum dross (Jiangsu Haiguang Metal Co., Ltd., Suqian, China).

Reagents: sodium carbonate (analytical purity, Jiangsu Qiangsheng Functional Chemi-
cal Co., Ltd., Suzhou, China), cryolite (analytical purity, Shanghai Maclean Biochemical
Technology Co., Ltd., Shanghai, China), sodium hydroxide (analytical purity, Xilong Chem-
ical Co., Ltd., Shanghai, China), hydrochloric acid (analytical purity), Shanghai Lingfeng
Chemical Reagent Co., Ltd., Shanghai, China), methyl red (indicator, Shanghai Yuanye
Biotechnology Co., Ltd., Shanghai, China), methylene blue (indicator, COOLABER SCI-
ENCE&TECHNOLOGY, Beijing, China), and boric acid (chemical purity, Shanghai Myreel
Chemical Technology Co., Ltd., Shanghai, China).

Instruments: programmable box furnace (SXL-1230, Hangzhou Zhuo Chi Instrument
Co., Ltd., Hangzhou, China), universal electric furnace (DK-98-II, Xinghua Chushui Electric
Heating Appliance Factory, Jiangsu Province, Xinghua, China), ultra-pure water system
(EPED-10TH, Nanjing Yipu Technology Development Co., Ltd., Nanjing, China), X-ray
fluorescence spectrometer (ZSX PRIMUS III+, Japan Science Co., Ltd., Osaka, Japan), X-ray
diffractometer (D8 Advance, Bruker (Beijing) Technology Co., Ltd., Beijing, China), field
emission scanning electron microscope system (ZEISS sigma HD, Carl Zeiss (Shanghai)
Management Co., Ltd., Shanghai, China), and synchronous thermal analyzer (STA 449 F3,
NETZSCH Instrument Manufacturing Co., Ltd., Selb, Germany).

Technical parameters of the relevant test instruments:

(1) XRD: the maximum output power was 3 KW, the voltage was 20–60 kV, the current
was 2–60 mA, and the radius of the goniometer was 185 mm. MDI jade 9 was used
for the XRD analysis. The XRD database was in PDF 2009 format.

(2) SEM-EDS: the acceleration voltage was 10 kV, the magnification was 100–200 k, and
the secondary electron resolution was 1 nm.

(3) TG-DSC: the heating rate was 10 ◦C/min, the weighing resolution was 0.1 µg, and

the vacuum degree was 10−4 mbar.

2.2. Experimental Method

First, a total of 50 g aluminum dross and additives were placed in the corundum
crucible according to the additive ratio. The mixture was mixed in the corundum crucible
evenly with a stirring rod. Then, the corundum crucible was placed in a programmable
box furnace and fired at a certain temperature (50–1000 ◦C). Subsequently, the corundum
crucible was taken out and cooled at room temperature. Finally, the content of aluminum
nitride in the aluminum dross was measured, and the denitrification degree was calculated.

The denitrification degree test method adopted the distillation separation neutraliza-
tion titration method [11,12]. The treated aluminum dross was ground, 2 g weighed, and
150 mL NaOH solution poured with a mass fraction of 20 wt.% into the conical flask, and
the cork of the conical flask quickly tightened. The conical flask was heated on the asbestos
net of the universal electric furnace, the mixed solution heated in the conical flask to boiling
point and kept boiling for 2 h, and the ammonia distilled from the conical flask absorbed
with 200 mL and 40 g/L boric acid solution. After distillation, the solution was titrated with
0.05 mol/L dilute hydrochloric acid solution, with standard methyl red–methylene blue as
the indicator. The end point of titration was the sudden change of the solution from blue
to purple red. Alumina was used as the blank control group. The formula for calculating
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the content of aluminum nitride in aluminum dross was as shown in Formula (1). The
calculation formula of the denitrification degree was as in Formula (2) [13].

W1 =
2.05C(V2 − V1)

bM
× 100%, (1)

Xb =
W2 − W1

W2
× 100%, (2)

where W1 is the aluminum nitride content in the sample (%); V1 is the volume of dilute hy-
drochloric acid consumed by the test sample (mL); V2 is the volume of dilute hydrochloric
acid consumed by the blank control group (mL); C is the concentration of dilute hydrochlo-
ric acid (mol/L); M is the mass of the test sample taken during measurement (g); b is the
total mass of aluminum dross added to the test sample under the current additive ratio (g);
Xb is the denitrification degree (%); and W2 is the aluminum nitride content in the original
aluminum dross (%).

3. Results and Discussion

3.1. Nature of the Aluminum Dross

As shown in Figure 1, the XRD pattern of the high-nitrogen aluminum dross mainly
contained Al2O3, AlN, NaCl, and other substances. Figure 2 shows the TG-DSC analysis
result for the high-nitrogen aluminum dross. According to the TG curve in Figure 2, during
the roasting process, the mass of the high-nitrogen aluminum dross showed a decreasing
trend. The total weight loss of the sample was 6.03%, which was mainly due to the
evaporation of adsorbed water on the sample surface or the decomposition of other surface
materials and impurities. There was no obvious endothermic peak or exothermic peak in
the DSC curve. Figure 3 shows the micromorphology and energy spectrum analysis of the
high-nitrogen aluminum dross. The high-nitrogen aluminum dross was mainly composed
of a variety of irregular and adherent small particles. According to the corresponding EDS
analysis results, it could be seen that in the high-nitrogen aluminum dross, AlN did not
exist alone, but was mixed with alumina—part of it was even wrapped by alumina, which
made it difficult to remove AlN efficiently.
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Figure 1. XRD pattern of the raw material.
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Figure 2. TG-DSC of the raw material.

Figure 3. SEM-EDS of the raw material.

3.2. The Effect of Cryolite and Sodium Carbonate on the Nitrogen Removal of High-Nitrogen
Aluminum Dross by Roasting

Cryolite is a commonly used flux for industrial aluminum production that destroys the
oxide film wrapped on the surface of the AlN by melting alumina [14]—thereby exposing
the AlN to the air more and improving the efficiency of the nitrogen removal. In contrast,
the properties of sodium carbonate are relatively stable. However, a small part of sodium
carbonate will decompose to produce oxygen during the roasting process. [15] As shown in
Formulas (3) and (4), the oxygen content in the sample was increased, which is conducive
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to the oxidation of AlN. Above 500 ◦C, sodium carbonate will react with alumina, as shown
in Formulas (5) and (6). The generated sodium aluminate will dissolve in sodium carbonate,
which can destroy the AlN surface oxide film and increase the denitrification degree. The
relevant experimental parameters are shown in Table 1 [16,17].

Na2CO3 = Na2O + CO2, (3)

2Na2O = 4Na + O2, (4)

Al2O3 + Na2CO3 = 2NaAlO2 + CO2 (5)

4AlN + 3O2 = 2Al2O3 + 2N2 (6)

Table 1. Relevant experimental parameters.

Additive Additive Ratio (g/g)
Roasting

Temperature (◦C)
Roasting Time (h)

Cryolite
Different additive ratio 900 4

0.4:1 Different temperature 4
0.4:1 900 Different time

Sodium carbonate

Different additive ratio 900 4
0.8:1 Different temperature 4
0.8:1 1000 Different time

3.2.1. The Effect of the Additive Ratio on the Nitrogen Removal of High-Nitrogen
Aluminum Dross by Roasting

At 900 ◦C, samples prepared with different additive ratios were placed in an electric
resistance furnace and roasted for 4 h to study the effect of the addition of cryolite and
sodium carbonate on the denitrification degree of the high-nitrogen aluminum dross. The
experimental results are shown in Figure 4.
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Figure 4. Effects of different additives on the nitrogen removal rate of high-nitrogen aluminum dross.

It can be seen from Figure 4 that the incorporation of cryolite (cr) and sodium carbonate
(sc) will significantly affect the denitrification degree of high-nitrogen aluminum dross
(ad). When the amount of cryolite is increased, the denitrification degree will increase first
and then decrease. Since excessive cryolite will float on the surface of the sample, this will
reduce the contact area between the sample and the air and then cause agglomeration and
hardening. Therefore, excessive cryolite will cause a significant decrease in denitrification
degree. When the incorporation of sodium carbonate increased, the denitrification degree
showed an upward trend. When msc:mad = 0.4:1, the denitrification degree increased
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sharply. When msc:mad = 0.8:1, the denitrification degree basically tended to the maximum.
This is mainly because sodium carbonate can react with alumina to destroy the dense oxide
film, thereby increasing the denitrification degree. In addition, during the roasting process,
sodium carbonate can decompose to produce oxygen, causing the oxygen concentration in
the sample to increase. XRD tests are conducted on samples with different additive ratios,
so as to study the phase transformation law between different additive ratios. The XRD
pattern is shown in Figure 5.
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Figure 5. XRD patterns of different ingredient ratios. (a) XRD pattern of sample with cryolite; (b) XRD

pattern of sample with sodium carbonate.

It can be seen from Figure 5 that as the additive ratio increased, the diffraction inten-
sity of the alumina gradually decreased. For samples with cryolite added, the products
after roasting denitrification were mainly Al2O3, Na3AlF6, and Na8Al6Si6O24(OH)2·2H2O.
When mcr:mad = 0.4:1, the diffraction peak of the cryolite appeared in the XRD spectrum.
Moreover, with the increase of the proportioning ratio, the number and intensity of cryolite
diffraction peaks increased, while the diffraction peak intensity of the Al2O3 did not change
significantly at this time. Therefore, it can be considered that when the proportioning ratio
exceeds 0.4, the promotional effect of adding cryolite on aluminum dross denitrification is
less than that of the inhibition effect of sintering on aluminum dross denitrification. With the
increase of cryolite addition, the diffraction peak of the sodalite (Na8Al6Si6O24(OH)2·2H2O)
decreased slowly until it disappeared; this was mainly because the Al/Si ratio in the ideal
cell composition of sodalite is one. Therefore, when the amount of cryolite increased, the
Al/Si was farther and farther away from the ideal cell composition, which made it difficult
to form sodalite. Based on Figure 4, it can be concluded that mcr:mad = 0.4:1 is the optimal
additive ratio, with the denitrification degree of 94.39%.

For the sample with sodium carbonate added, the products after roasting denitrifica-
tion were mainly Al2O3, NaAlO2, and Na1.95Al1.95Si0.05O4. Na1.95Al1.95Si0.05O4, known
as zeolite, is a compound with a cellular structure. With the increase of sodium carbonate
addition, the diffraction intensity of alumina decreased, and the diffraction intensity of the
sodium meta-aluminate increased. Therefore, it can be proved that the chemical reaction
involved in Formula (5) did occur in the roasting process, which transformed the dense
alumina into sodium aluminate and placed the oxygen more fully in contact with the AlN.
Based on Figure 4, it can be concluded that msc:mad = 0.8:1 is the optimal additive ratio,
with the denitrification degree of 87.63%.
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3.2.2. The Effect of Roasting Temperature on the Nitrogen Removal of High-Nitrogen
Aluminum Dross by Roasting

Under different temperature conditions, the experimental samples with the additive
ratios of mcr:mad = 0.4:1 and msc:mad = 0.8:1 were placed in electric resistance furnace and
roasted for 4 h to explore the effects of different additives on the denitrification degree of
high-nitrogen aluminum dross under different temperature conditions. The experimental
results are shown in Figure 6.
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Figure 6. Effects of different temperatures on the nitrogen removal rate of high-nitrogen aluminum

dross.

It can be seen from Figure 6 that the denitrification degree showed an upward trend
as the temperature increased. For samples with cryolite, as the temperature increased, the
denitrification degree gradually increased. At around 900 ◦C, the denitrification degree
reached 94.41%. When the temperature increased to 1000 ◦C, the denitrification degree was
95.02%. The two did not change much. Therefore, the optimal roasting temperature for
nitrogen removal with cryolite was 900 ◦C. The denitrification degree of direct roasting at
the same temperature was only 70.79%. For the sample with sodium carbonate added, the
effect was not obvious at the low temperature stage. As the temperature increased above
600 ◦C, the denitrification degree increased sharply. This was mainly because the alumina
reacted with sodium carbonate when the temperature rose. At this time, more AlN was
exposed to the air atmosphere, resulting in an increase in the denitrification degree. At
1000 ◦C, the denitrification degree reached the maximum of 91.15%. Therefore, the optimal
roasting temperature for nitrogen removal with sodium carbonate added was 1000 ◦C. The
denitrification degree of direct roasting at the same temperature was only 75.05%. The
samples treated with different roasting temperatures were tested by XRD to study the
phase transformation law under different roasting temperature conditions, as shown in
Figure 7.

For the sample with cryolite added, there was mainly Al2O3, Na3AlF6, NaCl, and
Na8Al6Si6O24(OH)2·2H2O in the sample during roasting. With increases in temperature,
the diffraction intensity of the Al2O3 did not change significantly. Therefore, it can be
known that the principle of denitrification via the addition of cryolite does not directly
destroy the oxide film wrapped on the surface of AlN, but the oxygen atom in the oxygen
can replace the fluoride atom in the cryolite during roasting to produce a gas similar
to OxF2x. Since OxF2x is more oxidizing than oxygen, AlN can be oxidized at a lower
temperature to form NyFx and Al2O3, and the reaction between NyFx and O2 can form
OxF2x again, so that the reaction can continue.

For the sample with sodium carbonate added, Al2O3, NaAlO2, and Na1.95Al1.95Si0.05O4

were mainly present in the sample during roasting. With increases in temperature, the
diffraction peak intensity of the Al2O3 decreased—some even peaks disappeared, while
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the diffraction peak intensity of the NaAlO2 increased. Therefore, the addition of sodium
carbonate to remove AlN in high-nitrogen aluminum dross was mainly achieved by converting
Al2O3 into NaAlO2 and destroying the dense oxide film wrapped on the surface of the AlN.
In addition, Na1.95Al1.95Si0.05O4 will be produced during roasting, as shown in Formula (7).
CO2 will be produced during the formation of Na1.95Al1.95Si0.05O4, which makes the surface
of the material loose and porous, with many micropores inside. Therefore, more air will
enter the sample, which improves the denitrification degree [18].
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Figure 7. XRD patterns of different temperatures. (a) XRD pattern of the sample with cryolite;

(b) XRD pattern of the sample with sodium carbonate.

1.95NaCO3 + 1.95 Al2O3 + SiO2 = 2Na1.95Al1.95Si0.05O4 + 1.95CO2, (7)

3.2.3. The Effect of Roasting Time on the Nitrogen Removal of High-Nitrogen Aluminum
Dross by Roasting

The experimental samples with the additive ratios of mcr:mad = 0.4:1 and msc:mad = 0.8:1
were roasted in an electric resistance furnace at 900 ◦C and 1000 ◦C for different times to
study the effect of roasting time on the denitrification degree of high-nitrogen aluminum
dross. The experimental results are shown in Figure 8.
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Figure 8. Effect of different times on the nitrogen removal rate of high-nitrogen aluminum dross.

It can be seen from Figure 8 that as the roasting time increased, the denitrification
degree of the high-nitrogen aluminum dross showed an upward trend. For samples with
cryolite added, the denitrification degree increased significantly after 2 h of calcination,
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then remained basically unchanged, and then reached the maximum value of 96.19% at
3 h. Therefore, the optimal roasting time for nitrogen removal with cryolite was 3 h. Under
the same roasting temperature and roasting time, the denitrification degree of the direct
roasting was only 59.12%. For the sample with sodium carbonate added, the denitrification
degree was basically maintained at about 90% after 4 h of calcination. After that, increasing
the roasting time had no significant effect on the denitrification degree. Therefore, the
optimal roasting time for nitrogen removal with sodium carbonate added was 4 h, with
a denitrification degree of 91.32%. Under these conditions, the denitrification degree of
direct roasting was only 70.79%.

3.3. TG-DSC Analysis

The experimental samples with the additive ratios of mcr:mad = 0.4:1 and msc:mad = 0.8:1
were analyzed by TG-DSC to study the law of weight change, as well as the endothermic
and exothermic changes of the sample during calcination from room temperature to 1000 ◦C.
The experimental results are shown in Figure 9.
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Figure 9. TG-DSC curve. (a) with cryolite added; (b) with sodium carbonate added.

It can be seen from Figure 9a that at about 100 ◦C, the TG curve dropped significantly,
and the endothermic peak occurred in the DSC curve. This was mainly due to the evap-
oration of free water absorbed on the sample surface. At 550.8 ◦C, the TG curve did not
change significantly, and a small endothermic peak appeared in the DSC curve. This was
mainly due to the endothermic melting of a small amount of metallic aluminum in the
sample. At 901.97 ◦C, an obvious endothermic peak appeared in the DSC curve, and the
TG curve had no obvious change. This was mainly because cryolite melts Al2O3 in this
temperature range. When the temperature increased to 1000 ◦C, there were no obvious
endothermic peaks and exothermic peaks in the DSC curve, while the TG curve showed a
downward trend. This was mainly because a small number of substances in the aluminum
dross volatilized. It can be seen from Figure 9b that at about 100 ◦C, the endothermic
peak appeared in the DSC curve, and the mass in the TG curve began to decrease. This
was mainly due to the evaporation of adsorbed water on the sample surface. At about
800 ◦C, the DSC curve showed an endothermic peak, and the TG curve showed an obvious
downward trend. This was mainly due to the reaction between the alumina and sodium
carbonate. At about 960 ◦C, the DSC curve had an obvious endothermic peak, and the
quality of the TG curve was reduced. This was mainly due to the decomposition of part of
the sodium carbonate.

3.4. Morphology of the Samples before and after Roasting

Samples with different additive ratios and roasting process conditions were analyzed
by micromorphology. The SEM picture is shown in Figure 10. Figure 10a shows the
micromorphology of the high-nitrogen aluminum dross before roasting. It can be seen

150



Coatings 2022, 12, 730

that there were a lot of irregularly shaped particles agglomerated together. The larger
ones were alumina particles, and the rest were AlN and some small impurities. Figure 10b
shows the sample micromorphology when msc:mad = 0.8:1, the roasting temperature was
1000 ◦C, and the roasting time was 4 h. It can be seen that the micro shape of the sample
was relatively regular, that there were pores on the sample surface, and that there were
relatively few heterogeneous grains. Figure 10c shows the sample micromorphology when
mcr:mad = 0.4:1, the roasting temperature was 900 ◦C, and the roasting time was 3 h. It can
be seen that the sample particle shape was mostly flakes that crossed each other. There
were still a few impure phases on the surface of the flaky particles, and they were looser
compared to Figure 10b,c, which was more conducive to the contact between AlN and
oxygen and the increase in denitrification degree.

 

Figure 10. SEM images of different additive ratios and roasting processes. (a) Micromorphology of

the high-nitrogen aluminum dross; (b) with sodium carbonate added; (c) with cryolite added.

The samples after the different roasting processes were compared and analyzed by
micromorphology. According to the relevant experimental results, the micromorphology
of the high-nitrogen aluminum dross after roasting became more regular, and the specific
surface area became larger, which made the AlN more fully in contact with the air and
improved the denitrification degree. Therefore, the poor effect of the direct roasting
nitrogen removal was mainly due to the insufficient contact of AlN with the air, due to
being wrapped by other substances.

4. Conclusions

In view of a single non-harmful treatment method for high-nitrogen aluminum dross
and the difficulties in the efficient removal of AlN, the roasting denitrification degree was
accelerated by adding cryolite and sodium carbonate, and the optimum process parameters
were studied. The conclusions are as follows:

(1) The optimal process of nitrogen removal for adding cryolite: for mcr:mad = 0.4:1,
a roasting temperature of 900 ◦C, and a roasting time of 3 h, the denitrification degree
was 96.19%. The optimal process of nitrogen removal for adding sodium carbonate: for
msc:mad = 0.8:1, a roasting temperature of 1000 ◦C, and a roasting time of 4 h, the denitrifi-
cation degree was 91.32%.

(2) The main reason for adding cryolite for denitrification is that in the roasting
process, the micro morphology of the sample became flakey with a layered structure, which
effectively increased the contact area between the sample and air, so as to improve the
denitrification degree.

(3) The main reason for adding sodium carbonate to improve the denitrification degree
of aluminum dross is that sodium carbonate and Al2O3 can produce stress at about 800 ◦C,
which destroys the oxide film wrapped on the surface of AlN—thus increasing the contact
area between the N and the air and improving the denitrification degree.

(4) The poor effect of the direct roasting nitrogen removal was mainly due to insuffi-
cient contact with the air caused by AlN being wrapped by alumina and other impurities.
After roasting, the microscopic shape of the sample was more regular and the specific sur-
face area became larger, which made the contact between the AlN and air more sufficient
and improved the denitrification degree.
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Abstract: In this work, nanocomposite membranes based on graphene and polylactide were evaluated
for mechanical properties and biocompatibility. Single-layer graphene (SLG), graphene nanosheets
(GNS), and poly L-lactic acid (PLLA) were prepared through layer-by-layer deposition and homoge-
neous mixing. The results revealed that PLLA/SLG nanocomposites and PLLA/GNS nanocomposites
could show enhanced mechanical properties and biocompatibility. The addition of a tiny amount
of SLG significantly improved Young’s modulus and tensile strength of the PLLA matrix by 15.9%
and 32.8% respectively, while the addition of the same mass ratio of GNS boosted the elongation at
break of the PLLA matrix by 79.7%. These results were ascribed to the crystallinity and interfacial
interaction differences resulting from graphene incorporation. Also, improved biocompatibility was
observed with graphene incorporation. Such nanocomposites membranes showed a lot of potential
as environment-friendly and biomedical materials.

Keywords: single-layer graphene; mechanical properties; thermal stability; biocompatibility

1. Introduction

Biodegradable polymers attract more and more attention in many biomedical and
environmental areas. As a typical biodegradable polymer, polylactic acid (PLA) is a
polyester material with superior optical, physical, mechanical, and barrier properties,
PLA has been widely used in the production of environment-friendly food packaging
as freestanding membranes or coatings [1–4] and has great potential as a sustainable
alternative to petrochemical-derived polymers [5]. In addition, PLA has also played
a great role in advancing the development of biomedical materials due to its superior
biocompatibility and degradability. Currently, sutures, stents, orthopedic implants, and
drug delivery systems produced from polylactic acid and other biodegradable polymers
have mature clinical applications [6–9].

However, rather poor tensile strength and weak impact toughness owing to the
amorphous or semi-crystalline structure of PLA limited its application. Normal technical
methods are found to be difficult to increase these crystalline characteristics [10,11]. Hence,
modification of PLA becomes one of the research focuses. The mechanical characteristics
and thermal stability of PLA have been improved using a variety of techniques. One
of the most efficient ways to enhance the crystallization characteristics of PLA is to use
nanofillers as nucleating agents to lower the nucleation activation energy [12–17]. Therefore,
a variety of high-performance nano-reinforcing agents such as nanoclays, nanofibers,
carbon nanotubes, etc. were developed [18–22].

Graphene is a nanomaterial with one-atom-thick carbon atoms arranged in a two-
dimensional honeycomb structure. Since the first separation of graphene by Navoselov
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in 2004 [23], graphene has sparked the extensive interest of scientists in various fields
due to its unique physical and chemical properties, including ultra-high specific surface
area, exceptional electrical, thermal, and mechanical properties [24–26]. At the same time,
these properties make graphene an ideal nano-enhancer, and some composite materials
with higher comprehensive properties have been obtained [27–29]. It is noteworthy that
the reinforcing impact of nanofillers like graphene in polymers is heavily reliant on their
efficient interfacial interaction with the polymer matrix [30,31]. In general, the larger the
contact area of the nanofiller with the polymer matrix, the better the dispersion and the
performance of composites. Considering the application requirements of biomedical mate-
rials, the good biocompatibility of nanofillers is essential. The response of living cells to
the graphene-filled polymer nanomaterials depends greatly on the properties of graphene
such as layer number, lateral size, purity, dose, surface chemistry, and hydrophilicity.
Therefore, the selection of nanofillers as reinforcing agents usually requires considera-
tion of several factors including the surface area, type, structure, and biocompatibility of
the filler [32].

Presently, numerous experiments and theoretical studies have been conducted on
the PLA composites of graphene and modified graphene [33–35]. Nonetheless, research
on single-layer graphene (SLG) and graphene nanosheets (GNS)-filled PLA composite
materials is still in its early stages. This is primarily because the compounding of PLA with
SLG based on completely preserving the properties of SLG is still challenging. Despite
this, as a material that can enhance the ability of human osteogenic differentiation [36], the
performance and prospective biomedical applications of SLG and GNS in PLA composites
cannot be underestimated.

In this article, the impacts and properties of SLG and GNS in poly L-lactic acid
(PLLA) nanocomposites are compared. The effects of the different interactions between
SLG/GNS and PLLA were elucidated by a direct comparison of various properties of the
two composites using the same preparation methods and process parameters. The tensile
properties and fracture toughness of SLG and GNS-filled PLLA nanocomposites were
investigated. The biocompatibility of the nanocomposites was also studied.

2. Materials and Experimental Procedure

2.1. Preparation of PLLA/SLG Films

The PLLA/SLG films were prepared following the method described in the liter-
ature [37]. Briefly, a single-layer Gr (Xianfeng Nanomaterials, Nanjing, China) grown
on a Cu substrate by CVD was spin-coated with 20–30 mg/mL PLLA solution (Huanuo
Biomaterials, Changchun, China, the solvent was dichloride methane, molecular weight
200,000). The spin-coated polymer film was dried at room temperature for 2 h to com-
pletely evaporate the solvent. Then, the copper substrate was etched away with an aqueous
ammonium persulfate solution (Aladdin Chemical Reagent, 0.1 M, Wokai Biotechnology
Co., Ltd., Shanghai, China) for less than 8 h. After the copper sheet was completely etched,
slowly rinse the PLLA/SLG film with deionized water more than 4 times.

2.2. Fabrication of PLLA/SLG and PLLA/GNS Composites

The composites were prepared by the solution casting method. Using a film applicator
to flatly and evenly cover the PLLA surface of the PLLA/SLG film with the 50 mg/mL
PLLA solution (the solvent was 1,4-dioxane), cut the obtained PLLA/SLG (PSG) film
into desired shapes after drying for 24 h. The mass ratio of PLA to monolayer graphene
(MPLLA/MGraphene) in PSG composite films was calculated. Then, graphene nanosheets
(GNS, Shanghai Pro-Graphene, Shanghai, China) containing the same MPLLA/MGraphene
were dispersed in 50 mg/mL PLLA solution to obtain PLLA/GNS solution. The PLLA/GNS
solution was uniformly spread into a film with the same thickness parameters using the
film applicator and then dried in an oven at 37 ◦C for 24 h to obtain composite films of
PLLA/GNS (PGN).
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2.3. Analysis and Characterization

Raman spectra were taken on samples to characterize the chemical components and
structure of SLG and GNS using Micro-Raman (Renishaw plc, inVia-Reflex, NT-MDT Co.,
Moscow, Russia) with a DXR laser operating at 532 nm. X-ray diffraction (XRD) mea-
surement was conducted by an X’ pert PRO (PANalytical B.V., Almelo, The Netherlands)
X-ray diffractometer at room temperature. The diffracted intensity of Cu Kα radiation
(k = 1.54178 Å) was recorded with a scanning speed of 5◦/min from 10◦ to 80◦. The surface
morphology of composites was observed with scanning electron microscopy (SEM, S-4800,
SU-70 Hitachhi, Tokyo, Japan).

The mechanical properties of composites were tested by using a tensile machine
(Zwick GmbH&Co.KG, Z005, Dongguan, China) at a crosshead speed of 5 mm/min at
room temperature. The samples were cut into rectangular shapes of 5 mm wide and 20 mm
long. The reported tensile strength and elongation at break were the average values of at
least four samples. Crystallization evolution was observed using an E600POL polarizing
microscope (POM, NIKON, Japan). To imitate the crystallization behavior during the
fabrication process of composites, the melted samples were cooled to room temperature
at 80 ◦C/min, and the crystallization morphology evolution during the cooling process
was observed. The thermal stability of the samples was checked using an STA analyzer
(TGA/DSC3+, Mettler Toledo, Switzerland) from the temperature range of 50–500 ◦C
with a heating rate of 10 ◦C/min under the nitrogen atmosphere. Differential scanning
calorimetry (DSC) measurement was performed on a TA-DSC calorimeter (PE, Mettler
Toledo, Zurich, Switzerland) under a nitrogen flow of 50 mL/min. To eliminate the thermal
history of the nanocomposite samples, the samples were heated from 20 ◦C to 200 ◦C at
a heating rate of 10 ◦C/min under a nitrogen atmosphere for 5 min. Then, the melt was
cooled to 20 ◦C at a rate of 10 ◦C/min and reheated to 200 ◦C. The first cooling and second
heating scan curves were recorded.

Rat bone marrow mesenchymal stem cells (BMSCs) were used as model cells. Cell
Counting Kit (CCK-8) was used to evaluate the cell adhesion and proliferation capacity of
neat PLLA, PLLA/SLG, and PLLA/GNS. After BMSCs (20,000 cells/cm2) had been seeded
on the surface of the nanocomposites and cultured for 1 day and 3 days, the solution of
CCK-8 (Dojingdo Laboratories, Kumamoto, Japan) with a concentration ratio of 1:10 to
the culture medium was added. Then, after the cells were incubated in an atmosphere
of 5% CO2 and 37 ◦C for 2 h, the optical density (OD) of the solution was measured at
450 nm with a microplate reader (Multiskan MK3, Thermo Fisher Scientific, Shanghai,
China). The contact angle test was used to evaluate the hydrophilicity and hydrophobicity
of material surfaces (OCA 20, Dataphysics, Stuttgart, Germany). Contact angles reported
are the average of at least three measurements per sample.

3. Results and Discussion

3.1. Composition, Structure and Morphology of the Nanocomposite Films

The compositions of neat PLLA and representative PLLA/SLG (PSG) and PLLA/GNS
(PGN) composites at the same mass ratio were determined by confocal laser Raman spec-
troscopy (Figure 1). Different from pure PLLA, exhibiting characteristic bands at 2940 cm−1

identified as C-H stretching modes of -CH3 groups (Figure 1a,b), new bands appeared in
the Raman spectra of PSG and PGN, with wavelengths around 1580 cm−1 and 2700 cm−1,
corresponding to the G and 2D peaks of graphene (Figure 1a,b). Combined with the IG/I2D
value of each composite material around 1:1 (Figure 1a,b), it can be seen that the graphene in
the composite material is complete and uniformly dispersed. Fully confirmed the effective
combination of SLG and PLLA, and GNS dispersed in the PLLA matrix. In addition, the
appearance of graphene D peaks was not observed, indicating that the structures of the
obtained SLG and GNS were complete and defect-free.
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Figure 1. Raman spectra of (a) PSG and (b) PGN nanocomposites with the same MPLLA/MGraphene.

To characterize the morphology and dispersion of SLG and GNS in the composites,
SEM images of PLLA, PSG, and PGN composite films were studied (Figure 2). Because of
the various types and adding procedures of graphene, the surface of each film was unique.
The surface of the composite film added with SLG was comparable to that surface of neat
PLLA, with dense and fine dendrites distributed (Figure 2a,b). The addition of GNS will
make the dendrites on the surface of the film connected to a certain extent, resulting in a
thicker crystalline surface (Figure 2c). This might originate from the interfacial interaction
between GNS and PLLA. It was also consistent with the subsequent crystallization test.
It is worth mentioning, however, that because of the limited compatibility of GNS with
the PLLA matrix, there were some GNS aggregation on the surface indicated by the red
arrows (Figure 2c).

α β

θ
α

Figure 2. SEM images of surface morphologies of (a) neat PLLA (b) PSG and (c) PGN composites films.

3.2. Crystallization Behavior of the Nanocomposites

The crystallinity of a polymer plays a crucial role in its performance. As a semi-
crystalline polymer, it is very meaningful to study the crystallization of PLLA and the
effect of SLG and GNS as fillers on its crystallization behavior. The XRD patterns of
nanocomposite films including pure PLLA, PSG, and PGN are shown in Figure 3. In general,
crystals with two different structures, α, and β, can be detected in PLLA. The diffraction
patterns of pure PLLA, PSG, and PGN in Figure 3 all have the strongest diffraction peaks
at 2θ = 16.5◦, corresponding to the (110) and (200) reflections of PLLA, which indicate
that PLLA in nanocomposites is in the order of orthorhombic α-crystal form exists [38].
Moreover, less intense diffraction peaks were observed at 18.7◦ and 21.7◦, corresponding to
the (203) and (210) reflections of PPLA, respectively. The creation of a few mesomorphic
structures in the PLLA due to an excessive cooling rate is primarily responsible for the
appearance of these peaks [39,40]. All XRD patterns revealed the same diffraction peaks,
which means that the incorporation of SLG and GNS did not change the crystal structure
of PLLA in the nanocomposites. Interestingly, the diffraction peak intensity of PLLA was
significantly increased in PSG and PGN nanocomposites, indicating an improvement in
crystallinity and an increase in crystal order [41]. In addition, as shown in Figure 3, in
the XRD patterns of PSG and PGN, the characteristic diffraction peak at 26.5◦ attributed
to graphite was not detected, indicating that the dispersion of graphene in the PLLA
matrix was good and close to the monolayer level, which was consistent with the results of
Raman spectroscopy.
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Figure 3. XRD patterns of neat PLLA, PSG and PGN nanocomposite films.

Since PLLA is a semicrystalline polymer, the mechanical properties are influenced
by the degree of the crystallinity to some extent [42,43]. DSC was used to investigate the
crystallization behavior of PLLA in the nanocomposite. Figure 4 showed the DSC heating
and cooling curves of the neat PLLA, PSG and PGN nanocomposites at a scan rate of
10 ◦C/min, and the results of typical thermal properties, including Tg (glass transition
temperature), Tc (cold crystallization temperature), Tm (melting point temperature), ∆Hc

(the cold crystallization enthalpy and χc (the crystallinity) were listed in Table 1. The degree
of crystallization of the films was calculated by the following Equation (1),

χc = (
∆Hc

∆H0
m
) × 100% (1)

where χc is the percent crystallinity, ∆Hc was the enthalpy of the cold crystallization
of nanocomposites, and ∆H0

m was the enthalpy of the melting with a value of 93.0 J/g,
which was reported to be the melting enthalpy for 100% crystalline PLLA [44]. With the
existence of SLG and GNS, the exothermic peaks become more noticeable and ∆Hc was
higher. Furthermore, at the same mass ratio of graphene filling, PSG nanocomposites have
distinct and sharper exothermic peaks than PGN nanocomposites. This is because graphene
provides PLLA with heterogeneous nucleation sites, which improves the crystallization
ability of PLLA, and the nucleation speed of SLG is faster than that of GNS. Both Tc and
χc of the nanocomposites were significantly increased after the addition of SLG and GNS,
indicating that the presence of SLG and GNS favored the non-isothermal cold crystallization
behavior of PLLA due to the efficient nucleating effect of graphene for PLLA crystallization.
For polymers, the high molecular mobility at high temperatures is very beneficial for
crystal nucleation. In the presence of graphene, the exothermic amplitude of PLLA crystals
increases and the crystallization exotherm sharpens, meaning that both crystallization
nucleation and crystal growth of the PLLA matrix are enhanced. Ajala et al. [40] likewise
came up with similar findings. The increased Tg values of PSG and PGN nanocomposites
can be attributed to the effective linkage of PLLA to graphene that restricts the segmental
motion of PLLA chains, and this increased stability also indicates a higher interfacial
bond strength between PLLA and graphene [45]. Further, a rise in Tm in nanocomposites
suggested that SLG and GNS are beneficial to the perfection of crystallites and prevent the
formation of more defective PLLA crystallites.

Table 1. Calorimetric data derived from the DSC cooling curves and heating curves for the PLLA,
PSG and PGN nanocomposites.

Samples Tg (◦C) Tc (◦C) Tm (◦C) ∆Hc (J/g) χc (%)

PLLA 60.4 116.9 176.5 33.4 35.9
PSG 62.1 132.2 177.6 38.0 40.9
PGN 65.3 122.8 178.6 39.6 42.6
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Figure 4. DSC curves of (a) the cooling curves and (b) the heating curves of PLLA, PSG and PGN
nanocomposites with different filler contents.

To further specifically explore the nucleation effect of graphene on PLLA crystal-
lization, polarizing microscopy (POM) was used to study the isothermal crystallization
morphologies of neat PLLA and its nanocomposites at around their crystallization temper-
atures (120, 127 and 136 ◦C, respectively). Figure 5 showed the spherulitic morphology
of neat PLLA, PSG, and PGN at different crystallization times. Only a few nuclei ap-
pear in neat PLLA whereas PSG and PGN show more nuclei after 1 min (Figure 5a,d,g).
The morphological differences for PLLA, PSG, and PGN are more obvious after 5 min
(Figure 5c,f,i). For neat PLLA, the number of spherulites is small, and their size is rela-
tively big because the spherulites had large space to grow before impinging on each other
(Figure 5c). With the addition of graphene, the number of PLLA spherulites increases
significantly, and consequently, their size is dramatically reduced (Figure 5f,i). Spherulitic
morphology studies here clearly suggest the strong heterogeneous nucleation effect of
graphene, which is in agreement with DSC findings.

Figure 5. Polarized optical micrographs for 1 min, 3 min and 5 min of (a–c) neat PLLA isothermally
crystallized at 120 ◦C (d–f) PSG nanocomposite isothermally crystallized at 136 ◦C (g–i) and PGN
nanocomposite isothermally crystallized at 127 ◦C.

3.3. Mechanical, Thermal Properties and Biocompatibility

Considering the remarkable mechanical properties of graphene, such as high me-
chanical strength and high modulus, it is predicted that the mechanical properties of
PLLA nanocomposites will be enhanced by SLG and GNS. The mechanical properties
of pure PLLA, PSG, and PGN nanocomposite films were evaluated using tensile tests,
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and typical stress-strain curves are shown in Figure 6a. The variations of tensile strength,
Young’s modulus, and elongation at break are plotted in Figure 6b–d. As seen in Figure 6a,
all nanocomposite films show a typical characteristic of ductile fracture behavior with a
well-defined yield point, including the neat PLLA films. While as a brittle material, the
reason why neat PLLA exhibit a typical characteristic of ductile fracture behavior may be
due to the incomplete discharge of the dissolving agent. Nevertheless, some significant
changes can be observed in the mechanical properties of polymer by graphene. The tensile
strength and Young’s modulus of PSG nanocomposite films were significantly increased as
compared to that of neat PLLA film (30.47 MPa and 1.13 GPa), and reached a maximum
of 40.45 MPa and 1.31 GPa (Figure 6a,b), indicating that the mechanical strength of PSG
nanocomposite films is enhanced. Different from the previous study [46], the toughness
of PSG was also improved compared with that of neat PLLA film, and the elongation at
break increased from 114.07% to 123.95%. The reason for this simultaneous improvement of
mechanical strength and toughness is mainly attributed to the good interfacial interaction
between SLG and PLLA matrix. Meanwhile, GNS greatly improves the toughness of PGN
nanocomposite films based on sacrificing some mechanical strength, and the elongation at
break increases to 204.97%, an increase of 79.7%. (Figure 6d). Compared with neat PLLA,
SLG can play the role of strengthening and toughening at the same time, while GNS can
greatly improve stretch ability with low content. Therefore, choosing different kinds of
graphene as reinforcing fillers has different effects, which is consistent with many previous
reports of nanofiller-reinforced PLLA composites [47,48]. This result may be attributed to
the different interfacial structures between nanofillers and polymer matrix.

 

Figure 6. (a) Representative stress-strain curves for PLLA, PSG, PGN nanocomposite films; the
variations of (b) Young’s modulus, (c) tensile strength, (d) elongation at break as a function of PLLA
number of layers.

In fact, the improvement in tensile strength and tensile modulus depends on factors
such as the shape and dispersion of nanofillers in the matrix, nanofillers interfacial adhesion,
and strength with the matrix material. However, the shape and dispersion of graphene play
an important role in the enhancement of the tensile properties of PLLA. In PSG, the SLG is
composited with the polylactic acid matrix in the mode of whole-sheet coverage, and the
compatibility between SLG-PLLA acid and PLLA matrix is stronger, so the effective contact
area between the nanofiller and the matrix is larger, and the adhesion energy is higher.
When the composite nanomaterials are subjected to stress stretching, SLG can limit the
expansion of cracks, avoid the formation of larger cracks, and improve the tensile strength
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of the composites. In addition, SLG also restricts the mobility of polymer chains under
load by blocking the molecular chains. The increased crosslinking rate in the PLLA matrix
and the restricted movement of the PLLA macromolecular chains ultimately improved the
tensile modulus of the nanocomposite PSG. From the shape and dispersibility of nanofillers,
GNS are complexed in the matrix in the form of small clusters. Due to the strong van der
Waals forces between GNS, GNS are more likely to accumulate in the matrix and have
poorer dispersion. The interfacial interaction force between GNS and PLLA is weaker,
which also leads to a slight decrease in the strength of PGN. Therefore, the good interfacial
interaction between SLG and PLLA can effectively transfer the load to SLG, enhancing the
tensile strength and tensile modulus of PLLA/graphene nanocomposites.

On the other hand, since PLLA is semi-crystalline, including the interfacial interaction
between the nanofillers and the polymer matrix, the crystal structure, and morphology of the
polymer matrix are also key factors affecting the mechanical properties of nanocomposites.
The results of XRD (Figure 3), DSC (Figure 4), and POM (Figure 5) confirmed that the addition
of SLG and GNS both improved the crystallinity of PLLA, and benefited from the excellent
heterogeneous nucleating ability of graphene on PLLA crystallization. The nanofiller-induced
interfacial crystallization layer plays a key role in the non-covalent stress transfer between
graphene and PLLA. As mentioned earlier, the larger contact area between SLG and PLLA
matrix results in the formation of a larger interfacial crystalline layer, which can lead to a
significant increase in mechanical strength. The addition of SLG and GNS not only improved
the crystallinity of the nanocomposites, but also tended to induce the PLLA matrix to form
spherulites with smaller diameters. It is very important for the improvement of toughness. In
general, unreinforced amorphous polymers undergo plastic deformation through unhindered
shear band propagation. The fine-grained PLLA crystals in PSG and PGN provide resistance
to the propagation of shear bands, thus, the plasticity of the nanocomposites is greatly
enhanced. Especially in the PGN nanocomposites with the highest crystallinity and the
smallest spherulite size, this toughness enhancement is extremely obvious.

Aliphatic polyesters such as PLLA in particular are easy to hydrolyze and thermally
degrade to monomers and oligomers, improving the thermal stability of PLLA an impor-
tant part as regards processing. It was found that the incorporation of SLG and GNS not
only improved the mechanical properties of PLLA, but also enhanced its thermal stability.
Figure 7 and Table 2 show the TGA and corresponding differential thermogravimetric
analysis (DTA) results of the neat PLLA, PSG, and PGN composite films. In PSG and PGN
nanocomposites, the decomposition onset temperature (Tonset), the maximum decompo-
sition temperature (Tmax), and the decomposition temperature at 50% weight loss (T50)
of the composite films shifted to higher temperatures. Among them, the decomposition
onset temperature and maximum decomposition temperature of PSG were observed to
vary from 267 ◦C to 271 ◦C and from 348 ◦C to 349 ◦C, respectively. The improved thermal
stability is mainly due to the presence of SLG and GNS as reinforcing fillers, they can delay
oxygen permeation and volatile degradation products escape and coke formation by the
so-called “tortuous path” effect of graphene [49]. Moreover, it can be seen from the DTA
curves that the DTA peaks of PGN and PSG are higher in temperature than that of neat
PLLA. This change can be ascribed that when PLLA is heated, free radicals are generated
which cause the degradation of the PLLA matrix. The increase in the crystallinity of PSG
and PGN makes the degradation rate slower, and the degradation requires more energy, so
the degradation temperature is also higher [50]. Therefore, good interfacial interaction and
high crystallinity also contribute to the thermal stability of PLLA nanocomposites.

Table 2. Thermal data derived from the TGA curves and DTA curves of neat PLLA, PSG and PGN
nanocomposites.

Samples Tonset (◦C) Tmax (◦C) T50 (◦C)

PLLA 267 354 348
PSG 271 355 349
PGN 259 357 350
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Figure 7. (a) TGA and (b) DTA curves for neat PLLA, PSG and PGN nanocomposite.

From the results obtained above, the fact can be known that SLG and GNS can be used
to improve the mechanical properties and thermal stability of PLLA, but the biocompatibility
of the composites determines whether PLLA/graphene nanocomposites can be used for
the preparation of biomedical materials. The biocompatibility of the nanocomposites was
evaluated by the CCK-8 test (Figure 8). All samples were 0.5 × 0.5 cm2 in size. Rat bone
marrow mesenchymal stem cells (BMSCs) were inoculated and cultured for 1 day and
3 days. As shown in Figure 8, the OD values of PSG and PGN increased slightly after
1 day of culture. But after 3 days, it was found that the OD values of the PLLA/SLG and
PLLA/GNS groups were significantly higher than those of the neat PLLA group, indicating
that the cells on the surface of the nanocomposites are more than that of neat PLLA. This
may benefit from the improvement of SLG and GNS on the surface of the nanocomposites,
and the hydrophilic surface improves the cell proliferation ability. From the contact angle
test results, the contact of a pure PLLA film was 94.3◦ (±1.7◦). However, after adding
a layer of single-layer graphene, the contact angle of the PSG surface was reduced to
88.3◦ (±1.4◦), and the hydrophilicity of the surface was further improved. Meanwhile, there
was a small-decreased contact angle of PGN (91.2◦ ± 0.7◦), and all the results revealed
the surface of the nanocomposite materials is hydrophilic. All these tests proved that
the existence of SLG and GNS provided a good adhesion environment for cells, which is
conducive to cell proliferation and has good cell activity.

 

Figure 8. Cell viability measured with CCK-8 assay on PLLA, PSG and PGN nanocomposites
monolayer film at different culture times (** p < 0.01, *** p < 0.001).
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4. Conclusions

In this paper, two kinds of graphene, single-layer graphene (SLG) and graphene
nanosheets (GNS), and poly L-lactic acid (PLLA) nanocomposite membranes were success-
fully prepared. The effects of SLG and GNS on the mechanical properties, crystallization
ability, thermal stability, and cell viability of PLLA nanocomposites were investigated.

SLG and GNS act as nucleating agents to further enhance the crystallinity of PLLA.
The good interaction between SLG and PLLA matrix makes PSG have high mechanical
strength. Moreover, SLG and GNS greatly improve the toughness of PGN by changing the
shape and crystallinity of PLLA crystal. The tensile strength and fracture toughness of PSG
were increased by 32.8% and 8.7% respectively, and the toughness of PGN was increased
by 79.7%.

In addition, CCK-8 results indicated that PSG and PGN were non-cytotoxic, and the
nanocomposite membranes showed good cell survival and proliferation ability. These PSG
and PGN nanocomposites with higher mechanical properties, thermal stability, and cell
viability exhibit broad application prospects as biomedical materials.
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Abstract: Aluminum-ion batteries have attracted great interest in the grid-scale energy storage field
due to their good safety, low cost and the high abundance of Al. However, Al anodes suffer from
severe dendrite growth, especially at high deposition rates. Here, we report a simple strategy for
constructing a highly reversible, dendrite-free, Al-based anode through directly introducing a solid-
solution-based metal coating to a Zn foil substrate. Compared with Cu foil substrates and bare Al,
a Zn foil substrate shows a lower nucleation barrier of Al deposition due to the intrinsic, definite
solubility between Al and Zn. During Al deposition, a thin, solid-solution alloy phase is first formed
on the surface of the Zn foil substrate and then guides the parallel growth of flake-like Al on Zn
substrate. The well-designed, Zn-coated Al (Zn@Al) anode can effectively inhibit dendrite growth
and alleviate the corrosion of the Al anode. The fabricated Zn@Al–graphite battery exhibits a high
specific capacity of 80 mAh·g−1 and an ultra-long lifespan over 10,000 cycles at a high current density
of 20 A·g−1 in low-cost molten salt electrolyte. This work opens a new avenue for the development
of stable Al anodes and can provide insights for other metal anode protection.

Keywords: aluminum-ion battery; metal coating; solid-solution alloy; dendrite-free anode

1. Introduction

With the continuous emission of greenhouse gases and rapid fossil energy consump-
tion, the development and utilization of new-type, clean energy, such as wind energy, solar
energy, wave energy, etc., is important [1,2]. However, due to the uneven distribution of
new-type, clean energy in time and space, an efficient approach is required to convert them
into reliable chemical energy through rechargeable batteries [3–5]. At present, lithium-ion
batteries have practical applications in energy storage systems [6,7], but their high cost,
limited cycling life and safety problems restrict their further development and applica-
tion [8]. Therefore, the development of a low-cost, long-life and high-safety energy storage
battery is important. Among energy storage batteries, the aluminum-ion battery is one of
the promising alternatives [9–11].

However, aluminum-ion batteries also face some problems, especially in seeking
a suitable cathode/anode and electrolyte. Aqueous electrolytes are safer and environ-
mentally friendly, but the side reactions caused by water decomposition and the severe
corrosion/passivation of Al anodes remain huge challenges [12,13]. Most aluminum-ion
batteries research focuses on developing cathode materials with high capacity and wide
operating voltage windows. The study of anode materials has also gradually become a
concern. It has been reported that the metallic properties of Al are likely to induce dendrite
formation during reversible plating and stripping of Al, and these dendrites may pierce the
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separator leading to battery failure [14]. In order to solve the above issues, the alloying of
Al with other metals is a promising strategy [15]. Some pieces of literatures reported that
Al-based alloy anodes can stabilize the aluminum/electrolyte interface to alleviate volume
changes during Al plating/striping [16–18]. Wang et al. reported an aluminum-ion battery
with an Al–Mg alloy anode. The aluminum-ion batteries delivered a long lifespan which
was longer than that with a pure Al anode [19]. Additionally, other Al-based intermetallic
compounds were also proposed to stabilize the Al/electrolyte interface, such as Al–Sn [20]
and Al–Mg–Sn [21]. However, most of the current research focuses on room-temperature
aluminum-ion batteries, and there is still no simple and effective way to suppress the
violent growth of Al dendrites under extreme or high-temperature conditions.

Herein, we demonstrate that metallic Al can be controllably deposited into the Zn
and Cu foils due to its definite, intrinsic solubility in Al. Moreover, it is found that the
nucleation overpotential of Al ions (Al3+) on zinc is the lowest. Based on this finding, we
construct a general method for inhibiting Al dendrite growth by the in situ electrochemical
deposition of Al on Zn foils to form a Zn@Al anode. The well-designed, Zn-coated Al
(Zn@Al) anode can easily guide the homogeneous nucleation and uniform growth of Al.
The Zn@Al–graphite battery delivers a high capacity of 80 mAh·g−1 and a high discharge
voltage of 1.8 V. This work opens up a new technical route for the practical application of
aluminum-ion batteries.

2. Materials and Methods

2.1. Material Selection

All chemicals and reagents were of analytical grade and were used without further
purification. Anhydrous aluminum chloride (AlCl3, 99.99%) and anhydrous sodium chlo-
ride (NaCl, 99%) and anhydrous potassium chloride (KCl, 99%) were purchased from
Aladdin and Macklin. AlCl3 was weighed with NaCl and KCl in a molar ratio of 5:2:1
and heated at 150 ◦C for 12 h under an inert gas atmosphere. When the three components
were completely melted into a liquid, they were quickly poured into the agate mortar and
ground to a fine powder in the glove box. Finally, the finely ground powder was sieved to
remove large particles.

2.2. Preparation of Cathode and Anode Material

The graphite cathode was prepared by mixing graphite (2000 mush, 99%, purchased
from Macklin) and polytetrafluoroethylene (PTFE) in a mass ratio of 9:1. The resulting
mixture of dry powder was dispersed with isopropyl alcohol and thoroughly ground
until the isopropyl alcohol was completely volatilized. This process was repeated three
times until the slurry formed a film. Finally, the obtained film was rolled to obtain a
fully compacted electrode. The final electrodes were dried in a vacuum oven at 60 ◦C for
12 h. The thickness of the graphite cathode was 50 µm, and the mass loading of a single
electrode was about 1.5 mg. The Zn-coated Al (Zn@Al) anode was fabricated by in situ
electrochemical deposition during cycling. Specifically, a thin, solid-solution alloy phase
preferentially deposited on the surface of the Zn substrate and then guided the parallel
growth of flake-like Al on the Zn substrate to form a Zn@Al anode.

2.3. Electrochemical Measurements

The symmetrical Al || Al cells, the Al || Zn cells and the Al || Cu cells were
assembled in a special battery case with an Ar atmosphere in the glove box using Al foil
(100 µm) as an anode and a glass fiber filter (Whatman, grade GF/D and GF/A) as the
separator. All electrochemical tests were performed in a 110 ◦C oven. For Al–graphite and
Zn@Al–graphite cells, Al foil and Zn foil were set as anodes, respectively, and graphite
was set as the cathode. Moreover, the above electrochemical tests were carried out through
the Neware CT4008-5V 50 mA-164 multichannel testing system. The above Al–graphite
full cell was electrochemically tested at various currents from 1 A·g−1 to 100 A·g−1. The
CV and electrochemical window were tested by an Autolab PGSTAT 302N and CHI 600e
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electrochemical workstation. The scanning rates of CV curves were 1, 2, 4, 6, 8 and 20 mV/s,
and the potential range was 0.6–2.3 V (vs. Al3+/Al).

2.4. Characterizations

XRD characterization was measured using a D8 Discover X-ray diffractometer (Karl-
sruhe, Germany) with a non-monochromatic Cu Kα X-ray source (λ = 1.5406 Å). Scanning
electron microscopy (SEM, JEOL, Japan) and energy dispersive spectrometer (EDS, JEOL,
Japan) images were collected using a JEOL-7100F microscope at an acceleration voltage of
15 kV. X-ray photoelectron spectroscopy (XPS) was carried out using an ESCALAB 250Xi
instrument (Thermo Fisher Scientific, Waltham, MA, USA).

3. Results

3.1. Dendrite Growth and Al Deposition on Various Substrates

In order to study the nucleation curve of Al3+ on different metal surfaces, Cu and
Zn foils were selected as substrates for the electrochemical deposition of Al3+ (Figure 1a).
The original metal foils were ground with sandpaper to remove the surface oxide layer
(Figure S1). The battery was constructed with a pure Zn foil, and the Al was deposited to
form Zn@Al in the setup. As shown in Figure 1b–d, Zn foils exhibited a lower overpotential
(2.4 mV) than Cu and Al foils (12 and 6.6 mV, respectively), suggesting that Al3+ is easier
to deposit on the Zn surface. As demonstrated in Figure 1e, there was uniform size and
distribution of the intensively deposited Al on the Zn substrates in the shapes of spheres
and ovals in the initial stage. When Cu foil was used as a substrate, a greater deposition
of Al was observed under the same deposition conditions (Figure 1f). On the contrary,
when Al foil was used as a substrate, non-uniform Al deposition was observed (Figure 1g).
The main reason is that the solubility of the Zn is higher than the Cu in Al. Even after
a 0.75 mA cm−2 deposition for 1 h, the flat and compact Al deposition on Zn foil was
observed without Al dendrites (Figure 1h). At the same time, the deposition of Al on
the surface of Cu foil was uneven, and a small number of Al dendrites was produced
(Figure 1i). The deposition on the surface of the Al foil was more uneven than on the Cu
foil, and a large number of Al dendrites were grown (Figure 1j). There were significant
differences in Al nucleation behaviors between Zn metal and Cu metal because of their
different solubility [22].

 

−

−

 

− −

−

Figure 1. (a) Schematic diagram of nucleation and growth of Al deposited on different metal
substrates. The nucleation curve of Al deposited on (b) metal Zn, (c) metal Cu and (d) metal Al.
Scanning electron microscopy (SEM) images of deposited Al on metal foils, including (e) Zn, (f) Cu
and (g) Al after depositing 0.1 mAh·cm−2 of Al. SEM images of deposited Al on (h) Zn, (i) Cu and
(j) Al after depositing 2 mAh·cm−2 of Al.
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3.2. Electrochemical Performance in Symmetrical Battery

Compared to traditional ionic liquid, molten salt eutectic electrolyte has the advantages
of fast diffusion kinetics, high conductivity and low cost [23]. NaCl–AlCl3–KCl was used
as a molten salt eutectic electrolyte. To explore the stability of different metal anodes,
symmetrical Al || Al cells with pure Al and asymmetric Zn || Al cells with pure Zn were
fabricated. The electrochemical behaviors of Al plating and stripping on Zn and pure Al
substrates were studied by comparing the voltage distribution in symmetrical cells. It is
worth mentioning that a solid-solution Zn@Al alloy layer was formed during the initial
stage of Al deposition [24]. As shown in Figure 2a, the battery using pure Al only ran for a
few cycles and suffered from large voltage polarization (>40 mV), and the voltage dropped
sharply in about 120 h. The main reason may be the uneven coating and peeling of Al
on the surface of the pure Al, causing a branch crystal to penetrate the battery separator,
resulting in a short circuit (Figure 2b). By contrast, the Zn@Al ||Al symmetrical battery
exhibited a smooth and stable voltage curve under the same test conditions, achieving a
long cycling life (300 h) without a short circuit. As can be seen from the enlarged figure, the
voltage polarization was <30 mV (Figure 2c). Under a higher current density (5 mA·cm−2)
and cycling capacity (5 mA·cm−2), the cell using pure Al substrate ran for only 60 h, and a
dramatic voltage change occurred; thus, the cell failed. The polarization voltage increased
from 0.1 V to 0.6 V in the above processes (Figure 2d,e). As shown in Figure 2f, the results
show that the cell ran steadily for 260 h, and the polarization potential was only 0.1 V, even
at a high current density of 5 mA cm−2. After 150 h, during symmetrical battery cycling,
loose structures with uneven Al chaotic clusters were observed on the pure Al substrate
(Figure 2g). The deposition of Al was non-uniform, and the Al metals were stacked together
to form dendritic crystals (Figure 2h). As shown in Figure 2i, the non-uniform electric field
distribution on the Al matrix led to the non-uniform nucleation and deposition of Al. With
the increase in cycle time, the non-uniform deposition of Al further developed into an Al
dendrite (the thickness of the dendrite was 14.8 µm) by a self-diffusion mechanism. On
the contrary, the Al coating on the Zn substrate was flat and uniform after cycling, and the
coating thickness was about 8 µm (Figure 2j–l). After a certain period of deposition, the
coexistence of Zn and Al elements in the deposition layer showed the formation of Zn@Al
alloy (Figure S2), and no dendrites were produced [25].
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Figure 2. (a–c) Electrochemical performances of symmetric batteries and corresponding partial
enlargement based on Zn and Al substrates at 1 mA·cm−2/1 mAh·cm−2. (d–f) Voltage pro-
files for symmetric cells and corresponding partial enlargement based on Zn and Al substrates
at 5 mA·cm−2/5 mAh·cm−2. (g–i) SEM images of Al plating on pure Al foil with a capacity of
1 mAh·cm−2 though the Al || Al cells. (j–l) SEM images of Al plating on Zn foil with a capacity of
1 mAh·cm−2 though the Al || Zn cells.

3.3. Electrochemical Performance in Al Full Cell

In order to further prove the stable performance of Zn@Al anodes, the Al full cell was
fabricated by commercial graphite cathode. The basic energy storage mechanism is shown
in Figure 3a. During the charging processes, AlCl4− ions were reversibly embedded in the
graphite. Moreover, during the discharging processes, Al3+ deposited on the surface of
the Zn@Al anode [26]. The CV curves-based Zn@Al and pure Al anode are compared in
Figure 3b. The polarization potential of Zn@Al was lower than the pure Al anode, which
was attributed to the rapid reaction kinetics of the solid-solution alloying of Zn with Al
(Figure S3). The specific capacity of the Zn@Al–graphite full cell reached 78 mAh·g−1 when
testing at the current density of 2 A·g−1. The capacity retention was as high as 99.0% after
160 cycles, with a high Coulombic efficiency of 98% (Figure 3c). Different metal foils were
used as the anode electrodes of the full cell. As expected, the Zn@Al–graphite full cell
exhibited a better cycling performance than the Al–graphite full cell (pure Al anode) at
a current density of 1 A·g−1 (Figures S4 and S5a). In contrast, the Al–graphite full cell
showed obvious attenuation and increasing polarization after 200 cycles (Figure S5b). As
shown in Figure 3d, the Zn@Al–graphite full cell had a flat charging platform of 1.8 V, and
the discharge platform appeared at around 1.35 V. The charge termination voltage of the
Zn@Al–graphite and Al–graphite full cell was 2.3 V, and the voltage of the Cu@Al–graphite
full cell was 1.2 V (Figure S6a,b). The advantages of such a full cell were further evidenced
by the attractive rate performance, realizing a high capacity of 63 mAh·g−1 of the Zn@Al–
graphite full cell at a high current density of 50 A·g−1. When returned to 1 A·g−1, the
discharge capacity could be completely recovered (80 mAh·g−1) (Figure 3e). The excellent
rate capability can be ascribed to the high ionic conductivity of the molten salt system
and the uniform coating and stripping of Al3+ on the surface of the Zn anode. On the
contrary, the rate performance of the Al–graphite full cell was poor (Figure S7a). In order
to reveal the reason for its poor rate performance, ex situ SEM tests were performed for the
Al anode after the Al–graphite full cell cycle, and the dendrites were also obvious observed
on the Al substrate surface (Figure S7b). As shown in Figure 3f, with the increasing current
density, the impulse discharge platform of the full cell gradually disappeared [27]. To
further demonstrate the advantages of Zn@Al anode, the full cell showed high capacity
retention of ~81% after 10,000 cycles at a high current density of 20 A·g−1. However,
the Al–graphite full cell experienced fast capacity decay and only worked for 2000 cycles
(Figure 3g). The main reason for the poor performance may be attributed to the fact that
the surface of the Al deposition on the pure Al anode was uneven. Al metal stacked
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together to form dendrite and pierced the battery separator, resulting in a short circuit. In
addition, the Cu@Al–graphite full cell only worked for 1000 cycles and exhibited a poor
rate performance (Figure S8).
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Figure 3. Electrochemical performances of Zn@Al–graphite and Al–graphite cells: (a) Working
diagram of full battery. (b) CV curves in full battery at a scan rate of 2 mV·s−1. (c) Cycling stability
(d) and charge/discharge curves of Zn@Al–graphite full battery at 2 A·g−1. (e) Rate performance and
(f) charge/discharge curves of Zn@Al–graphite cell at various currents from 1 A·g−1 to 100 A·g−1.
(g) Cycling stability in Zn@Al–graphite and Al–graphite cells at 20 A·g−1.

3.4. Investigation of Dendrite Growth Mechanism

As shown in Figure 4a, the schematic diagram of the coating and stripping of pure Al
foil and Zn foil show that the main ions and molecules in the molten salt electrolyte were
AlCl4−and AlCl7−. Furthermore, in the early stage of deposition, the electrolyte corroded
the surface of the Al matrix and caused pulverization [28]. It resulted in an uneven electric
field distribution, producing Cl2 and some by-products (Figure S9). When Al3+ were
diffused through the electrolyte and then reduced on the surface of the anode, an irregular
Al deposited layer was produced. As a result, only a part of the coated Al was stripped
into the electrolyte [29,30]. Therefore, the thickness of the bare Al was thinned, and a lot of
unstripped and heterogeneous Al accumulated many times to form Al dendrites during
the repeated deposition and stripping processes [31,32]. On the contrary, on the surface of
Zn, because of the high solubility of Zn in Al, Zn atoms dissolved into Al before producing
a pure Al phase during the deposition process, forming a solid-solution surface coating
layer which could be used as a buffer layer, effectively eliminating the nucleation barrier.
The atomic energy of the Al nucleated and grew evenly on the Zn matrix, forming a flat
deposition layer without the formation of Al dendrite.
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Figure 4. (a) Schematic illustration of Al plating/stripping in Al substrate and Zn substrate. (b,c) SEM
images of Al plating on Al foil with a capacity of 20 A·g−1 in the Al–graphite cells. (d,e) SEM images
of Al plating on Zn foil with a capacity of 20 A·g−1 in the Zn@Al–graphite cells. (f) XRD patterns of
Zn foil and Zn@Al. (g) Zn 2p XPS spectra of Zn foil and Zn@Al.

SEM characterized the surface morphology of the anode after plating and stripping. Af-
ter 2000 cycles, massive dendrites formed on the surface of the pure Al anode (Figure 4b,c).
The deposition of Al on the surface of the Cu anode was also heterogeneous due to the
low solid solubility (Figure S10). In contrast, the surface of the Zn anode showed a flat and
compact Al coating, and no Al dendrite was observed (Figure 4d,e). In order to further de-
termine the surface structure of the Zn anode, the XRD results showed only the diffraction
peak of Zn, without Al or Al2O3 phase, indicating that Zn was completely dissolved in
Al and formed an alloy (Figure 4f) [33–35]. Compared with pure Zn foil, the peak value
of Zn@Al shifted to a small angle due to the alloying effect. Through the distinct change
in the relative peak intensity, I (002)/I (100), the alloying of the Al and Zn substrates was
further proved [35]. As shown in Figure 4g, the presence of the metal state of Al and Zn
was explicitly verified, indicating a Zn@Al alloy. The XPS results showed that the Zn 2p
peaks of Zn@Al were slightly different from the Zn foil, and the electronic state of Zn in the
Zn@Al alloy changed due to the Al formation [36–38].

4. Conclusions

In conclusion, a new Zn@Al–graphite full cell configuration using a Zn@Al anode
combined with commercial graphite as the cathode in a low-cost molten salt electrolyte was
developed. During the Al deposition process, a thin, solid-solution alloy phase was first
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formed on the surface of the Zn and then guided the parallel growth of flake-like Al on the
Zn substrate. The well-designed Zn@Al anode achieved uniform Al plating/stripping and
effectively alleviated the corrosion and powdering of the negative electrode and inhibited
the growth of Al dendrite. The fabricated Zn@Al–graphite full cell exhibited a high specific
capacity of 80 mAh·g−1 and an ultra-long lifespan over 10,000 cycles at a high current
density of 20 A·g−1. This Zn@Al anode is expected to replace pure Al as an ideal anode
electrode for aluminum-ion batteries. This work opens a new technical route for the
practical application of aluminum-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12050661/s1, Figure S1: SEM images of (a) pure Al foils
and (b) pure Zn foils; Figure S2: SEM image and EDS energy spectrum of Zn@Al alloy; Figure S3:
CV curves of Zn@Al–graphite full cell at various scan rate from1 to 20 mV·s−1; Figure S4: Cycling
stability of different full cells at 1 A·g−1; Figure S5: (a) Cycling stability the Zn@Al–graphite full cell at
1 A·g−1. (b) Cycling stability in the Al–graphite full cell 1 A·g−1; Figure S6: (a) The charge/discharge
curves of graphite–Al full cells at 1 A·g−1. (b) The charge/discharge curves Cu@Al–graphite full cells
at 1 A·g−1; Figure S7: (a) Rate performance of Al-graphite full cell at various current form1 A·g−1 to
100 A·g−1. (b) SEM image of Al plating on Al foil after various currents from 1 A·g−1 to 100 A·g−1

though the Al–graphite full cell; Figure S8: Cycling stability of Cu@Al–graphite full cells at 20 A·g−1;
Figure S9: SEM images of aluminum anode at the initial stage of full cell operation; Figure S10: SEM
images of Al plating on Zn foil with a capacity of 20 A·g−1 through the Cu@Al–graphite full cells.
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Abstract: Electric spark and femtosecond-laser surface texture are very effective in antifriction sys-

tems, but there are few applications and studies in dry friction. In this study, a groove texture was

prepared on the surface of 0Cr17Ni7Al stainless steel via electric spark and femtosecond laser, respec-

tively. The tribological properties of the two groove textures under different collision frequencies

with the groove were studied under the condition of dry friction. The results show that the friction

coefficient of the groove texture prepared by EDM and femtosecond laser is lower than that of the

untextured surface. However, this does not mean that every groove-texture design will reduce wear

rate. In addition, the groove texture seems to produce different tribological properties under different

preparation methods. It is found that in the friction process of the same load, time and linear velocity,

different collision frequencies will affect the friction and wear properties of the surface.

Keywords: collision frequency; electric spark; femtosecond laser; groove texture; tribology

1. Introduction

As we all know, the friction and wear between the contact surfaces of mechanical parts
directly affect the reliability of the entire equipment or system. Friction and wear directly
cause huge economic losses every year. With the improvement of tribological characteristics
of mechanical systems, the surface-morphology design of mechanical support has become
a relatively weak link in the tribological design of the system. In recent years, based on the
lubrication and wear-reduction mechanism under different working conditions [1–3], bionic
surface texture has been proven to effectively improve the lubrication performance of the
friction pair surface and reduce friction and wear. It then becomes an effective lubrication
and wear-reduction method [4–6]. It breaks the traditional view that the smoother the
surface, the smaller the friction coefficient will be.

In addition, with the continuous development of the research on the influence of
texture on friction and wear properties, there are more and more texture-processing meth-
ods, such as machining technology [7], laser-processing technology [8], chemical-etching
technology [9], EDM technology [10], shot-peening technology [11], ultrasonic-machining
technology [12], electrochemical-machining technology [13,14], etc. It meets the processing
needs of different materials, different morphologies, complex textures and surface textures
of various friction pairs, as well as promotes the research of texture lubrication and wear
reduction. These method has made scholars’ research on bionics gradually become a
hot topic. Surface texture has been widely extended to the machinery industry, such as
bearings [15,16], seals [17], cutters [18,19], drill bits [20], cylinder liner piston rings [21], etc.
Texture has become an effective way to achieve high efficiency, miniaturization and high
reliability of mechanical equipment [22].
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Recent years, surface texture has become an effective means to improve the tribolog-
ical properties of friction pairs. Scholars continue to refine and deepen the research on
surface texture, and have conducted a lot of research in sliding direction [23], lubricating
oil [24,25], additives [26], fabric [27], hydrophobicity [28], increasing wear [29], corrosion
resistance [30] and drag reduction [31]. However, in practice, no matter how the surface
texture is prepared or what texture shape is used, friction and collision with the edge of
texture will generally occur between friction pairs in the process of sliding friction. This
kind of friction and collision is often ignored in previous studies. There are few studies on
the tribological characteristics of surface texture considering the collision frequency in the
friction process.

In this paper, the groove texture of 0Cr17Ni7Al material was prepared by EDM and
femtosecond-laser processing. The friction and wear experiments of groove texture were
carried out by MFT-5000 friction and wear tester. Under the experimental conditions of the
same load, time, linear velocity and different friction radius, combined with the collision
frequency of the sliding-friction process, the surface morphology, friction and wear state of
the samples were analyzed by three-dimensional white-light interferometer, based on the
scanning electron microscope (SEM) and energy-dispersive spectrometer (EDS). Surface
tribological properties of groove texture, untexture and two groove-texture preparation
methods are compared, in which the friction and wear mechanism is discussed and the
tribological properties of the groove-texture surface are studied.

2. Materials and Methods

2.1. Machining Electric Spark Plate

Electric-discharge machining (EDM) uses the electric corrosion phenomenon of posi-
tive and negative electrodes during pulse electric discharge to remove excess metal to meet
the machining requirements of surface texture [32]. Micro-EDM technology can be used
to reverse copy the array of microgroups with a small machining gap. At the same time,
because there is no mechanical cutting force between the electrode and the workpiece, it can
be added on rigid workpieces such as thin-wall and elastic parts to achieve high machining
accuracy. The electrodes used in this experiment were machined; that is, 30 annular arrays
with a size of 13.05 mm × 0.7 mm × 0.61 mm processed on the electrode’s raised cuboid (as
shown in Figure 1). Then, the prepared electrode was used to process the groove texture.
The sample of surface texture of electric spark was provided by Luoyang Bearing Research
Institute Co., Ltd. the specific parameters of electric-spark equipment are given in Table 1.
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Table 1. Specific parameters of electric-spark equipment.

Parameters Value Unit

Productivity 500 (max) mm3/min
Processing current 50A (max) nm

Machining dimension 600 × 400 mm
Total power 9 KVA

Electrode loss 0.1 (max) %
Surface roughness 0.1 µm

2.2. Processing Femtosecond-Laser Plate

Femtosecond-laser processing (FS) irradiates the laser beam onto the surface of the
workpiece. The laser beam interacts with the material. The material-removal mechanism is
the vaporization of the matrix material, with almost no heat-affected zone [33], to realize the
processes of cutting, welding, surface treatment, drilling and micromachining of materials
(including metal and nonmetal). Femtosecond-laser surface-texture samples were provided
by Shenzhen transcend laser Intelligent Equipment Co., Ltd. (Shenzhen, China). Table 2
shows the specific parameters of femtosecond-laser equipment.

Table 2. Specific parameters of femtosecond-laser equipment.

Parameters Value Unit

Pulse frequency 1–2000 KHz
Laser wavelength 1030 nm

Cutting format 700 × 600 mm
Cutting efficiency 800–7000 mm/s

Laser power 20 (max) W
Comprehensive accuracy ±30 µm

According to the above two preparation methods, surface grooves with width of
800 µm, depth of 150 µm, length of 12 mm and 30 grooves were processed, as shown in
Figures 2 and 3, respectively.
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2.3. Friction and Wear Test Material

The friction characteristics of micromechanical groove texture on 0Cr17Ni7Al surface
were experimentally studied using friction and wear testbed (MFT-5000). The testing
machine is shown in Figure 4, with the relevant parameters of the test piece shown in
Table 3.
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Table 3. Parameters of texture samples.

Test Piece Geometric Dimension Hardness Material Surface Roughness

Upper test ball Φ9.525 mm 64 HRC 9Cr18 0.014 µm
Lower test plate Φ50.8 mm × 6.35 mm 42 HRC 0Cr17Ni7Al 0.05 µm

The relative position of the friction pair in the friction and wear test is shown in
Figure 4. The experimental parameters are shown in Table 4.
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Table 4. Experimental conditions for rotation test.

Specimen Name
Test Radius

(mm)
Rotation Speed

(r/min)
Load
(N)

Time
(min)

Electric-spark texture
15 60 10 20
18 50 10 20

22.5 40 10 20

Femtosecond texture

15 60 10 20
18 50 10 20

22.5 40 10 20

Untexture

15 60 10 20
18 50 10 20

22.5 40 10 20

Three different test pieces were prepared and compared during the experiment:
smooth surface, electric-spark texture and femtosecond-laser texture. Before the test of each
sample, acetone was used for further ultrasonic cleaning for 5 min to wipe the surface of
the test piece. After the test, the wear morphology was detected by white-light interferome-
ter, scanning electron microscope and energy spectrum. The experimental situation was
analyzed combined with the change of friction coefficient.

2.4. Friction and Wear Calculation

The specific experimental parameters are listed in Table 4. The white-light interferome-
ter is used to detect the cross-sectional profile of the wear mark; the wear area is calculated
by integrating the cross-sectional profile; and the wear volume is obtained by multiplying
the friction step and wear area:

W =

V

F × S

where W is the wear rate, 10−4 mm3/N·mm; V is the wear volume, mm3; F is the normal
load, N; S is the running distance, mm. In this study, the error is reduced by the average
value of the wear rate of three parallel tests.

3. Results and Discussion

3.1. Friction Coefficient and Wear Rate

It can be seen from Figure 5 that the textured surface can quickly enter the stable
wear stage under the same friction conditions. Most of them enter the stable wear stage
at 200 s. The groove texture mostly enters the stable wear stage at 200 s. After reaching
the stable wear stage, the groove texture can be stabilized in a small variation range. It
does not change greatly with the increase in friction time. The friction-coefficient curve of
the electric-spark texture decreases with the increase in friction radius. When the radii are
18 mm and 22.5 mm, the friction coefficient is relatively stable in the stable wear stage. The
friction coefficient of the femtosecond-laser texture first decreases and then increases with
the increase in friction radius. The friction coefficient is relatively stable at the radius of
15 mm and 18 mm. It can be seen that the selection of different processing methods and
processing principles needs further consideration when using surface texture to reduce
friction. With the progress of friction, the untextured surface is difficult or takes a longer
time to enter the stable wear. Regardless of the friction radius, the friction increases with
the friction time. At least in the friction process of 1200 s, the friction coefficient increases
gradually, and the friction is further intensified.
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The reason why the friction coefficient of the groove texture is lower than that of
the untextured surface may be due to the following three aspects: Firstly, this may be
caused by the wear debris on the surface of the groove texture being taken away with
friction and captured and stored by the groove texture during the friction process, which
reduces the further aggravation of wear particles; Secondly, the ball collides with the
groove continuously to result in friction-pair vibration, which makes the wear debris roll
and reduces the friction; Thirdly, the existence of texture grooves can reduce the contact area
and contact time of the friction pair in the friction process, reduce the increase of friction
heat, achieve the effect of heat dissipation, and slow down the formation of oxidative wear
and fretting wear. Under the same test conditions, the friction coefficient of the untextured
surface increases gradually with the progress of the friction experiment. The main reason
is that the wear debris generated in the friction process cannot be discharged in time
and also forms three-body wear on the surface of the friction pair, which increases the
heat generated by friction and aggravates the wear. Under the same preparation method,
the variation of texture friction coefficient with different friction radius may be related
to the collision frequency of texture in the friction process. Under different preparation
methods, the different variation of texture friction coefficient with friction radius may be
related to the influence of different preparation methods on the performance parameters of
surface texture.

It can be seen from Figure 6 that the impact frequency has different effects on the
groove texture of different preparation methods. The average friction coefficient of the
spark texture decreases with the decrease in collision frequency, while the femtosecond
texture decreases first and then increases. However, the law of untextured surface is not
obvious. It can be seen from Tables 5 and 6 that when the friction radius is 22.5 mm and
the collision frequency is 24,000 times, the average friction coefficient of the EDM texture
is the minimum C = 0.6755. Under the conditions of 15, 18 and 22.5 mm rotation radius,
the friction coefficient of the surface modified by electric spark and femtosecond groove
texture is less than that of the untextured surface, indicating that the surface texture has
good antifriction performance.

As shown in Table 6, under the same sliding linear speed, time and load conditions,
the frequency of collision between the upper specimen and the surface groove of the lower
specimen is different in the process of friction.

Table 5. Average friction coefficient and wear rate of different samples.

Specimen Name Rotation Radius (mm) Average Friction Coefficient
Wear Rate

(10−4 mm3/N·mm)

Electric-spark texture

15 0.7686 5.926

18 0.7149 4.266

22.5 0.6755 3.662
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Table 5. Cont.

Specimen Name Rotation Radius (mm) Average Friction Coefficient
Wear Rate

(10−4 mm3/N·mm)

Femtosecond texture

15 0.7883 6.82

18 0.7386 5.031

22.5 0.8177 3.73

Untexture

15 0.8949 5.219

18 0.8696 6.352

22.5 0.8672 5.14

For the wear rate in Figure 7, with the increase in friction radius and the decrease in
collision frequency, the electric spark texture and femtosecond texture show a downward
trend. When the friction radius is 22.5 mm and the number of collisions is 24,000, the
texture wear rate of EDM is the lowest W = 3.662 × 10−4 mm3/N·mm. The wear rate of
femtosecond texture reaches the maximum when the radius is 15 mm and the collision
frequency is 36,000 times W = 6.820 × 10−4 mm3/N·mm.

It can be seen that not all textures of friction radius are more wear-resistant than
untextured surfaces. The regularity of the untextured surface is not strong, and it is difficult
to predict and judge. The use of friction texture in engineering can not only reduce the
wear effect, but also lead to the unreasonable use of friction texture in practice.

Table 6. Collision parameters with different radius of rotation.

Rotation Radius
(mm)

Time Speed Number of
Grooves per Turn

Total Number of
Friction Turns

Total Times of Friction
and Collision(min) (r/min)

15 20 60 30 1200 36,000

18 20 50 30 1000 30,000

22.5 20 40 30 800 24,000
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3.2. Worn-Morphology Analysis

After the friction experiment, the flaked convex part formed on the surface of the
friction pair is called the hard-phase peak [34]. The hard phase peak may be the migration
of wear debris under the combined action of load and sliding speed during the friction
process. Heat is generated rapidly during friction, and it is cooled rapidly during friction
pair collision. Under this repeated action, it is formed by gluing and “cold welding”, which
is similar to cold-work hardening. According to the position of hard-phase peak, it can be
divided into wear-mark hard-phase peak and wear-mark-edge hard-phase peak.

The hard-phase peak at the edge of the wear mark helps to form a supporting effect
on the surface of the friction pair, which could protect the surface from further wear. The
hard-phase peak of the wear mark will further aggravate the wear groove effect and even
play an important role in the evolution from abrasive wear to adhesive wear.

It can be seen from the three-dimensional wear-trace morphology and wear-trace
depth curve in Figure 8 that the hard-phase peak of the untextured surface is basically
the hard-phase peak of wear trace under different friction radius. The textured surface is
mostly the hard-phase peak at the edge of the wear mark, which is mainly due to the fact
that the wear debris on the untextured surface cannot be discharged during the friction
process. With the migration of friction, the cemented hard-phase peak is formed at the edge
of the wear mark and the wear mark. Most of the wear debris is located in the middle of
the wear mark, which is caused by the hard-phase peak of the wear mark being greater
than the edge hard-phase peak. During the friction process of the textured surface, the
wear debris in the middle of the wear mark, especially the large volume of wear debris,
falls into the groove, which greatly reduces the wear debris at the wear mark. The wear
debris at the edge of the wear mark failed to migrate far with the friction and was not
well-captured by the texture. It remained at the edge of the wear mark and formed the
edge hard-phase peak.

The shape of the wear-mark depth curve is concave. The smoother the curve is, the
more fully the friction pair is run in. The longer the time to enter the stable stage, combined
with the compound effect of the edge hard-phase peak, will help to achieve the optimal
antifriction effect. However, the concave part of the wear-mark depth curve is disordered
and irregular. The hard-phase peak of the wear mark is convex. The edge hard-phase peak
is connected with the hard-phase peak of the wear mark. All these phenomena indicate
that the friction is intensifying. It showed that when there are both wear-mark hard-phase
peaks and edge hard-phase peaks, the reverse effect of the wear-mark hard-phase peak is
much greater than the positive effect of the edge hard-phase peak.
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Figure 8. Morphology and depth of wear marks of different samples: (a,d) untexture rotation radius 
15 mm; (g,j) untextured rotation radius 18 mm; (m,p) untextured rotation radius 22.5 mm; (b,e) 
electric-spark texture rotation radius 15 mm; (h,k) electric-spark texture rotation radius 18 mm; (n,q) 
electric-spark texture rotation radius 22.5 mm; (c,f) femtosecond texture rotation radius 15 mm; (i,l) 
femtosecond texture rotation radius 18 mm; (o,r) femtosecond texture rotation radius 22.5 mm. 
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As shown in Figure 9a–f, a large number of surface spalling has occurred on the un-

textured surface under any rotation radius. Moreover, there is less wear debris on the 
surface. However, there are large glued flakes, which are mainly concentrated in the wear-
scar area. This is because at the initial stage of wear, abrasive wear is the main form. The 
wear debris generated by abrasive wear may accumulate and glue together due to the 
concentrated heat generated at the moment of friction, which will form the hard-phase 
peak of the wear mark. As mentioned earlier, the hard-phase peak of the wear mark ex-
acerbates further wear. This is also the main reason why the friction coefficient of untex-
tured samples increases gradually and it is difficult to enter stable wear. Under the same 
test parameters, the wear of the untextured surface is basically the same, which is not 
affected by the rotation radius. 
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radius 15 mm; (g,j) untextured rotation radius 18 mm; (m,p) untextured rotation radius 22.5 mm;
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3.3. Scanning Electron Microscope Analysis of the Worn Surface

As shown in Figure 9a–f, a large number of surface spalling has occurred on the
untextured surface under any rotation radius. Moreover, there is less wear debris on
the surface. However, there are large glued flakes, which are mainly concentrated in the
wear-scar area. This is because at the initial stage of wear, abrasive wear is the main
form. The wear debris generated by abrasive wear may accumulate and glue together
due to the concentrated heat generated at the moment of friction, which will form the
hard-phase peak of the wear mark. As mentioned earlier, the hard-phase peak of the wear
mark exacerbates further wear. This is also the main reason why the friction coefficient of
untextured samples increases gradually and it is difficult to enter stable wear. Under the
same test parameters, the wear of the untextured surface is basically the same, which is not
affected by the rotation radius.
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surface of the ball, and the wear particles accumulate at the edge of the wear mark along 
the sliding direction. Moreover, there are several obvious plows in Figure 10e. After the 
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According to the SEM of the ball surface from Figure 10a–i, it can be seen that the
wear mark of the ball is round. There are some large particle bulges on the wear-mark
surface of the ball, and the wear particles accumulate at the edge of the wear mark along
the sliding direction. Moreover, there are several obvious plows in Figure 10e. After the
end of friction, these raised abrasive particles and plows can still exist, indicating that these
raised abrasive particles have great hardness. It can be inferred that during the friction
process, the bulges and plows accumulated by abrasive particles will cut the untextured
surface like a sharp edge. Combined with Figure 9, it can be found that the wear marks
on both the concave and convex surface of the friction pair are relatively consistent, which
further confirms our inference.
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Figure 10. SEM images of the untextured worn balls: (a–c) rotation radius 15 mm; (d–f) rotation

radius 18 mm; and (g–i) rotation radius 22.5 mm.

As can be seen from Figure 11a,b, there are many fine-wear debris on the surface of
the electric-spark texture. However, no flake cement is found and no hard-phase peak is
formed. It shows that the EDM texture is in the stage of abrasive wear. It can be seen from
Figure 11c,d that the surface of the EDM texture is still mainly in the form of abrasive wear,
with traces of adhesive wear and a few hard-phase peaks of wear marks, but the size is very
small and has no obvious impact on wear. As shown in Figure 11e,f, there are both wear
debris and flake cement on the surface of the EDM texture. This shows that the surface is
in the common development stage of abrasive wear and adhesive wear. The hard-phase
peak and edge hard-phase peak of the wear mark are formed at the same time, but the
size and number of the edge hard-phase peaks are obviously greater. As mentioned earlier,
when two kinds of hard-phase peaks exist at the same time, the positive effect of the edge
hard-phase peak is much greater than the reverse effect of the wear-mark hard-phase peak.
Thus, the total fusion effect is to reduce friction. It can be judged from Table 6 that with
the increase in rotation radius, the collision frequency between ball and groove gradually
decreases. The lower the wear rate of the EDM-textured surface, the more obvious the
antifriction effect is.
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Figure 11. SEM images of the electric-spark-textured worn plates: (a,b) Rotation radius 15 mm; (c,d) 
Rotation radius 18 mm; and (e,f) Rotation radius 22.5 mm. 

According to the SEM of the ball surface from Figure 12a–i, it can be seen that the 
wear mark of the ball is quadrilateral. The main reason is that during the wear process, 
the ball collides with the groove and the edge of the groove is equivalent to a sharp edge, 
which cuts the wear mark of the ball into a straight line and then becomes a quadrilateral. 
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(c,d) Rotation radius 18 mm; and (e,f) Rotation radius 22.5 mm.

According to the SEM of the ball surface from Figure 12a–i, it can be seen that the
wear mark of the ball is quadrilateral. The main reason is that during the wear process,
the ball collides with the groove and the edge of the groove is equivalent to a sharp edge,
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which cuts the wear mark of the ball into a straight line and then becomes a quadrilateral.
Figure 12a,d,g shows that the wear marks appear like waves along the sliding direction one
by one. This may be because the ball will encounter 30 collisions with the groove texture
for each revolution during the friction process. Under the combined action of pressure,
speed in the moving direction and friction heat, the wear debris is impact-glued on the
wear-mark surface of the ball. In the friction process, such layered waves will achieve the
same effect as windsurfing on the sea, which is conducive to reducing the resistance on the
surface of the friction pair and alleviating the increasing wear.
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Figure 12. SEM images of the electric-spark-textured worn balls: (a–c) rotation radius 15 mm;

(d–f) rotation radius 18 mm; and (g–i) rotation radius 22.5 mm.

As can be seen from Figure 13a–f, there are both wear debris and flake cement on the
surface of the femtosecond texture, indicating that the surface of the femtosecond texture is
in the common development stage of abrasive wear and adhesive wear. The lamellar glues
(hard-phase peaks) are distributed from the edge of the wear mark to the wear-mark area.
It can be seen from Figure 13a,b that the size and number of wear-mark hard-phase peaks
on the femtosecond texture surface are larger than those on the edge. The two hard-phase
peaks are separated from each other, with a long distance and no interaction. At this time,
the hard-phase peak of the wear mark plays a decisive role and the wear is intensified.
From Figure 13c,d, it can be seen that the hard-phase peak of the wear mark is close to the
edge hard-phase peak, which affects each other and roughly offsets the effect. As shown in
Figure 13e,f, two kinds of hard-phase peaks have formed a corridor of hard-phase peaks,
which interact with each other. The edge hard-phase peak has greater advantages. At this
time, the antifriction effect is the main effect.
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According to the SEM of the ball surface from Figure 14a–i, it can be seen that the 
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Figure 13. SEM images of the femtosecond-textured worn plates: (a,b) Rotation radius 15 mm;

(c,d) Rotation radius 18 mm; and (e,f) Rotation radius 22.5 mm.

According to the SEM of the ball surface from Figure 14a–i, it can be seen that the
wear mark of the ball is quadrilateral. The main reason is that during the wear process,
the ball collides with the groove and the edge of the groove is equivalent to a sharp edge,
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which cuts the wear mark of the ball into a straight line and then becomes a quadrilateral.
Figure 14a,d,g shows that the wear marks appear like waves along the sliding direction one
by one. This may be because during the friction process, the ball will encounter 30 collisions
with the groove texture for each revolution. As mentioned earlier, under the joint action
of pressure, speed in the direction of motion and friction heat, the wear debris is impact-
glued on the wear-mark surface of the ball. In the friction process, such layered waves
will achieve the same effect as windsurfing on the sea, which is conducive to reducing
resistance between friction pairs and alleviating the increasing wear. It can be found in
Figure 14d that there are abrasive bulges in the ball-milling marks. In the process of friction,
it will have a certain impact on the femtosecond texture. However, this bulge is flaked and
has little impact.

Coatings 2022, 12, x FOR PEER REVIEW 15 of 20 
 

 

Figure 14a,d,g shows that the wear marks appear like waves along the sliding direction 
one by one. This may be because during the friction process, the ball will encounter 30 
collisions with the groove texture for each revolution. As mentioned earlier, under the 
joint action of pressure, speed in the direction of motion and friction heat, the wear debris 
is impact-glued on the wear-mark surface of the ball. In the friction process, such layered 
waves will achieve the same effect as windsurfing on the sea, which is conducive to re-
ducing resistance between friction pairs and alleviating the increasing wear. It can be 
found in Figure 14d that there are abrasive bulges in the ball-milling marks. In the process 
of friction, it will have a certain impact on the femtosecond texture. However, this bulge 
is flaked and has little impact. 

   

   

   

Figure 14. SEM images of the femtosecond-textured worn balls: (a–c) rotation radius 15 mm; (d–f) 
rotation radius 18 mm; and (g–i) rotation radius 22.5 mm. 

From Figure 15a–l, it can be found that the bottom of the groove with electric-spark 
texture presents the wavy corrosion layer left after electrode discharge. The remelting 
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grooves all play good roles in capturing and storing wear debris. As shown in Figure 
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(d–f) rotation radius 18 mm; and (g–i) rotation radius 22.5 mm.

From Figure 15a–l, it can be found that the bottom of the groove with electric-spark
texture presents the wavy corrosion layer left after electrode discharge. The remelting
layer left after femtosecond-laser processing is granular. The groove hardness of both EDM
texture and femtosecond texture is higher than that of the original material. The grooves
all play good roles in capturing and storing wear debris. As shown in Figure 15a,c,e,g,i,k,
there are obvious marks of collision and cutting between the ball and the groove at the
edge of the groove, which further confirms our judgment that the quadrilateral wear mark
of the groove-texture ball is due to the ball being cut by the edge of the groove.
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lower pairs of grinding parts is very similar. Only the content Ni and Al of 0Cr17Ni7Al is 
higher than that of 9Cr18, so it can be used as a key element. From the energy spectrum 
of all groups of experiments, the content of the energy-spectrum elements of each surface-
modification method under different friction radii is almost the same. Thus, the energy 
spectrum with radius 15 mm is taken for analysis. 
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According to the energy spectrum in Figure 16a–f, it can be seen that O element is 
produced in all energy spectra, which proves that there is also oxidation-corrosion wear 
in the process of friction besides abrasive wear and adhesive wear that are caused by the 
action of friction heat and air. It can be seen that there are many kinds of wear forms in 

Figure 15. SEM images of the groove-textured worn plates: (a,b) electric-spark texture rotation radius

15 mm; (e,f) electric-spark texture rotation radius 18 mm; (i,j) electric-spark texture rotation radius

22.5 mm; (c,d) femtosecond texture rotation radius 15 mm; (g,h) femtosecond texture rotation radius

18 mm; (k,l) femtosecond texture rotation radius 22.5 mm.

3.4. Energy-Spectrum Analysis of Worn Surface

It can be seen from Table 7 that the chemical composition content of the upper and
lower pairs of grinding parts is very similar. Only the content Ni and Al of 0Cr17Ni7Al is
higher than that of 9Cr18, so it can be used as a key element. From the energy spectrum
of all groups of experiments, the content of the energy-spectrum elements of each surface-
modification method under different friction radii is almost the same. Thus, the energy
spectrum with radius 15 mm is taken for analysis.

Table 7. Chemical composition and mass fraction of friction pair.

Specimen Name Material C Si Mn P S Ni Cr Al

Plate 0Cr17Ni7Al 0.09 1.0 1.0 0.04 0.03 6.5~7.75 16~18 0.75~1.5
Ball 9Cr18 0.9~1.0 0.8 0.8 0.04 0.03 0.06 17~19 -

According to the energy spectrum in Figure 16a–f, it can be seen that O element is
produced in all energy spectra, which proves that there is also oxidation-corrosion wear
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in the process of friction besides abrasive wear and adhesive wear that are caused by the
action of friction heat and air. It can be seen that there are many kinds of wear forms in the
process of this experiment. Comparing the energy spectra of the untextured plate and ball
in Figure 16a,b, it is not easy to judge whether the material of the ball has transferred to the
disk, but it can be seen from the energy spectrum of the ball that the material of the plate
has not transferred to the ball. In Figure 16c,e, no elements of 9Cr18 material were found
on the disk surface. It is hard to judge whether the material of the ball has transferred to
the plate. However, in Figure 16d,f, in the energy spectrum of the ball, we can see that
there is Al element, and the mass fraction of Ni element increases significantly. It can be
boldly inferred that the material of the plate with spark texture and femtosecond texture
is transferred to the ball. It further confirms our judgment that the wear debris produced
by friction is under the joint action of load, sliding friction speed, collision, vibration and
friction heat. One part is captured by the groove; another is glued and transferred to the
surface of the ball specimen to form corrugated wear marks, which could protect the lower
specimen and reduce friction.
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Figure 16. Comparison of EDS spectra of samples used at the rotation radius of 15 mm in the

experiment: (a) untextured plate; (b) untextured ball; (c) electric-spark-textured plate; (d) electric-

spark-textured ball; (e) femtosecond-textured plate; (f) femtosecond-textured ball.
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4. Conclusions

This paper mainly studies the influence mechanism of different groove-collision
frequencies on the friction and wear properties of EDM groove texture and femtosecond
groove texture on the surface of 0Cr17Ni7Al stainless steel. Some of the main results can be
summarized as follows:

(1) The groove texture can be prepared by electric spark and femtosecond laser. The
largest friction coefficient of the electric-spark texture and femtosecond texture in the
three rotating radii of 15, 18 and 22.5 mm is the friction coefficient of the femtosecond
texture at the rotating radius of 22.5 mm C = 0.8177. The untextured surface has the
lowest friction coefficient C = 0.8672. It can be seen that the friction coefficient of both
the spark texture and femtosecond texture is significantly lower than that of the untex-
tured surface. However, for the wear rate, not all groove textures are lower than the
untextured surface. The wear rate of the femtosecond texture at the rotation radius of
15 mm reached W = 6.820 × 10−4 mm3/N·mm which is higher than that under all rotation
radii without texture. In addition, the friction coefficient of EDM texture at the rotation
radius of 22.5 mm is the lowest C = 0.6755. Meanwhile, the wear rate is also the lowest
W = 3.662 × 10−4 mm3/N·mm. The best effect of friction reduction and wear resistance
is achieved. Therefore, the choice of preparation method of groove texture is often very
important.

(2) In the process of friction, the collision between the ball and groove texture plays
a great role. The wear debris changes from sliding friction to rolling friction in order to
reduce friction. On one hand, it is conducive to the capture and storage of wear particles by
groove texture. On the other hand, the wear debris is moved to the edge of the wear mark,
which is more conducive to the formation of the edge hard-phase peak while reducing the
formation of the hard-phase peak of the wear mark. The edge hard-phase peak forms a
support on the surface of the friction pair to protect the wear-mark area and reduce the
wear degree.

(3) The influence of collision frequency on spark texture and femtosecond texture are
different. In the experiment, with the increase in rotation radius, the collision frequency
decreases from 36,000 to 30,000 to 24,000. The electric-spark texture also shows more
and more excellent friction reduction and wear resistance with the decrease in collision
frequency. The wear resistance of the femtosecond texture improves with the decrease in
collision frequency. However, the friction-reducing performance of the femtosecond texture
decreases at the beginning and then increases. It can be seen that for the groove texture,
reasonable collision frequency performs better, and not more collision frequency.

(4) It can be seen from the oxygen-element content of the ball in the energy spectrum
that there is also oxidative-corrosion wear in the friction process, except abrasive wear and
adhesive wear. Al element is added to the energy spectrum of the spherical surface with
spark texture and femtosecond texture. The mass content of Ni reached 3.99% and 3.43%,
respectively. This is significantly higher than the mass content of the original Ni element
on the surface of the ball by 0.06%. The ball collided with the groove texture to transfer and
glue wear debris to the surface of the ball-mill mark through the joint action of pressure,
rotating speed and friction heat. In this way, a wavy antifriction area was formed, which
plays the role of reducing resistance and antifriction.
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Abstract: The urgent demand for pollution protection of monuments and buildings forced the interest
towards specific preservation methods, such as the application of photocatalytic coatings with self-
cleaning and protective activity. TiO2 photocatalysts without and with a variety of carbon dots loading
(TC0, TC25–75) were synthesized via a green, simple, low cost and large-scale hydrothermal method
using citric acid, hydroxylamine and titanium isopropoxide (TTIP) and resulted in uniform anatase
phase structures. In photocatalysis experiments, TC25 and TC50 composites with 1:3 and 1:1 mass
ratio of C-dots solution to TTIP, respectively, showed the best degradation efficiency for methyl orange
(MO) under UV-A light, simulated solar light and sunlight compared to TiO2, commercial Au/TiO2

(TAu) and catalysts with higher C-dot loading (TC62.5 and TC75). Treatment of cement mortars
with a mixture of photocatalyst and a consolidant (FX-C) provided self-cleaning activity under UV-A
and visible light. This study produced a variety of new, durable, heavy metal-free C-dots/TiO2

photocatalysts that operate well under outdoor weather conditions, evidencing the C-dot dosage-
dependent performance. For the building protection against pollution, nanostructured photocatalytic
films were proposed with consolidation and self-cleaning ability under solar irradiation, deriving
from combined protective silica-based agents and TiO2 photocatalysts free or with low C-dot content.

Keywords: self-cleaning; TiO2/Cdots; protective films; cultural heritage conservation; photocatalysts;
sunlight irradiation

1. Introduction

Air pollution, the fourth greatest fatal health risk so far, is accounting for serious
danger to human health, causing millions of premature deaths annually [1]. There is a
demanding need to combat climate change as far as the global population grows; thus,
highly efficient technologies can serve as the key to improving air quality and protecting the
environment [2,3]. Moreover, air pollution and climate change cause physical and aesthetic
damage to buildings and cultural heritage constructions, accelerating the decay process [4].
For the protective treatment of several types of building substrates, advanced coatings with
self-cleaning ability have been developed throughout the years [5]. The main advantage of
photocatalytic air and wastewater purification is that chemicals or external energy input
are not requisite, except for ambient light or sunlight, which is not costly. Despite the strong
effort for the development of various novel active materials, titanium dioxide (TiO2) is by
far the most promising and widely employed technology in photocatalysis among them [6].

TiO2 was introduced in the field of photocatalysis in 1972 [7], and since then, it has
become the most investigated compound for air purification due to its excellent physico-
chemical stability and oxidation properties, as well as cost-effectiveness, high availability
and eco-friendliness [8]. Photoinduced processes begin with the absorption of electromag-
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netic radiation (UV-light) by TiO2, which cause an electron to be promoted from the valence
band (VB) to the conduction band (CB), leaving a positively charged hole in the VB [9]:

TiO2 + hv → e−CB + h+
VB (1)

introducing the energy gap (Eg), one of the most useful characteristics in semiconductor
field (Equation (1)). Afterward, electron and hole separately may take part in reduction
and oxidation reactions, respectively, with species such as H2O, O2 and OH− adsorbed on
the TiO2 surface. These species can be oxidized to OH radical or reduced to O2•, which can
react with the pollutant, leading to decomposition of the latter. Since the ideal photocatalyst
offers a combination of low Eg and efficient charge separation, TiO2, when solely used, has
limited performance in outdoor conditions. TiO2 appears in three crystalline phases: rutile
and anatase are both tetragonal, and brookite is orthorhombic [10]. Although anatase has a
larger bandgap (3.2 eV) compared to rutile and brookite (3.0 eV), its photocatalytic activity
is apparently superior to that of rutile, while synthesis of pure brookite is a demanding
challenge. Most research is focused on anatase due to the high surface adsorption capacity
and the indirect bandgap, which leads to a much longer lifetime of photogenerated holes
and electrons compared to the larger grain size and direct bandgap of rutile [11]. Even
in the form of anatase, the bandgap of TiO2 can be approached by UV light irradiation
(λ ≤ 380 nm, 5% of sunlight), but the low photoenergy of visible light is not sufficient for
the excitation of electrons. Thus, in order to increase the photocatalytic activity and take
advantage of solar light, modified TiO2 photocatalysts, such as TiO2 loaded with Carbon
Dots (TiO2/C-dots, TC), is necessary.

C-dots, byproducts of carbon nanotubes purification accidentally isolated in 2004 [12],
have attracted intense attention in photocatalytic applications due to their low toxicity,
good photostability, small size and low synthetic cost even on a large scale [13]. Moreover,
their strong and tunable photoluminescence enables their application in biomedicine,
optoelectronic devices and biosensing [14]. A typical C-dot is a small carbon nanoparticle
functionalized on its surface by organic molecules, typically acids or amines, using various
chemical reactions. This functionalization plays an important role in the characteristic
properties of C-dots due to the defects of the organic groups on the surface of each C-dot,
which can cause efficient charge separation, leading to radiative recombination of holes
and electrons with subsequent fluorescence emission [15].

There are several reports regarding the synthesis of C-dots, or nitrogen-doped C-dots,
and TiO2 nanocomposites with applications in the photocatalytic degradation of organic
dyes [16–25]. The synthetic process of these methodologies required either prolonged
heating time for C-dots preparation [16,17] or calcination at 400–500 ◦C [18,19] and even
at 700 ◦C [20] in the TiO2/C-dots’ step of the synthesis. In another study, a one-step
solvothermal route was proposed, showing remarkable photocatalytic degradation of
methylene blue (MB) under UV light [21]. However, for the successful degradation of
methyl orange (MO) and Rhodamine B (RB) under UV, calcination of catalyst at 400 ◦C was
inevitable. Other studies used specialized equipment, such as high-pressure Teflon-lined
sealed autoclave containers [22,23] or a combination with spin coating method [24] for
the controlled synthesis of C-dots, making large-scale production prohibitive. Finally, in
all cases, the cycling performance of the synthesized photocatalysts exhibited moderate
degradation (≤70% after six cycles) [23,25].

Recently, we developed an efficient, simple and low-cost method for the synthesis
of pure TiO2 and TiO2/C-dots and studied comparatively into the photodegradation of
MO under UV-A and visible light, with promising results [26]. MO was used as a model
compound because it is a common, highly toxic dye that exhibits good photostability upon
light irradiation under different conditions [27] and resistance to complete biodegradation.
In this study, using a similar methodology, five TiO2-based compounds were synthesized
containing different C-dot loading, namely TC0, TC25, TC50, TC62.5 and TC75, and
analyzed by several techniques, such as X-Ray diffraction (XRD), scanning and transmission
electron microscopies (SEM, TEM) and UV-Vis/near-IR diffuse reflectance. These TiO2/C-
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dots nanocomposites were used as model photocatalysts to investigate the effect of the
C-dot content in photocatalytic degradation of MO under UV-A and visible light, but also
direct sunlight radiation, showing remarkable results compared to pure TiO2 (TC0), as well
as commercially available Au/TiO2 (TAu) and this is the first innovative result of this study.
The most suitable photocatalysts were found to be TC25 and TC50, evidencing that this
range of C-dot loading is superior for the decomposition of organic pollutants, another
interesting finding that correlates Cdots amount and efficiency. Another innovation of this
study, apart from the rapid and excellent photocatalytic activity of these catalysts under
solar light irradiation, is the almost eternal nature, as they can be recycled and reused up to
ten times without losing their catalytic ability (~90% degradation after 3 h of irradiation
into the 10th cycle, >99% after 6 h).

Furthermore, based on the tetraethoxysilane (TEOS) effectiveness as a strengthen-
ing agent for Portland cement mortars [28], we synthesized an advanced hydrophobic
consolidant, designated as FX-C, using a sol–gel process that combines TEOS, PDMS
and nano-calcium oxalate (nano-CaOx) for the preservation of cultural heritage [29,30].
It was found that silicon in TEOS/PDMS copolymer can form strong Si–O bonds with
hydroxyl groups of the material for preservation [31]. It is well-established that among
other useful properties of TiO2-based catalysts [32–34], coating application of nano-TiO2
or SiO2@TiO2 [35–38] in mortars provides restoration and self-cleaning ability in building
materials [39–41], while TEOS-PDMS-TiO2 hybrid nanomaterials in limestone and marbles
enhance these properties [42,43]. Our previous work that studied the self-cleaning ability
of the composite coating FX-C with TiO2/C-dots in concrete, limestones and lime mortars
showed a moderate photocatalytic activity of this protective agent under visible light irra-
diation [26]. The fourth innovative result of this work refers to the accomplishment of a
self-cleaning coating of FX-C and TC0–TC25 activated under visible light irradiation, ready
to be applied onto cementitious mortars.

2. Materials and Methods

2.1. Materials

The citric acid (monohydrate, ≥99%) and hydroxylamine hydrochloride (99%) were
employed from Sigma-Aldrich (St. Louis, MI, USA) as C-dots precursors and used as
received. Titanium (IV) isopropoxide (TTIP, ≥97%) and hydrochloric acid (~37%) were
purchased from Sigma-Aldrich (St Louis, MI, USA) and used as received for the synthesis of
TC0–75 powders. Methyl Orange (for microscopy, Hist.) was obtained from Sigma Aldrich
(St Louis, MI, USA) and utilized as the model compound for the degradation of organic
pollutants. Gold 1% on titanium dioxide extrudates was employed from Strem Chemicals
(Newburyport, MA, USA) and used as received. Commercially available solvents were
used as received without further purification.

2.2. Analytical Techniques

High-resolution TEM micrographs of C-dots and TC0–75 were obtained using a JEM-
2100 transmission electron microscope and a JEM-100C microscope (JEOL Ltd., Tokyo,
Japan), operating at an accelerating voltage of 200 kV and 80 kV, respectively. The samples
for TEM were prepared by drop-casting 8 µL of the diluted aqueous solution of each
sample onto Formvar/carbon–copper-coated grids supplied by Agar Scientific (Essex, UK)
and then left to dry at room temperature for 2 h. A transmission electron microscope
was also used for statistical size-distribution histograms by counting and measuring the
diameter size distribution via ImageJ software. SEM images were recorded on a JSM
6390LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) operated at 20 kV electron
voltage. TC nanoparticles were dried on a two-sided carbon tape and sputter-coated with
ca. 100 Å of gold (Au), using an SCD 050 sputter coater (BAL-TEC, Los Angeles, CA, USA).
UV-Vis spectra of samples were obtained on a Cary 1E UV-Vis spectrophotometer (Varian,
Palo Alto, CA, USA), in the wavelength range between 200 and 700 nm, using a quartz
cuvette with 10 mm path length and 3.5 mL chamber volume. UV-Vis/near-IR diffuse
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reflectance spectra were recorded on a UV-2600 spectrophotometer (Shimadzu, Kyoto,
Japan) using BaSO4 as the 100% reflectance reference. Powder X-ray diffraction data (XRD)
of the TC0–75 catalysts were obtained from a D8 Advance X-ray diffractometer (Bruker,
Billerica, MA, USA) equipped with a Lynx Eye strip silicon detector (Bruker, Billerica, MA,
USA). Measurements were applied at room temperature, using Cu Ka radiation at 35 mA
and 35 kV. Fourier Transform Infrared spectroscopy (FT-IR) in powdered samples was
performed with an iS50 FT-IR spectrometer (Thermo Fischer Scientific, Waltham, MA, USA)
in the spectral range between 4000 and 400 cm−1. For Attenuated Total Reflection (ATR)
measurements, a built-in, all-reflective diamond was used as the internal reflection element.
The measurement of the color change via photocatalytic degradation was performed with
a CM-2600d spectrophotometer (Konica Minolta, Tokyo, Japan) with a D65 illuminant at
8-degree viewing, in the wavelength range between 360 and 740 nm. A 36 W UV EBN001W
LED curing lamp (340–380 nm, maximum emission at 365 nm, Esperanza sp. j. Poterek,
Ożarów Mazowiecki, Poland) provided the UV-A irradiation source, while a laboratory
constructed stimulated solar box equipped with two L15W/840 tubular fluorescent lamps
(400–630 nm, maximum emission at 540 nm, OSRAM, Munich, Germany) was used as
the solar simulator. A GM3120 (BENETECH, Shenzhen, China) electromagnetic radiation
tester was used to measure light irradiance.

2.3. Synthesis of Carbon Dots

Regarding the C-dots preparation, the procedure was slightly modified from an already
published process [44]. A solution of citric acid (1.65 g) and hydroxylamine hydrochloride
(1.65 g) in deionized water (16.5 mL) was heated at 300 ◦C for 12 min. The resulting dark
brown, sticky solid was dissolved in water, sonicated via ultrasonic agitation for 10 min to
separate the aggregates and filtered through a 7–12 µm Whatman filter paper to remove
undissolved byproducts. A final 2.5% w/v C-dots solution was collected as an opaque liquid
(Figure 1).

−

ż

μ

 

Figure 1. Hydrothermal synthesis of C-Dots.

2.4. Synthesis of TiO2 (TC0) and TC25–75 Photocatalysts

For the preparation of TiO2 with different loading of C-dots, an already published
method was followed [26], employing slight modifications (Figure 2). Briefly, a 2.5% w/v
aqueous C-dots solution, specifically 1.5 g for TC25 up to 13.5 g for TC75, was dissolved in
a 1:1 mixture of ethanol and deionized water (50 mL). For this solution, a solution of TTIP
(4.5 g) in ethanol (20 mL) was added dropwise, and the pH of the resulting mixture was
adjusted to 2.5 by the addition of concentrated HCl (~5 drops) to facilitate the hydrolysis
of TTIP. The mixture was allowed to stir at ambient temperature overnight, followed
by heating at 80 ◦C for 8 h to facilitate titania polymerization and C-dots incorporation.
Afterward, the mixture was cooled to ambient temperature, centrifuged for 10 min at
3000 rpm, and the wet solid was dried at 80 ◦C and ground using a mortar. Finally, the
catalyst was calcinated at 200 ◦C for 2 h to produce the crystalline material as a yellow
(TC25) to brown solid (TC50–75) in 85%–98% yield.
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(b) 

(a) 

Figure 2. Synthesis of (a) TiO2 enriched with C-dots (TC25–75) and (b) TiO2 (TC0).

The same process, in the absence of the aqueous C-dots solution, was applied for the
synthesis of TiO2 as a control substance (Figure 2). It is worth mentioning that a crucial
factor in this experiment is the adjustment of pH at 2.5 since lower pH leads to a reduction
in the isolated yield of the catalyst. For example, at pH 1.5, the isolated yield of TC50 drops
to 46%. Furthermore, in the process of synthesis of the control substance TC0, acidification
up to pH 1.5 leads to a mixture of brookite and anatase phases of TiO2, whereas at pH 2.5,
only the anatase phase is present, as indicated in the XRD analysis.

2.5. Incorporation of Photocatalysts into the Protective Agent

Consolidant FX-C was prepared in the laboratory by an already published method [29].
Each solid catalyst (4% w/w) was added to the sol FX-C, and the mixture was sonicated via
ultrasonic agitation for 10 min to ensure homogeneity (Figure S1).

2.6. Application of the Protective/Photocatalytic Film onto Cementitious Mortars

The performance of the photocatalytic films in the conservation of cement-based mate-
rials was evaluated using cement mortars prepared in the laboratory, with a binder/sand
ratio of 1:3, based on local 0–3 mm of grain size standard sand of carbonaceous nature.
Further information on the mix design of the treated mortars can be found in Table S1. The
synthesized photocatalytic films were brushed three times on the cement mortar substrates.
Control experiments were also performed by measuring the untreated cement mortar and
by brushing the cementitious material with FX-C in the absence of a photocatalyst.

2.7. Photodegradation of MO Using Photocatalysts and Their Reusability

The activity of a series of TC nanocomposites on the photodegradation of MO was
initially evaluated under UV-A light, using a 36 W LED curing lamp (maximum emission
at 365 nm) with a light irradiance of approximately 33.6 mW/cm2 and artificial solar light,
using a solar box equipped with two 15 W tubular fluorescent lamps (maximum emission
at 540 nm) with a light irradiance of approximately 13.6 mW/cm2. For both irradiation
types, the distance of each sample from the lamps was set to 7 cm.

The photocatalytic activity of TC25, TC50, TC62.5 and TC75 catalysts, compared to
TC0, was evaluated by studying the photodegradation of MO solution in the presence of
the appropriate catalyst under UV-A light, simulated solar light, as well as sunlight in
outdoor weather conditions. For this purpose, the solid photocatalyst (40 mg, 0.08% w/v)
was dispersed to a 5 ppm MO aqueous solution (50 mL), and the mixture was allowed
to stir in darkness for 30 min in order to reach adsorption–desorption equilibrium of dye
on the catalyst surface. Thereafter, the mixture was irradiated with the appropriate light
source for a period of 120 min, with a sample removal (4 mL) every 15 min for reaction
monitoring. Analytical determination of the reduction in MO concentration during the
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photocatalytic degradation process was carried out spectrophotometrically at 465 nm. A
commercially available catalyst Au (1%)/TiO2 (TAu) was also used in the MO degradation
under sunlight conditions for comparison. Under the same conditions, MO degradation
was tested in the absence of a catalyst, where no decomposition was observed.

Furthermore, the reusability of TC50 was tested under simulated sunlight irradiation.
In this case, TC50 (0.16 g) was added into a 5 ppm aqueous MO solution (80 mL) and
irradiated with visible light for 180 min. After each cycle, the solution was decanted, and
the catalyst was washed with water and ethanol (30 mL each), dried at 60 ◦C overnight, and
then reused in the next cycle. This process was repeated 9 times, while at the end of the 10th
cycle, the catalyst was recycled (0.08 g) and could be further used in the next experiment.

2.8. Self-Cleaning Performance of Treated Cementitious Mortars

In order to determine the self-cleaning and air depolluting capabilities of the protective
films enhanced with TiO2/C-dots, the protective coating was brushed onto the cement
mortar substrates, and the photodegradation of a drop of MB under UV-A and visible light
was determined using a portable CM-2600d spectrophotometer (Konica Minolta, Tokyo,
Japan). Control experiments were performed by exposing the untreated cement mortar and
the cementitious material with FX-C, covered with the same amount of MB. The total color
difference (∆E) can be calculated using the following equation [45]:

∆E =
√

∆L∗2 + ∆a∗2 + ∆b∗2 (2)

where the differences in color (∆) with time, for the treated with a protective coating and
spotted with MB cement mortars, were expressed as L*, a* and b* values of the CIELab
color space. The L* values range from 0 for black to +100 for white, while the negative and
positive a* values represent green and red, respectively. As for the negative and positive b*
values, these represent blue and yellow, respectively.

3. Results and Discussion

3.1. Structure and Morphology of C-Dots and TC0-75 Photocatalysts

Figure 3 illustrates the XRD patterns of the pure synthesized TiO2 (TC0) and TC25–75,
evidencing the crystalline phases present in the samples.
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Figure 3. X-ray diffraction patterns of (a) TiO2 (TC0) and (b) TiO2 with different C-dot loading
(TC25–75).

The diffractograms reveal the formation of anatase phase (JCPDS card no. 00-021-1272)
exclusively in all the synthesized materials, excluding other possible phases of titania, such
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as rutile or brookite. The anatase crystalline phase is commonly accepted as a more efficient
photocatalyst, compared to rutile and brookite, due to its high photocatalytic activity [46].
Crystallite average size of the TC0–75 nanoparticles was estimated using the following
Scherrer equation [47]:

D =
Kλ

β cos θ
(3)

where D is the crystallite particle size (in nm), K is the Scherrer constant equal to ~0.9 in the
case of spherical shapes, λ is the wavelength of the X-ray’s radiation (0.15406 nm), β is the
full width at half maximum (FWHM) height of the diffraction peaks and θ is the Bragg’s
diffraction angle. The diffraction peaks at 25.2◦, 37.9◦, 47.9◦ and 62.7◦ correspond to phases
(101), (004), (200) and (213), respectively, while the peak appearing at 2θ 54.3◦ is attributed
to both (105) and (211) phases. The crystallite size of the photocatalysts was calculated
using the (101) peak and found to be 4.53, 6.06, 5,36, 6.35 and 5.07 nm for samples TC0,
TC25, TC50, TC62.5 and TC75, respectively, showing only a slight increase in crystallite
size with C-dot incorporation. The results are in good agreement with previous findings,
showing the correlation between the low calcination temperature and the small crystal size
of TiO2 [48–50], as well as the stability of anatase when the particle size is below 14 nm [51].

TEM images of the as-synthesized C-dots (Figure S3) were similar to that observed in
our previous work [26]. The average size of C-dots was 1.9 nm, ranging from 1.2 to 2.6 nm,
and the shape appeared to be uniform and quasi-spherical (Figure S3c). TEM analysis of
the TC50 and TC75 photocatalysts can be seen in Figure 4a,b. TC50 exhibited relatively
uniform size nanoparticles, with an average size of 20–21 nm and the size distribution
ranging approximately from 14 to 32 nm. In a previous work, a similar size distribution
ranging from 10 to 40 nm for the TC25 photocatalyst was observed [26]. Agglomeration
of crystallites resulting in nanocluster formation was observed in previous works for
TiO2 [52,53] and TiO2 doped with C-dots [10] or with other species [54,55]. TEM images
of TC75 nanoparticles in Figure 4c,d show a non-uniform but quasi-spherical shape in
an average size of 64–68 nm and wide size distribution of 40 to 100 nm (Figure S4) due
to the high C-dot loading in the TiO2 surface. The XRD results and the crystal planes
observed in the TEM images of our previous work for TC25 [26] were both attributed to
the crystalline structure of the TiO2/C-dots nanoparticles, further evidenced in the SEM
images in Figure 4. Even though the synthesis of pure anatase requires calcinations at
500 ◦C within several hours [56], nevertheless, in our case, TEM images indicated that at a
relatively low temperature, a C-dots-assisted crystalline TiO2 could be formed [26].

Indeed, SEM was used to display the surface morphology of TC25 and TC62.5
nanocomposites (Figure 5). Both nanohybrids consist of nearly spherical in shape, rough
and compact aggregates with crystal structures and various diameters. The spherical-like
shape is typical for anatase crystallite structure [10].

The mineralogical and microstructural characterization of the studied photocatalysts
revealed that anatase was formed in the presence of different C-dot loading upon a heating
process up to 200 ◦C. By increasing the C-dot loading, as in the case of the TC75, the average
size of the photocatalysts was also increased due to agglomeration phenomena.

The FTIR spectrum of C-dots (Figure 6) confirms the presence of polar groups de-
rived from the incorporation of hydroxylamine into the carbon core. This observation
is in accordance with the good dispersion properties that C-dots exhibit in water. More
specifically, the broad peaks at 3450 and 3200 cm−1 correspond to the symmetric stretching
vibration of O–H and N–H, respectively [23], while the peaks at 1605 and 1399 cm−1 can be
attributed to the asymmetric and symmetric stretching vibration of COO− [57]. The stretch-
ing vibration of C=O at 1697 cm−1 along with the bending vibration of N–H in amides at
1584 cm−1 [26,58] and the stretching vibration of C-O in carboxylates at 1183 cm−1 are also
present in the C-dots spectrum. Other characteristic peaks of the main core in carbon dots
can be considered: (a) the asymmetric and symmetric stretching vibration of C–H bonds
with the broad peaks at 3041 and 2807 cm−1, and (b) the stretching and bending vibrations
of C=C at 1630 and 746 cm−1. Finally, it is important to highlight that in the FTIR spectra
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of the TC25–75 photocatalysts (Figure 6), characteristic bands of C-dots at 1698, 1605 and
1183 cm−1 were shifted to higher and lower wavenumbers (e.g., 1630, 1552 and 1223 cm−1,
respectively), due to the C-dots’ incorporation in the TiO2 surface. In the sample TC75, the
higher intensity of the C–H asymmetric and symmetric stretching vibrations at 2921 and
2852 cm−1 is directly correlated with the higher C-dots content.

  

(a) (b) 

 

(c) (d) 

Figure 4. TEM images of (a,b) TC50 and (c,d) TC75 nanocomposites.
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Figure 5. Cont.
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Figure 5. SEM images of (a,b) TC25 and (c,d) TC62.5 nanocomposites.
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Figure 6. FTIR spectra of (a) C-dots, TC0, TC25, TC50 and TC75 photocatalysts and (b) the zoom area
(1800–1000 cm−1) of C-dots and TC75 photocatalyst.

The optical properties of the TC0–75 photocatalysts were studied by UV-Vis/NIR
diffuse reflectance spectroscopic (DRS) measurement (Figure 7a). It is obvious that the
absorption edge of TC25–75 was shifted towards the visible light region compared to
TC0, suggesting significant absorption ability for solar light. The energy band gaps (Eg)
of photocatalysts TC0–75 were determined from UV-Vis/NIR diffuse reflectance spectra
(Figure 7b), using Tauc plot analysis for indirect allowed transition [59], due to the anatase
crystallite form of TC structures. In this case, (f hv)1/2 is expressed as a function of photon
energy (hv), where f is the Kubelka–Munk function [60] of the measured reflectance (R), as
shown in the following equation:

f(R) =
(1 − R)2

2R
(4)
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Figure 7. (a) UV-Vis/NIR diffuse reflectance spectra and (b) Tauc plots for TiO2 (TC0), TC25, TC50
and TC75 photocatalysts.

This analysis led to Eg values of 3.10 eV for TC0, which is close to the bandgap of
anatase. On the contrary, the bandgaps of TC25 and TC50 were measured at 2.97 eV
each, while TC75 exhibited a bandgap of 3.18 eV. The findings are in correlation with
the photocatalysis results, suggesting that the Eg of the nanocomposites appears to be an
important parameter that accounts for the efficiency of the photocatalytic process. Thus,
C-dots can reduce the energy bandgap of TiO2 up to a point where C-dots dominate the
structure of the photocatalyst, leading to an even higher Eg than TiO2, as in the case of
TC75 with higher C-dot content.

3.2. Photocatalytic Performance of TC25–75 Compared to TCO and TAu

The results of the UV-A irradiation process were shown in Figure 8a, where TC25–62.5
composites provided a much higher photodegradation rate for MO compared to TiO2 (TC0)
and TC75, with both TC25 and TC50 photocatalysts showing the best performance. The
light irradiance of the 36 W LED curing lamp used in our experiments, based on the sample
distance, was approximately 33.6 mW/cm2. The area of a 50 mL beaker that was used in
the experiments can be defined as half the curved surface area of the cylinder, πrh, where
r is the base radius, and h is the height of the cylinder. Therefore, the average continual
radiation was ~1.42 W. After 60 min of UV-A light irradiation, the MO degradation rates in
the presence of TC0, TC25, TC50, TC62.5 and TC75 were 20.8, 91.4, 92.0, 56.9 and 48.7%,
respectively. C-dots had almost no photocatalytic ability for MO, as only a 4.6% of the
dye was degraded after 60 min. The UV-Vis spectrum and macroscopic evaluation of MO
degradation using TC50 under UV-A light are displayed in Figures S5 and S6. Similar
results, in a slower degradation rate, were found during the simulated solar light irradiation,
as shown in Figure 8b. The light irradiance of the two 15 W fluorescent lamps, based on the
sample distance, was measured at 13.6 mW/cm2; thus, the average continual radiation was
~0.58 W. It is evident that all of the TC25–75 composites exhibited higher photocatalytic
activity for MO compared to TC0, whereas both TC25 and TC50 provided the highest
degradation rate. More specifically, after 120 min of irradiation, the MO degradation rates
in the presence of TC0, TC25, TC50, TC62 and TC75 were 45.4, 96.2, 90.9, 62.9 and 46.1%,
respectively. The UV-Vis spectrum and macroscopic evaluation of MO degradation using
TC50 under visible light are reported in Figures S7 and S8.
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Figure 8. MO degradation rates in the presence of TC0–75 photocatalysts under (a) UV-A and
(b) simulated solar irradiation.

In all photocatalytic experiments, the concentration of MO was fixed at 5 ppm. It is
worth mentioning that for concentrations ranging from 5 to 25 ppm, the highest photo-
catalytic activity was found to be 20 ppm in an anatase titania suspension system, with
5 ppm being the least suitable MO concentration [61]. MO exhibits the lowest degradation
rate compared to RhB and MB because an electron is more difficult to be transferred to
TiO2, as the Highest Occupied Molecular Orbital (HOMO) energy gap of MO is −5.624 eV,
compared to −10.128 eV for RhB and −10.494 for MB [62]. For those reasons, the high pho-
tocatalytic activity of nanocomposites TC25 and TC50 in MO degradation can be described
as a remarkable result.

Furthermore, the same photocatalytic group of TC nanocomposites was tested on
the photodegradation of MO under solar light in outdoor weather conditions. According
to accurate weather station data [63], during the days that the experiments took place
in our department area, the daily all-sky surface shortwave downward irradiance was
in the range of 2.46–7.49 KWh/m2/day (102.5–312.1 W/m2). Thus, in our process, the
average continual radiation was in the range of 0.43–1.32 W, and the degradation rates can
be summarized in Figure 9. In this case, in the presence of the photocatalysts, TC25 and
TC50 MO rapidly becomes degraded, as the rate increases to 96.0% and 90.2% for the first
30 min of irradiation (Figures S9 and S10). It must be pointed out that control experiments
performed under the conditions of irradiation in the absence of the photocatalyst did not
show any change in the azo-dye solution absorbance. It can also be noted that under
similar reaction conditions, a lower degradation rate (similar to TC75) was obtained with a
commercially available gold catalyst, supported by TiO2 (TAu).

The results demonstrate that in all cases, the photocatalytic performance of the com-
posite materials strongly depends on the C-dots percentage in TiO2. A remarkable pho-
tocatalytic result in the case of low to moderate C-dot loading turns to reduced activity
when the C-dot loading increases in the TiO2 core. This could be attributed to the excess
of C-dots on the surface of TiO2 in TC75, which cause blockage of the pore channels, thus
hindering light-harvesting and charge transfer [23,64].
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Figure 9. MO degradation rates in the presence of TAu and TC0–75 photocatalysts under sunlight
irradiation.

Based on the heterogeneity of the catalytic system, the TC catalysts can be easily
separated from the reaction mixture by careful decantation of the aqueous solution or, more
accurately, via centrifugation, followed by washing with water and ethanol. Thus, the
stability of the TC50 catalyst was examined by performing ten consecutive catalytic tests
by irradiating 5 ppm of MO in the presence of 0.2% w/v photocatalyst for 180 min under
simulated solar light. As it can be seen in Figure 10, even after 10 cycles, 89.3% of MO was
degraded within 180 min, leading to complete degradation after 360 min in the 10th cycle.
The UV-Vis spectra and macroscopic evaluation before and after ten consecutive cycles
of MO degradation using TC50 under visible light are illustrated in Figures S11 and S12.
To the best of our knowledge, this result is far superior compared to already published
works on TiO2/C-dots [23,25], showing a robust, almost eternal photocatalytic system for
continuous pollution protection.

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

0

20

40

60

80

100

1 2 3 4 5 6 7 8 9 10

D
eg

ra
d

at
io

n
 E

ff
ic

ie
n

cy
 %

Number of cycles

Figure 10. Reusability of TC50 photocatalyst in the MO degradation under simulated solar irradiation.

Since the photodegradation of MO in the presence of TiO2/Cdots follows a pseudo-
first-order kinetic model, photocatalytic efficiency of all TC25–75 nanocomposites, com-
pared to TC0 and TAu, under different radiation sources can be summarized in Table 1. In
all cases, the rate constants were obtained by plotting ln(C0/C) to irradiation time. As it
can be seen, the degradation rate of MO for TC25 and TC50 under visible light irradiation is
12.5 times higher than that of pure TiO2 (TC0), while under UV-A and solar light irradiation,
a 3.4–4.6 and 4.4–5.7 times higher rate was observed. Moreover, upon solar light irradiation,
TC25 and TC50 provided a 3.3–4.3 higher degradation rate compared to commercially
available Au/TiO2 (TAu) catalyst.
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Table 1. Comparison of photocatalytic efficiency between TC0–75 and TAu using the first order fitting
kinetic data of MO degradation under different radiation sources.

Type of Irradiation Photocatalyst Kapp (min−1) R2 Degradation
Rate (%)/min

UV-A light

TC0 1.10 × 10−2 0.997 45.4/60
TC25 5.07 × 10−2 0.982 96.2/60
TC50 3.79 × 10−2 0.997 90.9/60

TC62.5 1.72 × 10−2 0.999 62.9/60
TC75 1.21 × 10−2 0.991 46.1/60

Visible light

TC0 0.18 × 10−2 0.984 20.8/120
TC25 2.28 × 10−2 0.991 91.4/120
TC50 2.29 × 10−2 0.991 92.0/120

TC62.5 0.74 × 10−2 0.998 56.9/120
TC75 0.49 × 10−2 0.980 48.7/120

Solar light

TC0 1.59 × 10−2 0.971 48.1/60
TC25 9.13 × 10−2 0.983 96.0/30
TC50 6.96 × 10−2 0.992 90.2/30

TC62.5 2.41 × 10−2 0.994 78.2/60
TC75 2.06 × 10−2 0.993 71.0/60
TAu 2.14 × 10−2 0.998 70.6/60

3.3. Photocatalytic Activity of Multifunctional Protective Films

The photocatalytic ability of the catalysts was also tested after their incorporation into
the silica-based consolidant FX-C and their application onto cementitious mortars. Mix-
tures containing 4% w/w of TC0, TC25 and TAu into the FX-C were prepared (Figure S1)
and brushed until saturation onto the surface of the cementitious specimens, which were
previously cleaned with isopropanol. TC25 was selected on the grounds of its bests photo-
catalytic activity both under solar and UV irradiation, as it was proved in the experiments
with the MO degradation. For comparison, a part of the surface of the samples was left
untreated, and another one was brushed with the consolidant without a catalyst. In order
to explore the most favorable application method, another testing surface was created by
first applying a layer of the FX-C until saturation and, afterward, a layer of the mixture of
the consolidant with TC25.

In order to study the self-cleaning properties of the specimens with the different
protective films, two drops (around 0.025 mL each) of methylene blue (MB) were released
on each coating, and its degradation was evaluated by comparing the color difference of
the stained surface with the color of the surface before the MB application (Figure S2), using
a spectrophotometer. The goal is to observe a decline in this color difference (∆E), reaching,
in the best case, a value below 5. The macroscopic evaluation of MB degradation on
treated and untreated cement mortars is reported in Figure S2. The specimens were tested
under UV-A and visible light irradiation for 48 h, and the results do not significantly differ
regarding the type of radiation used. As shown in Figure 11 and Table 2, the protective
films containing TC0 and TAu were those with the best performance, reaching the desired
value within 48 h.

In addition to the above-mentioned photocatalysts, the surface treated with a double
layer consisting of FX-C and FX-C/TC25 also demonstrated considerable self-cleaning
properties both under UV-A and visible light irradiation, reaching a value of 7.21 and
5.76, respectively. Moreover, in the case of the protective films containing TC25, the
degradation of the pigment was also notable after 48 h of irradiation. The untreated
surfaces and the surface treated with solely FX-C showed an insignificant decline in the
color difference that can be attributed to the degradation of the dye because of the action
of the irradiation. It should be mentioned that, despite the fact that the FX-C/TAu film
demonstrated substantial photocatalytic properties, it cannot be proposed as a viable
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protective option for monumental surfaces, as it changes the color of the surface radically
after its application (Figure S2).
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Figure 11. Variation graphs of the specimens’ color difference (∆E*) as a function of time for MB
degradation under (a) UV-A and (b) simulated solar light irradiation.

Table 2. Comparison of the specimens’ color difference (∆E*) as a function of time for MB degradation
under different radiation sources.

Light
Irradiation

Time (h) ∆E*

Untreated FX-C
FX-C +

TC0
FX-C + TC25 FX-C + TAu

FX-C + (FX-C +
TC25)

UV-A light
0 18.41 37.60 38.62 34.88 24.08 35.02

24 16.48 24.20 5.62 12.04 5.39 8.64
48 15.21 19.43 4.67 10.16 3.54 7.21

0 28.07 40.24 43.14 46.97 31.28 41.95
Visible light 24 21.67 30.39 7.00 18.85 7.24 10.88

48 16.17 22.14 4.40 9.50 4.87 5.77

These in situ experiments clearly pointed out that significant differences arose in the
efficiency of the pure photocatalysts and the subsequent incorporation within protective
coatings [65,66]. Regardless of the best performed TC25 and TC50 photocatalysts compared
to TC0 and TAu under UV-A and solar irradiation, however, the nanocomposites that faster
degraded the MB resulted in being those without C-dot loading into TiO2. Therefore, self-
cleaning coatings applied to building materials require individual experiments, including a
treatment process with both protective and self-cleaning agents. It was demonstrated that
for cementitious surfaces, FX-C with pure TiO2 and a double layer treatment of FX-C along
with FX-C + TC25 could be considered promising solutions against pollutant decay. This
study highlighted the need for in situ testing of the nanostructured protective coatings,
in which the well-established photocatalysts were integrated for multifunctional building
protection.

4. Conclusions

TiO2/C-dots composites with different C-dot loading were synthesized using citric
acid, hydroxylamine and titanium isopropoxide (TTIP) by a facile, green and large-scale
hydrothermal strategy. The different mass ratios of C-dots solution to TTIP produced TiO2
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functionalized photocatalysts that were characterized by the anatase structure, formed
at a low calcination temperature of 200 ◦C. The C-dot modified TiO2 showed efficient
photocatalytic MO and MB degradation activity under UV-A and, more specifically, under
visible light and sunlight radiation. Under UV-A, visible and solar light irradiation, the
degradation rate of MO for TC25 and TC50 is 3.4–12.5 times higher compared to pure TiO2
(TC0), while solar light provides a 3.3–4.3 higher degradation rate of MO for TC25 and TC50
than commercially available Au/TiO2 (TAu) catalyst. Additionally, the photocatalysts can
be recycled at least 10 times without losing their activity, showing the potentiality of these
nanocomposites for continuous pollution protection. Finally, it was demonstrated that the
application of multifunctional coatings on the cementitious matrix played a significant
role. In the in situ applications of the self-cleaning coatings onto cementitious materials,
the protective film of the silica-based FX-C with the pure TiO2 and the double layer
treatment with FX-C and FX-C + TC25 resulted in being the best-performing coatings
against pollutant degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12050587/s1, Table S1: Mix design of cement mortars
treated with the nanocomposites of FX-C with catalysts; Figure S1: Sols of FX-C and nanocomposites
of FX-C with catalysts; Figure S2: Macroscopical evaluation of the gradual MB degradation on
treated and untreated cement mortars, before and after MB application, under (a) UV-A and (b)
visible irradiation; Figure S3: (a,b) TEM images and (c) diameter distribution histogram of C-dots;
Figure S4: (a) TEM image and (b) diameter distribution histogram of TC75; Figure S5: UV-Vis spectra
of gradual MO degradation using TC50 upon UV-A irradiation; Figure S6: Macroscopic image of
gradual MO degradation using TC50 upon UV-A irradiation; Figure S7: UV-Vis spectra of gradual
MO degradation using TC50 upon simulated solar light irradiation; Figure S8: Macroscopic image
of gradual MO degradation using TC50 upon simulated solar light irradiation; Figure S9: UV-Vis
spectra of gradual MO degradation using TC50 under sunlight irradiation; Figure S10: Macroscopic
image of gradual MO degradation using TC50 under sunlight irradiation; Figure S11: UV-Vis spectra
before (0 min) and after ten consecutive cycles (1–10) of MO degradation using TC50 upon simulated
solar light irradiation; Figure S12: Macroscopic image before (0 min) and after ten consecutive cycles
(1–10) of MO degradation using TC50 upon simulated solar light irradiation.
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Abstract: Aluminum dross, as a hazardous waste product, causes harm to the environment and

humans, since the AlN it contains chemically reacts with water to produce ammonia. In the present

study, a formula for modifying the AlN content in aluminum dross is proposed for the first time, by

investigating the components of aluminum dross and changes in their respective contents during

the hydrolysis process. Meanwhile, the effects of such hydrolysis parameters as time, temperature,

and rotational speed on the hydrolysis rate of aluminum dross are explored. Furthermore, regression

analysis is performed on the hydrolysis parameters and objective functions. The results show that as

the reaction time increases, the variation in AlN content in aluminum dross decelerates gradually

after modification. The hydrolysis rate is the fastest in the initial 4 h, which essentially stagnates

after 20 h. The rise in temperature can significantly accelerate the AlN hydrolysis in aluminum dross,

while the rotational speed has a non-obvious effect on the hydrolysis rate of AlN in aluminum dross.

Regression analysis and secondary simplification are performed on the hydrolysis parameters and

the modified AlN content, revealing that the relative error between the theoretical and experimental

values is ≤ ±9.34%. The findings of this study have certain guiding significance for predicting and

controlling modified AlN content in aluminum dross during hydrolysis.

Keywords: high-nitrogen-content aluminum dross; AlN; hydrolysis parameters; content prediction;

modified formula

1. Introduction

Aluminum dross is a waste ash generated during aluminum production, which comes
from infusible inclusions [1], oxides, and various additives that float on the aluminum melt
surface during smelting [2]. As a typical solid waste product from the aluminum processing
industry, it has been included in China’s “National Hazardous Waste List (2021 edition)” due
to its reactivity and leaching toxicity [3].

As of today, the only mature technique for utilizing aluminum dross is “ash frying”,
where a small amount of elemental aluminum is extracted from aluminum dross to obtain
certain economic benefits [4]. However, the extensive remaining ash still cannot be treated
effectively, and is often accumulated and buried as solid waste [5], polluting and occupying
substantial land resources while seriously affecting the ecological environment and human
health [6–8]. Some of the heavy metal elements contained in aluminum dross—such as Hg,
Cd, and Pb—can cause severe pollution once they enter the soil or groundwater systems,
tremendously impacting the ecosystem.

Additionally, all kinds of aluminum dross contain a certain amount of AlN. To purify
the molten aluminum in the smelting process, nitrogen is often filled into the furnace to
accelerate the purification and refinement [9]. During the evaporation process, part of the
nitrogen is absorbed by the aluminum dross floating on the molten aluminum surface to
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form AlN [10]. AlN is a kind of functional ceramic belonging to diamond nitride, which
has excellent thermal, mechanical, and electrical properties, including high thermal con-
ductivity (theoretical value 320 W/(m·K)), linear expansivity (4.8 × 10−6/K) comparable to
silicon (Si), and outstanding electrical insulation (volume resistivity > 1012 Ω·m) [11]. The
AlN in aluminum dross tends to be unstable overall due to its formation conditions, struc-
tural composition, and refinement difficulty [12]. Under wet or water-exposure conditions,
it releases pungent ammonia gas, causing consequences such as imbalance in material
performance and changes in solution pH during the utilization process [13]. Additionally,
ammonia is a colorless gas with a strong, irritating odor, and can easily cause air pollution
due to its strong diffusivity and harmfulness. The ammonia produced by aluminum dross
hydrolysis is highly toxic to the human body [14]. Chronic intoxication can cause such
respiratory diseases as bronchitis and emphysema, while acute intoxication can cause
severe consequences such as persistent coughing, suffocation, and even death [15].

Clearly, the landfill of aluminum dross and related pollution have become hot issues
in today’s social development, and go against the current sustainability concept of zero
emissions and pollution. The requirements of reducing, preventing, treating, and upcycling
waste are imminent. There are various experimental methods for AlN, such as cathodo-
luminescence measurements (CL), X-ray absorption near-edge spectroscopy (XANES),
and Fourier-transform infrared spectroscopy (FTIR) [16–18]. This study systematically
analyzes the AlN (in aluminum dross) hydrolysis parameters such as temperature, time,
and rotational speed, and performs their selection and optimization. Meanwhile, on the
basis of extensive experimental data, each hydrolysis parameter and objective function
(AlN content) is regressively analyzed, in order to achieve prediction and control of AlN in
aluminum dross.

2. Materials and Methods

2.1. Raw Material and Pretreatment

The ultimate aluminum dross used in this experimentation came from a secondary
aluminum company in Jiangsu, China, and was analyzed and tested after pretreatment.
The pretreatment process was as follows: The aluminum dross was preliminarily screened
via a standard large-mesh sieve to remove the aluminum metal blocks. Then, the remainder
was ground, and screened using a standard small-mesh sieve to yield the experimental raw
material [19]. Table 1 details the XRD results of the aluminum dross.

Table 1. XRD analysis results of aluminum dross.

Component Al Al2O3 AlN AlO(OH) SiO2

Content (%) 5 ± 2 20 ± 2 13 ± 2 3 ± 1 1

2.2. Reagents and Instruments

The reagents used in the experimentation were NaOH (analytically pure, Xilong
Scientific Co., Ltd., Shenzhen, China), methyl red (indicator, Yuanye Biotechnology), methy-
lene blue (indicator, COOLABER SCIENCE & TECHNOLOGY), HCl (analytically pure,
Lingfeng Chemical Reagent, Shanghai, China), and boric acid (chemically pure, Meryer
Chemical Technology, Shanghai, China). Experimental instruments were as follows: ultra
water purifier (EPED-10TH, EPED Technology, Nanjing, China), universal electric furnace
(DK-98 type, Chushui Electrothermal Appliance Co., Ltd., Chushui, China), digital stirrer
(JB60-SH, Lichen Instrument, Shaoxing, China), water bath (WB-4, Zhengrong Experimental
Instrument), and electro-thermostatic blast oven (101A-2, Hengchang Instrument, Haimen,
Nantong, China).
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2.3. Analytical Test Methods

The aluminum dross was hydrolyzed, filtered, and dried under different hydrolysis
parameters, and a distillation separation unit was built by utilizing the aforementioned
instruments. Figure 1 illustrates the schematic of the unit.

 

𝑍 = 0.041𝐶（𝑉ଶ − 𝑉ଵ）𝑀 × 100%

Figure 1. Schematic diagram of distillation separation plant (1—electric furnace; 2—asbestos net;

3,5—cone bottle; 4—condenser tube).

After weighing 2 g of aluminum dross, it was added to an Erlenmeyer flask containing
150 mL of 20%wt NaOH solution. The flask was quickly stoppered, and then heated and
kept boiling for approximately 2 h to allow for distillation. Meanwhile, the distilled am-
monia gas was absorbed with 200 mL of 40 g/L boric acid solution. Following distillation,
titration was performed with 0.05 mol/L dilute HCl solution, where the standard methyl
red–methylene blue served as an indicator. The endpoint was marked by a blue-to-purple
change in solution color [20,21].

A blank experiment was conducted according to the aforementioned procedure, and
the relative volume of HCl consumed in the experiment was determined, based on which
the AlN content was calculated as follows:

Z =
0.041C(V2 − V1)

M
× 100% (1)

where C denotes the concentration of dilute HCl (mol/L), V2 and V1 represent the volumes
of diluted HCl consumed in the titration process and the blank experiment, respectively
(mL), M denotes the sample mass (g), and Z denotes the AlN content in aluminum dross
directly measured after hydrolysis (%).

3. Effects of Hydrolysis Parameters on the Nitrogen Removal Efficiency from
Aluminum Dross

3.1. Prediction of AlN Content and Its Modification Formula

The AlN contents in different aluminum dross varied distinctly. To validate the accu-
racy of subsequent tests, predicting the AlN content in hydrolyzed products was necessary.
Figure 2 depicts the XRD spectra of aluminum dross. Clearly, the hydrolyzed products
contained Al, Al2O3, AlN, and other crystalline substances (amorphous components were
excluded from the test results). The semi-quantitative XRD results of aluminum dross are
detailed in Table 2. Since the aluminum dross used herein was already processed by ash
frying, the AlN content was low, while the contents of Al2O3 and AlN were about 20% and
10%, respectively. Figure 3 displays the local EDS spectra at two material sites. Since almost
all nitrogen contained in the aluminum dross was AlN, after conversion, the AlN contents
in Figure 3a,b were estimated to be 12.97% and 16.37%, respectively.
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Figure 2. XRD patterns of aluminum dross.

Table 2. Semi-quantitative XRD results.

No. Phase Name Molecular Formula Semi-Quantitative (%)

1 Aluminum nitride AlN 9 ± 2
2 Alumina Al2O3 19 ± 2
3 Elemental aluminum Al 3 ± 2
4 Diaspore AlO(OH) 1
5 Some low-content minerals 8 ± 2

The above analysis revealed that the main components of hydrolyzed products and
their respective contents conformed to the definition of “secondary aluminum dross” in the
previous paper, and that the hydrolyzed products were the dross residues from ash frying,
showing good agreement with the actual situation. The AlN contents in the hydrolyzed
products were predicted to range between 10 and 17%.

The hydrolytic reaction of AlN in aluminum dross is described in Equation (2). During
this process, the N in AlN was separated from the aluminum dross in the form of NH3,
and its elemental position was occupied by OH− ions to form Al(OH)3 with a molecular
mass of 78, which was considerably greater than the original AlN’s 41. Additionally, apart
from insoluble substances such as Al and Al2O3, the aluminum dross also contained small
amounts of soluble salts, such as NaCl and KCl [22,23].

AlN + 3H2O = Al(OH)3 + NH3

41 : 54 = 78 : 17
(2)

If the above determinations were used directly as the AlN contents in aluminum
dross, not only would the changes in other components and contents be ignored, but the
AlN content standard also could not be unified. In particular, when measuring AlN-rich
aluminum dross, the error would be larger. To address this problem, the compositional and
content variations during the hydrolysis process in Equation (2) were investigated, thereby
deriving the following formula:

Z =
KM − m

M − Y + 78
41 m

(3)
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(a) 

 

(b) 

AlN + 3HଶO = Al(OH)ଷ + NHଷ41: 54 = 78: 17

𝑍 = 𝐾𝑀 − 𝑚𝑀 − 𝑌 + 7841 𝑚
𝑍ᇱ = 𝐾𝑀 − 𝑚𝑀 = 𝐾 − 𝑚𝑀  = 78𝐾𝑍 + 41𝑍 − 41𝑍𝑌𝑀78𝑍 + 41 = 78𝐾 + 41 − 41𝑌𝑀78 + 41𝑍

Figure 3. EDS results: (a) Spectrogram 1; (b) Spectrogram 2.

Transforming Equation (3) yields the m value, which was substituted into the formula
below to modify the directly measured AlN content Z:

Z′ =
KM − m

M
= K −

m

M
=

78KZ + 41Z − 41ZY
M

78Z + 41
=

78K + 41 − 41Y
M

78 + 41
Z

(4)

In Equation (3), K represents the original AlN content (%), M denotes the mass of the
original sample (g), m denotes the mass of AlN reacted during hydrolysis (g), and Y is the
mass of the salt in the hydrolyzed filtrate (g). Meanwhile, Z in Equation (4) denotes the
AlN content in the aluminum dross after modification (%).

3.2. Effects of Time and Rotational Speed on the AlN Content

Under different rotational speeds, the aluminum dross was hydrolyzed at 60 ◦C.
Figure 4 depicts the AlN variation trends in the aluminum dross after modification. Clearly,
under mechanical stirring at both low speeds (0, 100, and 300 r/min) and high speeds
(600 and 1000 r/min), the variation trends of modified AlN contents remained generally
consistent. Moreover, at various time points, the modified AlN contents in aluminum dross
differed little, suggesting an insignificant effect of rotational speed on the aluminum dross
hydrolysis rate.

Meanwhile, the modified AlN content in aluminum dross decreased gradually with
the increasing hydrolysis time, decreasing by about half (from 12.68% to 6.50%) under this
hydrolysis condition 24 h after reaction. More obviously, at the 0–4 h stage, the modified
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AlN content decreased drastically from the initial 12.68% to 9.00–10.40%, showing consid-
erably sharper reduction than that at other reaction time periods. With the prolongation
of hydrolysis time, the aluminum dross hydrolysis rate was gradually lowered, and the
variation trends of modified AlN contents in aluminum dross were generally consistent
after 20 h.
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Figure 4. The modified contents of AlN in aluminum dross under different rotational speeds (60 ◦C).

The causes of the above phenomenon were as follows: On the one hand, the particle
size and surface area of aluminum dross were large at the initial reaction stage, and
the water contact area was also correspondingly large. Since more AlN participated
in the reaction under identical hydrolysis conditions, the hydrolytic process was faster.
On the other hand, given the basic hydrolysis properties of AlN in aluminum dross,
the reaction product Al(OH)3 was a white insoluble gelatinous precipitate. With the
prolongation of hydrolysis time, this product and its attachments gradually blocked the
pores of aluminum dross particles, which hindered the contact channel between AlN and
water, ultimately affecting the hydrolysis rate of aluminum dross. Meanwhile, stirring
facilitated the suspension of aluminum dross particles in the hydrolysis system, prevented
the accumulation of dross at the system’s bottom, and promoted the diffusion of generated
NH3 outside the hydrolysis system. However, at identical times and temperatures, the
rotational speed generally did not affect the AlN–water contact area in the aluminum dross,
which also had only a small effect on the hydrolysis process.

3.3. Effects of Temperature on the AlN Content

Under different temperature conditions, the aluminum dross hydrolysis experiments
were carried out at 600 r min−1. Figure 5 illustrates the relevant variation trends. As
is clear, at identical hydrolysis times, the modified AlN content in aluminum dross was
markedly lower in the hydrolysis system at 100 ◦C than that at 60 ◦C and 80 ◦C. After
24 h of hydrolysis, the modified AlN content at a 100 ◦C hydrolysis temperature decreased
from the original 12.88% to 2.25%, and there was no obvious ammonia smell upon further
continuation of the hydrolysis. Meanwhile, after 24 h of hydrolysis at 80 ◦C, the modified
AlN content dropped to 4.23%, and ammonia was slightly smelt upon further hydrolysis.
In contrast, at 60 ◦C, the AlN content only dropped to 6.28%, and apparent bubbles and
ammonia smell were produced upon further hydrolysis, indicating that the hydrolysis
process had not ended at 60 ◦C. Clearly, the increase in temperature could remarkably pro-
mote the hydrolysis of aluminum dross. It could be speculated that with the prolongation
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of hydrolysis time, the variation of modified AlN content in aluminum dross gradually
slowed down, so it inevitably took a long time to achieve complete hydrolysis.
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Figure 5. The modified contents of AlN in aluminum dross under different temperatures and speeds

(600 r·min−1).

The rate of a chemical reaction varies by temperature. The effect of temperature on the
reaction rate is manifested primarily in the rate coefficient of reaction. Normally, the higher
the temperature, the greater the reaction rate coefficient, which is directly manifested by the
acceleration of the reaction rate [24]. At the end of the 19th century, the Swedish chemist
Arrhenius proposed the famous Arrhenius equation after investigating the relationship
between the hydrolysis rate of sucrose and the temperature:

ln(k) = ln(k0)−
Ea

RT
(5)

where k represents the reaction rate coefficient (dimensionless), k0 represents the pre-
exponential parameter (dimensionless), Ea denotes the reaction activation energy (kJ·mol−1),
T denotes the temperature (K), and R is the molar gas constant (J (mol·K)−1).

Both k0 and Ea are empirical parameters, which can be regarded as temperature-
independent constants if the temperature fluctuates within a small range. At this time, the
Arrhenius equation has excellent applicability. In different-temperature reaction systems,
the correlation between the rate coefficients at two varying temperatures could be derived
by Equation (5):

ln(k1) = ln(k0)−
Ea

RT1
(6)

ln(k2) = ln(k0)−
Ea

RT2
(7)

Supposing that T1 < T2 within an interval T1−T2, and that k0 and Ea could be deemed
as constants, Equation (8) could be derived based on Equations (6) and (7). Since Ea > 0
and T1 < T2, the right side of Equation (8) was greater than 0, so k2·k1 − 1 > 1. In other
words, the reaction rate coefficient at high temperatures was generally greater than that at
low temperatures. Hence, the rise in temperature could increase the hydrolysis rate of AlN
in the aluminum dross.

ln
k2

k1
=

Ea

R

(

T2 − T1

T1T2

)

(8)
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Additionally, the microscopic essence of reaction lay in the breakage of old chemical
bonds and the formation of new chemical bonds caused by effective particle collision. The
rise in temperature increased the percentage and motion speed of activated molecules,
and the increase in the number of activated molecules further promoted the effective
intermolecular collision. Accordingly, the numbers of broken old bonds and formed new
bonds per unit of time also increased.

To sum up, the hydrolysis rate of AlN in aluminum dross could be effectively ac-
celerated by increasing the hydrolysis temperature and prolonging the hydrolysis time.
As the hydrolysis time increased, the AlN hydrolysis rate gradually decreased, and after
20 h, the hydrolytic process essentially stopped. Meanwhile, the rotational speed produced
a non-obvious effect on the hydrolysis rate of AlN in aluminum dross.

3.4. Effects of Hydrolysis Conditions on the pH

3.4.1. N Migration Model of Aluminum Dross during Hydrolysis

The N-containing compound in the aluminum dross is mostly AlN, and all of the N
during the hydrolysis process is generally believed to come from this phase. After in-depth
research and analysis, we proposed the N migration model of aluminum dross during its
hydrolysis, as shown in Figure 6.

ln(𝑘ଵ) = ln(𝑘) − 𝐸𝑅𝑇ଵln(𝑘ଶ) = ln(𝑘) − 𝐸𝑅𝑇ଶ
−

−

𝑘ଶ𝑘ଵ = 𝐸𝑎𝑅 (𝑇ଶ − 𝑇ଵ𝑇ଵ𝑇ଶ )

Figure 6. N migration model of aluminum dross during hydrolysis.

On the one hand, the NH3 produced during the hydrolysis of AlN in aluminum dross
was dissolved in suspension as a soluble gas, and then hydrated to form NH3·H2O. On
the other hand, part of the undissolved NH3 diffused above the suspension. Moreover,
like other gas–liquid two-phase processes, the gas and liquid phases were dynamically
interacting rather than mutually isolated. In macroscopic terms, the NH3·H2O in suspen-
sion was decomposed by heat, so that the ammonia gas was diffused above the suspension.
Meanwhile, the ammonia gas in the air above the suspension was also continuously dis-
solved into the suspension. In the meantime, the formed NH3·H2O ionized into NH4+ and
OH−, which also continued to reversely combine to form NH3·H2O [25,26]. The above
reactions interacted to establish a stable dynamic equilibrium system. By measuring the
pH of the suspension in the equilibrium state, and referring to the “direct characterization”
procedure for measuring the AlN content in aluminum dross, we assessed the feasibil-
ity of the “indirect characterization” procedure for determining the hydrolysis rate of
aluminum dross.

3.4.2. Effects of Time and Rotational Speed on the Suspension pH

Figure 7 depicts the variation trends of the suspension pH under different rotational
speeds at 60 ◦C. At the 0–2 h reaction stage, the suspension pH values under various
rotational speeds increased sharply. With the prolongation of reaction time, the suspension
pH values at low rotational speeds (0 and 100 r min−1) were significantly greater than those
at high rotational speeds (300 and 600 r min−1). The primary cause of this phenomenon was
that under identical conditions, a low rotational speed was conducive to the NH3 retention
in the suspension, which led to a higher concentration of OH− ions ionized from the formed
NH3·H2O, so that the pH value of the suspension was higher. Additionally, neither low
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nor high rotational speeds produced particularly obvious effects on the suspension pH.
Overall, the rotational speed and the suspension pH appeared to be uncorrelated.
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Figure 7. Suspension pH values under different rotational speeds (60 ◦C).

3.4.3. Effects of Temperature on the Suspension pH

Figure 8 depicts the variation trends of the suspension pH under different temperatures
at 300 r min−1. Clearly, at the 0–2 h reaction stage, the suspension pH values at various
temperatures increased sharply. With the prolongation of reaction time, the maximal pH
values could be maintained at different temperatures for certain periods of time, since the
reaction rate was sufficient to keep the system saturated. Eventually, however, the pH
values dropped slowly due to the decrease in the reaction rate and the slow release of
ammonia. The suspension pH reading was the highest (approximately 9.8) at a temperature
of 60 ◦C, whereas it was the lowest (only about 9.0) at 100 ◦C.

With the “direct characterization” method for AlN content in aluminum dross, the
higher the temperature, the faster the hydrolysis. In contrast, with the present “indirect
characterization” procedure, the higher the temperature, the lower the pH of suspension,
which dropped extremely slowly per unit of time. This stood in contrast to the temporal
variation result of AlN content in aluminum dross by the direct characterization method.
According to the solution ionization equation, the following formulae could be derived:

K1 =
C
(

NH+
4

)

· C
(

OH−
)

C(NH3 · H2O)
=

C2(OH−)

C(NH3 · H2O)
(9)

K2 =
C
(

H+
)

· C
(

OH−
)

C(H2O)
(10)

where K1 represents the ionization constant of ammonia water (dimensionless), K2 repre-
sents the ionization constant of water (dimensionless), C(NH4

+) denotes the concentration of
NH4

+ ionized from ammonia water (mol L−1), C(OH−) denotes the concentration of OH−

ionized from ammonia water (mol L−1), C(H+) denotes the concentration of H+ ionized from
water (mol L−1), C(NH3·H2O) is the concentration of unionized NH3·H2O in the solution
(mol L−1), and C(H2O) is the concentration of unionized H2O in the solution (mol L−1).
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Figure 8. Suspension pH values at different temperatures (300 r min−1).

Combining Equations (9) and (10) gives:

pH = − log
(

CH+
)

= log

√

K1 · C(NH3 · H2O)

K2 · C(H2O)
(11)

As is clear from Equation (11), assuming that the reaction system was at the saturation
stage of ammonia, the C(NH3·H2O) and C(H2O) values in the system were constant, and
the pH value of the suspension was related mainly to the ammonia ionization constant K1

and the water ionization constant K2. Since these two constants were directly correlated
with the temperature T, the resultant values were essentially nonlinear, so the suspension
pH could not accurately characterize the hydrolysis rate of aluminum dross under different
temperature conditions. Meanwhile, according to Figure 8, when “indirect measures”
such as suspension pH were used to assess the hydrolysis rate of aluminum dross, it
was impossible to intuitively comprehend the effects of various parameters on the dross
hydrolysis rate.

4. Regression Analysis of Hydrolysis Parameters

Based on the above experiments, during the aluminum dross hydrolysis, temperature,
rotational speed, and time were independent variables that affected the AlN content
(dependent variable). Since linear regression is a type of nonlinear regression, and there
were multiple variables in the present experimentation, the “Analysis” module in Origin
was utilized to perform relevant nonlinear regression analysis based on ternary quadratic
polynomials. The preliminary regression model was formulated as follows:

y = ax2
1 + bx2

2 + cx2
3 + dx1x2x3 + ex1x2 + f x1x3 + gx2x3 + hx1 + ix2 + jx3 + k (12)

where x1 denotes the hydrolysis temperature of aluminum dross (◦C), x2 denotes the
hydrolysis speed of aluminum dross (r min−1), x3 denotes the hydrolysis time of aluminum
dross (h), y represents the modified content of AlN (%), and others were undetermined
constants (dimensionless).

As suggested by the above analysis, the independent variable “rotational speed” had
an insignificant effect on the variation of AlN content in aluminum dross. To simplify the
model, the rotational speed x2 was “zeroed”. The simplified regression model is as follows:

y = ax2
1 + cx2

3 ++ex1x2 + f x1x3 + hx1 + jx3 + k (13)
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Table 3 lists the values of various regression coefficients in Equations (12) and (13). The
coefficient of multiple determination R2, F-statistic, and p-value were 0.93035, 508.32976,
and 0 in the preliminary model, respectively, while they were 0.93616, 1016.49681, and 0 in
the simplified model, respectively. This indicates that the correlations between dependent
and independent variables were higher with the simplified model, which yielded more
significant results and achieved a better fitting effect [27,28].

Table 3. Numerical statistics of regression model.

Regression
Coefficients

The Values of the Regression Coefficients Standard Deviation of Regression Coefficient

Preliminary Model Simplified Model Preliminary Model Simplified Model

a 0.00122 9.57857 × 10−4 8.38698 × 10−4 7.73811 × 10−4

b −1.36763 × 10−6 — 1.24974× 10−6 —
c 0.01812 0.01812 0.00193 0.00185
d 0.27207 — — —
e 0.2718 — — —
f −163.24244 −0.00267 — 8.8037 × 10−4

g −16.32398 — — —
h −163.32872 −0.20235 — 0.12209
i −16.30633 — — —
j 9793.85899 −0.52673 — 0.07604
k 9807.86654 21.45126 — 4.61293

Preliminary model: R2 = 0.93035, F = 508.32976, p = 0; preliminary model: R2 = 0.93616, F = 1016.49681, p = 0

The preliminary model is specifically expressed as follows:

yy = 0.00122x2
1−1.36763 × 10−6x2

2 + 0.01812x2
3 + 0.27207x1x2x3

+0.2718x1x2 − 163.24244x1x3

−16.32398x2x3 − 163.32872x1 − 16.30633x2

+9793.85899x3 + 9807.86654

(14)

The simplified model is specifically expressed as follows:

y = 9.57857× 10−4x2
1 + 0.01812x2

3 − 0.00267x1x3 − 0.20235x1 − 0.52673x3 + 21.45126 (15)

Table 4 compares the experimental and theoretical values between the preliminary
and simplified models. Clearly, the simplified treatment could maintain good accuracy,
with relative errors controlled generally within ±9.34%, which could somewhat guide the
prediction and control of the AlN content in aluminum dross during hydrolysis.

Table 4. Comparison between experimental modified values and theoretical modified values of the

AlN hydrolysis process in aluminum dross (part).

Number Experimental Value
Theoretical Value Relative Error (%)

Preliminary Model Simplified Model Preliminary Model Simplified Model

1 7.07 6.53 6.41 −7.64 −9.34
2 6.86 6.83 6.71 −0.44 −2.19
3 12.88 12.97 12.76 0.70 −0.93
4 4.59 4.16 4.19 −9.37 −8.71
5 4.15 3.83 3.83 −7.71 −7.71
6 4.23 4.06 4.06 −4.02 −4.02
7 7.53 7.07 7.12 −6.11 −5.44
8 3.82 3.88 3.88 1.57 1.57
9 2.25 2.18 2.18 −3.11 −3.11
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5. Conclusions

(1) By investigating the components of aluminum dross and changes in their respective
contents during the hydrolysis process, a formula for modifying the AlN content
in aluminum dross is proposed for the first time. Capable of reflecting the absolute
content of AlN in aluminum dross, the formula provides a new way to scientifically
characterize the hydrolysis rate of aluminum dross.

(2) The experimental study of aluminum dross hydrolysis under different times, tem-
peratures, and rotational speeds found that after 24 h of hydrolysis, the modified
AlN content decreased from the original 12.88% to 2.25% at a 100 ◦C hydrolysis
temperature, dropped to 4.23% at 80 ◦C, and only dropped to 6.28% at 60 ◦C. The
hydrolytic process essentially stopped 20 h later. The aluminum dross hydrolysis
can be effectively promoted by the prolongation of time and the increase in tem-
perature. Meanwhile, rotational speed produces an insignificant effect on the dross
hydrolysis process.

(3) Through the hydrolysis experiments under different conditions, we found that the
suspension pH increased sharply during the 0–2 h period. With the prolongation
of reaction time, the suspension pH decreased slowly, exhibiting greater values at
low rotational speeds (0 and 100 r min−1) than at high rotational speeds (300 and
600 r min−1). Meanwhile, the rise in temperature can significantly lower the maxi-
mum pH of the suspension in the system.

(4) Comparison of two methods for characterizing aluminum dross hydrolysis rate—namely,
the AlN content detection, and the suspension pH measurement—reveals that the
suspension pH is greatly affected by temperature and NH3 release. Moreover, the
results obtained at identical temperatures are obviously inconsistent with the direct
characterization results. Overall, the direct detection of AlN content in aluminum
dross is versatile and highly accurate.

(5) Multivariate nonlinear regression was performed between the modified AlN content
and hydrolysis parameters such as time, temperature, and rotational speed. After
removing the outliers in the model, the hydrolysis parameters and AlN content
were subjected to multivariate nonlinear regression and quadratic simplification to
derive a simplified model. With the simplified model, the relative errors between the
theoretical and experimental values of modified AlN content were within ±9.34%,
which can somewhat guide the prediction and control of AlN content in aluminum
dross during hydrolysis.
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Abstract: Over the past few years, the concern for green chemistry and sustainable development
has risen dramatically. Researchers make an effort to find solutions to difficult challenges using
green chemical processes. In this study, we use oyster shells as a green chemical source to prepare
calcium oxide nanoparticles (CaO-NPs). Transmission electron microscopy (TEM) results showed the
CaO-NPs morphology, which was spherical in shape, 40 ± 5 nm in diameter, with uniform dispersion.
We further prepared silver/polydopamine/calcium-oxide (Ag/PDA/CaO) nanocomposites as the
surface-enhanced Raman scattering (SERS) substrates and evaluated their enhancement effect using
the methyl parathion pesticide. The effective SERS detection limit of this method is 0.9 nM methyl
parathion, which is much lower than the safety limits set by the Collaborative International Pesticides
Analytical Council for insecticide in fruits. This novel green material is an excellent SERS substrate
for future applications and meets the goal of green chemistry and sustainable development.

Keywords: calcium oxide; nanoparticles; surface-enhanced Raman scattering; oyster shells; biocompatible

1. Introduction

The great advantages that surface-enhanced Raman scattering (SERS) spectroscopy
offer in detection applications include fingerprint recognition of chemical molecules, non-
destructive testing, high sensitivity, rapid detection, quantification, etc. [1]. Therefore,
SERS can be applied to a wide range of applications, such as the detection of antibiotic
and pesticide residues in agricultural products [2], pathogenic bacteria testing in aquatic
environments [3], and identification of plastic particles released from consumer prod-
ucts [4], environmental exhaust fumes, etc. [5]. The significant impact of SERS techniques
on molecular detection and plasmon catalysis are quite promising and due to the fact
that these materials are of significant interest for a wide range of applications [6]. Since
SERS-based techniques rely on the well-organized nanostructures, capable of generating
plasmonic events, thus, SERS substrates based on the newly designed and more controlled
nanostructures are highly demanded for further advancements. For the efficacy and to
obtain the enhanced signals, simultaneous occurrence of a long-range electromagnetic
effect (EM) and a short-range chemical effect, i.e., charge transfer (CT), are well needed
during SERS measurements [7]. In this context, simultaneous CT can be seen by the use of
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semiconductor materials, which predominantly include metal oxides [8]. Therefore, the
incorporation of semiconductor materials into SERS substrates would be able to generate a
CT mechanism as a dominant contribution to the surface-enhanced Raman signal. To this
end, efforts have been made with semiconductor oxide materials, such as ZnO, TiO2 and
Cu2O, which are reported to be capable of generating weak and/or strong SERS signals via
chemical enhancement [4,9,10]. The versatile application of metal oxides in various areas
are well known. As a major drawback, after use, these materials are released to soil and
surface water that passes over lakes, rivers, and seas. Nanomaterials, due to their shape
and size, are prominent to bind to a wide variety of biomolecules, including proteins, drugs
and nucleotides. Therefore, humans become exposed to nanoparticles (NPs) in medical
and industrial settings quite commonly. The existence of metal nanoparticles (MNPs) in
the ecological system lead to bioaccumulations, causing potential effects on human health
and living organisms. Especially the induced toxicity of CuO, ZnO, TiO2, and other metal
oxides, which are well known and their adverse effects have been well studied in the
past few decades [11–15]. Therefore, it is urgently required to incorporate some non-toxic,
biocompatible and ecological friendly metal oxides for the construction of SERS substrates
for societal welfare and care.

In our previous work, we reported a simultaneous occurrence of CT and EM mecha-
nisms into a Ag/CuO nanocomposite system at the metal–semiconductor interface [16].
However, realizing the scenario of toxicity, we further present the utilization of non-toxic
CaO MNPs into SERS substrates; i.e., a metal-molecular-semiconductor composite system
consisting of Ag NPs, PDA and CaO NPs to construct a silver/polydopamine/calcium-
oxide (Ag/PDA/CaO) system. For the generation of the SERS substrate, CaO NPs were
mainly obtained from a green resource (oyster shells) via a simple chemical process. The
strong adhesion of the PDA layer provided a uniform and well-packed composite sys-
tem [17]. Simultaneously, in-situ preparation of Ag NPs and, thus, effective charge re-
distributions among Ag NPs and CaO, via a conducting PDA layer to induce a chemi-
cal effect during the SERS measurement, was obtained [18]. In our previous work, the
Ag/CuO nanocomposite demonstrated an approximately 105 times SERS signal enhance-
ment, mainly through the combination of CT and EM mechanisms [19]. In the present
study, such an enhancement factor (4.7 × 105) in 10 h with LOD in a nano-regime for
4-aminothiophenol (4-ATP) was obtained for the Ag/CaO nanocomposite and, thus, the
incorporation of CaO can be validated. To date, there are no reports demonstrating the
incorporation of CaO into a SERS substrate to obtain enhanced SERS signals. Therefore, we
believe our study would be able to introduce a newer and non-toxic metal oxide into the
process of advancement for newer ecologically friendly SERS substrates and nanomaterials.

2. Materials and Methods

Oyster shells, having a high CaCO3 content, were used as the green source of CaO in
our study. After calcination, the CaO content was highest followed by CO2; the percentages
of Na2O, MgO, SO3, SiO2, SrO, and H2O were very low [20,21]. The shells were scrubbed to
remove sand and salt from the surface and were then placed in an oven to remove moisture
and thus to reduce impurities. The agents used in this experiment include dopamine
hydrochloride (Sigma-Aldrich, Saint Louis, MO, USA), tris buffer (Sigma-Aldrich, Saint
Louis, MO, USA), silver nitrate (Sigma-Aldrich, Saint Louis, MO, USA), sodium hydroxide
(Sigma-Aldrich, Saint Louis, MO, USA), ethanol (ECHO Chemical CO., LTD, Kaohsiung,
Taiwan), hydrochloric acid (J.T. Baker, Radnor, PA, USA), sodium carbonate (Sigma-Aldrich,
Saint Louis, MO, USA), 4-aminothiophenol and methyl parathion (Sigma-Aldrich, Saint
Louis, MO, USA). All agents were used directly in the experiment without further purifica-
tion. The pure water required for samples synthesized and dispensed was obtained from
pure water (18.2 MΩ-cm at 25 ◦C) Milli-Q reagent-grade (type I).

Scheme 1 shows the Ag/PDA/CaO NPs preparation process. After the oyster shells
were ground at room temperature, 1 M NaOH solution was added and stirred for 2 h. It
was then centrifuged and washed with deionized water until neutral. Hydrochloric acid
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was added, and the mixture was stirred for 6 h. The filtrate was filtered to obtain a CaCl2
solution. CaCl2 and sodium carbonate were mixed into the water-heating device to heat to
100 ◦C. After filtering, the powder was placed into a high-temperature furnace heated to
900 ◦C for 2 h, and spherical calcium oxide nanoparticles (CaO NPs) were synthesized. The
reaction mechanism is given by Equation (1):

CaCO3(s) + 2HCl(aq) → CaCl2(aq) + CO2(g) + H2O(l) (1)

CaCl2(aq) + NaCO3(s) → CaCO3(s) + 2NaCl(aq) (2)

CaCO3(s)
∆
→ CaO(s) + CO2(g) (3)

Scheme 1. Preparation process of Ag/PDA/CaO nanoparticles.

For the PDA and Ag NPs surface modification method of Ag/PDA/CaO NPs, refer to
Lin et al. [5]. Utilizing the catechol-amine chemistry of dopamine (DA) as an adhesive layer
between CaO NPs and Ag NPs, PDA coating layers were formed on the surface of CaO
NPs by oxidative polymerization in an alkaline environment [22]. Surface-exposed PDA
functional groups, including catechol, amine, and imine [23] can be used as reducing agents
for Ag NPs. We prepared a solution of synthetic PDA, the tris buffer (C8H11NO2•HCl)
adjusted to pH 8.5 as a solvent and configured the 10 mM dopamine solution. We soaked
the synthesized CaO NPs in the dopamine solution and stirred for 12 h. Then, we soaked
the PDA-coated CaO NPs in a silver amine solution (Tollen’s reagent), dried it in the oven
overnight, and obtained the Ag/PDA/CaO NPs.
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2.1. Transmission Electron Microscopy (TEM)

After the nanoparticle powder was dissolved in alcohol, 30 µL of the sample was
dripped onto a carbonized copper mesh sheet and dried to complete the test substrate,
shooting the image with a transmission electron microscope (JEOL, JEM-2100, Tokyo,
Japan). Magnification: 2000–1,500,000×; Resolution: Point image: 0.27 nm and Lattice
image: 0.14 nm; Dual tilt bases: X-axis ± 60◦; Electron gun: field emission acceleration
voltage of 200 kv.

2.2. X-ray Diffraction (XRD)

The samples were prepared by drying and grinding calcium oxide nanoparticles into
a uniform powder. The powder was flattened on a test substrate for X-ray diffraction.
The diffraction pattern of the calcium oxide nanoparticles was used to identify the crystal
grid parameters. We measured calcium oxide and calcium carbonate powder samples at
room temperature using an X-ray powder diffractometer (Bruker D8 Advance, Karlsruhe,
Germany). The Cu Kα1 with a wavelength of 1.5418 Å and energy of 8.05 KeV was used
as the X-ray source and the X-ray tube was a Cu target. The operating voltage was 40 kV
and the operating current was 40 mA. The detector is a high-speed, high-sensitivity PSD
detector with the best resolution of ~0.03◦ (FWHM). The 2θ angle was scanned at a scanning
speed of 0.5 s at each pitch from 20 ◦C to 80 ◦C, and the spacing was 0.1◦.

2.3. X-ray Photoelectron Spectroscopy (XPS)

Samples were prepared for analysis using X-ray photoelectron spectroscopy (XPS) by
depositing an aliquot of the sample solution onto clean silicon wafer at room temperature
and drying in air. XPS spectra were acquired using a JAMP-9500F (JEOL, Tokyo, Japan)
equipped with a monochromatic Mg Kα X-ray (1253.6 eV) radiation source. The spectra
were calibrated using the C 1s peak at 285 eV from adventitious surface carbon as an internal
reference. The Cu and Ag peak curve fitting was performed with a Gaussian/Lorentzian
ratio of 0.7 using peak fitting software by JEOL SpecSurf XPS (version 1.7.3.9), after a
Shirley-type background subtraction.

2.4. Raman Spectroscopy

The modified metal/polymer/CaO NPs were deposited on a silicon substrate (1 cm × 1 cm)
as a SERS substrate. Next, 5 µL 4-ATP and methyl parathion at different concentrations were
dropped on the surface of SERS substrate, and its SERS enhancement effect was detected by
Raman spectroscopy (WITec alpha300R, WITec, Ulm, Germany) at a laser wavelength of 532 nm
and an intensity of 30.5 µW, and further detected the representative pesticide in water.

3. Results and Discussion

The surface morphologies of the composites were observed using transmission electron
microscopy (TEM), as shown in Figure 1a,d, showing that CaO NPs, 40 ± 5 nm in diameter,
were synthesized successfully with a spherical shape. Figure 1b and e demonstrate that
after synthesizing the PDA onto CaO NPs, its surface became rough, and a coating was
observed. The inset in Figure 1d and e shows high-resolution TEM (HRTEM) images of
CaO NPs and PDA/CaO nanocomposites. The lattice spacings were 0.24 and 0.27 nm
through calculation, corresponding to the crystal plane of (200) and (111), which proves a
calcium oxide composition [24]. Figure 1c,f show that Ag NPs were successfully deposited
on each calcium oxide nanoparticle. The inset in Figure 1f shows the HRTEM result. The
spacing of Ag (111) was 0.237 nm [25], which confirms that Ag NPs were reduced on the
surface of the CaO NPs by about 12 ± 5 nm.
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Figure 1. TEM images of various nanoparticles: (a,d) CaO NPs at different magnifications;
(b,e) PDA/CaO nanocomposites at different magnifications; the insets in (d) and (e) are HRTEM im-
ages of random CaO nanoparticles and PDA/CaO nanocomposites, showing lattice spacing between
CaO (111) and (200) planes. (c,f) Ag/PDA/CaO nanocomposites at different magnifications; the
inset in (f) is an HRTEM image of a random Ag/PDA/CaO nanocomposite showing lattice spacing
between Ag (111) and CaO (200) planes as well.

The X-ray diffraction (XRD) results of the synthesized composites are shown in Figure 2.
In addition to the CaO signal, the Ag/PDA/CaO (blue line) also had Ag (111) and (200) signals,
in accordance with the standard diffraction pattern of Ag NPs (JCPDS: 04-0783) [26]. These
results prove that we successfully synthesized Ag NPs on CaO NPs.

We analyzed each step of the Ag/PDA/CaO SERS substrate formation by using high-
resolution X-ray photo-electron spectroscopy (XPS). The Ag 3D XPS spectra in Figure 3a for
Ag NPs exhibited peaks at 368.1 eV and 371.2 eV, which are assigned to Ag 3d5/2 and Ag
3d3/2, respectively. As shown in Figure 3b, the high-resolution XPS of the Ca 2p revealed
a signal of calcium oxide at 350.8 eV and 354.4 eV. Moreover, dopamine molecules were
polymerized on the CaO NP surfaces, and the Ca 2p signal shifted 0.4 eV from 350.8 eV to
the lower binding energy of 350.4 eV. These results indicate that the push electron effects
of PDA resulted in a shift in Ca 2p signal to a lower binding energy because the chemical
environment around Ca changed. After the PDA reduced the Ag NPs on the calcium
oxide, the signal of Ca 2p shifted to a lower binding energy, from 350.4 eV to 350.1 eV.
According to the literature, when semiconductors combine with metals, electrons flow from
higher to lower Fermi levels, allowing both Fermi levels to reach a new equilibrium [27–29].
Because the work function is 1.69 eV of calcium oxide and 4.1 eV of silver [30], the electrons
transferred from calcium oxide to silver when they were combined, as shown in Figure 3c.
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Figure 2. XRD patterns of synthesized (a) CaO NPs, (b) PDA/CaO and (c) Ag/PDA/CaO nanocomposites.

Figure 3. XPS spectra of (a) Ag 3d and (b) Ca 2p peak regions of the CaO NPs, PDA/CaO and
Ag/PDA/CaO nanocomposites. (c) Scheme of charge transfer from CaO NPs to Ag.

To evaluate the SERS activity of the Ag/PDA/CaO substrate, we selected 4-ATP as
model probe molecules and configured 4-ATP using ethanol to 10−3 M. We examined pure
4-ATP 10−2 M on a silicon substrate as normal Raman spectra (Figure 4a). The labeled
peaks in the normal Raman spectra correspond well to those reported for pure 4-ATP
in earlier reports. The peaks at 1154, 1200, and 1448 cm−1 are assigned to the δ(C−H)
stretching vibration. The peaks at 1088, 1154, 1400, and 1588 cm−1 are assigned to the
ν(C−S), δ(C−H), [ν(C−C) + δ(C−H)], and ν(C−C) stretching vibration, respectively. We
used different Ag NP deposition times of 2, 4, 6, 8, 10, and 24 h to prepare the SERS
substrates and analyzed 4-ATP, in order to find the most suitable preparation condition.
Figure A1 in the Appendix A shows significant enhancement in intensity, beginning 2 h after
deposition. We calculated the effective enhancement factors (EFs) by comparing the SERS
peak intensity at 1448 cm−1 of 4-ATP on Ag/PDA/CaO nanocomposites to that of 4-ATP
on CaO NPs, according to the formula ISERS/Isubstrate × (concentration factor) [31,32] ISERS
is the Raman intensity of the probe molecule on the Ag/PDA/CaO substrate, Isubstrate is
the Raman intensity of the probe molecule on the silicon substrate. The concentration factor
is the corresponding concentration of the different concentrations of the probe molecule
in ethanol. The calculated EFs were 3.8 × 105, 5.1 × 105, 5.2 × 105, 3.2 × 105, 4.7 × 105,
and 4.6 × 105 at 2, 4, 6, 8, 10, and 24 h respectively. The results indicate that EF reached
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5.1 × 105 after 4 h of deposition. Therefore, we found that 4 h of deposition time for Ag
NPs is the most appropriate for preparing a Ag/PDA/CaO nanocomposite as the SERS
substrate for detecting 4-ATP. Under these conditions, less deposition time was needed for
the best EF result.

Figure 4. (a) Raman spectra of pure 4-ATP 10−2 M. (b) SERS spectra as a function of 4-ATP concen-
tration while being adsorbed on Ag/PDA/CaO-4h nanocomposites.

We further investigated the detection limit of 4-ATP with the Ag/PDA/CaO-4h
substrate. We formulated 4-ATP to 10−3, 10−4, 10−5, 10−6, 10−7 and 10−8 M in ethanol. As
shown in Figure 4, CaO and Ag/PDA materials showed no SERS effects; however, after
detection of the Ag/PDA/CaO-4 h substrates, an obvious SERS effect was observed. The
calculated EFs were 1.1 × 106, 7.8 × 106, 3.6 × 107, 1.0 × 108, 9.6 × 108, and 6.5 × 109,
for 10−3, 10−4, 10−5, 10−6, 10−7 and 10−8 M, respectively, and the detection limit reached
~10−8 M.

We compared these results with those reported in other studies. Sun et al. [33] used a
silver nanoparticle colloidal solution to enhance the 4-ATP molecular signal, and the detection
limit was ~10−7 M. Recently, scientists have used different substrates to reduce the silver
nanoparticles to further enhance the 4-ATP signal, with a detection limit of ~10−7 M for a
single molecule [34–36]. In our study, Ag/PDA/CaO nanocomposites synthesized through
simple steps successfully enhanced the SERS effect and improved the detection limit to ~10−8 M
for 4-ATP single-molecule detection. The SERS intensity is determined by several factors,
such as particle size and shape and the nature of the aggregate [37,38]. In our results, the
self-assembled Ag/PDA/CaO nanocomposites had uniform particle sizes and shapes of Ag
NPs. This characteristic, resulting in the formation of numerous “hot spots”, offers great signal
improvement in SERS through strong electromagnetic enhancement.

The spectra of methyl parathion of differing concentrations (5 µL of 10 mM, 1 mM,
0.1 mM, 0.01 mM, 1 µM, 0.01 µM, 1 nM, and 0.9 nM) on the Ag/PDA/CaO nanocomposites
are shown in Figure 5. The major characteristic bands in the SERS spectra of the methyl
parathion could be identified at 1353 and 1596 cm−1, which correspond with the variation
in the C–H bending and phenyl stretching, respectively [39]. The calibration curve of
1353 cm−1 peak intensity and the corresponding concentration displayed a good linear
relationship, ranging from 0.01 M to 0.9 nM, showing a linear correlation coefficient R2 of
0.96 for methyl parathion (Figure 5c). The detection limit was 0.9 nM, which is much lower
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than the safety limits set by the Collaborative International Pesticides Analytical Council
(CIPAC) for insecticide in fruits.

Figure 5. (a) SERS spectra of methyl parathion at different concentrations. (b) A zoomed-in view
of the rectangle in (a), showing the intensity signal of 9 × 10−10 M methyl parathion. (c) Linear
calibration plot between the SERS intensity (peak at 1353 cm−1) and methyl parathion concentration.

In addition, Table 1 compares the analytical performances of various SERS nanocom-
posites for the detection of methyl parathion, which is comparable or even superior to the
other SERS nanocomposites reported in the literature. The above results demonstrate that
Ag/PDA/CaO nanocomposites have the potential for the highly sensitive detection and
quantitative analysis of methyl parathion residue.
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Table 1. Comparison of various SERS substrates in methyl parathion detection.

Materials Method Chemicals Detection Limit (nM) References

AgNPs-Ge/Si Raman Methyl Parathion 100 [39]
Au-Ag alloy Raman Methyl Parathion 5 [40]

Au/Ag-nanosphere/Al2O3-layer/Ag-nanoparticles Raman Methyl Parathion 1 [41]
Ag NPs on 3D PDMS nanotentacle array Raman Methyl Parathion 78 [42]

Silver nanoparticles/graphene Raman Methyl Parathion 600 [43]
Ag/AuNWs/PDMS Raman Methyl Parathion 3.8 [44]

polyaniline nanoparticles Raman Methyl Parathion 11.3 [45]
triangular gold nanoparticles Raman Methyl Parathion 500 [46]

Ag/PDA/CaO Raman
4-ATP 10 This work

Methyl Parathion 0.9 This work

4. Conclusions

A SERS substrate was successfully designed, constructed, and established by utilizing
non-toxic CaO as a semiconductor material for the first time, over other toxic, traditionally
used metal oxides (CuO, Cu2O, ZnO, Fe2O3, etc.). The construction process involved
the construction of CaO NPs from green resource oyster shells, followed by PDA coating
on CaO NPs and further in-situ construction of Ag NPs onto a PDA/CaO support. The
obtained LOD in the nanomolar regime and significant enhancement factor in SERS signals
for sensing methyl parathion with the constructed substrate demonstrate the effectiveness
of the SERS-constructed substrate by using CaO.
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Appendix A

Figure A1. SERS spectra of 4-ATP acquired on Ag/PDA/CaO substrates prepared under different
Ag-NPs deposition times (0, 2, 4, 6, 8, 10 and 24 h).
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Abstract: Commercial Nafion membranes have been widely used for vanadium redox flow batteries

(VRFB) but with relatively low ion selectivity. A chemical method is commonly employed to modify

the organic membranes, whereas physical approaches are rarely reported in view of less compatibility

with the organic species. In this study, an ultrathin polytetrafluoroethylene (PTFE) film of less than

30 nm is deposited onto the Nafion substrates by radio frequency magnetron sputtering to form

PTFE@Nafion composite membranes. The PTFE layer of hydrophobic and inert feature enhances the

dimensional stability and the ion selectivity of the Nafion membranes. The VRFB single cell with an

optimized composite membrane exhibits a better self-discharge property than that of the Nafion 212

(i.e., 201.2 vs. 18.6 h), due to a higher ion selectivity (i.e., 21.191 × 104 vs. 11.054 × 104 S min cm–3).

The composite membranes also show better discharge capacity retention than the Nafion 212 over

the entire 100 cycles. The results indicate that the magnetron sputtering is an alternative and feasible

route to tailor the organic membranes via surface modification and functionalization.

Keywords: ion exchange membrane; PTFE; Nafion; magnetron sputtering; vanadium redox flow

battery

1. Introduction

The utilization of renewable energies (e.g., wind, solar, and tidal energy) has been
the global focus towards sustainable development [1–5]. The intermittent features of
renewable energy make it difficult to achieve a reliable energy storage. Vanadium redox
flow battery (VRFB) is regarded as one of the most promising systems for large-scale
energy storage, considering its long lifetime, fast response, high reliability, low cost, and
decoupling of power and capacity [6–8]. An ion exchange membrane is a core component
in a flow battery to separate the catholyte and anolyte and to conduct protons. The
commercial Nafion membranes have been widely employed due to their good conductivity
and high chemical and mechanical stability [9–11]. However, Nafion membranes generally
exhibit large permeability for vanadium ions and thus hinder VRFB development and
deployment [12–15].

To reduce ion permeability and enhance ion selectivity, chemical strategies have
been the prevailing approach to modify and improve the Nafion-based membranes, such
as sol–gel modification, interfacial polymerization, oxidation polymerization, surfactant
treatment, solution casting, and electrodeposition. Sol–gel modification is an effective
way to incorporate different additives into the membranes. Xi et al. [16] employed SiO2

nanoparticles to modify Nafion membranes by sol–gel reaction with tetraethyl-orthosilicate.
The pores of Nafion membrane were filled with the SiO2 nanoparticles, thus resulting
in reduced permeability of vanadium ions. Polymerization is another useful method to
introduce organic species. Luo and co-workers [17] synthesized a cationic charged layer on
the surface of the Nafion membrane by interfacial polymerization, and Dai et al. [18,19]
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designed a composite membrane with zwitterionic groups by grafting the sulfobetaine
methacrylate onto Nafion membrane via polymerization. The charge repulsion effect and
covalent bonds between the additives and matrix suppressed the vanadium ion penetration
and enhanced ion selectivity. Solution casting is also feasible to modify the membranes
with either organic or inorganic additives. Ye and co-workers [20] used the lignin to blend
with Nafion by solution casting, and also [21] incorporated TiO2 nanotubes into the Nafion
membranes to achieve high-performance VRFBs. In addition, electrodeposition is also an
alternative to tailor the membranes. Zeng et al. [22] modified the Nafion membranes with
pyrrole by electrodeposition and revealed an improved property of membrane resistance
and vanadium permeability. It is noteworthy that the chemical methods usually require
harsh environments and multiple reactions with delicate conditions. To this end, a phys-
ical deposition approach is an alternative which is, however, rarely reported due to less
compatibility with the organic species.

A physical deposition is a facile and cost-effective way for large-scale surface modi-
fication with high-quality thin films, which are generally used for metallic and inorganic
species. In this study, a composite membrane of PTFE@Nafion is prepared by radio fre-
quency magnetron sputtering. An ultrathin PTFE layer is deposited onto the Nafion surface
and performs as a blocking layer to reduce the permeation of vanadium ions and enhance
the dimensional stability of the Nafion membranes for VRFB application.

2. Experimental

The Nafion 212 membranes (DuPont, Wilmington, NC, USA) and PTFE targets (Teflon,
purity 99.99%, Shanghai, China) were commercially obtained. The PTFE@Nafion compos-
ite membranes were prepared by radio frequency (RF) magnetron sputtering (JPGF-480,
Beijing, China) under an argon atmosphere (purity 99.999%). The Nafion membranes
were immediately put into the chamber after removing the surface protective layer. The
chamber was then pumped down to a vacuum level of less than 3 × 10–3 Pa. The distance
between the membrane and the target was set as 10 cm. The following major parameters
were optimized to adjust the film thickness and surface roughness, i.e., the sputtering
power (90, 100, 110, 120, and 130 W), the chamber pressure (0.6, 0.8, 1.0, 1.2, and 1.4 Pa),
the substrate temperature (80, 90, 100, 110, and 120 ◦C), and the deposition time (30, 60,
90, and 120 s). The PTFE films were also sputtered onto the glass substrates (CITOGAS,
REF10127105P-G) to determine the film thickness and roughness (Ra) by surface profiler
(Dektak 150, Veeco Instruments, Tucson, AZ, USA). Although the film roughness on glasses
might exhibit some deviations from that on Nafion membranes, it could be used to optimize
the sputtering conditions.

The morphologies of composite membranes were examined by field emission scan-
ning electron microscopy (FESEM, FEI Nova 400, Hillsboro, OR, USA). The contact angle
measurement was performed with an optical tensiometer (Attension Theta, KSVMRI instru-
ments Ltd., Helsinki, Finland) to evaluate the wetting property of the composite membranes.
The static contact angle was measured with water droplet (about 5 µL) on the as-deposited
composite membranes or the pristine Nafion after removing the protective layer on the
surface. The water uptake (WU) was determined by the weight difference between the wet
and dry membranes, as follows:

WU =
Wwet − Wdry

Wdry
×100% (1)

where Wwet and Wdry are the weight of the wet and dry membranes, respectively. Before

the water absorption test, the membranes were cut into a size of 2 × 2 cm2 and dried
for more than 24 h, and then the weight of dry membrane was measured. Thereafter,
the membranes were soaked in deionized water for 12 h, taken out and quickly wiped
with absorbent paper to remove the water on the surface, and then the weight of the wet
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membrane was measured. The swelling ratio (SR) was obtained by calculating the length
difference between the wet and dry membranes. The swelling ratio was calculated by:

SR =
Lwet − Ldry

Ldry
×100% (2)

where Lwet and Ldry are the length of the wet (soaked in deionized water for 12 h) and dry
(the as-deposited composite membrane or the pristine Nafion membrane after removing
the protective layer on surface) membranes, respectively. The permeability measurement
was carried out using a home-made cell, as detailed in our previous report [23]. In brief, the
two isolated compartments were filled with 70 mL of 1.5 M VOSO4 in 3.0 M H2SO4 solution
and 70 mL of 1.5 M MgSO4 in 3.0 M H2SO4 solution, respectively, which were separated
by a composite membrane. The concentration of VO2+ in the MgSO4 compartment was
examined with a UV-vis spectrometer (UV-2450PC, Shimadzu, Tokyo, Japan) every 12 h.
The permeability (P) can be calculated by [12,17,18]:

P =
VL

A(C0 − Ct)
×

dCt

dt
(3)

where V is the solution volume in the MgSO4 compartment, L and A are the thickness and
active area (2.01 cm2) of the membrane, respectively, C0 and Ct are the initial concentration
of VO2+ (1.5 M) and the concentration of VO2+ in the MgSO4 compartment as a function of
time (t).

The conductivity of the membrane was examined with an electrochemical worksta-
tion (CHI660E, Chenhua, Shanghai, China) in a frequency range of 1 Hz–100 KHz. The
membrane conductivity (σ) can be calculated by [24–26]:

σ =
L

A(R1 − R2)
(4)

where R1 and R2 are the cell resistance with and without membrane, respectively, which
were determined by the intercept at the real axis in a Nyquist plot. The active area was
13.5 cm2 for the conductivity measurement.

A VRFB single cell was assembled as per our previous report [20]. The 15 mL of
1.5 M VO2+ in 3 M H2SO4 and 15 mL of 1.5 M V3+ in 3 M H2SO4 were employed as the
catholyte and anolyte, respectively. The PTFE side of a composite membrane was faced to
the catholyte to confront the highly corrosive environment. The cell tests were conducted
with a battery testing system (CT2001A, LANHE, Wuhan, China). A voltage window of
0.7–1.75 V was used for the cyclic test. An open circuit voltage (OCV) decay of single cell at
75% state of charge (SOC) was recorded beyond 0.85 V.

3. Results and Discussion

3.1. Characterization of Composite Membranes

In general, the polytetrafluoroethylene bears a hydrophobic and inert nature. Once
formed on the Nafion surface, it behaves as a blocking layer to expel the water molecules
and retard the ion permeation. However, the PTFE is also an insulator which, on the
other hand, enlarges the membrane’s resistance. As such, the film thickness should be
optimized to reach a compromise between the permeability and conductivity. Four impor-
tant parameters for the RF magnetron sputtering are considered herein, i.e., the sputtering
power, chamber pressure, substrate temperature and deposition time. Figure 1 shows that
the film thickness generally exhibits a linear relationship with the key parameters. The
PTFE thickness increases with the power, as shown in Figure 1a). This is attributed to an
enhanced energy of Ar+ ions that generate more PTFE particles with a high deposition
rate. Meanwhile, the sputtered particles also bear high energy and tend to form islands
on the membrane surface, thus increasing the roughness. An abrupt enhancement arises
beyond 110 W for the surface roughness. Accordingly, a sputtering power of 110 W is used
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for an optimal film deposition. The PTFE thickness displays a similar varying trend with
the pressure, as shown in Figure 1b. The quantity of Ar+ ions is promoted under high
pressure, resulting in a high deposition rate. However, the average energy of each Ar+ ion
is reduced under this scenario because of shortened mean free path for collision. The size
of PTFE particles bombarded by Ar+ ions is decreased accordingly, which in turn decreases
the film roughness. An optimal pressure of 1.2 Pa is hence selected based on the roughness
step presented in Figure 1b. By contrast, the PTFE thickness decreases with the elevated
temperature in light of an enhanced evaporation rate of the resulting films, as displayed in
Figure 1c. Once reaching the membrane surface, the sputtered PTFE particles can obtain
more energy at a high substrate temperature. This facilitates the translational movement of
the particles, thereby giving rise to a reduced surface roughness over 110 ◦C. Consequently,
an optimal substrate temperature of 110 ◦C is chosen herein. With these optimized param-
eters, the PTFE thickness is tailored to be about 5, 10, 20, and 30 nm by controlling the
deposition time of 30, 60, 90, and 120 s, respectively, as shown in Figure 1d. Subsequently,
the composite film is referred to as 30PTFE@Nafion, 60PTFE@Nafion, 90PTFE@Nafion, and
120PTFE@Nafion based on the deposition time. The surface roughness remains almost
unchanged under the optimal conditions.

 

Figure 1. Optimization of sputtered PTFE films. Effect of sputtering power (a), chamber pressure (b),

substrate temperature (c), and deposition time (d) on film thickness and surface roughness. Each

of the data points is based on at least 5 measurements (see Figures S1–S4 in the Supplemental

Information for typical surface profiles). The broken lines are used to assist view only.
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Figure 2a illustrates the microstructure of a PTFE@Nafion composite membrane,
where an ultrathin layer of PTFE film is deposited onto the Nafion surface. The PTFE film
is expected to suppress the permeation of different vanadium ions and to maintain the
transport of protons. Figure 2b displays the photographs of Nafion 212 and PTFE@Nafion
membranes. All of the membranes are transparent and show less differences because
of the ultrathin films. The corresponding FESEM images of the original and composite
membranes reveal that a uniform and porous, thin film is developed on the Nafion substrate,
as compared in Figure 2c,d. The porous feature provides the diffusion pathway for both ion
permeation and water migration (proton transport) in the operation of VRFB cells, which
can be tailored by varying the film thickness. Some small clusters are observed on the
composite membrane surface, which stem from the aggregation of PTFE particles. Further
examination discloses that the morphologies are almost the same for 60PTFE@Nafion,
90PTFE@Nafion, and 120PTFE@Nafion membranes, while that for 30PTFE@Nafion is not
well developed because of the small thickness, as shown in Figure S5.

 

Ω

Figure 2. Morphologies of sputtered PTFE films. (a) Schematic illustration of a composite membrane

and its influence on ion permeation, (b) photographs of different membranes, and top-view FESEM

images of Nafion 212 (c) and 60PTFE@Nafion composite membrane (d). The dark contaminants

in (c) and (d) are induced by gold sputtering to facilitate FESEM characterization.

3.2. Property of Composite Membranes

Water contact angle is used to evaluate the surface wettability of the membranes.
Figure 3a shows that the contact angle increases with the PTFE thickness due to the
hydrophobic nature of polytetrafluoroethylene. Such a hydrophobicity is beneficial to the
water repulsion and thus enhances the dimensional stability of membranes. Figure 3b
exhibits that the swelling ratio (SR) and water uptake (WU) decline gradually with the
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increased PTFE thickness, i.e., from 8.4% to 6.2% for SR and from 14.2% to 12.6% for
WU. This indicates that the PTFE films can stabilize the Nafion membrane in view of the
hydrophobicity. A low swelling ratio also facilitates the PTFE@Nafion membranes to reduce
the permeation of vanadium ions and enhance the cyclic stability of flow cells. Nonetheless,
the insulating character of PTFE films promotes the membrane resistance, as displayed
in Figure 3c. The area resistance increases with the PTFE thickness and is determined
to be 0.432, 0.837, 1.026, and 2.012 Ω cm2 with an active area of 13.5 cm2 for Nafion 212,
30PTFE@Nafion, 60PTFE@Nafion, and 90PTFE@Nafion membranes, respectively. (see
Figure S6 for corresponding Nyquist plots and detailed interpretation).

 

ffu

σ

Figure 3. Surface wettability and dimensional stability of composite membranes. (a) Water contact

angle, (b) swelling ratio and water uptake, and (c) membrane resistance.

Figure 4a displays the diffusion rate of VO2+ ions for different membranes. Upon
coating with the PTFE films, the ion permeation is considerably suppressed with the
composite membranes, and the permeation rate decreases with the increased PTFE thick-
ness. This is due to the blocking effect of PTFE layer. The permeability thus declines
accordingly, as shown in Figure 4b. On the other hand, the conductivity is also reduced
with the increasing film thickness. This suggests that the proton transport is hindered
with the PTFE films. Both can be ascribed to the increased diffusion pathway for ion
permeation and water migration (proton transport) as the thickness of the porous film
increases. In this regard, the ion selectivity (σ/P) is widely used to reach a compromise
between the ion permeability and proton conductivity. A high ion selectivity is benefi-
cial to the cell performance. The ion selectivity is hence determined to be 11.054 × 104,
21.109 × 104, 21.191 × 104, and 15.635 × 104 S min cm–3 for Nafion 212, 30PTFE@Nafion,
60PTFE@Nafion, and 90PTFE@Nafion, respectively. Considering the dimensional stability
and ion selectivity of the composite membranes, the 60PTFE@Nafion is employed for
vanadium redox flow battery.
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ffu

σ

 

Figure 4. Ion permeation properties of composite membranes. (a) Time-dependent concentration of

VO2+ ions, (b) permeability and conductivity.

3.3. Cell Performances

Figure 5a presents the charge–discharge curves of VRFB cells with the Nafion 212 and
60PTFE@Nafion membranes at 80 mA cm–2. Although the charge capacity being a little
lower, the single cell with 60PTFE@Nafion membrane exhibits comparable discharge capac-
ity with the Nafion 212. This is attributed to the suppressed permeation of vanadium ions
in the presence of PTFE films. The average charge and discharge voltage of 60PTFE@Nafion
is not as good as that of the Nafion 212, in light of the enlarged resistance with PTFE layer
(see Figure 3c). The OCV decay is used to further investigate the self-discharge property
induced by the permeation of vanadium ions. Figure 5b discloses that the OCV decay
maintains 201.2 h for the 60PTFE@Nafion membrane, being more than ten-times that for the
Nafion 212 counterpart (i.e., 18.6 h). This is in good agreement with the high ion selectivity
(i.e., 21.191 × 104 vs. 11.054 × 104 S min cm–3). It demonstrates that the sputtered PTFE
films are effective in retarding the crossover of vanadium ions.

Figure 5c shows a comparison of coulombic, voltage and energy efficiencies between
the single cells with 60PTFE@Nafion and Nafion 212 membranes. The coulombic efficiency
keeps about 98% for 60PTFE@Nafion membrane and is higher than of the Nafion 212 (i.e.,
~94%). This is ascribed to the good ion selectivity with the sputtered PTFE films. The
coulombic efficiency even performs better than most of the Nafion-based bulk membranes
synthesized by chemical methods, as shown in Figure 6. However, the voltage efficiency
of the cell with 60PTFE@Nafion membrane is relatively lower than the Nafion 212 (i.e.,
82% vs. 87%), as a result of increased area resistance. Eventually, a comparable energy
efficiency is achieved for both membranes. Nevertheless, the discharge capacity retention
of the cell with 60PTFE@Nafion membrane performs better than the Nafion 212 over the
entire 100 cycles, as displayed in Figure 5d. This originates from the hydrophobic and
inert nature of PTFE films that give rise to high dimensional stability and ion selectivity.
The major findings herein suggest that the magnetron sputtering approach provides an
alternative to modify the organic membranes for VRFB application.
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Figure 5. Cell performances employing Nafion and 60PTFE@Nafion membranes at 80 mA cm–2.

(a) Charge–discharge curves, (b) self-discharge curves under 75% SOC, (c) coulombic, voltage, and

energy efficiencies, and (d) discharge capacity retention.

 

Figure 6. Comparison of coulombic efficiency for different Nafion-based membranes in VRFB at

different current densities [16,20,27–38].

4. Conclusions

A PTFE@Nafion composite membrane is prepared by depositing an ultrathin PTFE
film (less than 30 nm) on a Nafion substrate with radio frequency magnetron sputtering.
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The composite membrane exhibits good dimensional stability and high ion selectivity, due
to the hydrophobic and inert nature of the PTFE layer that suppresses the vanadium ion
permeation. The 60PTFE@Nafion membrane renders a better self-discharge property than
the Nafion 212 counterpart (i.e., 201.2 vs. 18.6 h) in light of higher ion selectivity (i.e.,
21.191 × 104 vs. 11.054 × 104 S min cm–3). The VRFB single cell with 60PTFE@Nafion
membrane shows better discharge capacity retention than the Nafion 212 over the entire
100 cycles and maintains about 80% at 100 cycles. The major findings indicate that it is
feasible and promising to use physical approaches to modify the organic membranes for
VRFB application, as compared to the conventional chemical methods.

In addition, there are also some limitations for the method reported herein. (1) The
property of the composite membranes is highly dependent on the quality of the sputtering
targets. (2) The diversity of organic films is limited by the available sputtering targets.
In this regard, more efforts are required to develop sputtering targets of high quality
and diversity.
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Abstract: In this study, a novel method for calcium carbonate deposition in wood that increases carbon
dioxide concentration and fire resistance is proposed. The method promoted the mineralization of
radiata pine wood microstructure with calcium carbonate by using a process consisting in the vacuum
impregnation of wood with a calcium chloride aqueous solution and the subsequent sequential
diffusion of gaseous ammonium and carbon dioxide. In the most favorable conditions, the method
yielded a weight gain of about 20 wt.% due to mineralization, which implied the accumulation of
0.467 mmol·g−1 of carbon dioxide in the microstructure of wood. In addition, a weight gain of about
8% was sufficient to provide fire resistance to a level similar to that achieved by a commercially
available fire-retardant treatment. The feasibility of retaining carbon dioxide directly inside the wood
microstructure can be advantageous for developing wood products with enhanced environmental
characteristics. This method can be a potential alternative for users seeking materials that could be
effective at supporting a full sustainable development.

Keywords: carbon dioxide accumulation; wood fire-protection; calcium carbonate; in situ mineraliza-
tion; wood protection

1. Introduction

The increasing interest in wood as a building material is driven by its outstanding
physical and mechanical behavior and versatility, but also by its biodegradable nature and
ability to act as a carbon reservoir [1]. For these characteristics, many final users, seeking
materials supporting sustainable development, have turned their attention to wood and
wood products [2]. The use of wood in construction ensures that an important portion
of the carbon incorporated by trees during their growth will remain sequestered in wood
fibers for a long time [3]. Unfortunately, wood’s ability to act as a carbon reservoir ends
when it is degraded, and carbon is released to the atmosphere [4]. Among the agents of
deterioration, fire stands out because of its devastating effects, which can almost wholly
degrade wood cells in a very short time. Thus, fire is a significant risk in any construction
containing wooden elements.

Fire retardancy in wood products is regularly achieved by superficial or integral
impregnation with chemical formulations. In this sense, a wide range of very effective
formulations, mostly based on the action of phosphorus, nitrogen, and boron compounds,
have been developed [5]. However, nowadays many of these formulations have been
questioned because of their possible toxic effects on living organisms [6–8]. For instance,
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the release of chlorinated and brominated dioxins and dibenzofurans during accidental
fires or waste incineration is a recurrent concern [8]. Consequently, the development of
new and innovative technologies for wood’s fire protection, capable of meeting the current
environmental demands, is an evident necessity.

Mineralization treatments can certainly be accounted as an option to protect wood
against fire while reducing the risk of releasing toxic compounds during its thermal degra-
dation. Examples of innovations in such area can be found in the development of treatments
promoting an accelerated petrification of wood [9,10] and others based on the formation of a
wide range of minerals with inherent fire resistance properties inside the wood cells [11,12].
Several authors have proposed calcium carbonate (CaCO3) as a fire protection agent for
wood products [13–16]. During the endothermic decomposition of CaCO3, the release of
carbon dioxide (CO2) apparently dilutes and cools combustion gases, reducing the effec-
tiveness of the combustion [14]. The thermal degradation of CaCO3 does not generate toxic
compounds and therefore is considered an environmentally friendly treatment [14,17–19].
Cone calorimetry tests on wood treated with CaCO3 have shown up to a 65% decrease
in heat release capacity, demonstrating the great potential of the treatment. In addition,
the intrinsic properties of wood are not significantly affected, expanding its reliability in
construction uses [14,17].

In this work, we synthesized CaCO3 inside the microstructure of radiata pine samples
using a novel process that consisted in vacuum impregnation of an aqueous solution of
calcium chloride (CaCl2) and subsequent sequential diffusion of gaseous ammonium (NH3)
and CO2. The main objective of the study was to verify the feasibility of an innovative
treatment to accumulate CO2 inside wood that simultaneously could improve the response
of wood against the action of fire, as the CO2 involved in the reaction becomes part of the
salt crystals of CaCO3 accumulated in the wood microstructure. Specifically, we planned to
verify the level of fire protection offered by the best conditions of the treatment, if any, and
the amount of CO2 accumulated inside the wood in such conditions.

2. Materials and Methods

2.1. Wood Samples

Radiata pine (Pinus radiata D. Don) wood pieces, acquired at a local lumber store, were
used to prepare two sets of samples. The first set consisted of cubic sapwood pieces with
perfectly tangential, radial, and transverse faces (20 mm × 20 mm × 20 mm). The second
set consisted of 6 mm × 150 mm × 300 mm wood pieces with the tangential section on
the main face and the end grain oriented along the longest axis. These samples were not
screened for the presence of sapwood or heartwood. All samples were dried to anhydrous
conditions in a convection oven at 50 ◦C, and their anhydrous mass was recorded. After
that, the samples were conditioned at 65% relative humidity (R.H.) and 21 ◦C for two
weeks, prior to the impregnation treatment.

2.2. Mineralization Treatment

CaCO3 accumulation inside the wood microstructure was conducted on the 20 × 20 ×

20 mm (n = 100) conditioned samples. The samples were vacuum-impregnated (−1 atm,
120 min) with CaCl2 (7.5%, 15%, 30%, and 60% w/v) in a stainless-steel vessel (30 L,
approx.). After that, the samples were removed and then sequentially exposed to gaseous
ammonia (40 ◦C for 60 min, atmospheric pressure) inside a vaporing chamber and to
CO2 (99%, 60 min, 4 bars, room temperature) inside the stainless-steel vessel. The aim
of using gaseous ammonia was to promote a rapid change of pH throughout the wood
section, creating an alkaline environment, in which the presence of CO2 could initiate the
reaction of mineralization of CaCl2 into CaCO3. Similarly, the use of gaseous CO2 was
expected to improve the penetration of the mineralization treatment. After the treatment,
the samples were washed overnight in distilled water at neutral pH to remove residual
salts and byproducts. The whole process was consecutively repeated, producing cycles of
treatment from 1 to 5. The treated samples were oven-dried at 50 ◦C until constant weight
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(±0.002 g), and the anhydrous mass was recorded and afterwards used to calculate the
weight gain of the treatment according to Equation (1):

Weight gain (%) = [(m2 − m1)/m1] × 100 (1)

where m1 and m2 are the anhydrous mass of the samples before and after the mineralization
treatment, respectively.

2.3. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
analyses were used to observe the accumulation of salt crystals inside the wood microstruc-
ture and assess their chemical composition. SEM and EDS evaluations were performed on
samples that achieved the higher weight gains. Primarily, observations were made at the
surface and then at 5 and 10 mm depth, using a JEOL-JSM 6380 (Tokyo, Japan) scanning
electron microscope and an acceleration voltage of 20 kV.

2.4. Carbon Dioxide Accumulation Due to the Mineralization Treatment

The concentration of CO2 accumulated inside the wood microstructure due to the
mineralization treatment was indirectly determined by assessing the gain of calcium in the
samples. According to the chemical reaction associated with the mineralization treatment,
each molecule of calcium acquired by the wood due to the accumulation of CaCO3 reacted
with one molecule of CO2 (Equation (2)). Thus, for each mol of calcium accumulated in the
wood, at least one mol of CO2 was captured due to the treatment.

CaCl2(s) + 2 NH3(g) + H2O(l) + CO2(g) → CaCO3(s) + 2NH4Cl(s) (2)

Calcium concentration in the samples was measured by Atomic Absorption Spec-
troscopy (AAS) by using 20 mm × 20 mm × 40 mm wood samples (n = 5). These samples
were sawn in half to obtain 10 paired samples of 20 mm × 20 mm × 20 mm. Five of the
paired samples remained as controls without treatment, and the other five were mineral-
ized until reaching a 20% weight gain. After treatment, the samples were grounded in a
small grinder to 200 mesh, and then the ash content was determined according to ASTM
1755-01(2020). The grounded samples were digested using a mixture of 18 mL HNO3 and
7 mL HCl (final volume 25 mL). The samples were boiled for 2 h in covered beakers on a
hot plate. Then, the digested samples were transferred and diluted to 100 mL with distilled
water. The resultant products were measured and analyzed in an iCE 3000 Series Atomic
Absorption Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The initial content
of calcium in the samples was subtracted from the content of calcium measured after the
mineralization treatment. This information was used to calculate the mol of calcium per
gram of anhydrous wood and hence the content of CO2.

2.5. Infrared and Thermogravimetric Analyses

The Fourier transform infrared spectroscopy (FTIR) spectra of the untreated and
mineralized samples, as well as of the pure CaCO3 standard, were measured by direct
transmittance using the KBr pellet technique. The spectra were recorded in the range
of 4000–400 cm−1 using a Thermo-Nicolet Nexus 670 FTIR (Thermo Fischer Scientific,
Waltham, MA, USA). Pretreatment was carried out by grinding the samples in a mill to
200 mesh and, subsequently, by compressing the mixture of each sample and KBr (where
KBr has a ratio of 0.5 wt.%–1 wt.%).

In addition, 2.5 mg of each grinded sample was used to conduct a thermogravimet-
ric analysis (TGA) in a TG 209F3 Tarsus from NETZSCH Instruments (Selb, Germany)
thermogravimetric analyzer. These tests were conducted in an ultra-high purity nitrogen
atmosphere with a heating rate of 20 ◦C·min−1, from 50 to 600 ◦C. The weight loss relative
to the temperature values was used to perform the derivative thermogravimetric analysis
(DTG). All TGA tests were performed in triplicate.
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2.6. Fire Resistance Test

The fire resistance of the wood samples was tested according to Chilean Standard
NCh1974 (Figure 1). The samples were ignited in controlled conditions inside a 400 mm ×

700 mm × 810 mm cabinet, under a constant air flux (0.2 m·s−1). In the test, the samples
are individually placed in the middle of the cabinet laying at 45◦. Then, in a stainless-steel
container, a known volume of absolute ethanol is burned directly under the samples. The
test lasts until the total combustion of the fuel is achieved and the flames in the sample are
completely off.

−

−

 

−

−

Figure 1. Fire resistance test according to the Chilean Standard NCh1974. The samples are ignited
inside a 400 mm × 700 mm × 810 mm cabinet under a constant air flux (0.2 m·s−1). Blurriness of the
image due to the template glass cover on the front of the cabinet.

Wood samples, 6 mm × 150 mm × 300 mm (n = 15), were mineralized using the
conditions that resulted in the highest accumulation of calcium carbonate, treated with the
commercial fire-retardant agent AF7000 (AF7000 Fire Protection, Industrial y Comercial
Ciprés Ltda, Santiago, Chile), or left without treatment to act as control samples. The
fire-retardant agent was selected due to its commercial availability and chemical composi-
tion based on boric and phosphoric acid and ammonium sulfate [20]. The fire-retardant
agent was applied by brushing, according to the manufacturer’s instructions, on samples
previously conditioned at 65% R.H. and 21 ◦C for 2 weeks.

Before the combustion test, all samples were oven-dried at 50 ◦C until constant weight
(±0.002 g), and their mass recorded. After the combustion, the samples were allowed to
cool down, and their mass was recorded again and used to calculate the weight loss due to
combustion (Equation (3)). In addition, the maximum extension of the carbonization in
each axis of the samples was recorded in mm and used to calculate the carbonization index
according to Equation (4).

Weight loss = [(m1 − m2)/m1] × 100 (3)

where m1 and m2 are the mass of the samples before and after the combustion, respectively.

Carbonization index = L1 × L2 × L3 (4)

where L1, L2, and L3 are the maximum extension of the carbonization at the length, width,
and depth of the sample, respectively.
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2.7. Data Analysis

Analysis of variance (ANOVA) was used to evaluate the mineralization and fire
resistance of the wood samples. The mineralization experiment was conducted according
to a factorial design that tested the concentration of CaCl2 and the number of cycles of
treatment as factors, while the weight gain of the samples after treatment was considered
as the main response. Similarly, ANOVA was used to test the effect of the fire-retardant
treatment on the wood samples. Such analysis considered as responses the weight loss due
to combustion and the carbonization index. In all cases, after ANOVA (p < 0.05), significant
differences were estimated using Fisher’s least significant test (l.s.d.) and expressed as error
bars in the different result charts.

Statistical analyses were performed using the Software Design-Expert 11 (Stat-ease,
Inc., Minneapolis, MN, USA, version 11).

3. Results

3.1. Mineralization Treatment

The results of the mineralization experiments are depicted in Figure 2. The ANOVA
results, available as Supplementary Data (Figure S1), indicated a significant effect (p-value
< 0.05) of CaCl2 concentration, the number of treatment cycles, and the interaction of these
two factors. Figure 2 shows that the increment of the treatment cycles had a significant effect
only until the fourth cycle. Similarly, 30% CaCl2 concentration yielded significantly higher
weight gains values compared to other concentrations. Nevertheless, relevant interactions
detected among factors showed that the highest weight gain, 22% in samples treated with
five cycles using CaCl2 at a concentration of 30%, was not significantly different than those
obtained in samples treated with five cycles; 15% CaCl2, and 4 cycles; 15% and 30% CaCl2.
With the goal to establish adequate conditions for the treatment of larger samples, four
cycles and 30% CaCl2 were chosen as treatment conditions to mineralize the fire-resistant
test samples.

 

Figure 2. Weight gain of radiata pine samples mineralized for calcium carbonate accumulation. Error
bars depict the least significant difference (l.s.d.) after analysis of variance (p < 0.05).

SEM images of samples treated with 30% CaCl2, five cycles, show that the treatment
induced an extended mineralization of the external area of the samples (Figure 3). Mineral-
ization was less prevalent at 5 mm depth, forming semispherical particles, and apparently
absent at 10 mm depth. EDS analysis of the samples showed that the amount of calcium
present at the surface of the observed samples was 35.6% (Figure 3a). This amount de-
creased to 3.6% at 5 mm depth and to 1.08% at 10 mm depth (Figure 3b,c), which was almost
equal to that measured in an untreated sample. The EDS analysis of the semispherical
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particles found in the interior and at the surface of the samples (Figure 3d) and at 5 and
10 mm depth in the treated samples was stoichiometrically sufficient to determine CaCO3
presence. This clearly contrasts with the results obtained for the untreated surface, where
the content of C, O, and Ca were 52.85%, 46.39%, and 0.79%, respectively.

 

μ

μ
μ

μ

−

−

Figure 3. SEM images of a sample treated with 30% calcium chloride, five cycles. (a) Surface of the
sample; EDS chemical determination: C = 17.16%, O = 46.28%, and Ca = 36.56%, bar size 10 µm;
(b) 5 mm depth from the surface of the sample; EDS chemical determination: C = 48.30%, O = 48.13%,
and Ca = 3.57%, bar size 10 µm; (c) 10 mm depth from the surface of the sample; EDS chemical
determination: C = 52.79%, O = 46.13%, and Ca = 1.06%, bar size 10 µm; (d) semispherical particle
formed due to the mineralization process; EDS chemical determination: C = 17.21%, O = 48.71%, and
Ca = 33.2%, bar size 5 µm.

3.2. CO2 Concentration

The gains of weight, calcium, and CO2, of selected wood samples are shown in Table 1.
The average carbon dioxide gain was 0.467 (mmol of CO2·g−1 of anhydrous wood) for
samples that achieved about 20% weight gain (wt.%) due to the mineralization treatment.
These samples were treated with an initial CaCl2 concentration of 30% in four consecutive
cycles.

Table 1. Gains of weight, calcium, and carbon dioxide in mineralized samples.

Sample Weight Gain (%) Calcium Gain (%)
CO2 Gain

(m·mol·g−1 Anhydrous Wood)

1 20.40 1.55 0.490
2 20.50 1.96 0.602
3 19.01 1.19 0.381
4 20.20 1.56 0.489
5 20.10 1.15 0.374

3.3. Infrared Analysis

The FTIR spectrum of pure CaCO3 showed the presence of a strong band centered
around 1453 cm−1, characteristic of the C–O stretching mode of carbonate, together with a
narrow band around 873 cm−1 characteristic of the bending mode (Figure 4B). These bands
were also observed in the CaCO3-treated wood sample, showing an increased absorbance
in both wavenumbers (Figure 4A). Additionally, when both spectra were compared, it was
observed that the treated wood sample showed differences at 1050 cm−1 that corresponded
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to C=C stretching vibrations in the aromatic structure. Interestingly, a variation was seen at
1735 cm−1 associated with the stretching vibrations of unconjugated C=O and related to
carbonyl groups in the hemicellulose structure [21,22].

−

−

−

−

 

−

Figure 4. FTIR analysis, (A) untreated and treated wood samples and (B) CaCO3 standard.

3.4. Thermogravimetric Analysis

TGA of the untreated wood samples showed a large signal at 367 ◦C, which implied
a mass loss of almost 80% (Figure 5a). In contrast, the samples previously treated with
CaCO3 showed a different thermal degradation profile. It is possible to observe in Figure 5b
the important increase of the signal (shoulder) near 300 ◦C that appeared in the untreated
samples. This signal in CaCO3-treated samples appears at lower temperatures (283 ◦C)
with a DTG of −3.87%/min. The DTG curve of CaCO3-treated samples presents two
important decomposition stages: the first one appears as a signal in the form of a slight
curve after 200 ◦C, and the second stage presents the highest peak of decomposition near
350 ◦C. In all replicates, the mineralized samples showed a maximum decomposition peak
before that of untreated wood. Therefore, these TGA results suggest that, at the beginning,
CaCO3-treated wood lost weight faster than untreated wood; however, after 350 ◦C, the
opposite behavior was observed, and the untreated wood lost weight faster (Figure 5a),
reaching a loss of about 92% compared with a weight loss of only 64% of the CaCO3-treated
samples.

−

−

−

−

−

Figure 5. TGA and DTG analysis of (a) an untreated wood sample and (b) a sample treated with
CaCO3.

3.5. Fire Resistance of the Wood Samples

The weight gain of the mineralized samples in the fire-resistance test is shown in
Table 2. The results of the fire resistance tests are summarized in Figure 6. The ANOVA
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results, available as Supplementary Data (Figures S2 and S3) show differences between the
treatments (p-values < 0.05). Thus, a significant improvement in fire resistance was observed
for the mineralized samples treated with four cycles of CaCl2 30% compared to the control
samples left without treatment. However, differences between the mineralized samples
and those treated with the commercial fire-retardant agent AF7000 were not significant. In
terms of weight losses, the mineralized samples reached an average value that was about
20 percentage points lower than that of the samples treated with the fire-retardant agent
and more than 40 percentage points lower than that of control samples. A similar trend
was observed for the carbonization index, which was almost 30 percentage points lower
for the mineralized samples compared to the samples treated with the retardant agent and
approximately 60 percentage points lower compared to the control samples.

Table 2. Weight gain of wood samples mineralized for the fire-resistance tests.

Sample Weight Gain (%)

1 7.86
2 9.07
3 10.47
4 7.75
5 8.67

  
(a) (b) 

Figure 6. (a) Average weight loss and (b) carbonization index of mineralized wood samples, samples
treated with the fire-retardant agent AF7000, and controls without treatment. Error bars depict the
least significant difference (l.s.d.) after analysis of variance (p < 0.05).

The appearance of the wood samples after the fire-resistance test is shown in Figure 7.
It can be observed that the mineralized samples maintained their structural integrity, which
was not the case for some of the samples treated with the fire-resistant-agent and for the
control samples. The integrity of the mineralized samples supports their reliability if used
in a wooden structure subjected to fire, pointing out the great potential of the mineralization
treatment for wood fire protection.
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Figure 7. Wood samples after the fire-resistance test. (A) control samples; (B) samples treated with
the fire-retardant agent AF7000; (C) CaCO3 mineralized samples.

4. Discussion

The results obtained in this work support the hypothesis that a mineralization treat-
ment based on wood impregnation with an aqueous solutions of CaCl2, followed by
sequential diffusion of ammonia and carbon dioxide, promotes CaCO3 deposition into
the wood microstructure, resulting in improved fire resistance and in the accumulation of
CO2. In the process of mineralization, the main product synthesized on the surface and
inside the wood was CaCO3. In the process, CO2 reacted in presence of CaCl2 in an alkaline
environment (NH3) to form CaCO3. The best conditions of mineralization reached for
radiata pine sapwood led to a weight gain of 20 wt.%, with an average of 0.467 (mmol·g−1

wood) of CO2 captured into the wood.
A significant increment of weight due to the mineralization after cycle 4 was apparently

made difficult by the saturation of the wood surfaces and penetration pathways with
CaCO3. These pathways may include pits, rays, and cell lumens in a transverse section. In
support of this, SEM images and EDS analysis showed a compact layer of minerals on the
wood surface and a scarce presence of CaCO3 at 10 mm depth. The ideal process of wood
mineralization requires that the reaction occurs from the center of the sample towards the
surface. In most mineralization processes, this is difficult to achieve, as the precursors of
the chemical reaction are all first available at the surface, and consequently, the synthesis
of minerals and byproducts will inevitably saturate the surface after several cycles of
replications, if not during the first. In this case, diffusion of gaseous CO2 apparently occurs
in parallel with the formation of CaCO3. In such conditions, it is likely that gaseous CO2
would follow only free passages in the microstructure of the wood, avoiding the already
coated surfaces and clogged lumens. Further testing, increasing CO2 pressure or reaction
times and using methods to promote the liberation of pathways before CO2 injection into
the system (such as sonication), may be valid strategies to improve the efficiency of the
treatment.

Changes detected by FTIR, specifically, the decrease in absorbance of the band 1735 cm−1,
suggest a chemical interaction between CaCO3 impregnated in the wood and the hemi-
cellulose matrix. Evidence of this has been attributed to the absorption of calcium cations
into pectin and lignin surfaces, which are rich in metal-complexing groups and are neg-
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atively charged [14]. The TGA results showed that the mineralized samples degraded
faster at the beginning of the test, but after 350 ◦C, this behavior reversed, and finally the
untreated samples were more extensively degraded. These results are in agreement with
those reported previously in the literature for different CaCO3-treated samples [15,23]. It
has been proposed that a fast initial degradation of CaCO3-treated wood samples was due
to the early degradation of CaCO3, H2O, and CO2 [24] before reaching 100 ◦C (Figure 5).
However, at higher temperatures (>350 ◦C), CaCO3-treated samples become more stable to
combustion due to aragonite transforming into calcite at 387 ◦C [25], which afterwards is
decomposed into CaO and CO2 at temperatures above 850 ◦C [26].

In terms of fire resistance, it is relevant to remark that the conditions of mineralization—
CaCl2 30% and 4 cycles—only produced a weight gain of 8 wt.% for the fire-resistant test
samples. This may be due to the presence of heartwood within large samples, which is more
difficult to impregnate than sapwood. Despite this, the results showed that the mineralized
samples performed to a similar level as the samples treated with a commercially available
fire-retardant agent, while maintaining their structural conformation. This suggest the
great potential of the treatment. The experimental results indicated that the main portion
of the synthesized CaCO3 was located at the surface of the samples, which is also the main
area coming in contact with fire. Thus, it appears that, in terms of fire resistance, the specific
concentration of CaCO3 at the wood surface is more relevant than the total amount of
CaCO3 accumulated within the sample.

The mineralization of wood with CaCO3 has been proposed by several authors to
increase wood’s fire resistance, but to our knowledge, a method comprising sequential
gas diffusion has not been reported. Most of the reported treatments use liquid diffusion
of CaCl2 in combination with a number of agents, such as sodium hydroxide and super-
critical carbon dioxide [23], aqueous sodium carbonate with dodecanoic acid [11], sodium
bicarbonate [14,15,27], ammonium carbonate [28], sodium carbonate, alkaline hydrolysis
of dimethyl carbonate [17], and calcium dimethylcarbonate in methanol [13]. In addition,
a novel method was recently proposed consisting in impregnating wood with calcium
acetoacetate [16]. The mineralization treatment used in this work yielded weight gains that
were comparable to those obtained by using sodium bicarbonate and calcium acetoacetate
as precursors [14,16], generating weight gains close to 35% for spruce samples and of about
28% and 8.3% for beech samples.

Common drawbacks of CaCO3 mineralization treatments include the impossibility to
achieve a deep deposition of minerals, the toxicity of certain precursors, and the complexity
of the treatments. Although this was partially confirmed for the treatment proposed in this
study, as certainly gaseous ammonia can be categorized as toxic, the diffusion of ammonia,
in practical terms, can be achieved in a closed system in which the residual gases can be
recovered and recycled. In addition, it is expected that the increment of reaction time with
NH3 and CO2 may also increase the weight gain and the depth of mineralization.

The development of new and innovative technologies for fire protection capable of
meeting the current environmental demands is a necessity. The method presented in this
paper indicates that it is possible to promote the deposition of CaCO3 inside the wood
microstructure using a hybrid process that includes the use of liquid and gaseous reagents,
resulting in the retention of CO2 and improving wood’s fire resistance. This opens the way
for the development of wood products with enhanced performance and environmental
characteristics that can be very attractive for many final users.

5. Conclusions

A mineralization treatment consisting in the impregnation of wood with CaCl2 and
subsequent sequential gaseous diffusion of NH3 and CO2 resulted in the accumulation of
CO2 in the form of CaCO3 and in the enhancement of the fire-resistance properties of the
treated wood samples. In the best conditions, the treatment yielded weight gains of about
20 wt.%, corresponding to an accumulation of 0.467 mmol·g−1 (anhydrous wood) of CO2 in
the wood structure. In less favorable treatment conditions, the same methodology yielded
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a weight gain of about 8 wt.%, which was sufficient to provide fire resistance similar to that
of a commercially available fire-retardant agent. Further research, increasing CO2 pressure
and reaction times and using physical and mechanical methods to promote the liberation
of circulation pathways inside wood before CO2 injection, is advisable in order to improve
the efficiency of the treatment. The application of in situ CaCO3 deposition in wood can
result in wood products with enhanced performance and environmental characteristics,
supporting their sustainable development for wood construction and manufacture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12010072/s1, Figure S1: Analysis of variance of CaCO3
mineralized samples; Figure S2: Analysis of variance of weight losses after the fire-resistance test;
Figure S3: Analysis of variance of the carbonization index after the fire-resistance test.
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12. Guo, H.; Luković, M.; Mendoza, M.; Schlepütz, C.M.; Griffa, M.; Xu, B.; Gaan, S.; Herrmann, H.; Burgert, I. Bioinspired Struvite

Mineralization for Fire-Resistant Wood. ACS Appl. Mater. Interfaces 2019, 11, 5427–5434. [CrossRef] [PubMed]
13. Klaithong, S.; Van Opdenbosch, D.; Zollfrank, C.; Plank, J. Preparation of CaCO3 and CaO replicas retaining the hierarchical

structure of sprucewood. Z. Für Nat. B 2013, 68, 533–538. [CrossRef]
14. Merk, V.; Chanana, M.; Gaan, S.; Burgert, I. Mineralization of wood by calcium carbonate insertion for improved flame retardancy.

Holzforschung 2016, 70, 867–876. [CrossRef]

259



Coatings 2022, 12, 72

15. Moya, R.; Gaitán-Alvarez, J.; Berrocal, A.; Araya, F. Effect of CaCO3 on the wood properties of tropical hardwood species from
fast-growth plantation in costa rica. BioResources 2020, 15, 4802–4822. [CrossRef]

16. Pondelak, A.; Škapin, A.S.; Knez, N.; Knez, F.; Pazlar, T. Improving the flame retardancy of wood using an eco-friendly
mineralisation process. Green Chem. 2021, 23, 1130–1135. [CrossRef]

17. Merk, V.; Chanana, M.; Keplinger, T.; Gaan, S.; Burgert, I. Hybrid wood materials with improved fire retardance by bio-inspired
mineralisation on the nano- and submicron level. Green Chem. 2015, 17, 1423–1428. [CrossRef]

18. Kong, H.-S.; Kim, B.-J.; Kang, K.-S. Synthesis of CaCO3–SiO2 composite using CO2 for fire retardant. Mater. Lett. 2019, 238,
278–280. [CrossRef]

19. Tao, Y.; Li, P.; Cai, L.; Shi, S.Q. Flammability and mechanical properties of composites fabricated with CaCO3-filled pine flakes
and Phenol Formaldehyde resin. Compos. Part B Eng. 2019, 167, 1–6. [CrossRef]

20. Miranda, R. Composición Química Ignifuga Con Propiedades Biocidas Contra Termitas, Roedores y Hongos Que Comprende
Una Solución de Sulfato de Amonio, Ácido Bórico, Una Pelicula Acuosa Formadora de Espuma y Ácido Fosfórico: Procedimiento
de Obtención y Procedimiento de Aplicación de Dicha Composición. CL Patent 49107, 8 June 2004.

21. Bodirlau, R.; Teaca, C. Fourier transform infrared spectroscopy and thermal analysis of lignocellulose fillers treated with organic
anhydrides. Rom. J. Phys. 2009, 54, 93–104.

22. Pucetaite, M. Archaeological Wood from the Swedish Warship Vasa Studied by Infrared Microscopy. Master’s Thesis, Lund
University, Lund, Sweden, 2012.

23. Tsioptsias, C.; Panayiotou, C. Thermal stability and hydrophobicity enhancement of wood through impregnation with aqueous
solutions and supercritical carbon dioxide. J. Mater. Sci. 2011, 46, 5406–5411. [CrossRef]

24. Dash, S.; Kamruddin, M.; Ajikumar, P.; Tyagi, A.; Raj, B. Nanocrystalline and metastable phase formation in vacuum thermal
decomposition of calcium carbonate. Thermochim. Acta 2000, 363, 129–135. [CrossRef]

25. Brown, M.; Gallagher, P. (Eds.) Handbook of Thermal Analysis and Calorimetry. In Handbook of Thermal Analysis and Calorimetry;
Elsevier Science B.V.: Amsterdam, The Netherlands, 2003; Volume 2.

26. Singh, N.; Singh, N. Formation of CaO from thermal decomposition of calcium carbonate in the presence of carboxylic acids. J.

Therm. Anal. Calorim. 2007, 89, 159–162. [CrossRef]
27. Yang, T.; Yuan, G.; Xia, M.; Mu, M.; Chen, S. Kinetic analysis of the pyrolysis of Wood/Inorganic composites under non-isothermal

conditions. Eur. J. Wood Prod. 2021, 79, 273–284. [CrossRef]
28. Jia, Z.; Li, G.; Li, J.; Wang, C.; Zhang, Z. Preparation of nano-CaCO3/fast-growing poplar composite by the diffusion method.

Appl. Mech. Mater. 2012, 184–185, 1129–1133. [CrossRef]

260



Citation: Ni, H.; Wu, W.; Lv, S.; Wang,

X.; Tang, W. Formulation of

Non-Fired Bricks Made from

Secondary Aluminum Ash. Coatings

2022, 12, 2. https://doi.org/

10.3390/coatings12010002

Academic Editor: Giorgos Skordaris

Received: 30 November 2021

Accepted: 19 December 2021

Published: 21 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Formulation of Non-Fired Bricks Made from Secondary
Aluminum Ash

Hongjun Ni 1,2, Weiyang Wu 1, Shuaishuai Lv 1,*, Xingxing Wang 1 and Weijia Tang 1

1 School of Mechanical Engineering, Nantong University, Nantong 226019, China; ni.hj@ntu.edu.cn (H.N.);

wuweiyang.woy@gmail.com (W.W.); 1910310003@stmail.ntu.edu.cn (X.W.); twj101680631@outlook.com (W.T.)
2 Jiangsu Province Engineering Research Center of Aluminum Dross Solid Waste Harmless Treatment and

Resource Utilization, Nantong 226019, China

* Correspondence: lvshuaishuai@ntu.edu.cn

Abstract: The secondary aluminum ash is the black slag left after the primary aluminum ash is

extracted from the metal aluminum. To address the environmental pollution and resource waste

caused by the accumulation and landfill of aluminum ash, this study fabricated non-fired bricks by

using secondary aluminum ash as the principal raw material, which was supplemented by cement,

slaked lime, gypsum and engineering sand. The effects of mix proportions of various admixtures

on the mechanical properties of non-fired bricks were investigated, and on this basis, the hydration

mechanism was analyzed. The results showed that the mix proportions were 68.3% aluminum

ash, 11.4% cement, 6.4% slaked lime, 4.2% gypsum and 9.7% engineering sand. The compressive

strength of the fabricated bricks reached 22.19 MPa, and their quality indicators were in line with the

MU20 requirements for Non-fired Rubbish Gangue Bricks. Evident hydration reaction occurred inside

the non-fired bricks, with main products being calcium silicate hydrate (CSH), calcium aluminate

hydrate (CAH) and ettringite (AFt). Besides, a dense structure was formed, which enhanced the

brick strength.

Keywords: high nitrogen content aluminum ash; non-fired brick; mix proportion; mechanical property

1. Introduction

Aluminum ash is a kind of solid waste produced during industrial aluminum pro-
duction. According to statistics, approximately 30–250 kg of aluminum ash is produced
per ton of aluminum during electrolysis, melting and casting, as well as scrap recycling
processes [1]. Depending on source, aluminum ash can be classified into the primary and
secondary types. Primary aluminum ash refers to the waste slag produced during the elec-
trolysis of primary aluminum or casting of aluminum, which has high elemental aluminum
content and can be used as the raw material for ash frying [2,3]. Meanwhile, secondary
aluminum ash refers to the hardly-disposable waste slag left after the ash frying with
primary aluminum ash. Although the secondary aluminum ash contains less aluminum
than the primary type, the total mass of aluminum-containing phase still exceeds 50%,
which thus has great utilization value [4]. Currently, secondary aluminum ash is disposed
in China mainly by accumulation and landfill, which causes environmental pollution and
resource waste [5].

To date, research on the comprehensive utilization of aluminum ash is concentrated
in the areas of building, refractory and other inorganic materials. Xu et al. [6] fabricated
composite cement by utilizing waste aluminum ash from the production of aluminum
sulfate water purifier, where the aluminum ash amounted to 8%–10%. Li et al. [7] utilized
aluminum ash to fabricate a high-alumina refractory with MgAl2O4 as the main phase
and CaAl2O4 as the secondary phase. Adeosun et al. [8] prepared insulating refractory
bricks by incorporating aluminum ash into plastic clay and kaolin, which could withstand
up to 1200 ◦C. Murayama et al. [9] prepared Mg-Zn, Ca-Al and Zn-Al hydrotalcites by
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dissolving aluminum ash (raw material) in HCl and NaOH solvents, which could serve as
steelmaking deoxidizers. Zhang et al. [10] prepared sintered bricks with aluminum ash as
raw materials, and obtained the best formula as follows: aluminum ash 50%, engineering
soil 37.50%, coal gangue 12.50%, and the compressive strength of the sintered brick can
reach 16.21 MPa. Ni and Zhang [11,12] prepared aluminum ash coating by plasma spraying.
The aluminum ash coating prepared by plasma spraying has excellent properties and the
strength of the coating can reach 606.54 HV. However, the existing techniques for secondary
aluminum ash treatment consume only small amounts aluminum ash, which cannot
thoroughly manage the long-accumulated aluminum ash or the newly produced aluminum
ash every year. Hence, finding a comprehensive utilization method that enables substantial
consumption of secondary aluminum ash is of profound significance to environmental and
resource protection.

Since 2003, the production and use of solid clay bricks have been banned in China.
Non-fired brick is an efficient substitute for solid clay brick, which contributes to protecting
the environment and saving land resources. In this work, non-fired bricks were fabricated
by using secondary aluminum ash from an aluminum company in Jiangsu as the principal
raw material, which was supplemented by cement, slaked lime, gypsum and engineering
sand. The effects of the four admixtures on the mechanical properties of the non-fired
bricks were investigated, and fairly optimal mix proportions for making non-fired bricks
from secondary aluminum ash were obtained. Further, the relevant hydration mechanism
was analyzed. The findings of this study provide a theoretical basis for the application of
aluminum ash for making non-fired bricks.

2. Materials and Methods

2.1. Raw Materials

Secondary aluminum ash was collected from Haiguang Metal Co., Ltd. in Suqian,
China, which was produced after frying treatment of primary aluminum ash. Slaked
lime (Ca(OH)2) and gypsum (CaSO4·2H2O) (analytical grade) were both from Zhiyuan
Chemical Reagent Co., Ltd. in Tianjin, China. Engineering sand (fineness modulus: 2.6)
was produced by Jiuqi Building Materials Co., Ltd. in Weifang, China and Portland cement
PO 42.5 was produced by Yangchun Cement Co., Ltd. in Weifang, China.

2.2. Experimental Procedure

As a first step, the secondary aluminum ash was homogenized and sieved with a
50-mesh screen, and the aluminum ash that does not pass through the screen is regarded
as impurity removal. Then, the primarily sieved aluminum ash was treated for 24 h with
ultrapure water to remove nitrogen and salt, followed by thorough drying. Next, the dried
aluminum ash and the admixtures were mixed uniformly according to proportions in the
table, and then poured into an independently-prepared mold with a molding pressure
of 15 MPa to form 40 mm × 40 mm × 160 mm specimens. Finally, the specimens were
steam-cured at 80 ◦C for 18 h, and then sprinkle cured naturally for 3 d to obtain the
experimental samples. Five samples were made in each group, and after the maximum and
minimum values were removed, the average values of the remaining three data were taken
as the experimental data. Figure 1 depicts the sample preparation flow.
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Figure 1. Sample preparation flow chart.
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2.3. Characterization Method

In accordance with the Chinese standard GB/T 17671-1999 “Test Method for Cement
Mortar Strength” (ISO Method) [13], the compressive strength and flexural strength of the
non-fired bricks was examined with a microcomputer-controlled compressive and flexural
tester. The frost resistance and water absorption index were determined according to the
JC/T 422-2007 standard “Non-fired Rubbish Gangue Bricks” [14]. The leaching toxicity
test was carried out according to the Chinese standard GB 5085.3-2007 “Hazardous waste
Identification Standard leaching toxicity Identification” [15]. Scanning electron microscope
(SEM, HITACHI S-3400N, Hitachi Corporation, Tokyo, Japan) was employed to observe
the microstructures of secondary aluminum ash and non-fired brick samples, while X-ray
diffractometer (XRD, Rigaku D/max2550V, Rigaku Corporation, Tokyo, Japan) was utilized
to analyze their phase compositions.

3. Results and Discussion

3.1. Aluminum Ash and Its Characteristics

Table 1 details the chemical composition of aluminum ash, whereas Figures 2 and 3
display its XRD pattern and particle morphology.

Table 1. Major components of aluminum ash (wt.%).

Al2O3 AlN Al SiO2 NaCl

44 ± 2 13 ± 2 5 ± 2 4 ± 2 2 ± 1

10 20 30 40 50 60 70 80 90

0

1000

2000

3000

4000

5000

6000

☆NaCl

☆

☆☆
★★

★

○

○

○

In
te

ns
ity

(a
.u

.)

2θ(°)

●Al2O3

●

●

●

●

●

●

●
●

●
●

●●●

◇AlN

◇

◇

◇
◇ ◇

■SiO2

■
■ ■

○Al

★MgAl2O4

★

☆

 

Figure 2. XRD pattern of aluminum ash.
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As is clear from Table 1 and Figure 2, the major chemical components of secondary
aluminum ash were alumina (Al2O3), aluminum nitride (AlN) and Aluminum (Al), among
which the content of AlN was very high. This was attributed to the chemical reaction
between molten aluminum and nitrogen at high temperatures during the aluminum casting,
which led to substantial generation of AlN. Figure 3 displays the morphology of aluminum
ash, which was mostly scattered and loose, approximately spherical, and the particles
were relatively independent. Such particle morphology could facilitate the subsequent
hydration reaction.

3.2. Effects of Mix Proportions on Non-Fired Bricks

3.2.1. Effect of Cement–Aluminum Ash Mix Proportion

Using aluminum ash as the adjusting component, the cement was incorporated at
different ratios for experimentation. Table 2 details the specific mix proportions, and
Figure 4 illustrates the experimental results.

Table 2. Cement and aluminum ash mix design. (wt.%).

No. Cement Slaked Lime Gypsum Engineering Sand Aluminum Ash

A1 0 10 5 15 70
A2 5 10 5 15 65
A3 10 10 5 15 60
A4 15 10 5 15 55
A5 20 10 5 15 50
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Figure 4. Effect of cement content on compressive strength.

As is clear from Figure 4, with the increase in cement content and the decrease in
aluminum ash content, the compressive strength of non-fired bricks increased gradually,
which peaked (21.86 MPa) at a cement content of 20%. The cement itself underwent hydra-
tion reaction to produce calcium silicate hydrate (CSH) and other products. Meanwhile,
Ca(OH)2 was produced during cement hydration, which further deepened the alkalinity
to generate calcium aluminate hydrate (CAH), thereby enhancing the brick strength. The
chemical reactions involved are formulated in (1)–(4) [16–18]. However, the amount of
cement directly affected the production cost of non-fired bricks while reducing the utiliza-
tion rate of aluminum ash. Accordingly, considering the effect of cement content on the
compressive strength, the appropriate mix proportion between aluminum ash and cement
was determined to be 60:10.

3CaO · SiO2+2H2O → 2CaO · SiO2 · H2O + Ca(OH)2 (1)

2CaO · SiO2+H2O → 2CaO · SiO2 · H2O (2)
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CaO + H2O → Ca(OH)2 (3)

nCa(OH)2+Al2O3 → nCaO · Al2O3 · nH2O (4)

3.2.2. Effect of Slaked Lime–Aluminum Ash Mix Proportion

Using aluminum ash as the adjusting component, the slaked lime was incorporated
at different ratios for experimentation. Table 3 details the specific mix proportions, and
Figure 5 illustrates the experimental results.

Table 3. Slaked lime and aluminum ash mix design. (wt.%).

No. Cement Slaked Lime Gypsum Engineering Sand Aluminum Ash

B1 10 0 5 15 70
B2 10 2 5 15 68
B3 10 4 5 15 66
B4 10 6 5 15 64
B5 10 8 5 15 62
B6 10 10 5 15 60

2 2 2 2 23CaO SiO +2H O 2CaO SiO H O+Ca(OH)
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Figure 5. Effect of slaked lime content on compressive strength.

According to Figure 5, with the increase in slaked lime content and the decrease in
aluminum ash content, the compressive strength of non-fired bricks increased initially and
then decreased, which peaked (19.71 MPa) at a slaked lime content of 6%. The use of slaked
lime as an activator enhanced the brick strength, and the reaction occurred was formulated
in (4) [19]. However, given the insufficient activity of slaked lime, its further increase could
not participate timely in the reaction, which was dispersed in the system and reacted with
CO2 in the air to form expansive CaCO3, resulting in strength decrease. Thus, the mix
proportion between aluminum ash and slaked lime was determined to be 64:6.

3.2.3. Effect of Gypsum–Aluminum Ash Mix Proportion

Using aluminum ash as the adjusting component, the gypsum was incorporated at
different ratios for experimentation. Table 4 details the specific mix proportions, and
Figure 6 illustrates the experimental results.

As is clear from Figure 6, with the increase in gypsum content and the decrease in
aluminum ash content, the compressive strength of non-fired bricks increased initially and
then decreased, which peaked (21.31 MPa) at a gypsum content of 4%. Gypsum, also as an
activator, worked jointly with slaked lime to stimulate the active Al2O3 in the aluminum
ash, thereby forming ettringite (AFt). The relevant reactions were formulated in (4) and
(5) [19,20]. In the case of excessively large amount of gypsum, the calcium sulfate residue
after the reaction was disorderly distributed in the system, reducing the strength of the
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non-fired bricks [21]. Thus, the mix proportion between aluminum ash and gypsum was
determined to be 65:4.

3CaO·Al2O3·H2O + 3CaSO4·2H2O + nH2O → 3CaO·Al2O3·3CaSO4·(n + 3)H2O (5)

Table 4. Gypsum and aluminum ash mix design. (wt.%).

No. Cement Slaked Lime Gypsum Engineering Sand Aluminum Ash

C1 10 6 0 15 69
C2 10 6 2 15 67
C3 10 6 4 15 65
C4 10 6 6 15 63
C5 10 6 8 15 61
C6 10 6 10 15 59
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ଶOଷ Hଶ ସ ଶ ଶO → ଶOଷ ସ ( )HଶO

Figure 6. Effect of gypsum content on compressive strength.

3.2.4. Effect of Engineering Sand–Aluminum Ash Mix Proportion

Using aluminum ash as the adjusting component, the engineering sand was incorpo-
rated at different ratios for experimentation. Table 5 details the specific mix proportions,
and Figure 7 illustrates the experimental results.

Table 5. Engineering sand and aluminum ash mix design. (wt.%).

No. Cement Slaked Lime Gypsum Engineering Sand Aluminum Ash

D1 10 6 4 0 80
D2 10 6 4 5 75
D3 10 6 4 10 70
D4 10 6 4 15 65
D5 10 6 4 20 60

According to Figure 7, with the increase in engineering sand content and the decrease
in aluminum ash content, the compressive strength of non-fired bricks increased initially
and then decreased, which peaked (21.97 MPa) at an engineering sand content of 10%.
With further increase in engineering sand content, the brick compressive strength tended
to decline. Engineering sand did not participate in the hydration reaction, which acted as
aggregates to support the framework. Non-fired bricks are essentially a kind of concrete
product. Adequate addition of aggregates could reduce the brick shrinkage and effectively
prevent brick cracking. Meanwhile, the hydration products were attached to aggregates
with larger particle sizes, which facilitated the enhancement of brick strength [22]. Thus, the
mix proportion between aluminum ash and engineering sand was determined to be 70:10.
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Figure 7. Effect of engineering sand content on compressive strength.

3.2.5. Validation of Optimal Mix Proportions

According to the aforedetermined mix proportions of aluminum ash and other com-
ponents, the fairly optimal ratios of aluminum ash, cement, slaked lime, gypsum and engi-
neering sand were calculated to be 68.3%, 11.4%, 6.4%, 4.2% and 9.7% (as percentages of
total mass). Table 6 details the performance test results of the non-fired bricks (E1) made by
the optimal mix proportions. Clearly, the compressive strength was 22.19 MPa, which was
superior to the best experimental results of A5, B4, C3 and D3. The compressive strength,
flexural strength and frost resistance of E1 samples conformed to the MU20 grade require-
ments, and the water absorption and leaching toxicity met the corresponding indicator.

3.3. Sample Texture and Structure

XRD analysis was performed on the e1 samples, which had the highest compressive
strength, and the results are displayed in Figure 8. Meanwhile, SEM analysis was carried
out on the E1 samples, as well as the A1 samples, which had the lowest compressive
strength, and the results are depicted in Figures 9 and 10. According to Figure 8, substantial
hydration products were generated in the system following reaction, mainly AFt, CSH
and CAH. Besides, some products were present as Al2O3 in the non-fired bricks, which
were further hydrated during later curing. There was also some amount of CaCO3 in the
samples, which was probably generated by the reaction of residual Ca(OH)2 with CO2 in
the air. According to Figure 9, in the absence of cement and other cementitious materials,
obvious voids or cracks were present on the sample surfaces, and the inter-particle binding
was not tight. As is clear from Figure 10, the brick structure was denser, without obvious
voids, where a hydraulically hardened slurry with a dense spatial structure was formed,
thereby enhancing the sample strength [23].

Table 6. Performance test results of E1 samples.

No. Test Item Standard Measured Value Result

1 Compressive strength MU20/MPa Average compressive strength ≥ 20.0 22.19 Qualified

2 Frost resistance MU20/MPa Average compressive strength after frost ≥ 16 18.95 Qualified

3 Water absorption rate/% ≤18 7.76 Qualified

4 Flexural strength/MPa GB/T 17671-1999 Test Method for Cement Mortar Strength (ISO Method) 4.23 Qualified

5 Leaching toxicity/mgL−1 GB 5085.3-2007
Inorganic fluoride ≤ 100

11 Qualified
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Figure 8. XRD pattern of E1 samples.
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Figure 9. Microstructure of A1 samples.

 

 

 

 

 

 

 

 

Figure 10. Microstructure of E1 samples.

4. Conclusions

(1) Preferred mix ratios for making non-fired bricks from secondary aluminum ash
were 68.3% aluminum ash, 11.4% cement, 6.4% slaked lime, 4.2% gypsum and 9.7%
engineering sand. The compressive strength, frost resistance and water absorption
index of the resulting non-fired bricks all conform to the MU20 grade requirements
in JC/T 422-2007 “Non-fired Rubbish Gangue Bricks”. The findings of this study
provide a theoretical basis for the application of aluminum ash for making non-
fired bricks, which can effectively reduce the inventory of aluminum ash and reduce
environmental pollution.

268



Coatings 2022, 12, 2

(2) Major hydration products of non-fired aluminum ash bricks are AFt, CSH and CAH,
which are cemented together to form a dense interwoven and interfilled structure,
thereby enhancing the brick strength.

Author Contributions: Conceptualization, H.N. and W.T.; methodology, W.W.; validation, W.W.; formal

analysis, S.L. and H.N.; investigation, X.W. and S.L.; resources, H.N. and S.L.; writing—original draft, H.N.;

writing—review and editing, S.L. and W.W.; visualization, H.N. and W.W.; super-vision, S.L. All authors

have read and agreed to the published version of the manuscript. Funding: This research was Supported

by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD),

Jiangsu Province Policy Guidance Program (International Science and Technology Cooperation)

Project (BZ2021045), Key R&D Projects of Jiangsu Province (BE2019060).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, N.Y.; Ning, P.; Xie, T.J.; Duan, G. research progress on recycling and comprehensive utilization of aluminum dross. Bull.

Chin. Ceram. Soc. 2017, 6, 23.

2. Yang, Q.; Li, Q.; Zhang, G.F.; Shi, Q. Research and prospect of comprehensive utilization of aluminum dross. Light Met. 2019, 6,

1–5.

3. Guo, R.; Liu, X.Z.; Li, Q.D.; Yi, X.M. Present situation of high value recycling technology of aluminum ash. Inorg. Chem. Ind. 2017,

49, 12–15, 25.

4. Yang, H.; Shen, S.F.; Liu, H.Y.; Zheng, X.J.; Li, W.G.; Zhao, Q.C.; Wang, J.L.; Luo, Y.F. Study on mineralogical characteristics of

secondary aluminum ash. Nonferrous Met. Eng. 2019, 9, 117–124.

5. Hong, J.P.; Wang, J.; Chen, H.Y.; Sun, B.D.; Li, J.J.; Chen, C. Process of aluminum dross recycling and life cycle assessment for

Al-Si alloys and brown fused alumina. Trans. Nonferrous Met. Soc. China 2010, 20, 2155–2161. [CrossRef]

6. Xu, Z.F.; Song, W.G.; Xu, G.C. Successful practice of producing composite cement with aluminum slag. China Cem. 2004, 12,

76–77.

7. Li, A.; Zhang, H.; Yang, H. Evaluation of aluminum dross as raw material for high-alumina refractory. Ceram. Int. 2014, 40,

12585–12590. [CrossRef]

8. Adeosun, S.O.; Akpan, E.I.; Dada, M.O. Refractory characteristics of aluminum dross-kaolin composite. JOM J. Miner. Met. Mater.

Soc. 2014, 66, 2253–2261. [CrossRef]

9. Murayama, N.; Maekawa, I.; Ushiro, H.; Miyoshi, T.; Shibata, J.; Valix, M. Synthesis of various layered double hydroxides using

aluminum dross generated in aluminum recycling process. Int. J. Mineral. Process. 2012, 110, 46–52. [CrossRef]

10. Zhang, Y.; Ni, H.J.; Lv, S.S.; Wang, X.X.; Li, S.Y.; Zhang, J.Q. Preparation of sintered brick with aluminum dross and optimization

of process parameters. Coatings 2021, 11, 1039. [CrossRef]

11. Ni, H.J.; Zhang, J.Q.; Lv, S.S.; Gu, T.; Wang, X.X. Performance optimization of original aluminum ash coating. Coatings 2020, 10,

831. [CrossRef]

12. Ni, H.J.; Zhang, J.Q.; Lv, S.S.; Wang, X.X.; Zhu, Y.; Gu, T. Preparation and performance optimization of original aluminum ash

coating based on plasma spraying. Coatings 2019, 9, 770. [CrossRef]

13. GB/T 17671-1999Test Method for Cement Mortar Strength, General Administration of Quality Supervision, Inspection and Quaran-

tine of the People’s Republic of China: Beijing, China, 1999.

14. JC/T 422-2007Non-Fired Rubbish Gangue Bricks, General Administration of Quality Supervision, Inspection and Quarantine of the

People’s Republic of China: Beijing, China, 2007.

15. GB 5085.3-2007Hazardous Waste Identification Standard Leaching Toxicity Identification, General Administration of Quality Supervi-

sion, Inspection and Quarantine of the People’s Republic of China: Beijing, China, 2007.

16. Wang, Y.; Ni, W.; Zhang, S.Q.; Wang, Y.J.; Li, J. Research status of hydration mechanism of alumino-based cementitious system.

Metal. Mines 2019, 4, 194–198.

17. Kashef-Haghighi, S.; Shao, Y.X.; Ghoshal, S. Mathematical modeling of CO2 uptake by concrete during accelerated carbonation

curing. Cem. Concr. Res. 2015, 67, 1–10. [CrossRef]

18. Tang, M.Y.; Wang, Y.C.; Wang, Z.S. Production of building materials bricks with barium containing waste residue. Inorg. Chem.

Ind. 1994, 2, 34–38.

19. Hu, P.H.; Zhang, G.Z. Research on lightweight energy-saving unburned brick with large mixed fly ash. Bull. Chin. Ceram. Soc.

2012, 31, 984–987.

269



Coatings 2022, 12, 2

20. Xing, J.; Hu, J.W.; Li, C.; Qiu, J.P.; Sun, X.G. The effect of gypsum on the cementitious performance of blast furnace slag stimulated

by calcium oxide. China Min. Mag. 2019, 28, 166–171.

21. Wang, D.Z.; He, Y.X. Study on effect of gypsum whisker on properties and structure of cement composite material. Inorg. Chem.

Ind. 2015, 47, 65–68, 72.

22. Feng, N.Q. New Practical Collection of Cement Concrete; Science Press: Beijing, China, 2005; pp. 78–125.

23. Wu, H.; Lu, X.Y.; Luo, Z.J.; Yang, Y. Preparation and mechanism analysis of activated coal gangue unburned bricks. Non-Met.

Mines 2018, 41, 30–33.

270



coatings

Article

Optical Characterization of H-Free a-Si Layers Grown by
rf-Magnetron Sputtering by Inverse Synthesis Using Matlab:
Tauc–Lorentz–Urbach Parameterization

Emilio Márquez 1,*, Juan J. Ruíz-Pérez 2, Manuel Ballester 3, Almudena P. Márquez 4, Eduardo Blanco 1,

Dorian Minkov 5, Susana M. Fernández Ruano 6 and Elias Saugar 6

Citation: Márquez, E.; Ruíz-Pérez,

J.J.; Ballester, M.; Márquez, A.P.;

Blanco, E.; Minkov, D.; Ruano, S.;

Saugar, E. Optical Characterization of

H-Free a-Si Layers Grown by

rf-Magnetron Sputtering by Inverse

Synthesis Using Matlab:

Tauc–Lorentz–Urbach

Parameterization. Coatings 2021, 11,

1324. https://doi.org/10.3390/

coatings11111324

Academic Editor: Philipp

Vladimirovich

Kiryukhantsev-Korneev

Received: 23 September 2021

Accepted: 21 October 2021

Published: 29 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Condensed-Matter Physics, Faculty of Science, University of Cadiz, 11510 Puerto Real, Spain;

eduardo.blanco@uca.es
2 Royal Institute and Observatory of the Navy, E-11100 San Fernando, Spain; jjruizperez@gmail.com
3 Department of Computer Sciences, Northwestern University, 633 Clark St, Evanston, IL 60208, USA;

manuel.ballester@fau.de
4 Department of Mathematics, Faculty of Science, University of Cadiz, 11510 Puerto Real, Spain;

almudena.marquez@uca.es
5 College of Energy and Electronics, Technical University of Sofia, 2140 Botevgrad, Bulgaria;

d.minkov@tu-sofia.bg
6 Photovoltaic Solar Energy Unit, Energy Department, CIEMAT, Avenida Complutense 40, 28040 Madrid,

Spain; susanamaria.fernandez@ciemat.es (S.M.F.R.); elias.saugar@csic.es (E.S.)

* Correspondence: emilio.marquez@uca.es

Abstract: Several, nearly-1-µm-thick, pure, unhydrogenated amorphous-silicon (a-Si) thin layers

were grown at high rates by non-equilibrium rf-magnetron Ar-plasma sputtering (RFMS) onto room-

temperature low-cost glass substrates. A new approach is employed for the optical characterization of

the thin-layer samples, which is based on some new formulae for the normal-incidence transmission

of such a samples and on the adoption of the inverse-synthesis method, by using a devised Matlab

GUI environment. The so-far existing limiting value of the thickness-non-uniformity parameter, ∆d,

when optically characterizing wedge-shaped layers, has been suppressed with the introduction of the

appropriate corrections in the expression of transmittance. The optical responses of the H-free RFMS-

a-Si thin films investigated, were successfully parameterized using a single, Kramers–Krönig (KK)-

consistent, Tauc–Lorentz oscillator model, with the inclusion in the model of the Urbach tail (TLUC),

in the present case of non-hydrogenated a-Si films. We have also employed the Wemple–DiDomenico

(WDD) single-oscillator model to calculate the two WDD dispersion parameters, dispersion energy,

Ed, and oscillator energy, Eso. The amorphous-to-crystalline mass-density ratio in the expression for

Ed suggested by Wemple and DiDomenico is the key factor in understanding the refractive index

behavior of the a-Si layers under study. The value of the porosity for the specific rf-magnetron

sputtering deposition conditions employed in this work, with an Ar-pressure of ~4.4 Pa, is found to

be approximately 21%. Additionally, it must be concluded that the adopted TLUC parameterization

is highly accurate for the evaluation of the UV/visible/NIR transmittance measurements, on the

H-free a-Si investigated. Finally, the performed experiments are needed to have more confidence

of quick and accurate optical-characterizations techniques, in order to find new applications of a-Si

layers in optics and optoelectronics.

Keywords: amorphous semiconductors; optical properties; dielectric function; thin-film characterization;

Tauc–Lorentz model; Tauc–Lorentz–Urbach model

1. Introduction

Amorphous silicon (a-Si) still remains at the center of attention of the modern amor-
phous/glassy solid-state physics community for two main reasons. First, this disordered
material, in its hydrogenated and doped forms, is technologically very important. Thin-film

Coatings 2021, 11, 1324. https://doi.org/10.3390/coatings11111324 https://www.mdpi.com/journal/coatings
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transistors made from a-Si:H are commonly found in today’s electronic devices, as for
instance, liquid crystal at panel displays. Other relevant applications of a-Si include light
sensors, microchips, and solar cells [1–7]. The second reason, which is of great interest to
condensed matter physics theory and computer simulation scientists, is that a-Si is one of
the simplest and archetypal systems readily available, in order to be tested new theoretical
and simulation techniques, specifically developed for non-crystalline materials in general.
Regarding the various non-equilibrium methods for metastable a-Si fabrication, it has to
be mentioned, among others, ion implantation, ion-beam sputtering, dc and rf magnetron
sputtering, and pulsed-laser deposition. We have specifically chosen rf magnetron sputter-
ing in order to prepare the a-Si layers, because is a low-cost technique which allows us to
reasonably control, up to a point, the deposition parameters.

Multi-layered, hydrogen-less a-Si thin films, on the other hand, has nowadays become
one of the most prominent and promising candidates for Li-ion battery anodes, since it was
found to be a reversible host material for Li intercalation, and, very importantly, it possesses
an extremely high theoretical specific capacity of nearly 4200 mAh/g, which is certainly the
highest known value among all materials in nature, so far [8]. In addition, it was recently
reported by Karabacak and Demirkan [9] a simple, low-cost, and scalable technique of
producing non-hydrogenated a-Si-thin-layer anodes, with high specific-capacity values
and with high numbers of charging/discharging cycles. H-free a-Si thin films were de-
posited for such a particular purpose, with a mass-density-modulated multi-layer structure,
and these a-Si thin layers were grown by a high/low working-gas-pressure sputtering
deposition technique.

Normal-incidence optical transmittance spectrophotometry is, indeed, an physically
appealing tool for accurately determining the optical properties of thin semiconducting
films upon thick non-absorbing substrates, because it is relatively simple, non-destructive,
and noninvasive [10]. The optical constants, n and k, are obviously relevant physical
quantities, as they ultimately control the optical behavior of the thin layer [11,12]. Even
though the room-temperature measurement of the normal-incidence transmission spectrum
by a commercially available spectrophotometer is an easy task, highly accurate calculation
of the optical and geometrical parameters n, k, and d for a thin layer, from its experimentally-
measured transmission spectrum, turns out to be a very challenging problem. It has
to be pointed out that there is a very abundant literature describing methods for the
determination of such an optical constants of both uniform- and non-uniform-thickness thin
layers. Therefore, there are various transmittance formulae being proposed, corresponding
to diverse approaches to this really complex optical problem [13,14].

In this paper, a method is employed for the optical characterization of thin a-Si
semiconductor layers onto thick transparent substrates, which is based upon newly derived
formulae for the normal-incidence transmission of these kind of samples. These novel
equations are not limited to the usual cases, where the real refractive index of the thin layer,
n, and that of the non-absorbing substrate, s, must necessarily obey the two conditions:
n2 ≫ k2 and s2 ≫ k2, where k is the extinction coefficient of the semiconductor film.
Importantly, a non-limited value of the homogeneity parameter, ∆d, will be additionally
computed, as the optical characterization of real, amorphous semiconductor thin films is
carried out. It has to be emphasized at this point that the main newness of the present
approach is based upon the combination of three contributions: (i) a new formulae for
the normal-incidence transmission, taking into account the existing lack of thickness
uniformity; (ii) the use of the reverse or inverse synthesis approach for the calculation of
the optical properties of the a-Si thin films; and finally (iii) the adoption of the Tauc–Lorentz-
Urbach-Continuous (TLUC) optical-dispersion model [15].

We will investigate in-depth in this work, from the optical standpoint, several hydrogen-
less a-Si thin layers, grown at high deposition rates (around 72 nm/min) and with different
degrees of thickness non-uniformity, onto room-temperature inexpensive transparent glass
substrates, by employing the non-equilibrium rf-magnetron Ar-plasma sputtering (RFMS)
deposition technique. Besides, it has to be mentioned that a created Matlab GUI, ‘Adjust-
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TransIS’, has allowed us to accurately compute the optical constants, n and k; the average
layer thickness, d̄; and the homogeneity parameter, ∆d, of films even thicker than up to
approximately 4 µm, a value of the average thickness larger than the recommendable
maximum average-film-thickness limit of the alternative, and, undoubtedly, more complex
optical characterization technique of variable-angle spectroscopic ellipsometry (VASE).

2. Experimental Procedure and Preliminary Structural Analysis

2.1. Preparation of H-Free a-Si Thin-Film Samples by RFMS

A set of several, nearly 1 µm thick, pure, non-hydrogenated and fully amorphous
Si thin layers were deposited onto intentionally unheated low-cost 1 mm thick Corning
Glass Eagle XG substrates, having a reported value of the refractive index of 1.5078 at
λ = 643.8 nm. To that end, a commercially available MVSystem RFMS deposition system
was employed. In this particular deposition system there is only one cathode vertically
adjustable, operated by rf power of frequency 13.56 MHz. The Si (p-type) sputtering
target, i.e., the source, from Kurt J. Lesker Company, has a size of 3.00-in. diameter ×
0.250-in. thickness, a purity of 99.999 %, a bulk electrical resistivity of 0.005–0.020 Ω cm,
and a theoretical mass density for this Si material of 2.32 g/cm3. A type-K reference
thermocouple was used to carry out the substrate temperature measurement during the
whole RFMS deposition process.

Before the thin-layer deposition at around room temperature was performed, the glass
substrates were ultrasonically cleaned. The target-to-substrate distance was appropriately
set to 6.1 cm, in order to be able to grow closely-to-uniform a-Si thin films. The working
gas used in the present sputtering process was argon; its purity was higher than 99.9999%,
and its flow was regulated by a MKS mass-flow controller. This Ar-gas flow in the present
case was about 70 sccm, which gave place to an Ar-pressure of approximately 4.4 Pa. All
the RFMS depositions were carried out with a specific rf power of 525 W, and a power
density applied to the Si sputtering target of about 3.0 W/cm2. The resulting large average
growth rate was ~72 nm/min (the maximum deposition time was nearly 15 min), and such
an average growth rate was calculated ex situ from the a posteriori optically determined
values of the average a-Si layer thickness and the corresponding deposition time.

2.2. Surface, Structural and Optical Characterizations of the a-Si Films

The surface morphology, i.e., the root mean square value of the surface roughness, Rq,
of the a-Si films under study was examined by atomic force microscopy (AFM microscope,
Bruker Multimode Nanoscope IIIA). The example AFM image shown in Figure 1a demon-
strates that RFMS-a-Si samples have a reasonably smooth, shiny, and flat surface. AFM
measurements indicate that the value of Rq is approximately 1.3 nm; on the other hand,
the value of Rq for the glass substrate employed was found to be around 0.60 nm.

It has also to be emphasized the surface effect, commonly described as ‘broccoli’,
‘orange peel’, or ‘dry mud’ cracks, observed in the top-view SEM micrograph (SEM: FEI
Nova NanoSEM 450), corresponding to the representative RFMS-a-Si sample, Si#1, shown
in Figure 1b. There is to date no clear explanation whatsoever of the possible mechanisms
giving rise to the formation of this particular surface effect. Nevertheless, it may be
suggested that it is related to the natural tendency of shrinkage of a thin coating layer,
in order to diminish its surface energy, and would be caused by the tensile internal stresses
in the films generated all of the them by the present RFMS-coating process.

Moreover, the refractive index, n, and the extinction coefficient, k, were determined from
measurements of the normal-incidence optical transmittance spectra, exclusively. These optical
spectra were collected by employing a Perkin-Elmer Lambda 1050 UV/visible/NIR, double-
beam, ratio-recording spectrophotometer.The illuminated sample area was 10 mm × 1 mm,
and the spectral slit width used was 2 nm; the transmission data were measured with a data
interval of 4 nm. All the transmission spectra were recorded over the wavelength range
from 300 up to 2500 nm. Various different spots on each a-Si sample have been measured,
and we have certainly found consistency between the results from the different spot-to-
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spot transmission measurements. Besides, the optically calculated film thickness was
systematically cross-checked by cross-sectional SEM images, and additionally corroborated
for some selected a-Si thin-film samples with a Veeco Dektak 150 mechanical surface
profiler; it must be emphasized that the difference found with the average layer thickness
obtained from the transmission spectrum only was, for all the cases studied, less than
approximately 3.0 %.

Figure 1. 3D AFM (a) and top-view SEM (b) images of a 4.4 Pa RFMS-a-Si sample (Si#1). (c) Room-

temperature first-order Raman spectrum of the representative sample, Si#1, and also that for a poly-Si

(crystallized by the use of CW-diode laser), respectively; in its inset, the GIXRD-patterns of the a-Si

layer, together with that of the laser-crystallized Si.

In order to examine the atomic structure of the present sputtered samples, the first-
order Raman spectra, recorded at room temperature, of the a-Si thin films investigated
were excited with a 633 nm laser of 20 nW nominal power, by using a Horiba LabRAM HR
Raman spectrometer. In Figure 1c, we display the Raman spectrum for the representative
a-Si specimen, Si#1.

Let us start now with the interpretation of this measured Raman spectrum. Note
that in a solid, a small part of an incoming photon energy can be used to excite a lattice
vibration (phonon). The remaining energy escapes as a photon with slightly smaller energy
compared to the incoming photon, and this energy shift is denoted as the Raman shift.
In the case of a-Si solid, the momentum selection rule is relaxed, in comparison with the
monocrystalline Si, and a variety of phonon modes and energies are permitted: A broad
peak centered at around 480 cm−1 now almost dominates the whole Raman spectrum. It
is observed that the Raman spectrum for the particular sample Si#1, shown in Figure 1c,
exhibits a main peak at approximately 465 cm−1, corresponding to the transverse-optic
(TO) phonon band, and another main peak at about 152 cm−1, belonging to the transverse-
acoustic (TA) phonon band [16]. In addition to these two clearly dominant Raman peaks,
two additional peaks associated with the longitudinal-optic (LO) phonon band, located at
about 380 cm−1, and with the longitudinal-acoustic (LA) phonon band, located at nearly
300 cm−1, are also found. Moreover, note that the broad and small feature noticed at the
high-energy side in the representative a-Si spectrum, illustrated in Figure 1c, at a value
of the Raman shift of around 620 cm−1, can be attributed to two plausible two-phonon
excitations, such as TO + TA and 2LA, respectively [16].

The intensity of the TA-peak, ITA, taken with respect to the TO-peak intensity, ITO,
is commonly interpreted as a degree of the extent of the intermediate range order within
the atomic structure of the non-crystalline material. Thus, the larger the Raman–intensity
ratio, γRam(= ITA/ITO), the smaller the degree of intermediate-range order. The obtained
value of the parameter γRam for the specimen of a-Si, Si#1, is found to be 0.89; the reported
value of the γRam ratio for the sputtered (in this case, without magnetron enhancement)
a-Si [17,18] is reported to be 0.80. Orapunt et al. [19], on the other hand, prepared a novel
form of a-Si by ultra-high-vacuum evaporation of Si atoms onto a room-temperature quartz
substrate, with 98 % of the mass density of the c-Si, and with a smaller value of the γRam

ratio of 0.70. Therefore, it is consequently concluded that our RFMS-a-Si samples are the
most structurally-disordered of the previously considered and differently prepared forms
of a-Si solid.
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We can now undertake an indirect quantification of the bond-angle dispersion or
structural disorder of the material, ∆θ, using the measured Raman spectra. Experiments
and theory [20] clearly show that the transverse-optical TO band broadens as ∆θ (expressed
in degrees) increases. The general relationship proposed by Beeman-Tsu [21] has the
following form:

(Γ/2) = ARaman + 3∆θ, (1)

with the parameter ARaman verifying that 7.5 cm−1 . ARaman . 12 cm−1, and where (Γ/2)
(in cm−1) is defined as the half-width at the high-energy side of the TO band (see Figure 1c).
Therefore, the bond angle dispersion obtained in this case is found to be 15.0 degrees
. ∆θ . 16.5 degrees, which can be consider a range of large values of ∆θ, indicating again
the highly-disordered atomic structure of the RFMS-a-Si material under study.

Finally, the grazing incidence X-ray diffraction (GIXRD) measurements made on our
a-Si samples corroborate, beyond any doubt, that these sputtered samples are fully amor-
phous, and none of the characteristic sharp X-ray diffraction peaks of its c-Si counterpart
being evident, at all (these two clearly distinct diffraction patterns are shown in the inset of
Figure 1c). The GIXRD and EDAX measurements performed also indicate the complete
absence of impurities in the present RFMS-a-Si films.

3. Thin-Film Optics Theory and Model Dielectric Function

3.1. Some Basic Theoretical Considerations

Figure 2 displays the bi-layered specimen geometry, being made up of a weakly-
absorbing layer of optical constants, n and k, on top of a transparent substrate. Thin-layer
a-Si materials can be grown onto a thick substrate by using several physical or chemical
vapor deposition techniques [22]. The investigated a-Si film has ideally a thickness, d.
The glass substrate has smooth surfaces, and it is thick enough so that all the possible
Fabry–Perot (FP) interference effects related to the non-absorbing glass substrate, totally
disappear. The substrate refractive index, s, is independently obtained from normal-
incidence transmittance measurements on the transparent substrate alone. This bi-layered
sample is usually immersed in air with index of refraction nair = 1.

Figure 2. A schematic representation of the geometry of (a) a uniform, and (b) a nonuniform

weakly-absorbing thin film, onto a thick non-absorbing glass substrate.

The complex refractive index, n = n − ik, of a thin layer is wavelength-dependent, or,
in other words, optically dispersive. Its real part, n(λ), is the refractive index, whereas its
imaginary part, k(λ), is the extinction coefficient, which accounts for the existing optical
absorption of the semiconductor material. Furthermore, it is advisable to quantify such
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an absorption by the alternative absorption coefficient, α(λ) , and also by the dimension-
less absorbance, x(λ), which are both interrelated to the also dimensionless extinction
coefficient by the equations, k(λ) = α(λ)λ/(4π), and x(λ) = exp(−α(λ)d), respectively.

The model dielectric function, as a function of the photon energy, for non-crystalline
materials, used in this study, is based upon both the Tauc joint density of states [23], and
the Lorentz electron oscillator model [12]. The optical quantity to be now considered is the
complex dielectric function, ǫ = ǫ1 − iǫ2, and it should be mentioned that its dispersive real
and imaginary parts are not independent, but, instead, they are correlated by the Kramers–
Krönig (KK) equations [12]. For the present non-magnetic materials the interrelationships
between the respective real and imaginary parts of this complex dielectric constant, ǫ, and
the respective real and imaginary parts of its associated complex index of refraction, n, are
given by

ǫ1 = n2 − k2,

ǫ2 = 2nk,
(2)

or equivalently expressed,

n =

√

1

2

(

√

ǫ2
1 + ǫ2

2 + ǫ1

)

,

k =

√

1

2

(

√

ǫ2
1 + ǫ2

2 − ǫ1

)

.

(3)

3.2. Spectral Transmittance for a Nonuniform Semiconductor Film onto a Transparent
Glass Substrate

Let us first consider the normal-incidence monochromatic light illumination on the
ideal surface of a uniform semiconductor thin layer, grown onto a thick transparent glass
substrate, as illustrated in Figure 2a. Taking into consideration the infinite reflections
occurring at the three existing interfaces between the three constituent media of this
particular optical system: air–layer, layer–substrate, and substrate–air, respectively, it
is found that the spectral transmittance is given by the exact expression [14,24,25] (we
present here again these already reported formulae for the sake of self-completeness of the
present manuscript),

Tuniform(λ; n, k, s, d) =
Ax

B + x(C sin ϕ − D cos ϕ) + Ex2
, (4)

where

A = 16(n2 + k2)s,

B =
(

(n + 1)2 + k2
)(

(n + 1)(n + s2) + k2
)

, (5)

C = −2k
(

2(n2 + k2 − s2) + (n2 + k2 − 1)(s2 + 1)
)

,

D = 2
(

(n2 + k2 − 1)(n2 + k2 − s2)− 2k2(s2 + 1)
)(

(n − 1)(n − s2) + k2
)

,

E = (n − 1)2 + k2,

ϕ = 4πnd/λ.

In addition, in the spectral range corresponding to the strong optical absorption
within the thin film, where the FP interference pattern starts disappearing, the spectral
transmittance formula basically depends only on the exponential term appearing in the
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numerator of such equation. Therefore, in this specific spectral range of high absorption,
the previous exact formula of the transmittance is reasonably approximated as follows:

Tapprox(λ; n, k, s, d) ≈ Ax

B
≈ 16n2sx

(n + 1)3(n + s2)
(6)

The thickness of an idealized perfect layer is certainly constant, but in a real speci-
men, this is rarely the situation, and, thus, significant thickness nonuniformity and/or
surface roughness are often present in these real thin-film samples. The necessary simpli-
fying assumption to be made in order to model the geometry of a real nonuniform thin
layer will be to suppose such a layer, having a wedge-shaped profile as that depicted in
Figure 2b. In order to be able to determine this film-thickness variation through the light
spot, a homogeneity or wedging parameter, ∆d, is introduced, and also its associated aver-
age film thickness, d̄, in such a way that the actual layer thickness in the illuminated area
of the sample increases linearly from a minimum value of d = d̄ − ∆d, up to a maximum
value of d = d̄ + ∆d (see Figure 2b).

Under this proposed working hypothesis of a linear dependence of the variable
layer thickness through the spectrophotometer light spot, a much more realistic and
accurate expression for the transmission, accounting for its varying thickness, will be
derived by integrating upon the two optical variables which depend upon the variable
thickness, that is, the optical phase, ϕ, and the absorbance, x, both previously introduced in
Equation (5). Nevertheless, the influence of the variable thickness upon the absorbance is
clearly negligible, as compared with the much stronger influence of the variable thickness
upon the phase. Taking into account this suggested simplification, the integral for the
transmittance will then be written as follows:

Tnon-uniform
∆d (λ; n, k, s, d̄, ∆d) =

∫ ϕ2

ϕ1

dϕ

ϕ2 − ϕ1

∫ x2

x1

dx

x2 − x1

[

Ax

B + (C sin ϕ − D cos ϕ)x + Ex2

]

(7)

≈ 1

ϕ2 − ϕ1

∫ ϕ2

ϕ1

[

Ax

B + (C sin ϕ − D cos ϕ)x + Ex2

]

dϕ,

with

x1 = exp
(

−α(d̄ − ∆d)
)

,

x2 = exp
(

−α(d̄ + ∆d)
)

,

ϕ1 = 4πn(d̄ − ∆d)/λ,

ϕ2 = 4πn(d̄ + ∆d)/λ.

(8)

Note that the analytical integration of Equation (7) gives rise to inverse hyperbolic
functions; it is indeed a complex expression, derived in the present study by employing the
useful tool of Mathematica software system (version 12.3), and it is now expressed after
doing various algebraic manipulations [25],

T
hyper
∆d (λ; n, k, s, d̄, ∆d) = − 2Ax

(ϕ2−ϕ1)
√
−H

[

tanh−1
(

G√
−H

)

− tanh−1
(

F√
−H

)]

, (9)

where

F = x(C + B(D + Ex)) tan (ϕ1/2),

G = x(C + B(D + Ex)) tan (ϕ2/2),

H = B2 − x2
(

C2 + D2 − 2BE − E2x2
)

.

(10)

It is convenient next to express the spectral transmittance for the layer-on-substrate
specimen, using angle or circular functions, instead of the previously employed hyperbolic

277



Coatings 2021, 11, 1324

functions, for reasons that later will be absolutely evident. Again, after some additional
algebraic manipulations, a more compacted expression for the transmittance is derived,

Tuncorrected
∆d (λ; n, k, s, d̄, ∆d) = 2Ax

(ϕ2−ϕ1)
√

H

[

tan−1
(

G√
H

)

− tan−1
(

F√
H

)]

. (11)

It has to be stressed that Equation (11), unfortunately, cannot be yet used in the
optical characterization of real semiconducting thin layers, by only using the transmission
spectrum. The existence of a multi-valued inverse goniometric function in Equation (11) is
the cause of the presence of discontinuities around the minima of the transmission spectrum
if the necessary correcting angles, multiples of π radians, are not correctly introduced.
The existence of such discontinuities in the transmittance expression makes Equation (11)
certainly useless for our final purpose.

All of these invalidating effects corresponding to the expression of the transmission are
clearly evidenced in Figure 3, where such a previous mathematical expression is graphed
for a hypothesized hydrogenated a-Si thin film, whose homogeneity parameter ∆d has
the proposed exact value of ∆d = 30 nm, with a typical average thickness, d̄ = 1500 nm, a
plotted wavelength range λ = 500–900 nm, and, finally, with the optical constants given by
the two following semiempirical dispersion relationships [24], with the wavelength in nm,

na-Si:H(λ) = 2.60 +
3.0 × 105

λ2
,

ka-Si:H(λ) =
λ

4π
10(1.5×106/λ2)−8.

(12)

The refractive index of the non-absorbing glass substrate is assumed to be for this simulation
s = 1.51 = constant. It is further noticed in Figure 3 that the uncorrected transmittance
curve of the gedanken film completely matches the corresponding numerical integration of
Equation (11), except around the minima of the transmission curve, as was already referred
to above.

Figure 3. Numerical integration of Equation (7), for the spectral transmittance corresponding to a

specific thickness variation of ∆d = 30 nm (see the text for the rest of the details shown in the figure).

3.3. Optical Phase Change: Correcting Integer Numbers Nc,1 and Nc,2

The two parameters F and G in Equation (10) do contain circular functions, whose two
respective arguments ϕ1 and ϕ2 are expressed by Equation (8). Depending on the values
of n, k, d̄, ∆d, and λ, the corresponding argument of the angle functions could exceed the
critical value of 2π radians. Taking into account the fact that those two parameters F and
G, are within inverse goniometric functions, it is, thereby, necessary to properly evaluate
the exact number of multiples of 2π radians summed up to the corresponding optical
phase, ϕ, within the thin layer. This newly proposed key step will, indeed, suppress the
above-mentioned completely invalidating discontinuities in the transmission spectrum.
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In order to account for the strong influence of the layer thickness nonuniformity upon
the spectral transmittance, we now suggest the introduction of two absolutely necessary
correcting integer numbers, Nc,1 and Nc,2, respectively, into Equation (11), in order to
be able to properly evaluate the optical-phase change taking place within the thin film.
Therefore, the corrected equation of the spectral transmittance for a real, non-uniform layer
is finally derived:

Tcorrected
∆d (λ; n, k, s, d̄, ∆d) =

2Ax
[(

tan−1
(

G√
H

)

+Nc,2π
)

−
(

tan−1
(

F√
H

)

+Nc,1π
)]

(ϕ2−ϕ1)
√

H
, (13)

where the two new correcting integer numbers, Nc,1 and Nc,2, respectively, are now given
by the two following expressions:

Nc,1 = round(ϕ1/2π),

Nc,2 = round(ϕ2/2π).
(14)

This defined function ’round’ does round off the argument to its closest integer value, and it
is totally equivalent to the function with the same name, implemented in the mathematical
software system Matlab (R2021a), which will be largely used later. The novel corrected
Equation (13) presented in this work, very importantly, is a continuous function that
can be used in order to optically characterize an ample variety of thin-film amorphous
semiconductors, with high accuracy. Moreover, the so-far existing limiting maximum
value for the wedging parameter, ∆d(= λ/4n), when optically characterizing strongly
wedge-shaped layers, has been fortunately successfully suppressed with the introduction
of the appropriate correcting numbers, Nc,1 and Nc,2, in the expression of the corrected
spectral transmittance, Tcorrected

∆d .
It should be added that the physical importance of Equation (13) is based upon the

fact that the whole normal-incidence transmittance spectra of wedge-shaped semicon-
ducting thin films, can be evaluated by using the ’inverse-synthesis method’ proposed by
Dobrowolski et al. [26], rather than the dispersion model-free characterization method,
based exclusively upon the use of the upper and lower envelopes of the spectral transmit-
tance, making use of only a portion of the transmission spectrum. In addition, the obliged
exclusion for optical characterization purposes of nonuniform layers having a value of
∆d > λ/4n [27], is now, with the presented novel formulae, fully eliminated.

3.4. Determination of the Optical Constants by Applying the TLUC Dispersion Model

The glass substrate onto which the a-Si thin layer was deposited was previously
checked for transparency in the complete wavelength region analyzed and, therefore,
completely characterized from the optical standpoint by only its real refractive index,
s (knowing that ks ≈ 0). This optical parameter has been obtained from independent
normal-incidence transmission measurements on the bare transparent glass substrate, and
by making use of the well-known expression for the transmittance of a non-absorbing slab,
Ts [24]:

Ts(λ) =
2s

s2 + 1
, (15)

So, by solving for s we get

s(λ) =
1

Ts
+

√

1

T2
s
− 1. (16)

The KK-consistent optical dispersion model that is adopted in this study is the Tauc–
Lorentz–Urbach-Continuous parameterization, as suggested by Foldyna et al. [28]. This
TLUC dispersion model was found to be appropriate for amorphous semiconductors in gen-
eral, and is a realistic generalization of the very popular Tauc–Lorentz (TL) parametrization
proposed by Jellison and Modine [29,30], with the certainly existing exponential Urbach
band tail being added to the TL model. Thus, the more complete TLUC model employs six
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free-adjusting parameters: Amp, E0, Cbr, Eg, Ec, and ǫ1(∞); that is, interestingly just only
one more parameter than in the case of the TL model, specifically that one associated to the
Urbach absorption tail spectral region, Ec.

The imaginary part of the complex dielectric constant, ǫ2(E), in this TLUC parameter-
ization is now given as a piecewise function:

ǫ2(E) = 1
E

AmpE0Cbr(E−Eg)2

(E2−E2
0)

2+C2
brE2 , E ≥ Ec,

ǫ2(E) = Au
E exp

(

E
Eu

)

, 0 ≤ E < Ec,

(17)

where the first expression of ǫ2(E), for values of E ≥ Ec, is identical to that corresponding
to the TL parameterization, and the second expression of ǫ2(E), for 0 ≤ E < Ec, indicates
the contribution of the exponential Urbach band tail. In particular, the four free-fitting
parameters Eg, Amp, E0, and Cbr stand for the optical band-gap energy, the Lorentz-
oscillator amplitude, the Lorentz-oscillator peak energy, and the broadening parameter or
single-oscillator width, respectively.

Furthermore, the two additional TLUC model parameters Au and Eu, the so-called
Urbach amplitude and energy, respectively, have been added in order to guarantee the
continuity of the imaginary part of the complex model dielectric function, and also its first
derivative, and for that particular reason the model has been labeled ’continuous’. These
two Urbach tail parameters are expressed this way,

Eu =
Ec − Eg

2 − 2Ec(Ec − Eg)
C2

br+2(E2
c−E2

0)

C2
brE2

c+(E2
c−E2

0)
2

,

Au = exp

(

− Ec

Eu

)

AmpE0Cbr(Ec − Eg)2

(E2
c − E2

0)
2 + C2

brE2
c

.

(18)

The real part of the complex dielectric function, ǫ1(E), is now derived by employing the
analytical integration associated with the fundamental KK relations between ǫ1(E) and
ǫ2(E). Thus, we can write next this real part of the complex dielectric constant as follows:

ǫ1(E) = ǫ1(∞) +
2

π
P
∫ ∞

0

ξ ǫ2(E)

ξ2 − E2
dξ, (19)

where P denotes the Cauchy Principal value of the integral. In this fashion, we find

ǫ1(E) = ǫ1(∞) + ǫ1,TL(E) + ǫ1,UT(E), (20)

where the contribution of the TL model to the TLUC model dielectric function, for Ec ≤ E <

∞, is expressed by the following equation, given here again for the sake of self-completeness
of the present paper:

ǫ1,TL(E) = −AmpE0Cbr
E2+E2

g

πσ4E ln
(

|Ec−E|
Ec+E

)

+
2AmpE0CbrEg

πσ4
ln

(

|Ec−E|(Ec+E)
√

(E2
0−E2

c)
2
+C2

brE2
c

)

+

+
AmpCbraL

2πσ4αE0
ln

(

E2
0+E2

c+αEc

E2
0+E2

c−αEc

)

− AmpaA

πσ4E0

[

π − tan−1
(

2Ec+α
Cbr

)

− tan−1
(

2Ec−α
Cbr

)]

+

+4AmpE0Eg
E2−γ2

πσ4α

[

π
2 − tan−1

(

2(E2
c−γ2)

αCbr

)]

, (21)
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and where the intermediate variables previously introduced in the above equations are
also given by the next expressions:

aL = (E2
g − E2

0)E2 + E2
gC2

br − E2
0(E2

0 + 3E2
g),

aA = (E2 − E2
0)(E2

0 + E2
g) + E2

gC2
br,

γ =
√

E2
0 − C2

br/2,

α =
√

4E2
0 − C2

br,

σ4 = (E2 − E2
0)

2 + C2
brE2.

(22)

Additionally, the Urbach band tail part of the model dielectric function, for 0 < E < Ec,
is written in this way,

ǫ1,UT(E) = Au
Eπ

{

exp
(

− E
Eu

)

[

Ei
(

E
Eu

)

− Ei
( Ec+E

Eu

)]

+ exp
(

E
Eu

)

[

Ei
( Ec−E

Eu

)

− Ei
(

− E
Eu

)]}

(23)

where the introduced function ‘Ei(x)’ is the so-called ‘generalized exponential integral
function’, as also implemented as a Matlab function, with exactly the same name, in the
Matlab software used in this work, in such a fashion that

Ei(x) = P
∫ x

−∞

exp (t)

t
dt. (24)

3.5. ‘AdjustTransIS’: Matlab Computational Program for Optical Characterization of Amorphous
Semiconductor Films

The computational program named ‘AdjustTransIS’, created in order to perform the
accurate optical characterization of non-uniform semiconductor thin layers, was coded in
Matlab and falls into the category of reverse-engineering, or inverse-synthesis method. The
simplified flowchart of its algorithm was already presented in [31], and it ought to be noted
that is fully configurable by the use of MS-Excel files. The Matlab toolbox developed is able
to quickly fit a model-generated transmittance spectrum to the experimentally measured
transmittance spectrum of a wedge-shaped semiconductor layer, by fitting up to a maxi-
mum number of nine free-adjusting model parameters. Up to seven of them associated with
the implemented dispersion relations, plus two nonuniform film geometrical parameters,
namely, the average film thickness and, interestingly, the homogeneity parameter, d̄ and
∆d, respectively.

The very basic idea behind ‘AdjustTransIS’, in order to accurately compute the TLUC-
model parameters, is to calculate the set of values minimizing the figure-of-merit (FOM)
metrics that follows,

FOM = 100 × RMSE = 100 ×

√

∑
N
i=1(Ti,meas − Ti,simu)2

N
, (25)

where N stands for the total number of experimentally measured data points, Ti,meas

denotes the as-measured value of transmission, and Ti,simu the corresponding TLUC model-
generated value of transmission, for those particular wavelengths for which the glass
substrate employed is non-absorbing. The chosen FOM metrics in order to be minimized
is 100 times the root mean square error (RMSE) associated with the differences between
the measured and simulated transmission data, that is, the square root of the average of
the squared transmission differences, or residues. In the Matlab-coded program ‘Adjust-
TransIS’, the minimization routine employed was the Nelder–Mead (downhill) simplex
algorithm, incorporated into a specific Matlab function. This is a nonlinear, direct search
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method, implemented in Matlab by its corresponding ’fminsearch’ function, and it was
adopted in order to compute the minimum of an unconstrained multivariable function.

4. Results and Discussion

4.1. Computation of the Optical Properties by ‘AdjustTransIS’

The as-measured transmittance spectra for the RFMS-a-Si samples studied were all
analyzed by the Matlab-coded program ‘AdjustTransIS’, and in Table 1 all the best-fit
parameters belonging to the TLUC model used, obtained from two representative spectra,
are listed. Figure 4a,b displays the comparison between the simulated and experimental
transmittance spectra for the corresponding two representative a-Si samples, Si#1 and
Si#2. The difference between the simulated and measured data, ∆T = Tsimu − Tmeas, in
the particular case of sample Si#1, is also plotted in Figure 4a. It is seen the remarkable
agreement between the two generate and experimental transmittance spectra, with a very
low value of FOM of 0.421, in the specific case of Si#1; a value slightly larger of the FOM
of 0.565 has been found for the sample Si#2. For the sake of clarity, the x-axis of all the
graphs represents photon energy, instead of vacuum wavelength, as given initially by the
spectrophotometer, when plotting the transmission curves, and we have also employed
open circles instead of solid lines, in order to plot the transmission data for these two
representative a-Si specimens, Si#1 and Si#2, respectively.

Table 1. Values of all the Tauc–Lorentz–Urbach-Continuous oscillator model parameters for representative RFMS-a-Si thin

films, sputtered with high Ar gas pressure. Furthermore, the values of the employed merit function, FOM = 100×RMSE, for

those a-Si samples selected. The Tauc–Lorentz model parameters for implanted a-Si (i-a-Si) and evaporated a-Si (e-a-Si), are

also listed in the table for the sake of comparison. The values of the Urbach energy and amplitude, Eu and Au, respectively,

obtained from the previous TLUC-model parameters, are also indicated in the present table. Besides, the values of the

geometrical parameters, d̄ and ∆d, respectively, are presented in this table. For a greater completeness of the information

reported in this work, we have also added, in the columns headed ’Si#3’ and ’Si#4’, respectively, the descriptive results

associated to the fits of two more RFMS-a-Si samples studied.

a-Si
Material

RFMS-a-Si
(Si#1)

RFMS-a-Si
(Si#2)

RFMS-a-Si
(Si#3)

RFMS-a-Si
(Si#4)

e-a-Si
Jellison-Modine

i-a-Si
Adichi-Mori

Data reference
Present
work

Present
work

Present
work

Present
work

[29] [32]

Wavelength/
Energy range
(nm/eV)

400–2500 400–2500 400–2500 400–2500 0.8–5.9 1.5–5.2

Figure-of-merit 0.421 0.565 0.445 0.446 N/A N/A

Eg(eV) 1.19 1.19 1.26 1.27 1.20 1.11

Offset, ǫ1(∞) 1.00 (fixed) 1.00 (fixed) 1.00 (fixed) 1.00 (fixed) 1.15 0.17

Amp(eV) 102 95 96 104 122 150

E0(eV) 3.72 3.73 3.70 3.65 3.45 3.40

Cbr(eV) 2.54 2.26 2.29 2.35 2.54 2.55

Ec(eV) 1.76 1.73 1.78 1.79 N/A N/A

Eu(meV) 253 240 245 245 N/A N/A

Au(meV) 2.19 1.28 1.2 1.3 N/A N/A

d̄(nm) 770 1123 730 795 N/A N/A

dSEM(nm) 777 1112 735 789 N/A N/A

∆d(nm) 25 0 12 13 N/A N/A
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Table 1. Cont.

a-Si
Material

RFMS-a-Si
(Si#1)

RFMS-a-Si
(Si#2)

RFMS-a-Si
(Si#3)

RFMS-a-Si
(Si#4)

e-a-Si
Jellison-Modine

i-a-Si
Adichi-Mori

(∆d/d̄)× 100(%) 3.2 0 1.6 1.6 N/A N/A

Eg,Tauc(eV) 1.38 1.37 1.43 1.43 N/A N/A

βTauc (cm−1/2

eV−1/2)
591 557 574 604 N/A N/A

Dispersion model TLUC TLUC TLUC TLUC TL TL

N/A: Data not given in the paper referenced in the table.

Figure 4. Experimental and best-fit transmittance spectra of the representative RFMS-a-Si thin-

film samples, Si#1 (a) and Si#2 (b), respectively. Additionally, the difference between the TLUC-

model-generated transmission spectrum and the as-measured transmission spectrum, ∆T, for both

specimens. The excellent comparison between the simulated and experimental normal-incidence

transmission spectra are clearly illustrated in this figure. The cross-sectional SEM micrographs for

Si#1 and Si#2 are also displayed in this figure, as insets. The measured values of film thickness are

marked in the insets. Moreover, the values of some FP-interference order numbers are indicated in

the figure, together with the calculated values of d̄. The very-low computed values of FOM are also

inserted into the figure, for the two samples Si#1 and Si#2.
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In addition, in order to clearly show the effectiveness and ease of use of the detailed-
designed Matlab-based GUI (i.e., the graphical user interface or main window) of the
toolbox ‘AdjustTransIS’, showing the representative values of all the free-adjusting and
fixed parameters, associated with the simultaneous optical and geometrical characteriza-
tions, corresponding to the transmittance spectrum for the particular a-Si specimens Si#3
and Si#4, is displayed in the Appendix A. The full information regarding the free and fixed
TLUC-model parameters was notified by convenient checkboxes. Furthermore, by using
the appropriate radio buttons, we choose the TLUC parametrization selected in this work.
The very low value of the FOM found for these other representative specimens analyzed,
Si#3 and Si#4, of 0.445 and 0.446, respectively (see the Figure A1 in the Appendix A),
have again unambiguously demonstrated the excellent fit between the experimental and
simulated transmission data for the samples under investigation.

The computed complex refractive indices of the two RFMS-a-Si samples, Si#1 and
Si#2, as a function of wavelength, are illustrated in Figure 5. The average thickness of
the particular wedge-shaped specimen Si#1 was 770 nm, and its corresponding non-zero
thickness variation was 25 nm. It should be stressed that this lack of film-thickness unifor-
mity represents a percentage of 3.2 % of the calculated average layer thickness. Note that
this particular result shows the great capability of the proposed optical characterization
approach, highly sensible to the lack of parallelism between the faces of the thin-layer mate-
rial, and based uniquely upon the shrunk transmittance spectrum of the non-homogeneous
a-Si layer.

Figure 5. Complex refractive indices vs. vacuum wavelength, obtained from the two transmission

spectra analyzed. Extrapolated refractive index, n, and extinction coefficient, k, of the two represen-

tative RFMS-a-Si specimens, (a) Si#1 and (b) Si#2, following the adopted TLUC-oscillator function

(plotted for the spectral range 0.5–100 eV, or, equivalently, 12–2482 nm).

Continuing with the analysis of the optical properties of RFMS-a-Si, it is observed in
Figure 5 that in the range of very low wavelengths, very close to zero, n is a decreasing
function of the wavelength (i.e., dn/dλ < 0). The optical dispersion is then called normal
dispersion. For values of the wavelength larger than approximately 100 nm, the refractive
index starts increasing, instead, with increasing wavelength (i.e., dn/dλ > 0), and it is then
called the regime of ’anomalous’ dispersion. For wavelength values higher than 425 nm,
covering now the whole visible spectral range, the regime of normal optical dispersion is
again observed. From the KK relationships, the obtained wavelength dependence of the
refractive index has to be necessarily correlated to the existing optical absorption of the
a-Si layer, clearly shown by the behavior of its extinction coefficient, k (see Figure 5). There
is, as expected, a noticeable narrow absorption band around the specific wavelength value
of nearly 287 nm.
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The best-fit single-TLUC oscillator parameters for the two representative layers, Si#1
and Si#2, respectively, indicated in Table 1, are next discussed. For these two specific cases,
the amplitude of the TLUC oscillator Amp is approximately 99 eV, and the optical band
gap value Eg is nearly 1.19 eV. The values of the other three TLUC parameters E0, Cbr, and
Ec, are around 3.73 eV, 2.40 eV, and 1.75 eV, respectively. Furthermore, following Ferlauto
et al. [33], and also Foldyna et al. [28], the corresponding offset parameter, ǫ1(∞), has been
always reasonable and successfully fixed to 1. Note at this point of the discussion that, in
the present physical interpretation of the experimental results, the concept of energy band
gap, Eg, is still maintained, even in the absence of crystallinity (there is no long-range order
in the atomic structure) of the studied amorphous semiconductor material, through the
existing influence of the preserved short-range ordering in the atomic structure of pure
a-Si, upon its electronic density of states.

The values of the Urbach energy and amplitude parameters, Eu and Au, respectively,
determined from the previous TLUC parameters, are also listed in Table 1, for the two
representative transmittance spectra analyzed. For the sake of comparison and greater
completeness, we have added to Table 1 the values of the TLUC-parameters found for
two more RFMS-a-Si samples, Si#3 and Si#4, respectively. The values of the so-called
Tauc gap, Eg,Tauc, all also computed by applying the Matlab program ‘AdjustTransIS’
(it will be discussed in detail below), are also shown in Table 1. The reproducibility
of the properties of RFMS a-Si films depends on the sputtering parameters having the
required time stability, which is actually difficult to assure due to the complexity of the
non-equilibrium deposition process. This could justify the relative small differences found,
lower than about 4.0 % (beyond the unavoidable statistical fluctuations), in the values of
the TLUC parameters corresponding to the four metastable a-Si samples listed in Table 1.
Moreover, the calculated value of the refractive index at the particular NIR wavelength of
2500 nm, n(2500), approximately 3.164, and the two alternative iso-absorption gaps, E03,
and E04 (the values of energy corresponding to the values of α of 103 cm−1 and 104 cm−1,
respectively), are clearly marked in Figures 5 and 7, respectively.

Our computed TLUC parameters are consistent with those reported by some of the
authors of this paper, in a previous work concerning with the study of a-Si semiconducting
material, by the VASE technique [34]. Moreover, they are also comparable with the best-fit
values of the TL-parameters, calculated from the evaporated amorphous silicon (e-a-Si) data
compiled in the Palik’s Handbook of Optical Properties [35], by Jellison and Modine [29].
Furthermore, note that Foldyna et al. [28] found a value of the band gap energy of 1.19 eV,
as a result of applying its TLUC model to previous data belonging to e-a-Si, reported
in the mentioned Palik’s Handbook. This particular value of the optical gap of 1.19 eV,
interestingly, is coincident with the value of Eg reported by Jellison and Modine (see
Table 1), employing its limited TL parametrization, instead (it must be stressed that without
the inclusion of the contribution of the Urbach absorption tail), to the same set of Palik’s
compiled optical data for e-a-Si. It has finally to be noted that the value of Eg calculated
for the two representative samples Si#1 and Si#2, respectively, is, in both cases, exactly the
value of 1.19 eV (see Table 1), in perfect agreement with the above-mentioned value of the
optical gap reported in the literature.

4.2. Comparison with the Transmission Data Analysis by the Swanepoel Envelope Method

The complex refractive index, n, was also determined by the alternate transmission
envelope method proposed by Swanepoel [24,27], by using our transmittance data from
the weak-to-medium absorption region. The envelope method is relatively simple and,
importantly, does not require assuming a dispersion model prior to the transmission
data analysis, on the contrary to the inverse synthesis method. The basic principle of
this method is to accurately draw the two top and bottom envelope curves, that are
tangential interpolation curves between the interference maximum points, and between
the interference minimum points, respectively. At those tangential points, the average film
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thickness, d̄, the real refractive index, n, and the respective tangential wavelength, λtan, are
related by the interference equation:

2n(λtan)d̄ = mλtan, (26)

where m is the interference order number, which is an exact integer for top tangential
points, and an exact half-integer for bottom tangential points (see Figure 3).

In this work, this envelope method is also used in order to calculate n and k, in
the transparent-to-medium absorbing region, where the photon energy is correspond-
ingly around or below the optical band-gap. From the transmittance spectra displayed
in Figure 4, one can expect in the strong absorption region that the two upper and lower
envelope curves merge into one single curve. Thus, it is not possible to find the optical
constants, n and k, in this spectral range of high absorption, without assuming a partic-
ular dispersion model for the refractive index. Furthermore, for a sufficiently thin layer
(d̄ . 100 nm) that has very few (or none of them) peaks and valleys, the interpolation is
certainly inaccurate, but fortunately it is not at all the case in the present spectra. Instead,
we have been able to make reliable interpolations between the tangential points because
our a-Si layers are certainly thick enough. The two top and bottom envelopes have been
smoothly constructed by the useful algorithm suggested by Minkov et al. [36,37].

After computer generating the two envelopes of the transmission spectrum, the
refractive index, the extinction coefficient, the average layer thickness, and the homogeneity
parameter have been calculated by using the dispersion model-free Swanepoel method,
described in detail in [38–43]. Particularly, it must be emphasized that the differences
between the values of d̄ and ∆d, determined by the envelope method and by inverse
synthesis, respectively, are, in all the samples analyzed in this study, smaller than 1.0 %;
especially remarkable is the fact that the values of the thickness variation ∆d for the tapered
layer Si#1, calculated by the two different approaches, are coincident, within our range
of accuracy. It is found that ∆d = 25 nm with both methods, and as indicated before, it
represents approximately the 3.2 % of the value of d̄. Besides, the values of d̄ calculated by
the TLUC parametrization and the Swanepoel method are, indeed, fairly close to the cross-
checking film-thickness values directly measured by cross-sectional of SEM microscopy
images, dSEM’s, listed in Table 1. Superimposed as two insets to Figure 4a,b are displayed
the respective two cross-sectional SEM images, belonging each of them to a representative
a-Si sample, along with the comparison of the two generated and measured transmission
spectra corresponding to each one of the specimens. The directly measured values of
dSEM are 777 nm and 1112 nm for the specimens, Si#1 and Si#2, respectively, which are
remarkably near to their optically calculated values of d̄. The values of the two optical
constants n and k obtained by using the transmission envelope method in the allowed
photon energy range of about 0.62–1.8 eV, and those from TLUC model fit, in the whole
measured spectral range, are very close too, as shown in Figure 5.

4.3. Wemple–DiDomenico Framework: Insight into Material Porosity

The TLUC model yielded sub-gap n-values, and those other data for the refractive
index dispersion independently calculated by the model-free envelope method, were sys-
tematically analyzed by using the Wemple–DiDomenico (WDD) single effective oscillator
model [44,45]. These authors thoroughly investigated optical-dispersion data below the
band gap for more than a hundred diverse materials, both covalent and ionic, and both
crystalline and amorphous. They found that the whole set of dispersion data examined
can be fitted, to an excellent approximation, by the following relationship:

ǫ1(h̄ω) = n2(h̄ω) = 1 +
EsoEd

E2
so − (h̄ω)2

, (27)

where h̄ω is the photon energy, Eso is the single-oscillator energy, and Ed is the single-
oscillator strength or dispersion energy. Therefore, plotting (n2 − 1)−1 vs. (h̄ω)2 lets us
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determine the two single-oscillator parameters, Eso and Ed, respectively, by fitting a linear
function to the set of calculated values of the refractive index. The WDD plots for the
two representative RFMS-a-Si samples Si#1 and Si#2, respectively, are shown in Figure 6.
The obtained values of the WDD single-oscillator parameters Eso and Ed are presented in
Table 2. Mention must be made that departures from the linear behavior in the WDD plots,
at larger photon energies, very often reported in the literature [44,45], and being explained
by the result of the proximity of the band edge (that is, the interband transitions), have not
been observed in any of the present RFMS-a-Si specimens.

Figure 6. Plot of the refractive-index factor, 1/(n2 − 1), versus the incident photon-energy squared

(i.e., the so-called WDD plot), corresponding to the two example specimens of RFMS-a-Si under

analysis; (a) Si#1 and (b) Si#2.

The extrapolated values of the static refractive index, n(h̄w = 0), for the representative
a-Si samples are also listed in Table 2.

Table 2. Values of the height and position of the ǫ2 peak, along with the refractive-index dispersion parameters revealed by

the WDD single effective oscillator model, for various investigated a-Si materials. The different approaches used in order to

determine the values of the presented optical parameters, are also listed in the table.

Sample ID Approach ǫ2,max
E(ǫ2,max)
(eV)

Eso

(eV)
Ed

(eV)
n(0) f WDD

void (%) f Bru
void(%)

Si#1 Inverse Synthesis 18.6 3.71 3.24 29.2 3.158 20.6 20.8

Si#1 Envelope Method N/A N/A 3.26 28.0 3.099 21.2 21.4

Si#2 Inverse Synthesis 19.5 3.72 3.27 28.2 3.102 22.5 22.5

Si#2 Envelope Method N/A N/A 3.33 29.1 3.199 18.4 20.8

e-a-Si Palik [35] Reflectance 20.8 3.50 3.01 30.9 3.359 15.1 13.2

i-a-Si Adachi-Mori [32] VASE 26.6 3.45 2.87 36.4 3.697 0 0

N/A: Data not given in the paper referenced in the table.

Interestingly, a value of the TL model-yielded Ed parameter for dense and fully
amorphous, self-implanted (i.e., non-hydrogenated) a-Si of 36.4 eV, reported by Chen and
Shen [46], that was, in turn, calculated from the values previously reported by Adachi and
Mori [32,47] of the complex dielectric constant, being this measured by the VASE technique,
has been found in the literature. This result demonstrated that the popular literature data
used a reference of ’dense’ a-Si, measured by Bagley et al. [48,49], is actually influenced by
the contribution of an existing component of microcrystalline Si, whose volume fraction
was estimated to be, surprisingly, about 53%. It should be pointed out that the reference
values of Eso and n(0) reported by Chen and Shen [46] and, also, corroborated by us, for
that Si-ion-implanted a-Si layer, are 2.87 eV and 3.697 eV, respectively.
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The dispersion energy, Ed, measures the average strength of the interband electronic
transitions, and obeys the widely-applicable empirical rule, expressed as follows [44,45]:

Ed = βNcZaNe(ρa/ρx), (Ed in eV units), (28)

where βc = 0.37 ± 0.04 eV, in the case of ’covalent’ materials, and βi = 0.26 ± 0.03 eV, in
the case of the more ’ionic’ materials. In Equation (28), Nc stands for the coordination
number of the cation, that is, the nearest neighbor to the anion; Za denotes the formal
chemical valency of the anion (Za = 4, for Si); Ne is the total number of valence electrons,
where the cores are excluded, per anion (Ne = 8); and, last, ρa/ρx is the ratio of the mass
density of the amorphous material to the mass density of its crystalline counterpart, with
its ’compacted’ and well-ordered atomic structure, instead.

This mass–density ratio, ρa/ρx, in Equation (28) is indeed the key factor in determining
the refractive-index behavior of the studied RFMS-a-Si films. Therefore, we assume that Ed

decreases linearly with the increase of the volume fraction of interconnected voids, i.e., the
porosity, within the underdense a-Si layers; it must be also noted that Ed scales with the
volume density of valence electrons in the material, involved in the transition at the single-
oscillator energy of Eso. We have thereby used the already mentioned particular value of
the dispersion energy, Ed, of 36.4 eV for the dense, or pore- or void-free, self-implanted
a-Si material, obtained, in turn, from the data found by Adachi and Mori [32,47], as the
correct reference value of Ed in order to be compared with. Therefore, we can express
mathematically all those previously-proposed simplifying ideas about the calculation of
the WDD void volume fraction, f WDD

void , from the calculated values of Ed, by the simple
approximate formula:

Eunderdense
d = Edense

d

(

1 − f WDD
void

)

, (29)

and, by solving for f WDD
void , we derive the following expression:

f WDD
void = 1 − Eunderdense

d

Edense
d

. (30)

Finally, by using this approximate relation, the values of f WDD
void for the representative

underdense RFMS-a-Si samples were obtained from the calculated values of the WDD
parameter, Ed, and are indicated in Table 2.

4.4. Bruggeman Effective Medium Approximation: Alternate Void-Volume-Fraction Determination

An additional cross-checking determination of the void volume fraction, f Bru
void, for the

RFMS-a-Si thin layers under investigation, by using the self-consistent Bruggeman effective
medium approximation (B-EMA) [49,50], and the values of the complex dielectric function,
ǫ, calculated by the extrapolation of the WDD dispersion formula to zero photon energy,
ǫ(0) = 1 + Ed/Eso, is next carried out.

According to this B-EMA approximation, a mixture of diverse materials can be con-
sidered as a homogeneous medium, possessing an effective complex dielectric constant,
ǫeff, that can be obtained from the individual complex dielectric constants, ǫi’s, and the
respective volume fractions, fi’s, of the individual constituent components, whereas it is
obeyed that ∑i fi = 1. Following the B-EMA approach, for a composite material of the
various i-components, the following equation is verified:

∑
i

fi

(

ǫi − ǫeff

ǫi + 2ǫeff

)

= 0 (31)

By using the basic relation between the complex dielectric constant and the complex
refractive index, ǫ = n2, and by also taking into account the two constituent components of
our a-Si thin-film material, whose volume fractions are 1 − f Bru

void (for the dense or pore- or
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void-free a-Si), and f Bru
void (for the air-filled pores or voids), respectively, along with setting,

neff ≡ nunderdense(0), we can express Equation (31) as

(1 − f Bru
void)

(

n2
dense(0)− n2

underdense(0)

n2
dense(0) + 2n2

underdense(0)

)

+ f Bru
void

(

1 − n2
underdense(0)

1 + 2n2
underdense(0)

)

= 0. (32)

Hence, by solving for f Bru
void, we have the final formula:

f Bru
void =

(1 + 2n2
underdense(0))(n

2
dense(0)− n2

underdense(0))

3n2
underdense(0)(n

2
dense(0)− 1)

. (33)

The two necessary values of the refractive index, that is, the value of n(0) for the dense,
self-implanted a-Si, ndense(0) = 3.697, and the value of the refractive index for air, nair = 1,
are now inserted in the previous Equation (33). The calculated values of B-EMA-based void
volume fraction, f Bru

void, are listed in Table 2. Note that the two respective values of the void
volume fraction, f WDD

void and f Bru
void, obtained by two different approaches, for our RFMS-a-Si

specimens, are practically identical; the value of the porosity for the specific rf-magnetron
sputtering deposition conditions employed in this work, with an Ar-pressure of about
4.4 Pa, is found to be approximately 21 %. Karabacak and Demirkan [9] have reported
values of the porosity for their sputter-deposited a-Si films produced at different Ar-gas
pressures, as high as approximately 30%, corresponding to a mass density of 1.64 g/cm3.
Their reported void fractions as a function of working pressure are absolutely consistent
with our obtained value of about 21%, which is surprisingly much higher than the reference
value found for ion-implanted a-Si of around 3.0%.

4.5. Absorption Edge and Dielectric Function of RFMS-a-Si

In Figure 7, we plot the optical absorption coefficient, as a function of photon en-
ergy, of the two representative RFMS-a-Si samples, Si#1 and Si#2. From these optical
absorption edges shown in Figure 7, the corresponding two iso-absorption gaps, E03 and
E04, respectively, for each representative sample, are now determined. The value of the
gap parameter, E04, is generally found to be around 0.15–0.30 eV larger than the value of
the Tauc gap, Eg,Tauc, for Si-based non-crystalline materials. In the present a-Si films, the
difference between the obtained value of the iso-absorption gap E04 and the fitted value
of the optical gap, E04 − Eg, has been found to be approximately 0.28 eV, well within the
previous gap-difference range. This gap difference, E04 − Eg, has been attributed to the
width of the conduction-band tail, and, therefore, to the contribution associated with the
electron states localized in the mobility pseudo-gap of the a-Si material. It is generally
argued that the larger the structural randomness within the amorphous material, the wider
its conduction band tail.

The exponential dependence of the absorption coefficient, α, of the form α(h̄ω) =
α0 exp (h̄ω/Eu), the well-known Urbach region equation, is clearly obeyed, as shown in
Figure 7. The computed values of the Urbach energy parameter, Eu, listed in Table 1, were
found to be about 250 meV, in all the samples under study. This very large value of the
parameter Eu is indicative of the high degree of structural disorder of the present non-
crystalline material, fully consistent with was above inferred from both X-ray diffraction
and Raman spectroscopy measurements. The maximum value of α, αmax, found at the
specific value of the photon energy of nearly 5.0 eV is 1.42 × 106 cm−1 (see Figure 8).
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Figure 7. Spectral dependence of the logarithm of the absorption coefficient (that is, the optical-

absorption edge), for the two RFMS-a-Si thin layers; (a) Si#1 and (b) Si#2. The values of the two iso-

absorption gaps, E03 and E04, are both conveniently marked in the corresponding absorption spectra.

Figure 8. Real (ǫ1) and imaginary (ǫ2) parts of the complex dielectric functions versus photon energy,

determined from the normal-incidence spectral transmittance, of the two representative RFMS-a-Si

thin layers; (a) Si#1 and (b) Si#2.

Next, the real and imaginary parts, ǫ1 and ǫ2, respectively, of the complex dielectric
constant, ǫ, as a function of the photon energy, for the two representative a-Si samples,
Si#1 and Si#2, are shown in Figure 8. Note that the broad peak of the imaginary part of
the dielectric function, ǫ2, whose highest value, ǫ2,max, is associated with the splitting of
bonding and antibonding electron states, and it is located at an energy position, E(ǫ2,max),
of nearly 3.71 eV (see Table 2), almost coincident with the calculated value of the TLUC
parameter E0. This single smeared peak of ǫ2 is usually shown by tetrahedrally bonded
amorphous semiconductors [34], like the cases of elemental Si and Ge.

Generally speaking, the amorphous material exhibiting the largest value of ǫ2,max

(see Figure 8), is regarded as that belonging to ‘intrinsic’, dense, hydrogen-less, and fully
amorphous silicon; i.e., the self-implanted a-Si, with the above-mentioned highest value
of the WDD dispersion energy, Ed, of 36.4 eV. The largest value of the ǫ2,max of 26.6 for
this particular H-free a-Si material, measured by Adachi and Mori [32,47], and based
upon VASE measurements, at a value of the photon energy, E(ǫ2,max), of 3.45 eV, must
necessarily be the reference value in order to be compared with. Hence, the significantly
lower value of the amplitude of the ǫ2 peak for the case of our RFMS-a-Si samples can
plausibly be explained by their proportionally lower mass density, attributed to their
inherent micro-voided structure, under the present growth conditions.
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The experimental ǫ1(E) and ǫ2(E) spectra of c-Si [49] are also displayed in Figure 8 by
dashed lines. The prominent critical point (CP) features seen in these two ǫ1(E) and ǫ2(E)
spectra of c-Si are the E1 and E2 structures at E approximately 3.4 and 4.3 eV, respectively.
The disappearance of the CP features in the amorphous material is due to the breakdown
of the crystal periodicity in the amorphous material. The comparative experimental n(λ)
and k(λ) spectra of c-Si shown in Figure 5, on the other hand, have been directly obtained
from those previous ǫ1(E) and ǫ2(E) spectra of c-Si reported by Aspnes [49].

4.6. Determination of the Band-Gap Energy by Tauc’s Extrapolation Method

The absorption coefficient was also independently obtained directly from a portion of
the transmission spectrum, by using only the spectral region of high absorption of such a
spectrum, where the FP interference fringes start disappearing (see Figure 4 and the inset
of Figure 9). Therefore, for those large values of α, αfree’s, where the absorbance obeys
that x ≪ 1, the interference effects can be totally ignored (interference-free transmission
region), and the transmittance is then reasonably expressed, by taking into consideration
Equation (5), this way,

Tmeas(E) =
16n2s exp (−αfreed̄)

(n + 1)3(n + s2)
. (34)

Therefore, the absorption coefficient, αfree, is obtained by employing the following expres-
sion:

αfree(E) = −1

d̄
ln

(

(n + 1)3(n + s2)Tmeas

16n2s

)

, (35)

where Tmeas stands for the experimentally-measured transmittance, in the spectral interval
of high absorption, where the FP fringes start disappearing.

Figure 9. Tauc plots obtained from the room-temperature, normal-incidence transmission spectra

belonging to the two representative RFMS-a-Si samples; (a) Si#1 and (b) Si#2.

We have just found an equation equivalent to Equation (6), derived by Swanepoel,
in [24]. He also suggested the use of the two-term Cauchy empirical equation for the
spectral dependence of the index of refraction in the interference-free region of high
absorption. On the contrary, we have much more accurately employed the relationship for
n(E) derived from the adopted KK-consistent TLUC model.

Additionally, Tauc et al. [23] found that for values of α & 104 cm−1 (the Tauc’s region),
it is obeyed that √

αE = βTauc(E − Eg,Tauc). (36)

This is the well-known Tauc law, very often employed in order to determine the Tauc gap,
Eg,Tauc, and the Tauc slope, βTauc, from the values of αfree calculated by Equation (35); in
other words, the Tauc’s extrapolation method. The so-called Tauc plots for the representa-
tive specimens Si#1 and Si#2 are shown in Figure 9; see in Table 1 the calculated values of
both Eg,Tauc and βTauc.
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According to the ideas put forward by Chen and Shen [46], it has been finally drawn
the conclusion that the three contributions present in the adopted TLUC parametrization,
i.e., the Lorentz electron oscillator, the Tauc joint density of states, and the Urbach exponen-
tial tail, respectively, accurately give a complete account of both the below and above band
gap absorption, in all the RFMS-a-Si samples analyzed. The ’trade-off’ between these three
contributions has caused the small decrease of the nominal (fitted) gap, Eg (TLUC gap),
relative to the true Tauc (extrapolated) gap, Eg,Tauc, when the TLUC-oscillator model has
been used in the fitting of the experimentally-measured transmission data for RFMS-a-Si;
see again Table 1, where all the different values of all the introduced bandgaps, are listed. It
can be speculated that part of the absorption of the material is, in a way, ’contained’ within
the additional photon energy range, from the true extrapolated gap, Eg,Tauc, down to the
TLUC fitted gap, Eg. Thus, Eg could be reasonably considered, to some extent, a kind of
’mathematical gap’, rather than an actually and purely ’physical gap’ [46].

5. Summary and Concluding Remarks

The complex refractive index and dielectric constant of the RFMS-a-Si layers studied,
grown onto glass substrates, were very accurately calculated as a function of the vacuum
wavelength/photon energy, by using inverse synthesis in a Matlab GUI environment,
which is based upon the use of the as-measured transmission spectrum. The wavelength
region studied was from 400 to 2500 nm, and it has been clearly shown that the adopted
TLUC parameterization is highly accurate for the evaluation of the UV/visible/NIR trans-
mittance measurements, on the H-free a-Si investigated. The values of the seven best-fit
TLUC parameters Amp, E0, Cbr, Eg, Ec, Au, and Eu, are computed, as well as the respective
values of ǫ2,max and E(ǫ2,max) associated to each peak of the ǫ2 spectrum. It has been also
demonstrated that the value of ǫ2,max is related with the volume fraction of micro-voids,
within the RFMS-a-Si layers. After ending the execution of ‘AdjustTransIS’, it produces
several output files: (i) the Tauc and Cody [51] plots, where the Tauc and Cody, gaps
and slopes, respectively, are determined, and (ii) the absorption spectrum, where the two
iso-absorption gaps, E03 and E04, are marked.

The remarkable agreement between the values of the refractive index and extinction
coefficients, calculated by the model-free envelope method, and those determined by using
inverse synthesis, and initially by the excellent comparison between the measured and
generated transmittance curves, is a good base in order to fully validate our novel approach.
It can also be asserted that our results very much encourage the use of the i-a-Si ǫ(E) data
as an accurate reference of dense and fully a-Si, as claimed by Adachi and Mori [32,47].

Note that the Swanepoel envelope method is not practicable for layers thinner than
around 100 nm; these specific layers are so thin that there are no interference fringes,
or too few of them, in the spectra. However, this is not the case when using the inverse
synthesis approach adopted in this investigation, which was also applicable to films thinner
than approximately 100 nm, corresponding with the absence of fringes in the spectrum.
We have also successfully run ‘AdjustTransIS’, in order to apply the Solomon dispersion
model [52], aimed to the energy band structure calculation, and also the KK-consistent
Cody–Lorentz–Urbach parameterization [33], that we recently implemented. The results
obtained from these other fits are fully consistent with the results that were found by using
the TLUC parameterization. We might point out a drawback or con when assessing the
pros and cons of the proposed inverse synthesis method. This con would be the lack of
determination of a potential refractive index profile, n(z), and to overcome this con will be
our next goal in the near future.

Last, but not least, we can end this work by emphasizing that the studied H-free,
porous RFMS-a-Si, grown onto glass substrates, additionally shows a realistic potential
for anode material in Li-ion batteries, appropriately increasing the Ar-sputtering pressure,
in order to be able to control the mass density of the present RFMS-a-Si. The recently
reported improvement of the cycling stability, by employing micro-voided a-Si electrodes
(anodes) for Li-ion batteries [53], has been explained by the availability of pores in the a-Si
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material, necessary for the large volumetric expansion that occurs during the corresponding
lithiation process, in the Si anode Li-ion batteries. The main perspective for the future to be
highlighted is to study the influence of different deposition conditions upon the optical
properties and porosity of the RFMS-a-Si, by using the devised inverse-synthesis method,
based on the TLUC parametrization.
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Appendix A

By presenting the designed Matlab GUI to the audience they come to a closer under-
standing of how the optical characterization of real non-crystalline semiconductor thin
films is performed by using the created computational program, ‘AdjustTransIS’.

Figure A1. Cont.
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Figure A1. GUI screenshots for the determination of the optical constants of Si#3 and Si#4 thin-

film samples, corresponding to the created Matlab-coded program, ‘AdjustTransIS’. Appropriate

checkboxes and radio buttons are employed for the quick and accurate transmission-data analysis.
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Abstract: A simple and versatile chemical solution deposition process is reported to manipulate
the wettability properties of copper sheets. The whole process has the advantage of being time-
saving low cost and environment-friendly. An adherent silver coating was achieved under optimal
conditions. Scanning electron microscopy and X-ray diffraction were used to examine the silver
film structure. A confocal microscope was used to record the 3D topography and assess the film
roughness of the surface. A dual morphology was revealed, consisting of broad regions with
feather-like structured morphologies and some areas with spherical morphologies. Such silver-
coated copper samples exhibited a sufficiently stable coating with superhydrophobicity, having a
maximum water contact angle of 152◦, along with an oleophilic nature. The corrosion behavior of the
produced hydrophobic copper under optimal conditions was evaluated by means of potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS) using a 3.5% NaCl solution. The
corrosion protection mechanism was elucidated by the proposed equivalent circuits, indicating that
the superhydrophobic silver coating acted as an effective barrier, separating the Cu substrate from the
corrosive solution. The superhydrophobic coating demonstrated enhanced anti-corrosion properties
against NaCl aqueous solution in relation to the copper substrate as indicated from both EIS and
potentiodynamic polarization experiments.

Keywords: superhydrophobic; deposition process; corrosion properties; copper; equivalent cir-
cuit modeling

1. Introduction

Superhydrophobic surfaces have attracted a lot of attention recently. They have
potential uses as corrosion protection systems, in oil–water separation processes, as self-
cleaning, anti-icing surfaces and as modified surfaces in bio-applications [1–6]. Different
technologies have been utilized to generate rough micro- and nanostructures on metallic
surfaces so as to provide superhydrophobicity and simultaneously improve their corrosion
resistance [7–9].

The corrosion protection of copper remains an active research area, while numerous re-
searchers attest that the deposition of syperhydrophobic surfaces on copper substrates can
act as an effective mean for corrosion protection [10–13]. Preparation of superhydrophobic
copper surfaces has been reported in numerous papers by utilizing several techniques such
as nanotextured surfaces by using laser beam machining [14] and nanocoatings by employ-
ing hydrothermal methods to fabricate CuO film on copper substrate [15]. Several chemical
etching and hydrothermal methods, electrodeposition techniques and solution (wet) chem-
ical reaction were also employed such as potentiostatic electrolysis in an ethanolic solution
of tetradecanoic acid [16], oxidation in alkaline solutions [17], etching in ammonia solution
combined with hydrothermal creation of copper oxide film [18], hydrothermal creation
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of superhydrophobic Cu2S film [19], electrolysis in capsaicin ethanolic solution [20], elec-
trodeposition in myristic acid solution [21], chemical etching in an ammonia solution and
consequent calcination in air [22], fabrication of multiscale textured surfaces on copper
via electrodeposition in CuSO4 and H2SO4 [23], an electrochemical modification process
in an ethanolic stearic acid solution [24] and electrodeposition to develop multifunctional
zinc/polydopamine composite hydrophobic coatings [25].

Nevertheless, most of the production techniques reported in literature suffer certain
drawbacks, such as utilization of expensive raw material, long-lasting production stages
that involve complicated processes under tight operating conditions or utilization of specific
equipment. Consequently, finding a technique to generate a superhydrophobic surface
on a copper substrate with a facile and versatile process, which is simultaneously cost
effective, requires minimal instrument needs and employs more environmentally friendly
procedures, is critical.

An important issue is the mechanical stability and corrosion protection of the hy-
drophobic coatings. Corrosion protection depends on mechanical stability and is one
of the biggest problems facing scientists dealing with hydrophobic surfaces. So far, no
hydrophobic coating has been found that meets the requirements for mechanical stability,
high corrosion resistance and at the same time is produced by methods that do not require
time-consuming stages and specialized equipment. This combination is a challenge and
this will be the main scope of this paper.

In this research work, immersion in chemical solutions was used to effectively produce
superhydrophobic silver coatings on copper sheet substrates. The procedure is divided
into three stages: the growth of a silver film to improve micro roughness, immobilization
of the silver film and functionalization with a polydopamine film, and finally, modification
using thiol groups. Polydopamine (PDA) coating is broadly used for functionalization
of surfaces via wet solution methods since it provides the creation of a functional and
homogeneous coating on a wide range of substrates in an one-step reaction [26,27]. An
additional advantage is that the polydopamine coatings are environmentally friendly since
they are produced by simple self-polymerization of dopamine. Static water contact angle
measurements were used to describe the wetting characteristics of the generated hydropho-
bic silver-coated copper. Scanning electron microscopy (SEM) and X-ray diffraction (XRD)
were used to examine the silver film structure (XRD). A confocal microscope was used
to record the 3D topography and assess the film roughness of the surface. The corrosion
behavior of the produced hydrophobic copper under optimum conditions was evaluated
by means of potentiodynamic polarization and electrochemical Impedance Spectroscopy
(EIS) using a 3.5% NaCl solution. The production method proposed has the advantage
of a simple, low cost and environment-friendly process and aspires to facilitate mass and
industrial production of superhydrophobic copper.

2. Materials and Methods

2.1. Synthesis of the Hydrophobic Coating

The synthesis of the hydrophobic silver film on copper substrate was achieved via
a four-stage process that involves immersion in solutions with a view to silver coat the
copper surface. The final stage involved the modification of the silver coating to enhance
the hydrophobicity. The stages followed for the production of the hydrophobic silver
coating on copper sheets are schematically shown in Figure 1.

The copper sheets (20 × 20 mm2) used as a substrates were initially cleaned mechan-
ically by grinding using SiC paper with grit size 1200 grit size. Thereafter, the copper
substrates were cleaned chemically in an ultrasonic bath for 15 min using acetone for
removing any grease residues. Finally, they were immersed in 0.1 M HCl aqueous solution
for 5 min and rinsed by water and ethanol.
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Figure 1. Schematic representation of the stages followed for the production of the hydrophobic
silver coating on copper sheets.

The cleaned copper sheets were dipped in an aqueous solution of silver nitrate
(AgNO3) (4 mM) under different durations ranging from 5 to 50 min. The solution was
continuously stirred (300 rpm) and the temperature was kept constant at 30 ◦C. The fol-
lowing step was the production of polydopamine coating which was achieved via the
self-polymerization of dopamine as follows: 2 g/L dopamine (more specifically a dopamine
derivative 3,4-dihydroxyphenylalanine (DOPA)), was introduced to a Tris-buffer solution
at a temperature of 40 ◦C and constant stirring (300 rpm). The samples were then immersed
for 20 min. For the preparation of the Tris-buffer solution 10 mM tris-hydroxymethyl-
aminomethane (C4H11NO3) was dissolved in distilled water acquiring a pH value of 10.
The pH was adjusted from 10 to 7.5 with hydrochloric acid down to the desired value. The
final step involved the reduction of surface energy which was accomplished by rinsing all
specimens in an ethanolic solution of dodecanethiol (DDT) (0.1 M) for 1 h. All immersion
stages for the coating process were carried out in a similar-sized beaker, allowing contact
with air (oxygen) which is necessary for the self-polymerization of dopamine via oxidation.

2.2. Characterization of Modified Copper Surfaces

For smooth surfaces, static water contact angle (WCA) measurement can be used
as an efficient tool to quantify the hydrophobicity. Therefore, static water contact angles
were used to assess the wetting properties of the sample surfaces. Each measurement was
taken using a 6 µL water droplet, to minimize the gravity impact and accurately determine
the WCA.

Scanning electron microscopy (SEM, Bruker, Billerica, MA, USA) was used to evaluate
the microstructure of the produced silver films. X-ray diffraction (XRD, 2-circle Rigaku
Ultima+ X-ray diffractometer with radiation source of Cu (λKa = 0.15406 nm), Rigaku
Corporation, Tokyo, Japan) was performed to determine the crystal structure of the pro-
duced hydrophobic coatings. The 3D topography and measurement of the surface’s film
roughness were captured using a confocal microscope (nanofocus µsurf, of NANOFOCUS
AG, Oberhausen, Germany).

An ultrasonic procedure was employed to examine the silver coating adhesion and
stability. The silver-coated copper sheets were immersed in distilled water and subjected
to ultrasound at 25 ◦C for 60 min. The static water contact angles were measured at regular
intervals to evaluate any loss of hydrophobicity provoked by this ultrasound treatment.

2.3. Corrosion Behavior of Silver-Coated Copper Surfaces

Potentiodynamic polarization and Electrochemical Impedance Spectroscopy (EIS) tests
were employed to investigate the corrosion properties of the silver-coated copper samples
prepared under optimal conditions, thus exhibiting better hydrophobicity as indicated by
the static contact angle measurements. As a reference material the corrosion properties
of the copper substrate was used. All electrochemical experiments were performed in a
three-electrode cell at room temperature (25 ◦C) using a 3.5% w/v NaCl aqueous solution. A
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platinum plate and a saturated calomel electrode (SCE) were used as counter and reference
electrodes, respectively. The experimental installation of the electrochemical corrosion
apparatus was in accordance with ASTM G69-20 [28] and ASTM G71-81 [29]. To ensure a
steady state, the samples were immersed in the solution for at least 30 min at open circuit
potential (OCP), before each polarization and EIS experiment. The polarization curves were
obtained using a scan rate of 1 mV/s and a scan range from −600 to 800 mV (versus SCE)
with respect to the OCP value. Corrosion density values were estimated and normalized to
the surface area of each sample.

The EIS experiments were carried out at OCP (EOCP) for a frequency range from 0.01
to 100 kHz using peak-to-peak voltage of 10 mV. A wide range of frequency was chosen
so as to measure all possible corrosion and diffusion related phenomena taking place
on the metal/solution interface. The EIS results were normalized to the surface area of
each sample.

3. Results and Discussion

3.1. Influence of Various Parameters in the Synthesis Process of the Hydrophobic Coating

The process of producing the silver (Ag) coating is a crucial step that affects the
hydrophobicity of the samples since different Ag film micro-morphologies are obtained.
Therefore the deposition time in the AgNO3 solution was investigated in this study. The
role of the PDA coating is dual: to stabilize the uniform silver (Ag) coating and to serve as
an anchor for the dodecanethiol (CH3(CH2)11SH) hydrophobic molecule that forms a low-
surface-energy self-assembled monolayer. More specifically, the thiol group adheres to the
polydopamine coating, leaving the hydrophobic alkyl chain exposed to any solution. It is
known that the process of dopamine-polymerization first involves oxidation of a catechol to
a benzoquinone and that the formed PDA film comprises of free catechol groups available
for further chemical surface modification [21,30,31].

The concentration of dopamine and the buffer were not varied. The “standard con-
ditions”, as referred in literature [26,27,32], of 2 g/L dopamine in a Tris buffer, were used
for producing surface functionalization of the copper samples. Preliminary experiments
using higher concentrations of dopamine were conducted. However, the appearance of
white aggregates on the surface of the polydopamine coatings which were visual by bare
eye indicated a non-uniform coating process. These aggregates have been noticed in other
studies also and were attributed either to un-oxidised dopamine or the presence of oxidized
polydopamine in the solution, before reaching the surface of the sample [26–30]. Therefore,
the concentration limit was set to 2 g/L.

The pH of the Tris buffer solution was considered a parameter worthy to examine
since it is proven that it strongly affects the kinetics of the deposition of dopamine [30,33].
Therefore, the hydrophobicity of the films produced as a function of pH value of Tris buffer
solution at a constant dopamine concentration was investigated.

The simultaneous coating of silver and PDA in one beaker was also investigated in
order to minimize the stages of the coating production. However, for ad-layer formations
(such is our case) the conventional two-step silver and PDA coatings to obtain immobi-
lization of silver coating showed the most promising results. In the case of simultaneous
deposition of silver and PDA coatings using one beaker the produced hydrophobic film
was unsuccessful, having a contact angle of 140◦, possibly due to the disturbance of PDA
polymerization and the appearance of aggregations on the surface of the polydopamine
coating. Moreover, it is known that the O- and N-sites of PDA can reduce the Ag+ ions to
Ag, promoting the formation of single Ag nanoparticles rather than the formation of leaf of
dendritic Ag morphologies that are more useful in hydrophobic applications due to the
micro-roughness increase that they offer [27].

3.2. Surface Morphology and Wettability of the Prepared Hydrophobic Coatings

Figure 2 depicts the WCA measurements for the produced silver-coated copper sam-
ples under different process conditions. Various hydrophobic (WCA > 90◦) and superhy-
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drophobic (WCA > 150◦) copper surfaces were synthesized via immersion of the copper
substrates in silver nitrate solution for durations of 5, 10, 15, 20, 30, 40 and 50 min. The pH
effect of the Tris-buffer solution, used for the formation of the PDA coating, on the WCA is
also illustrated in Figure 2. Three different pH values were examined. The initial contact
angle received from the grinding process of the copper substrates was 128◦. The direction
of grinding did not influence the contact angle value for the copper samples.

Figure 2. (a) Contact angle relative to the immersion time in silver nitrate solution and pH value
of the Tris buffer solution, (b) contact angle after various durations in an ultrasonic bath for the
optimum silver-coated superhydrophpobic copper sample.

All the samples exhibited superhydrophobic behaviour for pH 8.5 of the Tris-buffer
solution and immersion duration between 10 to 20 min. The water drop after its deposition
on the surface showed an inability to hold on to the surface and rolled over the surface
immediately. These silver-coated copper samples presented a uniform coating, having
a black color, which leads to a superhydrophobic surface angle of 180◦. However, these
coatings were unstable. After a short period of contact with the environment these surfaces
lost the optimal property to repel the water drop, while the WCAs of the droplets stabilized
at the values that are depicted in Figure 2a.

From Figure 2a it is clear that for all pH values of Tris buffer solution the WCA in-
creases up to a maximum value, corresponding for all cases examined to 15 min immersion
in silver nitrate solution. The slope of the curves is different indicating that different
mechanisms and kinetics is probably taking place during PDA coating process at pH 7.5,
8.5 and 10 of the Tris-buffer solution. When the immersion time in silver nitrate solution is
longer than 15 min the WCA decreases, irrespective of the pH of the Tris buffer solution
until the value of 140–142◦ for pH 7.5 and 10 of the Tris buffer solution and at the lower
value of 134◦ for pH 8.5 of Tris buffer solution.

Overall, it was deduced that silver-coated copper samples exhibit superhydrophobic
behavior with a maximum value of WCA at 154◦ and 152.5◦ when produced under 15 min
immersion in the silver nitrate solution and pH 8.5 and 10 of the Tris buffer solution,
respectively. Because the hydrophobic coatings produced using pH 8.5 of the Tris buffer
solution were unstable, it was considered that the optimum value of pH for the Tris buffer
solution was pH = 10. Correspondingly, the optimal immersion time in AgNO3 solution
was 15 min.

The initial evaluation of the adhesion and stability of the silver coating was performed
by immersing the silver-coated samples in an ultrasonic bath for various durations and sub-
sequently measuring the WCA. Possible abruption of the silver film was also investigated
by visual inspection and optical microscopy. The hydrophobicity loss, as indicated by the
WCA reduction, for the optimal silver-coated copper samples (15 min silver deposition,
pH 10 of the Tris buffer solution) is shown in Figure 1 Although the WCA decreased after
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50 min in the ultrasonic bath, it stabilized at a constant value of about 135◦ suggesting no
further hydrophobicity loss. It is noteworthy that throughout the experiment no coating
abruption was observed even after 90 min in the ultrasonic bath, thus attesting that the
stability and cohesion of the developed silver coatings on the copper substrate is sufficient.

The shape and morphology of the silver film obtained is considerably influenced
by the immersion time in the nitrate silver solution. The silver salt is dissolved and the
Ag cations are deposited via an electroless galvanic process (reaction (1)) to the copper
substrate in order to produce a nano- or micro-roughened silver coating as follows [34]:

Cu (s) + 2AgNO3 (aq) → Cu(NO3)2 (aq) + 2Ag (s) (1)

SEM images of the Ag coatings on copper substrate with different Ag deposition times
are shown in Figure 3. The initial copper substrate used to develop the hydrophobic silver
coatings is also presented, as a reference material.

Figure 3. Scanning electron microscope (SEM) images of hydrophobic silver coatings produced using
different immersion durations in silver nitrate solution and pH 10 for the Tris buffer solution.

It is known that the wettability properties of a solid surface depend on both the
roughness and surface energy [35]. Roughness is a metric of surface topography which
directly affects the contact angle values. Therefore, the parameters Sa, Sq, were calculated.
Sa is the arithmetical mean height of the surface. Sq is the root mean square height of
the surface. The 3D topography of the hydrophobic coatings is shown in Figure 4. The
roughness increase was associated with the WCA growth following the same trend with
respect to the immersion duration.
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Figure 4. Surface roughness of silver-coated copper samples relative to the immersion duration in
silver nitrate solution (using pH 10 for the Tris buffer solution) along with corresponding 3D imaging
of surface topography.

When the immersion time in the silver nitrate solution was 5 min, the coating pre-
sented discontinuities. SEM images verified this observation since the copper substrate
was visible (Figure 3). By increasing the immersion time to 10 min, the development of
needle-like structures was observed, derived by self-organization of silver ions. However,
the 3D topography of the surface revealed several clusters (of various sizes), indicating
sufficient heterogeneity in the morphologically of the coating (Figure 4).

Further increase of the immersion time to 15 min, gave rise to new morphologies
and different topography of the coating produced. More specifically, a collapse of the
agglomerates was observed whilst the needle-like morphologies almost disappear. Instead,
dendritic or feather-like morphologies (see detail A of Figure 3) were distinguished. A
second morphology was also pronounced, characterized by spherical agglomerates of
approximately 1 µm. The results from the 3D topography for the silver-coated copper
surface that was immersed in the silver nitrate of solution for 15 min, indicated good
homogeneity presenting only few large aggregates (Figure 4). When the immersion time
increased to 20 min, the feather-like structures decomposed, whilst larger aggregates of Ag
with polyhedral morphology, became visible. This morphology (polyhedral aggregates)
was also visible for the samples that were immersed for 30 min in silver nitrate solution.
As shown in Figure 4, for immersion duration higher than 20 min the silver coating was
homogeneous and uniform. However, the roughness of this silver-coated copper surface
decreased and resembled the roughness of the initial copper substrate which was attributed
to the polyhedral and spherical structural morphologies of the coating. The hydrophobicity
in this case diminished, with the WCA ranging from 140◦ to 143◦.

The self-organization process for the Ag ions is well documented in literature [36–41].
Several mechanisms have been proposed while the reduction capacity of the substrate
is stated as a key factor for the creation of dendrite-leaf morphologies [42]. In all cases
the process begins with initial random reduction of Ag ions by the copper substrate and
creation of nuclei that then grow to form primary nanoscale particles that further aggregate
to form feather like structures or spherical morphologies. The immersion duration is
also a significant factor that affects the 3D topography of the obtained silver coating
(Figures 3 and 4) [36,40]. The SEM and micro-roughness results are consistent with the
WCA measurements indicating that silver deposition time of 15 min is optimal to acquire a
superhydrophobic silver film.
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Figure 5a depicts a silver-coated copper sample produced under optimal conditions.
The produced silver film exhibits good structural stability, superhydrophobic properties,
(water contact angle of 152◦) and displays an oleophilic nature.

Figure 5. (a) Typical images of water droplets of about 6 µL on the surface of silver-silver-coated
copper prepared under optimum conditions. (b) X-ray diffraction (XRD) results for hydrophobic
silver-coated copper samples prepared under different immersion durations in silver nitrate solution
and pH 10 for the Tris buffer solution.

XRD was used to examine the phases of the produced hydrophobic silver-coating
under different immersion durations in silver nitrate solution and for pH 10 of the Tris-
buffer solution. The XRD patterns revealed the presence of Ag for all immersion durations
in AgNO3 solution. Phases of Cu2O oxide were also detected in all cases (Figure 5b), which
probably can be ascribed to the decomposition of Cu(NO3)2 in copper oxide [34]. For all
immersion durations the Ag diffraction peaks observed were the same, indexed as (111),
(200), (220), and (311) planes of cubic Ag with a unit cell parameter equal to 4.0816 Å. This
result is consistent with the XRD results of previous works [34,43,44]. However, it should
be noted that for immersion times of 20 and 30 min the (220) and (311) diffraction peaks
were less intense and almost disappear indicating different growth mechanism of the Ag
film at those immersion durations.

3.3. Electrochemical Corrosion Results

3.3.1. Polarization Measurements

All corrosion experiments were performed at silver-coated copper samples prepared
under optimal conditions, e.g., at pH 10 for the Tris buffer solution and immersion time of
15 min in silver nitrate solution.

The OCP plots for the silver-coated copper and the bare substrate are shown in
Figure 6a. After approximately 10 min of exposure a stable state of the EOCP is reached.
The corrosion potential (Ecorr), corrosion current (icorr), Tafel slopes, polarization resistance
Rp and corrosion rate are presented in Table 1 whist the polarization curves for the copper
substrate and the silver-coated copper are shown in Figure 6b.
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Figure 6. (a) Open circuit potential (OCP) and (b) polarization curves for silver-coated copper and
copper substrate in 3.5 wt.% NaCl aqueous solution at a temperature of 25 ◦C.

Table 1. Polarization parameters.

Specimen Ecorr [mV]
icorr

[µA/cm2]
βc

[mV]
βa

[mV]

Rp

[kohm/cm2]

Corrosion Rate
µm/year

Copper substrate −214 2 36.8 −53.7 0.82 24.06
Silver-coated copper −170 0.5 38.3 −49.8 10.41 15.961

In terms of corrosion potential the silver-coated copper demonstrated a more elec-
tropositive (−174 mV vs. SCE) value than the uncoated copper (~−214 mV vs. SCE).
Regarding the current density icorr, the silver-coated copper (icorr = 0.5 µA/cm2) displayed
almost an order of magnitude smaller value compared to that of the copper substrate
(icorr = 2 µA/cm2). Similar values for the current density icorr of superhydrophobic copper
were found in literature [12,15,21]. The values of the polarization resistance are consistent
with those of the current density showing increased resistance for the silver-coated copper.

Both the reduced value of corrosion current icorr and larger polarization resistance
Rp indicated superior corrosion properties of the silver-coated copper sample. The super-
hydrophobic silver film, which was developed on the copper substrate, sifted the anodic
and cathodic polarization curve to lower current densities, indicating thus an increased
corrosion resistance. Concerning the anodic polarization part of Figure 6b an active dis-
solution nature is observed in both samples. However, as the potential rises the anodic
current stabilizes and its values is independent of the voltage, suggesting an attenuation of
the dissolution process (region A in Figure 6b). The anodic current density, at this region
of reduced dissolution rate, is 50 times higher for the uncoated copper than that of the
silver-coated copper (about 0.50 A/cm2 for the uncoated copper and 0.01 A/cm2 for the
silver-coated copper). For the uncoated copper the two current density peaks apparent
at the less active dissolution are ascribed to formation of Cu (I) and Cu (II) corrosion
products probably due to reaction with Cl− as reported in literature [45]. The same peaks
are apparent for the silver-coated copper; however, they are not so intensive. This might be
an indication that the hydrophobic coating retards the dissolution of copper through the
interface of the silver surface and finally to NaCl solution.

The WCA of the silver-coated copper sample after the polarization tests amounted
of 142◦. Compared to the initial WCA value of 152◦ only a 7% decrease was observed,
indicating that the hydrophobicity loss was negligible. This observation could verify the
existence of a reasonably stabilized air layer within the roughness of the silver-coated
samples that was maintained throughout the entire polarization test. The formation of
a relatively stable air film is considered as a sufficient corrosion protection mean since it
leads to a reduced contact surface of the specimen with the solution [11–13].
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3.3.2. Electrochemical Impedance Spectroscopy (EIS)

Impedance plots (Nyquist and Bode) may be used to evaluate the overall corrosion
properties of materials as well as to elucidate the acting corrosion mechanism. The devel-
opment of localized corrosion can be recognized in the kHz regions of the Bode plot, the
global corrosion rate is related to the Hz zone while any adsorption of corrosion products
or diffusion of ions is related to the mHz region of the Bode plot. [46,47].

For silver-coated copper, the Nyquist plot (Figure 7a) reveals a semicircle that begins
at high frequencies and terminates at low frequencies, with the maximum imaginary
value of impedance lying at 0.158 Hz (−33◦). The total impedance of silver-coated copper
approaches a distinct DC limit (15.85 kohm cm2) at low frequencies (0.01 Hz) while at
frequencies exceeding 103 Hz reaches a value close to 80 ohm cm2, according to the Bode
plot (Figure 7b). The existence of a distinct DC limit may imply the absence of a diffusion
process and pitting corrosion [47]. Two time constants for silver-coated copper are apparent
at around 5.62 and 13.8 kHz, according to Bode plots. At phase angle–frequency curves,
the existence of two or more time constants, together with a phase angle divergence from
−90◦, may suggest the development of inhomogeneous and irregularly dispersed reaction
products on the sample surfaces [46,47].

Figure 7. (a) Nyquist and (b) Bode plots of silver-coated copper in 3.5 wt.% NaCl aqueous solution.

For uncoated copper the Nyquist plots reveal a semicircle at high frequencies and
a straight line at low frequencies (Figure 8a), which may be attributed to ion diffusion
processes as well as any intermediate corrosion product absorbed on the specimen’s
surface [11,18,20]. High-frequency loops, in general, can be physically associated to the
existence of corrosion products, whereas low-frequency loops can characterize the overall
corrosion process [46,47].

Figure 8. (a) Nyquist and (b) Bode plots of uncoated copper substrate in 3.5 wt.% aqueous solution
NaCl.

At low frequencies (0.1 Hz), the slope of the impedance-frequency plot curve for
uncoated copper (Figure 8b) remains stable, creating a continual rise in total impedance
without establishing at an obvious DC limit. Furthermore, for frequencies higher than
103.5 Hz, the impedance approaches zero value. The steady rise in impedance at low
frequencies (below 0.1 Hz) confirms the presence of a diffusion mechanism that governs
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the electrochemical reactions as well as the initiation of pitting corrosion on the test piece
surface [46].

The Nyquist plots reveal that the hydrophobic silver-coated copper has higher ohmic
and capacitive resistance (real and imaginary Z, respectively) which is connected with a
decrease in corrosion rates. This result is consistent with the ones obtained by polarization
measurements. The total impedance values of silver-coated copper are larger than those of
uncoated samples. Finally, the total impedance–frequency curve tendencies corroborate
with the results of Nyquist plots.

3.3.3. Proposed Equivalent Electrical Circuit Models

The corrosion behavior of hydrophobic surfaces in various solutions remains a major
research topic and is well-documented in literature [10–16,18–23]. However, the simu-
lation of experimental EIS data using equivalent electrical circuits that have a coherent
physical interpretation remains a controversial issue. Hereupon, diverse models have
been proposed in the literature for identical hydrophobic materials under similar corrosive
conditions [15,18,20–23]. In any event, the goal of these simulations is to connect various
electrical circuit parts to electrochemical processes that take place at existing or gener-
ated interfaces (e.g., metal/’double’ layer/solution), providing better knowledge of the
corrosion mechanism.

Two equivalent electrical circuits models are proposed (see Figure 9a,b) based on the
microstructures, XRD analysis (Figures 3 and 4b) and impedance curves (Figures 7 and 8)
of the silver-coated and uncoated copper samples. The goal was to minimize the number
of elements used and simultaneously provide an appropriate fitting of experimental and
simulated results. Additionally, the proposed models also provide the most rational and
consistent physical interpretation of the results obtained.

Figure 9. Proposed equivalent circuit representing the corrosion behavior of (a) uncoated copper and
(b) silver-coated hydrophobic copper. (c) Schematic illustration of the silver coating structure used
for representing the corrosion behavior of hydrophobic copper.
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The proposed equivalent electrical circuit model for copper substrate (Figure 9a)
comprises of: the electrolyte solution resistance Rs, a constant phase element CPE1 with
an impedance ZCPE1 which represents the capacitance of the formed solid products on the
surface of dense copper, the solution resistance Rpor within a formed pore or pit on the
solid surface related with solid product dissolution, a charged transfer resistance Rct which
characterizes the polarization of the copper due to the formation of the electric double
layer on the interface between copper and the solution, a constant phase element CPE2
with impedance ZCPE2 which represents the capacitance contribution Cdl of the formed
electric double layer on the interface between the copper substrate and the solution and
a Warburg resistance Zw related to the diffusion of the chloride ions and oxidants to the
electric double layer on the interface between the copper and the solution.

Respectively, the proposed circuit for the silver-coated hydrophobic copper sample
is that of the Figure 9b. It comprises of: the electrolyte solution resistance Rs, an constant
phase element CPE1 with an impedance ZCPE1 which represents the capacitance CC of
the bulk silver coating (outside the pores), the pore resistance Rpor represents the solution
resistance within the formed pore and physically represents the ionic charge transfer
through the aqueous or semi-aqueous pores and channels of the coating within the silver
coating bulk, the CC is the ability of the coating bulk to store charge, the Rct charged
transfer resistance which represents the polarization reaction between the copper–solution
interface (inside the pore or channels that are formed) due to the electric double layer, an
constant phase element CPE2 with an impedance ZCPE2 which represents the capacitance
Cdl of the formed electric double layer between the copper–solution interface (inside the
pore or channels that are formed). In terms of physical interpretation, this corresponds
to current passing through the coating via ionic charge transfer, leading in either charge
transfer across the interface (corrosion) or charge storage at the interface [21,22]. The Ro
resistance characterizes the oxide layer of the silver-coated copper. The impedance ZCPE3
of the constant phase element CPE3 represents the capacitance CO of the oxide layer which
was detected through the XRD analysis.

Table 2 lists the parameters of the equivalent circuit elements of Figure 9. The fitting
curves in Figures 7 and 8 are well adapted to the experimental ones, indicating that the
proposed equivalent electric circuits are consistent with the experimental data (calculated
standard error 6%).

Table 2. Best fitting parameters obtained using the proposed equivalent circuits, delineating the corrosion behavior of
uncoated and silver silver-coated copper.

Material

Rs Rpor CPE1 Rct CPE2 Zw Ro CPE3
Ohm
cm2

Ohm
cm2 F × sα−1 α1

Ohm
cm2 F × sα−1 α2

Ohm
s−0.5

Ohm
cm2 F sα−1 α3

Copper
substrate 6.57 721 67 × 10−6 0.82 717 228 × 10−6 0.99 148 - - -

Coated
copper 22.31 5446 110 × 10−6 0.89 2229 1.96 × 10−6 0.53 - 18.76 155 × 10−6 0.62

A relatively homogeneous silver film covering almost entirely the copper substrate is
reported according to the equivalent circuit model for the hydrophobic silver-coated copper.
The relatively small divergence of coefficient α1 from 1 suggests that the silver coating is
fairly homogeneous (Table 2). There are, however, locations where metastable micro-pits or
pores emerge that may facilitate the creation of active corrosion zones. Nevertheless, there
is no evidence of significant ion diffusion (lack of diffusion resistance), which is most likely
due to only locally scaled deterioration of the silver-coated coating. This means that the
degradation of the hydrophobic film has not evolved to an extent that would allow chorine
ions to freely penetrate the silver coating and move towards the metal surface indicating
that a fairly stable air film was formed [18,21]. Additionally, any electrochemical reactions
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of copper corrosion can be attributed only to an early stage of corrosion evolution and not
to extended corrosion result.

These results are supported by the values shown of Table 2. More specifically, the
value of ZCPE2 impedance is closely linked with active corrosion regions existing inside
any created pore/pit. The decreased value for the silver-coated copper thus indicates
enhanced corrosion resistance. The large divergence of α2 from value 1 confirms the large
instability of any formed corrosion products and the inhomogeneity of the electric double
layer formed inside the pits.

For the silver-coated copper substrate the resistance Rpor, associated with the solution
properties, is one order of magnitude higher for the silver-coated copper indicating also
that the interfacial coating properties in this case, play a dominant role in the evolution
of corrosion. The higher values for Rct for silver-coated copper indicate also superior
resistance of the sample in general corrosion in relation to the copper substrate [11,18,20].

Finally, coefficient α3 significantly deviates from 1 which indicates that the oxide layer
is heterogeneous or has a porous nature (Figure 9c). The very low value of resistance Ro
may indicate small thicknesses of the oxide thus allowing easy transfer of ions from the
oxide layer through the copper substrate. Therefore it is suggested that the existence of the
oxide layer does not contribute to any corrosion resistance.

4. Conclusions

Superhydrophobic silver coatings were successfully deposited on copper sheets sub-
strates via immersion in chemical solutions. The surface morphologies were easily con-
trolled by varying process conditions. The whole methodology is fast, simple and flexible.
The influence of process conditions on wettability and the obtained silver film morphol-
ogy and topography were examined and clarified. Under optimal conditions, a coherent
silver coating with a dual morphology was produced, comprising of large regions with
feather like structured and small regions with spherical morphologies. The produced
silver-coated copper sheets were superhydrophobic and exhibited sufficient adhesion and
stability. The superhydrophobicity of the silver coating derived from the synergistic effect
of their surface microstructures and the modification with low energy groups of thiols.
The superhydrophobic coating demonstrated enhanced anti-corrosion properties against
NaCl aqueous solution in relation to the copper substrate as indicated from both EIS and
potentiodynamic polarization experiments.
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Abstract: The conservation of stone monuments is a constant concern due to their continuous

weathering, in which biofouling plays a relevant role. To enhance the effectiveness of biocidal

treatments and to avoid environmental issues related to their possible toxicity, this research aims

at formulating and characterizing a coating charged with an eco-friendly biocide and showing

hydrophobic properties. For this purpose, zosteric sodium salt—a natural biocide product—has been

encapsulated into two silica nanocontainers and dispersed into a tetraethoxysilane-based (TEOS)

coating also containing TiO2 nanoparticles. The coatings were applied on four different types of stone:

brick, mortar, travertine, and Carrara marble. The effectiveness of the coating formulations and their

compatibility concerning the properties of coated stones were assessed. The results showed that all

coatings conferred a hydrophobic character to the substrate, as demonstrated by the increase of the

static contact angle and the reduction in the capillary water absorption coefficient. The transmission

of water vapor of the natural stones was preserved as well as their natural aspect. Furthermore, the

coatings were homogeneously distributed on the surface and crack-free. Therefore, the protective

capability of the coatings was successfully demonstrated.

Keywords: stone protection; monument biodeterioration; Si nanocontainers; antifouling; zosteric

sodium salt; TiO2 nanoparticles

1. Introduction

Stone materials are widely used in architecture and artistic objects due to their dura-
bility, esthetics, availability, and easy manufacturing. Nevertheless, weathering processes
may determine mechanical and esthetical concerns over time.

The most important weathering processes are connected to water penetrating the
stone by the capillary rise or rainfall [1–4]. In particular, the presence of water may promote
microorganism proliferation. This phenomenon is known as biodeterioration in the field of
cultural heritage [4,5] and more widely as fouling. Its incidence depends on the structural
and textural features of the stones, as well as on environmental factors [5–9].

Biodeterioration phenomena are usually treated by applying biocidal solutions on
the stone, which can be potentially harmful since they often involve toxic or polluting
substances [8,10]. The research on less toxic compounds and natural biocides has been
widely developed in the last few years [11–15]. A common approach is the preservation of
the artifacts by applying a coating that inhibits the microorganism colonization. Several
biocides have been tested so far after dispersion into coating formulations. However, the
main issue of these attempts is their short-lived antifouling action due to quick release and
possible deterioration of the active compound. Furthermore, the use of a large amount
of biocide, required to preserve the biocide function for longer time, is dangerous for the
environment and human health. To overcome these issues, we studied the formulation

Coatings 2021, 11, 1109. https://doi.org/10.3390/coatings11091109 https://www.mdpi.com/journal/coatings
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of a novel coating based on the encapsulation of an eco-friendly biocide into proper
nanocontainers. This strategy helped to reduce the biocide quantity and protracting
its efficacy over time, thanks to a controlled release. The proposed coating combined
hydrophobic and biocide properties. This was achieved by adopting a natural biocide
product—the zosteric sodium salt (ZS) in order to increase the coating eco-compatibility—
and dispersing it into a water repellent coating [16–18].

The zosteric acid or p-(sulfo-oxy) cinnamic acid (ZS, Figure 1), naturally found in
Zostera marina, or eelgrass, presents an antifouling capability due to the sulfate ester
group [19–24]. This antifoulant does not kill microorganisms but avoids their adhesion on
cell surfaces at non-toxic concentrations.

Figure 1. Structure formula of zosteric acid.

In our previous work, we encapsulated ZS into two different silica nanocontainers and
we studied their release properties [25,26]. A preliminary in-vitro efficacy of encapsulated
ZS against some common biodeteriogens has already been evaluated [26,27] and other
experiments are currently ongoing, directly on site. Afterward, we dispersed the loaded
nanodevices in a multifunctional TEOS-based coating also containing TiO2 nanoparticles
as photocatalytic agents. This formulation was based on our previous experience, where
a commercial biocide, 2-mercaptobenzothiazole, was employed. We designed and char-
acterized the composite coating on a glass slide, to evaluate its best composition in terms
of optical properties and lack of cracking [28]. Subsequently, we applied this coating on
stone supports [29]. In the present paper, we report laboratory tests on the same coating
formulation, loaded with a different green biocide, to investigate its influence on the mi-
crostructural properties and visual aspect of brick, mortar, travertine, and Carrara marble,
which are widely used in the Cultural Heritage field.

2. Materials and Methods

2.1. Substrates

Experiments were carried out on both natural and man-made stones used in buildings
and monuments; namely, red fired brick, a natural hydraulic lime-based mortar, travertine,
and Carrara marble. All samples were obtained with the dimensions of 5 × 5 × 1 cm3.
The red-fired brick (BR) was acquired from a local wholesale, which uses traditional
methods. The lime-based mortar (MO) was obtained from the same local wholesale by
using a mixture of 1:2 of natural hydraulic lime, NHL 5 (Saint Astier), and standard river
sand as aggregate (size < 4 mm). Water was added in a proper quantity to obtain a good
workability of the mixture. The mortar samples were cured for 28 days at room conditions
(RH% = 50%, 20 ◦C). Carrara marble (MA) and travertine (TR)—extracted in quarries
located in Carrara and Tivoli, respectively—underwent an aging process to increase their
porosity. The adopted procedure [30] required two heating-cooling cycles: heating to
600 ◦C, followed by storage in water overnight at room conditions (RH% = 50%, 20 ◦C).

2.2. Composition and Application of Coatings

Two different silica nanocontainers, namely silica nanocapsules (NC) and silica meso-
porous nanoparticles (MNP) loaded with ZS, were synthesized according to the procedure
reported in [31]. Acetyltrimethylammonium bromide (CTAB, Aldrich, St. Louis, MO,
USA), ammonia solution (NH3 aq. 30%, Aldrich, St. Louis, MO, USA), diethyl ether (Et2O,
Aldrich, St. Louis, MO, USA), tetraethoxysilane (TEOS, Aldrich, St. Louis, MO, USA) were
used without any further purification. ZS was synthesized from trans-4-hydroxycinnamic
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and the sulfur trioxide pyridine complex, according to the procedure reported in [22]. Some
properties of the obtained loaded nanocontainers are reported in Table 1.

Table 1. Properties of silica nanocontainers loaded with ZS.

Nanocontainer Morphology Size (nm)
Loading Capability

(Weight %)

NC Spherical 170 ± 20 (diameter) 2.1
MNP Rods 100–1000 (length) 7.8

These nanoparticles were dispersed in a coating, prepared following [32] and [28] by using
TEOS, ethanol (Carlo Erba Reagents S.r.l., Cornaredo, Italy), poly(dimethylsiloxane) hydroxyl-
terminated (PDMS-OH, Sigma-Aldrich, St. Louis, MO, USA), and n-octylamine (Sigma-Aldrich,
St. Louis, MO, USA) as a non-ionic surfactant, without any further purification. The synthesis
protocol required the following mole ratio: 1TEOS/16Ethanol/10H2O/0.04PDMS-OH/0.004 n-
octylamine. The addition of PDMS-OH and n-octylamine to the original recipe reduced coating
cracking and improved its adhesion to the stone surface as previously reported [28,29,33–35].
In fact, since TEOS is a silicate product, it is mostly compatible with silicate stones (brick in the
present study) since it converts into amorphous silica once the polymerization process has been
completed. In the case of carbonate stones (mortar, travertine and Carrara marble), the bonding
between the carbonate stone and the silica gel is only physical [36,37].

In addition to the biocide-loaded nanocontainers, TiO2 nanoparticles (anatase, Sigma-
Aldrich) were also added. A total nanoparticle concentration of 0.1% w/w was used to
obtain optimal results in terms of optical properties and lack of cracking, according to
previous studies [28].

A coating without nanoparticles (Si_Control) was also applied as control, in addition
to the investigated TEOS-based coatings containing TiO2 nanoparticles and loaded with
silica nanocapsules (Si_TiO2–NC) or mesoporous nanoparticles (Si_TiO2–MNP).

An overview of the analyzed samples and the relative characterization techniques is
reported in Table 2.

Table 2. Analyzed samples and applied characterization techniques.

Sample Description Techniques

NT Untreated samples SCA, CM, WAC, WVP, OSR, SEM, PT
Si_Control Coating without nanoparticles SCA, CM, WAC, WVP, OSR, SEM, PT

Si_TiO2–NC Coating with TiO2 nanoparticles and loaded silica nanocapsules SCA, CM, WAC, WVP, OSR, SEM, PT

Si_TiO2–MNP
Coating with TiO2 nanoparticles and loaded silica mesoporous

nanoparticles
SCA, CM, WAC, WVP, OSR, SEM, PT

Si_TiO2 Coating with only titanium nanoparticles PT

The coatings were applied by brush until saturation, i.e., the condition for which the
stone surface remains wet for more than 1 min, to replicate a real application procedure on
monuments. A total of 16 brushes were adopted for bricks and mortars, 4 for travertine,
and 6 for Carrara marble, due to their different porosity and consequent absorption rate.
The coatings were applied on the largest surface (5 × 5 cm2) for all laboratory tests except
absorption of water through capillarity, for which a smaller surface was treated (5 × 1
cm2). About 1 week was required for coating solidification through polymerization and
water evaporation, leaving the samples at laboratory conditions (RH% = 50%, 20 ◦C). For
all stones and treatments, the amount of the applied product—that is, the sample weight
difference before and right after the coating application—and the amount of retained
product—that is, the sample weight difference before the coating application and one week
after—are reported in Tables S1 and S2 in Supplementary Materials, respectively.
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2.3. Assessment of Coated Stone Performance and Compatibility

2.3.1. Static Contact Angle (SCA)

The wettability of the stone surface, as well as the hydrophobic effect of coatings,
were evaluated by measuring the static contact angle before and after the application of
the coating on the same sample. A total of 10 water droplets (~5 µL each) were deposited
on the stone surface at room temperature. The right and left angles observed between
the water droplets and the stone surface after 10 s were captured by a high-resolution
camera and then elaborated by computer analysis by using the AnalySIS Pro® 32 software
(Soft Imaging System GmbH, Münster, Germany). The results are expressed as the average
of all droplets on each surface.

2.3.2. Colorimetric Measurements (CM)

The color of the selected stone specimen before and after the application of the coatings
was measured by using an Eoptis CLM-194 portable colorimeter (Trento, Italy) following
NORMAL 43/93 [38]. The obtained values are expressed in the CIEL*a*b* color space,
where three parameters determine the color location: L* indicates the lightness (0 = absolute
black, 100 = absolute white), and a* and b* are the red/green and yellow/blue coordinates,
respectively, with a* < 0 red and a* > 0 green, b* < 0 blue and b* > 0 yellow. The total
color difference (∆E*) between untreated and treated samples was calculated according to
the Equation (1):

∆E =
√

∆L∗2 + ∆a∗2 + ∆b∗2 (1)

For each stone, three samples were analyzed before and after the application of the
coatings. Three points for each specimen were measured.

2.3.3. Water Absorption through Capillarity (WAC)

The water absorption through capillarity was measured by following the norma-
tive UNI EN 15801:2010 [39]. The studied samples were previously dried at 60 ◦C un-
til a constant mass, m0, was observed. Then, they were placed on a filter paper satu-
rated with distilled water and their weight, mi, was monitored at specific time intervals.
Both the amount of absorbed water (Q) and the capillary water absorption coefficient
(CWAC) were calculated. The first parameter, expressed as (kg/m2), was obtained by the
following Equation (2):

Q = [(mi − m0)/A] (2)

where A is the surface in contact with the filter paper. The CWAC was calculated by linear
fitting on the initial slope of Q versus the square root of time. The analysis was performed
on the same sample before and after treatment. Three samples were used for each stone.

2.3.4. Water Vapor Permeability (WVP)

The water vapor permeability, expressed as the water vapor permeability coefficient
(g), was measured by following the standard DIN 52615 [40]. Stone specimens were placed
on a metal cup containing a saturated aqueous solution of KNO3 in order to reach an
internal humidity of 93% [41], and weighted every 24 h, until weight stabilization. The test
was performed on the same sample, treated and untreated. Triplicates of specimens were
used for all types of stone, and the average results are reported.

2.3.5. Optical Surface Roughness (OSR)

Measurements of optical surface roughness were performed to evaluate changes in the sur-
face morphology by using a confocal Leica DCM 3D optical profilometer (Leica Microsystems,
Wetzlar, Germany). For this analysis, the roughness parameter Rz was considered; it refers to
the average differences, within a sample length, between the largest peak height and the largest
peak valley depth [42,43]. For each sample, three datasets were analyzed on both treated and
untreated surfaces. A total of 500 profiles were acquired in the Z direction within an analyzed
area of 5 × 5 mm2 with a resolution along the axis of 2.5 µm.
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2.3.6. Scanning Electron Microscopy (SEM) Combined to Energy Dispersive
Spectroscopy (SEM-EDS)

A Zeiss Sigma 300 SEM (Oberkochen, Germany) coupled with an ETSE (Everhart-
Thornley secondary electron) detector were used to acquire SEM images from fragments of
1 × 1 × 1 cm3 from both untreated and treated samples. Combined with OSR, this analysis
allows us to evaluate changes in the morphology of the surface and also the distribution of
the coating, both on the surface and in-depth. All specimens were previously sputter-coated
with gold and placed on a double-sided adhesive carbon tape. The operating voltages and
working distances were set according to the analyzed samples. To evaluate the distribution
of the coating both on the surface and in-depth, X-ray fluorescence chemical maps of Ti for
brick and mortar, and Si for travertine and Carrara marble, were acquired with a 60 mm2

Bruker high-resolution EDS detector (energy dispersive X-ray, Berlin, Germany). The
investigated area was ~2400 m2. Since the matrix of brick and mortar is rich in Si, this
element was not investigated for these two materials.

2.3.7. Photocatalysis Testing (PT)

The photocatalytic activity of the TiO2 nanoparticles inserted in the coatings was eval-
uated under laboratory conditions. Stone samples were covered with a solution of 1 mM
of methyl orange (Riedel-de Haën, Seelze, Germany) used as a staining compound, which
was diluted in ethanol to allow quick evaporation of the liquid once applied on the stones.
Due to the different absorption of the stones, 750 µL were used for brick and mortar and
500 µL for travertine and Carrara marble. Moreover, also untreated samples (NT) and those
treated with the coating loaded with only titanium nanoparticles (Si_TiO2) were investigated
as control. The stone specimens were placed in a ventilated chamber under a 365 nm UV
light (Osram vitalux, Berlin, Germany), located at a distance of 20 cm, for 72 h [35]. The same
colorimeter adopted to evaluate colorimetric changes on the surface due to the application
of the coatings was used to estimate the photocatalytic degradation of methyl orange. The
reference at time zero for the discoloration curves corresponds with the surfaces without
methyl orange. The obtained data are reported after normalization to 100.

3. Results and Discussion

To assess the protective capability of the treatment, we first evaluated its hydrophobic-
ity and possible color changes of the stone surface after application.

Information on the hydrophobicity of the coated stone surface was obtained by the
SCA evaluation. The minimum acceptable SCA for stone protection is 90◦ [44]; the mea-
sured values for our treatments are reported in Table 3. The results concerning untreated
stones are not reported, since the drops were absorbed too fast by the stone surfaces, due
to their hydrophilic behavior. The obtained data demonstrate a good hydrophobization of
the surfaces after treatment with all coatings. This confirms the hydrophobic behavior of
the formulation, also shown in our previous work [29]. The addition of TiO2 nanoparticles
and silica nanocontainers lightly increased the hydrophobic effect for all stones, except for
mortar. Indeed, in the latter case, the SCA did not sensibly change within the standard
deviation. No relevant differences were recorded between the coatings charged with NC
and MNP applied on all stones.

Colorimetric measurements must be performed to verify that no visible color change
is observed after the application of coatings and that the natural aspect of the stone is
preserved [45]. This means that the total color variation ∆E* should not be >5 [46]. Data
registered after coatings application are shown in Figure 2, while the results concerning
the individual parameters, namely brightness L*, red–green chromatic component a*, and
yellow–blue chromatic component b* are reported in Table S3, in Supplementary Materials.
All the investigated coatings showed a ∆E* < 5, with no relevant differences among empty
coatings and charged ones. The presence of MNP caused a higher color change of the
surface with respect to NC for brick and mortar. However, since the obtained values
remained below the limit of ∆E* = 5, this difference can be considered irrelevant. Therefore,
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we can assume that the presence of nanoparticles did not influence the visual aspect of the
treated stones.

Table 3. SCA values for all treated stones.

Sample
Average SCA (◦)

Si_Control Si_TiO2-NC Si_TiO2-MNP

Brick 125.7 ± 4.7 138.2 ± 5.1 137.6 ± 4.5
Mortar 127.7 ± 3.5 130.1 ± 5.5 124.1 ± 4.3

Travertine 118.9 ± 5.1 120.2 ± 5.1 130.3 ± 1.9
Carrara Marble 125.5 ± 4.2 142.1 ± 3.3 134.2 ± 5.1

Figure 2. Mean global color variation ∆E* between treated and untreated specimens in the CIEL*a*b*
color space. The thin vertical bars represent the mean standard deviation.

Transfer properties of liquid water and vapor were assessed by capillarity and water
vapor permeability measurements, to investigate efficacy and harmlessness of the treat-
ments. In fact, a proper protective coating should reduce the penetration of liquid water
from outside and, likewise, should not prevent the outflow of water vapor towards the
external side of the stone [47]. The capillary absorption kinetics of the stones, reported as a
function of the square root of time (s1/2), before and after the application of the coatings, are
displayed in Figure 3. The slope of the first part of each curve refers to the capillary water
absorption coefficient (CWAC), while the second part measures the reached saturation. The
reduction in CWAC with respect to untreated stones is reported in Table 4. All untreated
stones reached a different level of water saturation, within a distinctive time interval,
according to their different porosity. In fact, the quantity of water absorbed by brick was
higher (~17 Kg/m2) than mortar (~10 Kg/m2). At the same time, travertine and Carrara
marble absorbed a similar amount of water (~2.3 Kg/m2 and ~1.7 Kg/m2, respectively),
which is lower with respect to the previous supports. Moving to the treated samples, all
coatings showed a considerable reduction in water absorption with respect to the bare
stones. Notice that, in the case of brick and mortar, data for the treated samples refer to
the right vertical scale in Figure 3a–d, as Q changes by about one order of magnitude after
treatment. For brick, a higher reduction of the initial slope of the curve is visible with
Si_TiO2-MNP and Si_TiO2-NC compared with the Si_Control (Figure 3b). No differences
are visible in the case of mortar (Figure 3d).
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Figure 3. Plot of water absorption by capillarity test as a function of time: (a) brick, (b) brick (focus 0–35 s1/2), (c) mortar,
(d) mortar (focus 0–35 s1/2), (e) travertine and (f) Carrara marble.

Table 4. Reduction (%) of the capillary water absorption coefficient (CWAC), due to the coating.

Sample
Reduction in CWAC (%)

Si_Control Si_TiO2–NC Si_TiO2–MNP

Brick 96.49 97.8 99.1
Mortar 98.97 98.9 99.5

Travertine 10.52 70.0 52.5
Carrara marble 46.25 47.8 68.8

In the case of brick and mortar, the relative reduction of CWAC was higher than 95%
when compared to the untreated specimens (Table 4). A lower reduction was observed in
the case of travertine and Carrara marble, possibly due to the lower number of applications
(4 and 6, respectively). For travertine, the presence of nanoparticles had a higher effect on
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the reduction of CWAC. This may have been due to the size ratio between nanoparticles
and stone porosity.

The measured water vapor permeability coefficient (g) for all treated specimens did
not sensibly change with respect to the case of the untreated samples, within the standard
deviation (Figure 4). No relevant differences were registered between the presence of NC
and MNP. Therefore, our results indicate that the tested coatings preserved the original
water permeability of the materials.

Figure 4. Mean water vapor permeability coefficient (g) shown for each stone before (black line
on the left) and after (colored lines on the right) coatings application. The thin vertical black bar
represents the mean standard deviation.

Roughness evaluations are reported in Figure S1, in Supplementary Materials. The
results did not evidence particular trends of the roughness values after the application of
the protective coatings, taking into account the significant standard deviations of Rz.

SEM observations on coated stones showed compact films and no cracks for both
empty coatings (Figure S2b,d,f,h, in Supplementary Materials) and nanoparticles loaded
ones (Figure 5). The behavior concerning the presence of NC and MNP was similar, thus
confirming the results obtained in our previous work [29]. To evaluate the distribution
of the coating preparation and their depth of penetration, we acquired Ti distribution
maps from brick and mortar, and Si ones from travertine and Carrara marble. These maps
(Figures S3 and S4, in Supplementary Materials) demonstrated a homogeneous distribution
of the coatings on all stone surfaces. Moreover, the protective characteristic of the coatings
was demonstrated by the lack of penetration in depth evidenced by the absence of Ti and
Si in cross-section measurements.
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Figure 5. SEM images (1000×) of coated stones treated with Si-TiO2-NC and Si-TiO2-MNP:
(a,b) brick (BR), (c,d), mortar (MO), (e,f) travertine (TR) and (g,h) Carrara marble (MA).

Aiming at evaluating the photocatalytic property of the TiO2 dispersed in the coating
formulation, the degradation of methyl orange over time was examined under laboratory
conditions. The discoloration of stones was reported as ∆E* variation (Figure 6). In the
case of brick, the color of the used stained compound was very similar to that of substrate.
For this reason, the color differences among the consecutive measurements had larger
uncertainties compared to those performed on the other supports.
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Figure 6. ∆E* variation connected to the discoloration of treated and untreated stones previously stained with methyl
orange and then irradiated with UV light for 72 h: (a) brick, (b) mortar, (c) travertine and (d) Carrara marble.

The results show that only for travertine, for which a lower number of coating appli-
cation was performed, there was a higher photocatalytic activity of Si_TiO2 with respect
to untreated samples and Si_Control. Both samples treated with Si-TiO2-NC and Si-TiO2-
MNP showed worst results with respect to Si_TiO2, possibly because the presence of silica
nanocontainers caused an entrapment of TiO2 nanoparticles, avoiding their correct contact
with methyl orange. We noticed that the time evolution of ∆E* was not exponential.

Such results indicate that the coatings presented in this work had mechanical and
optical properties comparable between them and with the previous formulations containing
a commercial harmful biocide [29]. These results were achieved despite the different particle
dimensions and shape, and were consequent to the size and chemical properties of the
encapsulated molecule. Further evaluation on a broad spectrum of activity against the
potential occurring biodeteriogen are in progress.

4. Conclusions

The application of four different TEOS-based multifunctional coatings, containing
silica nanocontainers loaded with an eco-friendly biocide ZS and TiO2 nanoparticle, con-
firmed their compatibility and effectiveness on the four tested stones, both natural and
artificial. The presence of loaded-nanocontainers did not significantly alter the tested
coating performances, while providing additional biocide efficacy. The presence of the
coatings enhanced the stones’ hydrophobicity and reduced water absorption through
capillarity, with no evident difference between the two loaded nanocontainers. Importantly,
our formulations did not significantly influence water vapor permeability and optical
appearance of the stones. Thus, all fundamental requirements recommended to establish
the effectiveness of a protective product for monument conservation were fulfilled by
all presented coatings. We can, therefore, assume that these formulations are promising
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protective coatings even when stones with different mechanical and structural properties,
as those tested here, are considered.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11091109/s1, Table S1. Amount of product applied—the difference of sample weight
before and right after coating application, Table S2. Amount of product retained—the difference
of sample weight before and 1 week after coating application, Table S3. Brightness L*, red–green
chromatic component a* and yellow–blue chromatic component b* acquired before and after the
coatings application on all stones, Figure S1. The roughness Rz estimated for both treated and
untreated stones (NT), Figure S2. SEM images (500×) of untreated samples and treated with empty
coating: brick (BR) (a,b), mortar (MO) (c,d), travertine (TR) (e,f) and Carrara marble (MA) (g,h). NT:
untreated; Si_Control, coating without nanoparticles, Figure S3. EDS-XFR Ti mapping acquired from
brick and mortar: (a) brick treated with Si_TiO2-NC, (b) brick treated with Si_TiO2-MNP, (c) mortar
treated with Si_TiO2-NC and (d) mortar treated with Si-TiO2-MNP, Figure S4. EDS-XFR Si mapping
acquired from travertine and Carrara marble: (a) travertine treated with Si_TiO2-NC, (b) travertine
treated with Si_TiO2-MNP, (c) Carrara Marble treated with Si_TiO2-NC and (d) Carrara marble
treated with Si-TiO2-MNP.
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Abstract: Aluminum dross is produced in the process of industrial production and regeneration of

aluminum. Currently, the main way to deal with aluminum dross is stacking and landfilling, which

aggravates environmental pollution and resource waste. In order to find a green and environmental

protection method for the comprehensive utilization, the aluminum dross was used as raw materials

to prepare sintered brick. Firstly, the raw material ratio, molding pressure and sintering process

were determined by single factor test and orthogonal test, and the mechanism of obvious change

of mechanical strength of sintered brick was studied by XRD and SEM. The experimental results

show that, the optimal formula of sintered brick is 50% aluminum dross, 37.50% engineering soil

and 12.50% coal gangue. The optimum process parameters are molding pressure 10 MPa, heating

rate 8 ◦C/ min, sintering temperature 800 ◦C, holding time 60 min. The samples prepared under

the above formula and process parameters present outstanding performance, and the compressive

strength, flexural strength and water absorption rate are 16.21 MPa, 3.42 MPa and 17.12% respectively.

Keywords: aluminum dross; sintered brick; mechanical strength; orthogonal test; process parameter

1. Introduction

Globalization and population growth have increased the consumption of natural
resources, resulting in a huge amount of waste. Taking the aluminum industry as an
example, a large amount of industrial waste is produced every year, in which aluminum
dross accounts for a large part. Some scholars have studied the influence of various factors
on the harmless treatment of aluminum dross and adopted the aluminum dross after
harmless treatment to prepare non-fired bricks [1], while some scholars have investigated
the use of aluminum dross to prepare inorganic flocculants [2], coating material [3,4],
refractory materials [5], steelmaking deoxidizers [6], concrete [7] and other products.
However, the existing resource utilization methods have a small amount of disposal and
cannot effectively use a large number of aluminum dross. The solid waste disposal method,
which uses aluminum dross as raw material for the preparation of sintered brick, has
the advantages of large disposal volume and easy to obtain solidified materials. This is
an excellent method of solid waste disposal. In current urban construction, concrete is
a relatively common building material. It is estimated that 11 billion tons of concrete
are consumed every year [8], which will inevitably lead to a huge consumption of its
raw materials, especially cement. The excellent properties of concrete cannot conceal its
shortcomings of causing damage to the environment. According to reports, for every ton of
ordinary cement produced, about 900 kg of CO2 is produced, accounting for 7% of the total
global CO2 emissions [9]. Therefore, it is necessary to find a green and environmentally
friendly material to deal with global warming and waste disposal problems.
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Sintered brick has a long history. After thousands of years of development, different
types of sintered brick have been derived. However, the traditional method of making
sintered brick destroys land and consumes resources. Therefore, some experts and scholars
have studied the use of coal gangue, fly ash, red mud, gold mine tailings, iron ore tailings
and other raw materials to prepare sintered brick [10–14], thus realizing the comprehensive
utilization of solid waste. The three raw materials used in this study are all solid wastes,
and the preparation process will not cause harm to the surrounding environment.

In 2019, China’s electrolytic aluminum output was 35.75 million tons, and imported
bauxite was 100 million tons. Aluminum dross is a kind of industrial waste produced in the
process of melting aluminum such as aluminum electrolysis, aluminum alloy production
and waste aluminum regeneration [15,16]. The aluminum–silicon ratio reaches 20–50. It
is a very important high-quality aluminum resource with high recycling value. As the
AlN in aluminum dross is unstable at room temperature, it is easy to be damp and then
produce ammonia [17]. As a result, the application of aluminum dross has been restricted
in terms of resource utilization. However, AlN is oxidized by air during the sintering
process to generate Al2O3 and other nitrogen oxides [18], so as to realize the harmless
treatment of aluminum dross. The harmless treatment process of aluminum dross mainly
includes two treatment methods: the pyrometallurgical process and hydrometallurgical
process. However, the hydrometallurgical process is not as environmentally friendly as
the pyrometallurgical process in terms of waste liquid and exhaust gas emissions [19].
In addition to aluminum dross, engineering soil and coal gangue are also used as raw
materials for making sintered brick. As most countries began to carry out large scale
infrastructure construction, a large amount of engineering soil was produced. The main
phase of engineering soil is the quartz, and its chemical composition is similar to clay.
It can effectively make up for the lack of SiO2 content in aluminum dross. Coal gangue
is generated in the coal mining process. At present, China’s coal gangue stockpile has
exceeded 5 billion tons, and about 160,000 tons of gangue are discharged for every 1 million
tons of coal Because of its own combustible characteristics, it can increase the sintering
temperature inside the bricks when preparing sintered brick. Therefore, it is feasible to
prepare sintered bricks with aluminum dross as the main component, supplemented by
engineering soil and coal gangue.

This article studies the effects of raw material ratio, molding pressure and sintering
process on the properties of sintered brick. After obtaining the best process parameters for
preparing sintered brick, the experiment was carried out for phase composition analysis and
microscopic scanning analysis, and the formation mechanism of the mechanical strength of
sintered brick was studied.

2. Materials and Methods

2.1. Raw Material

The aluminum dross selected for this experiment is from Jiangsu Haiguang Metal
Co., Ltd. SuQian, China, specifically the final dross obtained after one-time aluminum
dross recovery of part of the metal aluminum; the engineering soil is taken from Haian
Zhengcheng New Wall Material Co., Ltd. NanTong, China; coal gangue is taken from
Haian Zhengcheng New Wall Material Co., Ltd. NanTong, China; Water: deionized water.

The main components of aluminum dross are Al, Al2O3, AlN and a small amount of
SiO2. At high temperatures, Al and AlN can be oxidized to Al2O3 by air, and Al2O3 is the
effective component of sintered brick. Aluminosilicate can be formed by Al2O3 combining
with SiO2 at a certain temperature to improve the mechanical strength of sintered brick.
As the main substance in the engineering soil is SiO2, the engineering soil must be mixed
to effectively make up for the deficiency of SiO2 in the aluminum dross. Coal gangue is
added to sintered bricks as a kind of combustion-supporting agent. On the one hand, it
can increase the content of SiO2 in the raw materials; on the other hand, because of its
own combustible characteristics, it effectively reduces the sintering temperature and saves
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energy. The XRD pattern of each raw material is shown in Figure 1. The mixed three raw
materials in proportion for particle size analysis are shown in Figure 2.
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Figure 2. Raw material particle size.
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2.2. Sample Preparation

Firstly, aluminum slag is added according to 30%–70%, engineering soil is added
according to 20.73%–55.29%, and coal gangue is added according to 9.27%–14.71%. Then
water is added, and the amount of water is 12% of the mass of brick. After sealing, the
mixture is placed in a dark place and aged for 72 h to make the water evenly diffuse into
the raw material. Coal gangue is added according to the calorific value of aging materials.
According to the production practice of brick making enterprises, each kilogram of aging
material usually needs about 837 kJ of heat, while the calorific value of coal gangue is about
2000 kJ/kg. The self-made mold is used for compression molding under 6 MPa–14 MPa,
and the size of the brick is 40 × 40 × 160 mm3. After natural drying for 15 h, it was dried at
105 ◦C for 6 h to constant weight. The heating rate is 6~8 ◦C/min, the roasting temperature
is 750~850 ◦C, and the temperature is maintained for 60~180 min to room temperature. The
process flow of sintered brick preparation is shown in Figure 3. Five bricks were prepared
for each experimental factor. The final data of compressive strength and flexural strength
are the average values after removing maximum and minimum values. The sample is
shown in Figure 4. The left side is the unsintered brick and the right side is the sintered
brick. In terms of color, the unsintered brick has a darker color, while the color of the
sintered brick has changed. In terms of appearance, the shape of unsintered brick is regular
without surface damage, while the appearance of sintered brick is basically intact.

Aluminum dross

Engineering soil

Coal gangue

Mixing Aging

DryingSinteringPerformance characterization and test

Molding

 

Figure 3. The process flow of sintered brick preparation.

  
(a) (b) 

Figure 4. Bricks before and after sintering: (a) Unsintered bricks, (b) Sintered brick.

2.3. Specimen Characterization

The measurement of the compressive strength of sintered brick refers to GB/T 5101-
2017 “Sintered Ordinary Bricks” [20], and the flexural strength and water absorption refers
to GB/T 2542-2012 “Testing Methods for Wall Bricks” [21]. The force loading speed of the
compressive strength test is 2.4 KN/s, and the force loading speed of the flexural strength
test is 0.05 KN/s. The microscopic morphology of the sample was observed with a field
emission scanning electron microscope system (ZEISS Gemini SEM 300, Carl Zeiss AG,
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Oberkochen, Germany), and the phase composition of the raw materials and the sample
was analyzed and tested with an X-ray diffractometer manufactured by Rigaku, Tokyo,
Japan. The XRD patterns of raw materials and products are analyzed by Jade6.0, drawn by
origin2018, and the mechanical strength change graph is drawn by origin2018.

3. Results and Discussion

3.1. The Influence of the Mixing Amount of Aluminum Dross on the Properties of Sintered Brick

The range of aluminum dross is 30%–70%, and the other raw material admixtures are
shown in Table 1.

Table 1. Raw material composition.

NO. Aluminum Dross Engineering Soil Coal Gangue

1 30 55.29 14.71
2 40 46.68 13.32
3 50 37.50 12.50
4 60 29.74 10.26
5 70 20.73 9.27

The sintered bricks were naturally placed for 24 h and then tested for mechanical
properties and water absorption. The experimental results are shown in Figures 5 and 6.
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Figure 5. Effect of aluminum dross content on compressive and flexural properties of sintered brick.
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Figure 6. Effect of aluminum dross content on water absorption of fired brick.

It can be seen from Figures 5 and 6 that with the increase of aluminum dross addition,
the compressive strength and flexural strength of the sintered brick decrease, and the
water absorption increases. When the mixing amount of aluminum dross is 30%, 40%
and 50%, the compressive strength of the brick is 16.76 MPa, 16.02 MPa and 15.57 MPa,
respectively. The compressive strength decreases significantly after the aluminum dross
content exceeds 50%. When the content of aluminum dross increased from 30% to 50%, the
flexural strength decreased from 4.01 MPa to 2.95 MPa. When the aluminum dross content
was 70%, the flexural strength increased sharply to 3.74 MPa. The water absorption rate
increased from 16.32% to 19.98%, and green brick fluctuated from 9.15% to 11.28%. When
the additional amount of aluminum dross was continuously increased, the SiO2 content
in the brick decreased, and it was difficult to combine with Al2O3 to form aluminosilicate
in the roasting process. Aluminosilicate is the main structural framework of the sintered
brick, so the mechanical properties were reduced. However, Al2O3 is also an effective
component for the formation of mechanical strength of brick. Therefore, when the amount
of aluminum dross is increased, it can be found that the downward trend of compressive
strength slows down and the flexural strength increases.

The aluminum dross contains a small amount of aluminum. In the process of sintering,
the aluminum is melted and filled between various phases, which can improve the overall
density and mechanical properties of brick. However, with the increase of aluminum dross
content, the content of SiO2 in the product decreases, which is lower than the optimal range
of SiO2 content of 55–70%; at the same time, it increases the content of Al2O3. Both SiO2

and Al2O3 are the main components for the mechanical strength of the brick. Therefore,
when the aluminum dross content is 70%, the compressive strength decreases slowly and
the flexural strength increases significantly. The main reason for the obvious increase of
water absorption is that the content of AlN in the brick increases with the increase of
aluminum dross addition. During the high temperature sintering process, AlN is converted
into nitrogen oxides such as Al2O3 by oxygen. Therefore, there appear pores in the brick,
which increases the water absorption. For the purpose of maximizing the utilization of
aluminum dross, it is considered that the content of aluminum dross should be 50%, which
meets the MU15 grade requirements of GB/T 5101-2017 “Sintered Ordinary Bricks” [19].

330



Coatings 2021, 11, 1039

3.2. Influence of Molding Pressure on Properties of Sintered Brick

The content of aluminum dross is 50%. The molding pressure is set to 6 MPa, 8 MPa,
10 MPa, 12 MPa, 14 MPa, and the experimental results are shown in Figures 7 and 8.
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Figure 7. Effect of molding pressure on compressive and flexural properties of sintered brick.
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Figure 8. Effect of molding pressure on water absorption of fired brick.
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It can be seen from Figures 7 and 8 that when the molding pressure reaches 10 MPa,
the compressive strength of the sintered brick reaches the maximum value of 15.88 MPa.
At the same time, the flexural strength of the brick reaches the maximum value of 2.95 MPa.
When the molding pressure is 6 MPa and 14 MPa, the compressive strength is 8.16 MPa
and 9.15 MPa respectively, which fails to meet the requirements of the MU10 compressive
strength grade. When the molding pressure is 8 MPa and 12 MPa, the compressive strength
is 11.1 MPa and 13.06 MPa respectively, which meets the requirements of mu10 compressive
strength grade, but cannot meet the requirements of Mu15 compressive strength grade.
Water absorption of brick is reduced from 18.48% to 16.53%, and that of green brick is
reduced from 13.21% to 10.73%. As the molding pressure increases from 6 Mpa to 14 MPa,
the density of brick increases from 1.93 g/cm3 to 2.09 g/cm3. As the molding pressure
increases, both the compressive strength and the flexural strength of sintered bricks first
increase and then decrease, while the water absorption rate decreases. This is mainly
because when the molding pressure is low, the contact between the raw material
particles of the brick is not close enough to form a larger pore, and its cohesive force
and bite force are small. Therefore, good mechanics cannot be formed during the
sintering process. When the forming pressure is high, the contact between the particles
is closer, which causes the problem that the gas produced in the sintering process
cannot be released in time. In this case, the volume of the brick expands and obvious
cracks appear on the surface and inside, which reduces the mechanical properties of
the brick.

3.3. The Effect of Firing System on the Performance of Sintered Brick

During the firing of the bricks, a series of complex physical and chemical changes
take place in the various components inside the brick, which mainly include dehydration,
isomorphic phase transformation, decomposition and the formation of new crystalline
phases. Under high temperature conditions, Al and AlN in aluminum dross are oxidized
by air, and the following Equations (1)–(6) occur.

Al + 3/4O2 = 1/2Al2O3 (1)

AlN + 3/4O2 = 1/2Al2O3 + 1/2N2 (2)

AlN + 5/4O2 = 1/2Al2O3 + NO (3)

AlN + 7/4O2 = 1/2Al2O3 + NO2 (4)

AlN + O2 = 1/2Al2O3 + 1/2N2O (5)

AlN + 2O2 = 1/2Al2O3 + 1/2N2O5 (6)

The thermodynamic calculations of Equations (2)–(6) are shown in Figure 9. It can be
seen from Figure 9 that the ∆G values of Equations (2)–(6) at 300–1100 ◦C are all less than 0.
AlN in the aluminum dross can convert nitrogen and a variety of nitrogen oxides during the
sintering process, and the tendency to convert to nitrogen is even greater. Nitrogen is the
main component in the air and is harmless to the environment. Therefore, the preparation
of sintered brick with aluminum dross as the main raw material is in line with the concept
of green environmental protection.
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ΔFigure 9. ∆G changes with temperature.

During the sintering experiment, orthogonal experiments were performed to analyze
the significant influence of heating rate, sintering temperature, and holding time on the
compressive strength of sintered brick. The best technological parameters of sintering
brick were further found. In this orthogonal experiment, the above influencing factors
are selected as the orthogonal experiment factors, and the three factors and three levels
orthogonal experiment is carried out. Preliminary exploratory test results show that too
fast heating speed leads to local burst of brick in furnace cavity. Therefore, considering
various factors, the heating rate is 6 ◦C/min, 7 ◦C/min and 8 ◦C/min. A temperature
gradient is set for every 100 ◦C increase and the temperature is maintained for 20 min.
The selection of the sintering temperature is mainly based on the temperature of AlN
oxidation [13] and the sintering temperature of traditional sintered brick. Therefore, the
sintering temperature is set at 750 ◦C, 800 ◦C and 850 ◦C. The selection and level of each
factor are shown in Table 2, the orthogonal experiment results are displayed in Table 3, and
the analysis of variance is presented in Table 4.

Table 2. Orthogonal factors and standard selection table.

Factors
Heating Rate

(◦C/min)
Sintering

Temperature (◦C)
Holding Time (min)

Level 1 6 750 60
Level 2 7 800 120
Level 3 8 850 180
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Table 3. The orthogonal pilot programs and experimental results.

No.

Heating Rate
(◦C/min)

Sintering
Temperature

(◦C)

Holding Time
(min)

Error Test Results Compressive
Strength (MPa)

A B C D

1 1 (6) 1 (750) 1 (60) 1 9.48
2 1 (6) 2 (800) 2 (120) 2 10.75
3 1 (6) 3 (850) 3 (180) 3 9.32
4 2 (7) 1 (750) 2 (120) 3 9.63
5 2 (7) 2 (800) 3 (180) 1 13.78
6 2 (7) 3 (850) 1 (60) 2 10.63
7 3 (8) 1 (750) 3 (180) 2 15.57
8 3 (8) 2 (800) 1 (60) 3 16.21
9 3 (8) 3 (850) 2 (120) 1 12.31

K1 29.55 34.68 36.32 35.57 -
K2 34.04 40.74 32.69 36.95 -
K3 44.09 32.26 38.67 35.16 -
R 14.54 8.48 5.98 1.79 -

Table 4. Variance analysis.

Factors SS df MS F Significance

1 36.95 2 18.475 62.63 *
2 12.72 2 6.36 21.56 *
3 6.05 2 3.025 10.25 -

Errore 0.59 2 0.295 - -
Sum 56.31 8 - - -

* Indicates whether the factor is significant.

The mechanical strength of the sintered brick is formed in the process of sintering,
and its strength mainly comes from the silicate phase formed by the combination of SiO2

and Al2O3 in different forms. When the sintering temperature is too low or holding time
is too short, underfired brick will be produced. If the sintering temperature is too high,
the brick will burn excessively, which will seriously reduce the quality of the brick. If the
heating rate is too fast, the gas inside the brick will not have time to overflow, which will
cause the volume expansion of the product and produce cracks on the surface or inside of
the brick. And in severe cases, it will burst in the furnace cavity.

F test is performed on the data obtained in Table 4, and the query threshold value
is f0.05(2,2) = 19, f0.01(2,2) = 99. Therefore, it can be seen that the heating rate and the
calcination temperature have significant impact on the experimental results. Without
considering the interaction, the optimal plan should take the level corresponding to the
maximum K value of each factor, namely, A3B2. Since the holding time has no significant
effect on the compressive strength of the sintered brick. When the heating rate is 8 ◦C/min
and the sintering temperature is 800 ◦C, the holding time is 60, 120 and 180 min, respectively.
It is found that different holding time has little effect on the mechanical strength of sintered
brick. Therefore, from the perspective of energy saving, it is reasonable to set the heat
preservation time as 60 min. Finally, A3B2C1 is the best solution. The heating rate was
8 ◦C/min, the sintering temperature was 800 ◦C and the holding time was 60 min. The
results show that the compressive strength, flexural strength and water absorption of the
sintered brick are 16.21 MPa, 3.42 MPa and 17.12%, respectively.

3.4. Microanalysis

The samples of the best group in the orthogonal test were detected by XRD, and
analyze the phase composition inside the sintered bricks. The XRD pattern of the best
experimental group of orthogonal test is shown in Figure 10.
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Figure 10. XRD pattern of the sample.

It is believed that the main materials of sintered brick after sintering are quartz, alu-
mina, albite and soluble salts. Compared with the XRD patterns of raw materials, it can be
seen that the AlN and Al in the aluminum dross disappear and transform into correspond-
ing oxides after sintering. More importantly, albite is formed during the sintering process.
At high temperatures, albite can form eutectic with quartz and aluminosilicate, fill between
the crystal grains of the brick, and draw the particles closer under the effect of surface
tension, making the brick more compact. The main crystalline phases are alumina, quartz
and albite. These crystalline phases constitute the main framework of the sintered brick.
The formation of new crystalline phase albite plays a key role in promoting sintering.

Figure 11a–c show the micro morphology of samples containing 30%, 50% and 70%
aluminum dross, and Figure 11d shows the micro morphology of samples without alu-
minum dross. Then, it can be clearly seen that a glass phase appears inside the sintered
brick without aluminum dross, which causes the particles to begin to melt and bond. It
can be seen from Figure 11d that the glass phase is evenly distributed on the surface of
the sample and connected with each other, which improves the mechanical strength of the
sintered brick. Figure 11a–c show that with the increase of aluminum dross content, the
glass phase inside the sintered brick becomes less and the porosity increases. This leads
to a significant decrease in the mechanical properties of sintered bricks. However, with
the addition of aluminum dross, the shape of crystal particles in the brick becomes more
regular. As shown in Figure 11c, crystal particles mostly exist in the form of rods, strips
and flakes. These are intertwined with each other, which helps to improve the mechanical
properties of bricks to a certain extent.
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Figure 11. SEM images. (a) 30% aluminum dross (b) 50% aluminum dross (c) 70% aluminum dross 
Figure 11. SEM images. (a) 30% aluminum dross (b) 50% aluminum dross (c) 70% aluminum dross

(d) No aluminum dross.

3.5. TG Analysis

The samples with 40%, 50% and 60% aluminum dross content were selected for
thermogravimetric analysis to study the variation of sample weight during the sintering
process of sintered brick, as shown in Figure 12. It can be seen from Figure 11 that with
the increase of temperature, the weight of the sample decreases. The weight change of
40% and 50% aluminum slag content is basically the same. However, when the aluminum
dross content is 60%, the weight of the sample increases at low temperature. The reason
is that the content of aluminum and AlN in the sample increases with the increase of
aluminum dross content, and the weight of the sample increases during the oxidation
process. When the temperature increases, the weight of the sample decreases in varying
degrees, which is mainly due to the evaporation of the adsorbed water on the sample
surface or the decomposition of other surface materials and impurities.
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Figure 12. TG analysis.

336



Coatings 2021, 11, 1039

4. Conclusions

(1) The best raw material ratio for the preparation of sintered brick is 50% aluminum
dross, 37.5% engineering soil, 12.5% coal gangue. The best molding pressure is 10 MPa,
the best sintering process: the heating rate is 8 ◦C/min, the temperature is 800 ◦C and the
holding time is 60 min. According to the best preparation process, the sintered brick meets
the requirements of Mu15 grade in GB/T 5101-2017 “fired ordinary brick”.

(2) The sintering process of sintered brick is mainly affected by sintering temperature,
holding time and heating rate. From the orthogonal test results, the heating rate and
sintering temperature have a more significant impact on the overall mechanical strength of
the sintered brick.

(3) After sintering, AlN and Al disappear and albite phase is formed. At high temper-
ature, albite forms grain boundary with quartz and aluminosilicate, which is filled between
the grains of the brick and improves the mechanical properties of the brick.

(4) Using aluminum dross, engineering soil and coal gangue to prepare sintered brick
does not produce waste gas and waste liquid. This not only makes comprehensive use of
solid waste, but also does not affect the surrounding environment in the production process,
realizing the concept of green environmental protection and sustainable development.
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Abstract: In the field of microwave-absorbing materials, functional powder has always been the

focus of research. In order to fabricate lightweight and flexible garment materials with microwave-

absorbing function, the current work was carried out. Firstly, the general properties of polyurethane

(PU) matrix composites reinforced with various microwave-absorbing powders were studied, and the

carbon nanotubes (CNTs)/Fe3O4/PU film was proven to have the best general properties. Secondly,

the needle-punched polyester (PET) nonwoven fabrics in 1 mm-thickness were impregnated into PU

resin with the same composition of raw material as Fe3O4/CNTs/PU film, thereby the microwave-

absorbing nonwovens with gradient structure were prepared. Moreover, the absorbing properties of

the CNTs/Fe3O4/PU/PET gradient composites were tested and analyzed. Finally, the relationship

between the mass ratio of CNTs and Fe3O4, and the microwave-absorbing properties was studied.

The results show that the mass ratio of CNTs/Fe3O4 has a significant effect on the microwave-

absorbing property of CNTs/Fe3O4/PU/PET. When the mass ratio of CNTs/Fe3O4 is 1:1, the

prepared CNTs/Fe3O4/PU/PET gradient composite can achieve effective reflection loss in the range

of more than 2 GHz in Ku-band (12–18 GHz), and the minimum reflection loss reaches −17.19 dB.

Keywords: microwave-absorbing; gradient composites; nonwoven; reflection loss

1. Introduction

At present, the rapid diffusion of electronic products produces a great number of radia-
tions of electromagnetic waves around human beings [1,2]. Therefore, it is urgently needed
to develop flexible microwave-absorbing textile with excellent microwave-absorbing prop-
erties to resist electromagnetic wave radiation and protect human health. A microwave-
absorbing material is a kind of functional material that can absorb or attenuate the incident
microwaves. It can convert or interfere with incident waves on the material surface by
employing its inherent characteristics, to reduce the harm of electromagnetic wave radia-
tion [3]. Microwave-absorbing functional powder has always been the focus of research
in the field of microwave-absorbing materials. However, in the application of microwave
absorbing functional powders, most of them are guided by the quarter theory, as while as
taking into account the electromagnetic parameters of microwave absorbing materials [4].
As a result, the materials used for microwave absorption are often heavy and difficult
to cut.

In recent years, due to the characteristics of low density, high conductivity, and high
surface area, the carbon nanotube has gradually become a hot research spot in the field
of microwave-absorbing composites [5–7]. However, microwave-absorbing composites
filled with carbon nanotubes have obvious impedance mismatch problems, with rela-
tively narrow effective absorption bandwidth. In order to solve the impedance mismatch
problem, carbon nanotube is usually mixed with other fillers, such as Fe3O4 powder [8],
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graphite [9] or carbon fiber (CF) [10], which can not only obtain more balanced electro-
magnetic parameters, but also improve the microwave-absorbing properties. For example,
Li et al. [11] enhanced the microwave-absorbing property of carbon nanotubes by adding
Fe3O4 magnetic nanoparticle. The reflection loss of the optimized materials was less than
−10 dB. Sandeep et al. [12] composed composite fillers of graphite and metal oxides, and
prepared resin-based microwave-absorbing materials to improve the microwave-absorbing
property of X-band. Wang et al. [13] prepared a flexible microwave-absorbing film based
on graphene oxide/carbon nanotubes and Fe3O4 nanoparticles, which has been proven to
have excellent microwave-absorbing properties in the range of 2–18 GHz.

Due to its special properties, Fe3O4 is often used as a filler to make composite materi-
als with microwave absorption or electromagnetic shielding functions. Jacobo et al. [14]
prepared a polyaniline (PANI)/Fe3O4 film composite with high conductivity, which in-
dicated that the original performance of the materials can be improved after the Fe3O4

particles are filled. Yuvchenko et al. [15] studied the magnetic impedance of structured
films in the presence of magnetic nanoparticles, which is helpful to the development of
sensors for biomagnetic detection. The prepared non-woven fabric materials in our job
with microwave absorption function can be used for human body wear, reduce the harm
of electromagnetic waves to the human body, and has high application value in the med-
ical field. The remarkable multi-modal function of magnetic nanoparticles used in our
experiment, such as Fe3O4, is given by their size and morphology, which is very important
for solving the challenge of slowing down the development of nano-biotechnology [16].
Aphesteguy et al. [17] used Fe3O4 to prepare medical magnetite magnetic nanoparticles
and studied microwave resonant and zero-field absorption. Ansari et al. [18] summarized
previous studies and believed that the magnetic iron oxide nanoparticles can be applied
in the central nervous system. Kaczmarek et al. [19] used the magnetic nanoparticles for
ultrasonic hyperthermia, which doubled the specific absorption rate.

It is well known that nonwovens are light, soft, and easy to process. As such, non-
woven fabrics have gradually come into the sight of researchers of microwave absorption.
Bi etc. [20] assembled carbonyl iron and graphene aerogel onto nonwoven fabric, of which
the widest efficient bandwidth covered 2.91–5.1 GHz and 10.99–18 GHz at the thickness
of 6.0 mm, and the maximum RL is 22.3 dB. Egami etc. [21] coated polypyrrole on non-
woven fabric, and the results showed nonwoven sheets with extremely high frequencies
absorption. However, the contribution of needle-punched fabric in the development of
microwave absorption material has been rarely flagged up. Needle-punched fabric prosses
irregular 3D pores formed by randomly tangled staple fibers, which endows them with
various microwave absorption performance when loaded with different functional fillers.

In current study, the graphite, Fe3O4, carbonyl iron powder (CIP), carbon fiber, and
carbon nanotubes were selected as the microwave-absorbing powders, and the PU was
selected as the matrix to construct the microwave-absorbing materials. Through the
comparison of properties such as tensile strength, adhesion, and antistatic ability, we
found that the CNTs/Fe3O4/PU film has the best general performance. Furthermore,
CNTs/Fe3O4/PU/PET gradient composites with the framework of needle-punched PET
nonwoven fabric were prepared. In addition, its microwave-absorbing properties on the
X-band and Ku-band were tested. The main contributions of our work are as follows. First,
we proposed the preparation methods of microwave absorbing film and PU/PET matrix
gradient composites. Moreover, the experimental tests proved that Fe3O4 and CNTs have
outstanding general performance, suitable for the preparation of wearable non-woven
fabrics with microwave-absorbing function. Finally, the microwave-absorbing performance
of the gradient composite was tested, and it was proven that both the Fe3O4 content and
the gradient structure have a great influence on the microwave absorption effect.
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2. Materials and Methods

2.1. Materials and Specimen Preparation

2.1.1. Microwave-Absorbing Film

The preparation scheme of the microwave-absorbing film used in the general perfor-
mance test is shown in Table 1, in which the thickness of the prepared microwave-absorbing
wet film is 1 mm. In the single factor process of microwave-absorbing film, the waterborne
polyurethane (PU, 601C type, Hefei Tairuike New Material Technology CO., Ltd., Hefei,
China), thickener agent (Hefei Tairuike New Material Technology CO., Ltd., Hefei, China),
and defoamer agent (X-690 type, Guangzhou Hongtai New Material CO., Ltd., Guangzhou,
China) was used as matrix, and the graphite (20–80 mesh, Lingshou Zhanteng Mineral
Products Processing Factory, Shijiazhuang, China), carbon fiber (CF, 500 mesh, Changzhou
Hengfeng Nano Technology Co., Ltd., Changzhou, China), Fe3O4 (500 nm, with irregular
shape, Qinghe Tuopu Metal Material Co., Ltd., Xingtai, China), and carbonyl iron powder
(CIP, C913576 type, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) were used
as the microwave-absorbing powders, respectively. The fillers mentioned above all have
the functions of microwave absorption and electromagnetic shielding, which are often
used in the related experiments. In the two-factors process of microwave-absorbing film,
the combination of carbon nanotube (CNT, length > 5 µm, Changzhou Hengfeng Nano
Technology Co., Ltd., Changzhou, China) and the absorbing powders in single factor
process group were used as the microwave-absorbing powder, respectively. As contrast,
pure PU film was processed as the control group.

Table 1. Preparation scheme of microwave-absorbing film for the general performance test.

Experiment
Number

Group
Absorbing Powder

1/(wt.%)
Absorbing Powder

2/(wt.%)
PU/(wt.%)

F1 Control group - - 100

F2
Single factor

process group

Graphite/1.5 - 100
F3 CFs/1.5 - 100
F4 Fe3O4/1.5 - 100
F5 CIP/1.5 - 100

F6
Two-factors

process group

Graphite/1.5 CNTs/1.5 100
F7 CFs/1.5 CNTs/1.5 100
F8 Fe3O4/1.5 CNTs/1.5 100
F9 CIP/1.5 CNTs/1.5 100

The preparation process of microwave-absorbing film is shown in Figure 1. First,
the 100 wt.% waterborne PU resin and 0.3 wt.% thickener were added to the beaker and
stirred at a speed of 500 r/min for 10 min. Then, the microwave-absorbing powders were
added to the waterborne PU and stirred at a speed of 800 r/min for 60 min, until the
absorbing powders were dispersed. Next, the defoamer was added to the beaker and
stirred at 500 r/min for 5 min to disperse the defoamer uniformly, and then let it stand
for 30 min to defoam. After the foam disappears, it was poured into a glass mold with
1 mm depth. After air-dried for 48 h, the deionized water was added. After being soaked
for 12 h, the coagulated film was removed and flattened with a pair of plates to obtain a
microwave-absorbing film.

2.1.2. Microwave-Absorbing Impregnated Nonwoven Fabric

Employing needle-punched polyester (PET) nonwoven fabric in 1 mm-thickness
(120 g/m2, Yiwu Piccolo Electronic Commerce Co., Ltd., Yiwu, China) as a framework, the
microwave-absorbing impregnated nonwoven fabric with gradient structure was prepared.

The preparation process of microwave-absorbing impregnated nonwoven fabric is
shown in Figure 2. The preparation process of the absorbing solution was consistent with
the preparation process of the microwave-absorbing film. After the foam disappeared,
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the absorbing solution was poured into a glass mold. The non-woven fabric substrate
with a size of 30 cm × 30 cm was gently rinsed with deionized water to avoid errors due
to sample deformation. Then, the non-woven fabric substrate was put into a constant
temperature drying oven, and dried at a temperature of 65 ◦C for 24 h. After it was
completely dried, it was taken out and naturally regained moisture for 24 h. Moreover, the
bottom of the PET needle-punched nonwoven fabric was brought into contact with the
absorbing solution in the glass mold to perform impregnation treatment. After standing
for 24 h, a microwave-absorbing impregnated cloth with gradient structure was obtained.

 

Figure 1. The preparation process of the microwave-absorbing film.

Figure 2. Preparation process of microwave-absorbing impregnated nonwoven fabric.

The physical pictures of the prepared microwave-absorbing impregnated nonwoven
fabric are shown in Figure 3.

  

(a) (b) 
Figure 3. Physical images: (a) PET needle punched nonwoven fabric; (b) Microwave-absorbing

impregnated nonwoven fabric.

2.2. Test Equipment and Methods

Desktop scanning electron microscopy (ZEISS Gemini SEM 300 type, Carl Zeiss AG,
Oberkochen, Germany) was used to observe the samples’ microstructures. The sample of
the microwave-absorbing film was cut into 5 mm × 5 mm rectangles.

Material testing machine (3119-609 type, Instron company, Boston, MA, USA) was
used to measure the tensile property of microwave-absorbing film. According to the
standard (ISO 527-3:1995) [22], the film was cut into 100 mm × 15 mm rectangles. In the
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tensile test, the fracture at a tensile rate of 50 mm/min had the maximum tensile force and
elongation. The thickness of the film can be measured by fabric thickness tester (YG(B)141D
type, Wenzhou Darong Textile Instrument Co., Ltd., Wenzhou, China).

The prepared uniform coating was scraped on the cleaned and dried glass plate with
14-coating rod at a constant speed to produce a 32 µm thick coating. QFH-A Cross-Cut
suit film adhesion tester is adopted in accordance with ASTM D3359-09 standard test
method [23]. By cutting and penetrating the lattice image of coating, 100 small squares
with a size of 2 mm × 2 mm were obtained, and then glued with 3M600 pressure-sensitive
adhesive paper. Then, one end of the tape was quickly torn off from the direction of 90◦.
The magnifying glass was used to observe the area of falling squares. The percentage of
the area of falling squares to the total surface area was evaluated by coating adhesion level,
which was divided into 0 to 5, with 5 as the worst.

According to the standards JJG920-2017 [24], optical density meter (LS117 type, Shen-
zhen Linshang Technology Co., Ltd., Shenzhen, China) was used to test the optical density
and transmissivity of microwave-absorbing film.

The surface resistance tester (VICTOR 385 type, Shenzhen Yisheng Shengli Technology
Co., Ltd., Shenzhen, China) was used to test the resistance and impedance of microwave-
absorbing film. During the test, the sensor meter was placed on the surface of microwave-
absorbing film and cannot be in contact with other objects. It should be noted that the tests
were performed multiple times.

According to the bow reflection method the measurement methods for the reflectivity
of radar absorbing material (GJB 2038A-2011) [25], the vector network analyzer (AV3672C,
China Electronics Technology Instrument Co., Ltd., Qingdao, China) was used to measure
the microwave-absorbing property of the materials. The test bands were X-band and
Ku-band. The frequency ranges were 8.2–12.4 GHz and 12–18 GHz. The sample size was
30 cm × 30 cm.

3. Experiment Results and Discussion

3.1. General Performance

The general performance of films has a great effect on the stability of the matrix.
Therefore, single-factor experiments on general performance of functionalized PU films
and pure PU were conducted to pick out a kind of PU film, with good general performance,
for the process of microwave-absorbing compound materials.

3.1.1. SEM Images

The SEM images of different microwave-absorbing films are shown in Figure 4. In the
process of taking the SEM images, the extra high tension (EHT) of PU film was set to 2.0 kV.
In order to obtain clear images, the working distance (WD) was continuously changed
with the test pieces. Figure 4a shows a pure PU film as a control group, with a flat surface.
Figure 4b presents a PU film doped with graphite. Due to the sheet structure of graphite, it
is easy to see some swellings formed by the lapping of sheets on the surface of the film.
Since the graphite sheets are very easy to slip, smaller particles will also appear during
the preparation process. Figure 4c shows a PU film mixed with CFs. It is obvious that the
directions along the length of the CFs in the film distribute at random in three-dimensional
space. Figure 4d shows a PU film doped with Fe3O4 powder. Some bumps result from
irregularly shaped Fe3O4 appearing on the surface of the film. Figure 4e presents a PU
film mixed with CIP. Except for some micro-powders, there are also dozens of microns
holes on the surface of the film, indicating that the CIP causes exothermic reaction, during
the high-speed mechanical stirring process, generating gas and heat. This is because CIP
powder has great activity and can catalyze the exothermic reaction between CO and CO2,
which will further affect the stability of CIP in the later film formation process. The CIP in
the film formation process is affected by heat and continues to release CO, thereby forming
many micro-holes in the film. Figure 4f is a PU film doped with graphite and CNTs. The
three-dimensional lap shape formed by the graphite flake structure is still obvious, but
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the size of such three-dimensional lap structure is significantly reduced, in the situation
of coexisting of graphite flake and CNTs, comparing with Figure 4b. Figure 4g shows
a PU film mixed with CFs and CNTs. The CFs are scattered in a straight or diagonal
manner, and the curled CNTs are randomly distributed both on the surface of the CFs
and in the film. Therefore, the distribution of CNTs can be approximately regarded as the
approximate linear distribution along the CFs and the three-dimensional distribution in the
film. Compared with the surface of other functional PU film, part of the three-dimensional
space of the CNTs is lost, which is unfavorable for the loss and absorption of microwaves.
Figure 4h shows a PU film doped with Fe3O4 powders and CNTs. Irregular Fe3O4 powders
and tubular CNTs can be found randomly distributed in the three-dimensional space of
the film, which are conducive to the absorption of microwaves. Figure 4i shows a PU film
doped with CIP and CNTs. There are no obvious micropores on the surface of the film. It is
considered that the presence of CNTs inhibits the exothermic reaction of the CIP, so there
are no obvious pores on the surface.

   

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

) ) )
Figure 4. The SEM images of pure and functional PU films: (a) F1 (WD = 8.2 mm, EHT = 2.0 kV); (b) F2 (WD = 8.2 mm,

EHT = 2.0 kV); (c) F3 (WD = 8.3 mm, EHT = 2.0 kV); (d) F4 (WD = 8.1 mm, EHT = 2.0 kV); (e) F5 (WD = 8.2 mm, EHT = 2.0 kV);

(f) F6 (WD = 8.1 mm, EHT = 2.0 kV); (g) F7 (WD = 7.6 mm, EHT = 2.0 kV); (h) F8 (WD = 8.2 mm, EHT = 2.0 kV); (i) F9

(WD = 8.2 mm, EHT = 2.0 kV).

3.1.2. Tensile Property

Functional PU films can not only bear forces, but also protect the functional phases
from external force damage, resulting in a stable function performance. Therefore, thin film
materials with good tensile properties are the prerequisite for the process of microwave-
absorbing impregnated nonwoven fabrics with excellent microwave-absorbing function.
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Figure 5 shows the tensile strength and breaking elongation rate of pure and functional
PU films filled with different fillers. In control group F1, the tensile strength and elongation
of pure PU is 3.15 MPa and 12.29%, respectively. Single-factor process groups F2–F5 are
the tensile strength and elongation of the functional PU films loading graphite, CFs, nano
Fe3O4 powder and CIP, respectively. It can be found that the loading of graphite, CFs and
nano Fe3O4 powder in 1.5 wt.%, keeping the PU resin in 100 wt.%, can improve the tensile
strength of PU film. The reason is that graphite, CFs and nano Fe3O4 powder have stable
performance in high-speed mechanical stirring process in water, and can induce better
crystallization of PU, thereby enhancing the tensile strength of PU film. However, the
loading of CIP reduces the tensile strength of CIP/PU film. Also, the CIP has been found
to be so unstable in high-speed mechanical stirring process in water that it releasees a lot of
heat, which impairs the formation of PU film and eventually leads to a significant decrease
in tensile strength. It is worth mentioning that the loading of graphite can significantly
improve the tensile strength and breaking elongation of PU film to 3.15 MPa and 12.29%,
respectively. In contrast, although the addition of CFs can significantly increase tensile
strength, it cannot significantly improve breaking elongation.
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Figure 5. Tensile strength and elongation of pure and functional PU films loaded with different fillers.

The two-factors process groups F6–F9 come from the single-factor process groups
F2–F5, into which CNTs are incorporated. The experimental results show that the tensile
strength of the two-factors process groups is more than twice that of the control group and
is nearly double that of the corresponding sample in the single-factor process groups, which
indicates that the loading of CNTs improves the tensile strength of functional PU film.
Especially, when Fe3O4 combined with CNTs dispersed in PU film, the tensile strength of
the film reaches a maximum of 9.35 MPa. The breaking elongations of almost all two-factors
process groups increase by about 2–20 times higher than that of the control group, but that
of CIP is almost the same as that of the control group. In experiment F9, the combination of
CIP and CNTs in PU film makes the breaking elongation of the film achieve a maximum
of 267.46%.

The fractograph of pure and functional PU films loaded with varied fillers is observed
with SEM images, as shown in Figure 6. As can be seen from the figure, the cross-sections
of pure PU film (Figure 6a), graphite/CNTs/PU film (Figure 6f) and CIP/CNT/PU film
(Figure 6i) are relatively similar and are all uneven, containing a great number of fragments.
It is believed that these films fracture slowly, and a large deformation occurs. Furthermore,
the cross-sections of graphite/PU film (Figure 6b), CFs/PU film (Figure 6c), Fe3O4/PU film
(Figure 6d), CFs/CNTs/PU film (Figure 6g), and Fe3O4/CNTs/PU film (Figure 6h) look
neat, indicating that brittle fractures have occurred, and the fillers make a significant con-
tribution to the enhancement of the strength of the PU films. The CIP/PU film (Figure 6e)
is special. Its fracture is relatively neat, scattered with holes. On the fracture, the marks of
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multiple brittle fracture are very obvious. It is thought that in the fabrication of CIP/PU
film, a lot of gas and heat is generated, which results in stress concentration along the film.
It is harmful to the tensile performance.

   
(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

Figure 6. The SEM images of fractograph of pure and functional PU films: (a) F1 (WD = 5.7 mm, EHT = 2.0 kV); (b)

F2 (WD = 6.9 mm, EHT = 2.0 kV); (c) F3 (WD = 5.9 mm, EHT = 2.0 kV); (d) F4 (WD = 7.0 mm, EHT = 2.0 kV); (e) F5

(WD = 6.9 mm, EHT = 2.0 kV); (f) F6 (WD = 5.9 mm, EHT = 2.0 kV); (g) F7 (WD = 6.1 mm, EHT = 2.0 kV); (h) F8

(WD = 7.1 mm, EHT = 2.0 kV); (i) F9 (WD = 7.0 mm, EHT = 2.0 kV).

3.1.3. Adhesion

The adhesion can examine the performance of coating film. Only when a microwave-
absorbing film and its substrate have good adhesion do they not fall off easily and exert
their microwave-absorbing properties on the basis of a complete film coverage.

As can be seen from Table 2, the adhesion level of control group F1 is level 3. In
the single-factor process group, the adhesion levels of F2 and F3 are both level 1, and the
adhesion levels of F4 and F5 are both level 2. The adhesion levels in the two-factors process
group are greater than or equal to level 3. When the amount of PU is 100%, part of the
coating will fall off. After adding a single microwave-absorbing filler such as graphite, CFs,
nano Fe3O4 powder and CIP, the adhesion of coating is improved. Especially, the loading
of graphite or CFs will help the adhesion of coating achieve the best level. When the CNTs
are added, the adhesion level of coating film increases. Moreover, large patches of films
peel off. Through comparison, it can be seen that the adhesion levels of the coating films
loaded with CNTs is higher than or equal to those without CNTs. Considering the high
strength of CNTs, the length dispersion is basically along the plane of the film. The effect
of surface tension will weaken the dispersion of functional particles, such as CNTs, micro
powders, microfibers, and so on, at the interface, resulting in the weakening of adhesion
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performance. When the CNTs meet flake graphite, the dispersion characteristics of CNTs
will affect the adhesion performance of the flake graphite, resulting in the decline of the
overall adhesion performance. When the CNTs meet CIP powder, the presence of CNTs
inhibits the exothermic reaction of the CIP, so there are no obvious pores both on the surface
and in the film. CNTs and CIP powder are uniformly dispersed in the film, but due to
the effect of surface tension, there are few opportunities for them to emerge, resulting in a
decrease in the adhesion performance.

Table 2. Test results of the adhesion of the pure and functional PU films.

Experiment Number Level

F1 3
F2 1
F3 1
F4 2
F5 2
F6 4
F7 3
F8 3
F9 4

3.1.4. Optical Density and Transmittance

During the experiment, we found that the addition of fillers will reduce the trans-
parency of the film. The microwave absorption film prepared by us is mainly used for
human body wear, and the change of transparency will have a certain impact on the use
occasion of the composite. Therefore, we performed qualitative measurements on the
parameters of optical density (OD) and transmittance. The test results of OD and trans-
mittance of pure and functional PU films are shown in Figure 7. The LS117 optical density
meter used 380–760 nm whole white light for the test of OD and transmittance, which com-
plied with the international commission on illumination (CIE) photopic function standard.
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Figure 7. Test results of optical density and transmittance of pure and of functional PU films.

It is observed from the Figure 7 that the optical density of the pure PU film is the
smallest (0.04), and the transmittance is the largest (94.97). When such functional phases as
graphite, carbon fiber, nano Fe3O4 powder, and carbonyl iron are loaded in the films in
one-factor process groups, respectively (experiment number F2–F5), the optical densities of
the films increase slightly, remaining at a low level (less than 0.1), while the transmittances
of those one-factor process group films decrease to 83%–90%. In the two-factors process
groups, a certain amount of carbon nanotubes is loaded in the films, combining with the
unchanged amount of powder filler in one-factor process group films. This results in
the rapid rise of optical density of functional PU films, which are all above 1, while the
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transmittance drops sharply. In other words, the addition of CNTs will seriously reduce
the transparency of the microwave-absorbing film, because the SWCNTs inside the CNTs
will absorb light [26].

3.1.5. Antistatic Property

The fillers in this experiment play an important role in absorbing and shielding
electromagnetic waves [27,28]. The results of surface resistance test reflect the influence
of the fillers on the antistatic property of the functional PU films, as shown in Table 3.
The surface resistance of control group F1 is in the order of 109

Ω. F2–F5 are the single-
factor process groups. Among them, the surface resistance of F2 with graphite is the
smallest, which is in the order of 109

Ω, while the surface resistances of F3, F4 and F5
all reach the order of 1011

Ω. The antistatic properties of these four kinds of films in the
single-factor process groups are between conductors and insulators, reaching the order
of a semiconductor, which is similar to pure PU film. In the two-factors process groups
F6–F9, incorporating of CNTs into the single-factor process groups significantly reduces
the order of magnitude of surface resistance, achieving 104–105

Ω. The antistatic properties
of these four kinds of films in two-factors process groups all reach the level of a conductor.
The CNTs possess excellent conductivity [29], showing good electrical properties even in a
semiconductor matrix.

Table 3. Test results of the impedance and surface resistance of the pure and functional PU films.

Experiment Number Surface Resistance (Ω) Antistatic Property

F1 109 Semiconductor

F2 109 Semiconductor

F3 1011 Semiconductor

F4 1011 Semiconductor

F5 1011 Semiconductor

F6 104 Conductor

F7 105 Conductor

F8 105 Conductor

F9 104 Conductor

3.1.6. Selection of Filling Scheme

Based on the analysis of the above experimental results, it can be found that the
combination of Fe3O4 and CNTs can effectively improve the mechanical properties of
microwave-absorbing film. For example, the tensile strength reaches 9.35 MPa, which is
193.15% higher than that of control group F1, and 79.46% higher than that of single-factor
process group F3. In addition, Fe3O4/CNTs/PU film also performs best in the properties
of adhesion, transmission and antistatic in the two-factors process group.

A good general performance is the basis of microwave-absorbing performance. There-
fore, Fe3O4/CNTs/PU film (F8) with excellent general performance is selected to impreg-
nate nonwoven fabric in 1 mm thickness to carry out further research on microwave-
absorbing properties.

3.2. Microwave-Absorbing Property

3.2.1. Gradient Absorbing Structure

The cross-section is observed with SEM, of the Fe3O4/CNTs/PU/PET microwave-
absorbing impregnated nonwoven fabric. As shown in Figure 8a, in the normal direction of
the impregnated nonwoven fabric surface, the resin wrapped densely on the lower surface
of the fiber web. At the same time, the resin on the upper surface is so rare that several
single fibers can be easily made out.
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(a) 

 

(b) 

Figure 8. Structure and principle of PU/PET matrix microwave-absorbing gradient compos-

ites: (a) SEM image of cross-section of PU/PET matrix microwave-absorbing gradient com-

posites (WD = 7.4 mm, EHT = 2.0 kV); (b) Principle of PU/PET matrix microwave-absorbing

gradient composites.

In the lower surface of the fiber web, that is, the side contacting the impregnating
liquid, the resin is densely distributed, and the fibers are wrapped by the resin.

In the normal direction of the impregnated non-woven fabric, the resin distributes in a
gradient manner, which is thick and weighty at the bottom, while thin and insubstantial on
the top. It is undoubtedly that such a gradient structure could enhance the penetration of
microwaves on the outer surface, and the absorption and loss inside the matrix, as shown
in Figure 8b.

3.2.2. Influence of Mass Ratio of Fe3O4/CNTs on Microwave-Absorbing Property

With regard to the fact that Fe3O4/CNTs/PU film (F8) shows excellent general per-
formance, the PET nonwoven fabric is impregnated in the PU slurry with the same com-
position of raw material as the Fe3O4/CNTs/PU film. Also, considering the mass ratio
of Fe3O4 and CNTs maybe have a great influence on microwave-absorbing property of
Fe3O4/CNTs/PU/PET, another two impregnated PET nonwoven fabric with varied mass
ratios of Fe3O4 and CNTs were investigated, as shown in Table 4. During the experiment,
the content of CNTs remained unchanged, and the content of Fe3O4 increased exponentially
to 0.75, 1.5, and 2.25 wt.%, respectively. Figure 9 shows the SEM micrograph and particle
size distribution of Fe3O4 powders. It can be seen from Figure 9 that the Fe3O4 particles
have irregular shapes, but most of the particles are spherical. The diameter of the Fe3O4

particles is mainly concentrated below 500 nm, accounting for 96.25% of the total number of
particles, and the average diameter of the particles is 341.82 nm. Figure 10 shows the XRD
patterns of Fe3O4. The diffraction peaks appear at 2θ of 18.34◦, 30.14◦, 35.50◦, 37.10◦, 43.12◦,
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53.48◦, 57.10◦, 62.58◦, and 74.01◦. Calculated from Bragg’s Law [17], the corresponding
crystal face index is (111), (220), (311), (222), (400), (422), (511), (440), and (533). It is found
that the XRD pattern is basically consistent with the characteristic of peak position and
peak intensity of the cubic crystal system Fe3O4 (JCPDS 99-0073) standard card.

Table 4. Experimental scheme for the ratio of Fe3O4/CNTs.

Experiment Number CNTs/(wt.%) Fe3O4/(wt.%) PU/(wt.%)

F10 1.5 2.25 100
F11 1.5 1.5 100
F12 1.5 0.75 100
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Figure 9. The SEM micrograph and particle size distribution of Fe3O4 powders (a) SEM image (WD = 9.2 mm, EHT = 5.0 kV);

(b) particle size distribution.
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Figure 10. The XRD pattern of Fe3O4.

The bow reflection method is employed to observe the microwave-absorbing perfor-
mances of Fe3O4/CNTs/PU/PET matrix gradient composites, with varied mass ratio of
Fe3O4 and CNTs, in the ranges of 8.2–12.4 GHz and 12–18 GHz.

Figure 11 shows the results of the absorbing performance test. The microwave-
absorbing performance of these three samples face down in the frequency range of 8.2 to
12.4 GHz are as follows. First, Fe3O4/CNTs/PU/PET matrix gradient composite made
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from 1.5 wt.% CNTs, 1.5 wt.% Fe3O4, and 100 wt.% PU shows the highest maximum reflec-
tion loss, which is −2.12 dB. Secondly, Fe3O4/CNTs/PU/PET matrix gradient composite
composed of 1.5 wt.% CNTs, 2.25 wt.% Fe3O4, and 100 wt.% PU resin ranks second, with
the maximum reflection loss of −1.62B. Third, Fe3O4/CNTs/PU/PET matrix gradient
composite containing 1.5 wt.% CNTs, 0.75 wt.% Fe3O4 and 100 wt.% PU resin has the
lowest maximum reflection loss, which is −1.00 dB.
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Figure 11. The influence of different mass ratio of CNTs and Fe3O4 on microwave-absorbing performance of

Fe3O4/CNTs/PU/PET gradient composites, with composites face down: (a) 8.2–12.4 GHz; (b) 12–18 GHz.

The microwave-absorbing performance of these three samples in the 12–18 GHz
frequency band are as follows. The Fe3O4/CNTs/PU/PET matrix gradient composite
composed of 1.5 wt.% CNTs, 1.5 wt.% Fe3O4 and 100 wt.% PU resin has a maximum
reflection loss of −17.19 dB. In addition, the microwave-absorbing performance of the
Fe3O4/CNTs/PU/PET matrix gradient composite containing 1.5 wt.% CNTs, 2.25 wt.%
Fe3O4 and 100 wt.% PU resin and that of 1.5 wt.% CNTs, 0.75 wt.% Fe3O4 and 100 wt.% PU
resin are both −3 dB, with minute differences.

The results suggest that the reflection loss of Fe3O4/ CNTs/ PU/ PET gradient com-
posites can be improved, when carbon nanotubes and Fe3O4 are in the mass ratio of 1:1.
Particularly, a satisfied efficient reflection loss can be achieved in the frequency range of
more than 2 GHz in Ku-band, and the minimum reflection loss reaches −17.19 dB. If the
mass ratio is too large or too small, no efficient microwave-absorbing performance is shown.
It is considered that impedance match is achieved when the mass ratio of CNTs and Fe3O4

is 1:1, the microwave-absorbing reagent can consume most of the electromagnetic waves. If
the mass ratio of dielectric and magnetic medium is too large or too small, the impedance
mismatches, resulting in poor microwave-absorbing performance. It seems that the key in
the development of the thin and lightness of microwave-absorbing materials is just to solve
the impedance matching problem among conductor, dielectric and magnetic medium.

To verify this speculation, the microwave-absorbing performance of these three sam-
ples face up in the frequency bands of both X-band and Ku-band are also displayed, seen
in Figure 12a,b. Both figures show no efficient reflection loss. However, with the mass ratio
of Fe3O4 increasing from 0.75 to 2.25 wt.%, the reflection loss is improved. So, keeping
the absorbers the same, variation of the injected direction of electromagnetic wave onto
a gradient composite leads to a significant difference in their electromagnetic absorbing
performance. It is obvious that the structural parameters of micro objects also play a
key role in impedance matching. It can be inferred that impedance matching, which im-
pacts greatly on microwave-absorbing materials, depends not only on the electromagnetic

351



Coatings 2021, 11, 982

performances of conductors, dielectric and magnetic mediums, but also on their macro
structures’ parameters.
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Figure 12. The influence of different mass ratio of CNTs and Fe3O4 on microwave-absorbing performance of

Fe3O4/CNTs/PU/PET gradient composites, with composites face up: (a) 8.2–12.4 GHz; (b) 12–18 GHz.

4. Conclusions

• Microwave-absorbing powder can significantly improve a film’s tensile property.
When Fe3O4 and CNTs are combined in usage of a filler, the tensile strength of the
film reaches a maximum value of 9.35 MPa. When CIP and CNTs are mixed as fillers,
the breaking elongation of the film reaches the maximum, which is 267.46%. CNTs
can increase the adhesion level of coating film, while the other microwave-absorbing
powders will help enhance the coating adhesion. The antistatic property of films in
the single-factor process groups is similar to that of pure PU film, which is similar
to semiconductor. The loading of CNTs in PU film significantly reduces the surface
resistance, so that the functional PU films loaded with CNTs is similar to conductor.

• The combination of Fe3O4 and CNTs can effectively improve the mechanical properties
of PU film. For example, the tensile strength is 193.15% higher than that of the control
group F1, and 79.46% higher than that of the single factor process group F3.

• The mass ratio of CNTs and Fe3O4 has a significant impact on the microwave-
absorbing properties of PU/PET matrix gradient composites. In the Ku-band, when
the mass ratio of CNTs and Fe3O4 is 1:1, the PU/PET matrix microwave-absorbing
composite in the thickness of 1 mm has a maximum reflection loss of −17.19 dB.
When the mass ratio of CNTs and Fe3O4 is more than or less than 1:1, PU/PET matrix
gradient composites show poor microwave-absorbing performance.

• The Fe3O4/CNTs/PU/PET matrix gradient composite was easily fabricated with
needle punched nonwoven and shown notable electromagnetic absorbing perfor-
mance, indicating the great prospects of gradient nonwovens in electromagnetic
absorbing fields.

• The Fe3O4/CNTs/PU/PET matrix gradient composite was easily fabricated with
needle punched nonwoven and shown notable absorbing performance, indicating
the great prospects of gradient nonwovens in electromagnetic absorbing fields. Our
current work tries to clarify the macro performance of different PU/PET matrix
gradient composites with microwave-absorbing function. Further research involving
the relationship between different structure forms at micro-level, meso-level and
macro-level will be conducted in the future.
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Abstract: The main objective of this work is to investigate the mechanism of sulfur diffusion from

the mold (sand resin P-toluol sulfonic acid mold, sulfur-containing acid) in liquid cast iron in order

to limit the graphite degeneration in the surface layer of iron castings. A pyramid trunk with square

section samples was cast. On the opposite side of the feed canal of the samples, steel sheets with

different thicknesses (0.5, 1, and 3 mm) were inserted with the intention of blocking the diffusion of

sulfur from the mold into the cast sample during solidification. The structure evaluation (graphite

and matrix) in the surface layer and the casting body was recorded. The experimental results

revealed that by blocking the direct diffusion of sulfur at the mold-casting interface, a decrease of the

demodified layer thickness (for 0.5 mm steel sheet thickness) is obtained until its disappearance (for

steel sheet thicknesses of more than 1 mm). The paper contains data that may be useful in elucidating

the mechanism of graphite degeneration in the superficial layer of ductile iron castings. Based on

the obtained results, we recommend using such barriers on the metal-mold interface, which are

able to limit sulfur diffusion from the mold/core materials into the iron castings, in order to limit or

even cease graphite degeneration in the Mg-treated surface iron casting layer. The paper presents

additional data related to the interaction of sulfur at the ductile iron casting-mold interface previously

analyzed.

Keywords: ductile cast iron; sulfur diffusion; structure; graphite degeneration; surface layer

1. Introduction

Although the graphite degeneration phenomenon was highlighted in the first iron
castings, with compact graphite shapes obtained, not enough is known about the phe-
nomenon at present. Many papers have identified its surface degenerated structure as an
effect of sulfur diffusion from the mold into the Mg-treated iron melt [1–8].

The analysis of the demodifying graphite structure in the superficial layer of compact
graphite iron castings requires the most accurate knowledge of physico-chemical processes
at the liquid metal-mold interface. It is important especially in the cooling phase of liquid
metal when it is in direct contact with the mold. During solidification, contact between
the liquid and the mold is made by means of a solidified crust, which implies a slower
diffusion and an interruption of the contact of the alloy with the atmosphere of the mold.

Previous works [1,6–10] have pointed out that decreasing the residual magnesium
content aggravates the surface graphite degeneration five times more in mold including
sulfur, compared with no-sulfur mold media. If the sulfur contribution of the mold is
diminished, such as by blocking its transfer to the iron melt, the graphite degeneration in
the casting surface layer can be avoided or, at least, diminished. Graphite degeneration in
the casting surface layer is promoted by a S-bearing coating, or conversely, it is possible to
limit the surface layer thickness using desulfurization type coatings (Al2O3, CaCO3, Basic
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slag, CaF2, Talc, Mg), with Mg-bearing coatings as performance [1,6–8]. It has also been
found that the negative role of oxygen and especially of sulfur in graphite degeneration in
the surface casting layer can be counteracted by the addition of materials able to block the
diffusion of these elements into the iron melt, such as carbonic material (more efficient to
limit oxygen effect) and iron powder (especially to limit sulfur negative effects) [9].

Recently, it was found that in the presence of a thin steel sheet at the metal-mold
interface, the thickness of the surface layer decreases or is just avoided. It was suggested
that it acts as a barrier, blocking sulfur diffusion into the iron melt [10]. The present paper
aims to elucidate some aspects of the demodifiyng process related to the mechanism of the
transition of sulfur from the mold into liquid cast iron through the prism of the diffusion
blocking effect at the interface.

2. Materials and Methods

The base iron melt was prepared using the induction furnace with acid liner (100 kg
capacity, 2400 Hz frequency, Inductro, Bucharest, Romania). A total of 100 wt.% cast iron
scrap, carbonic material (0.37 wt.% addition, >98 wt.% C) and CaC2 (0.43 wt.% addition)
were used as charge materials, and 2 wt.% FeSiCaMgRE (6 wt.% Mg) alloy was used as
nodulizer (Tundish Cover treatment technique, Politehnica University, Bucharest, Roma-
nia), followed by ladle inoculation (CaBaFeSi, 0.5 wt.% addition). The thermal regime of
iron melt processing was as follows: superheating temperature: Ts = 1550 ◦C; Mg-treatment
temperature: Tm = 1530 ◦C; pouring temperature: Tp = 1350 ◦C. The inoculated Mg-treated
iron was poured in a pyramid trunk with square section samples and with steel sheets (0.5,
1, and 3 mm thickness) inserted at the casting-mold interface (Figure 1). For comparison, a
sample without a steel sheet was cast (for more details, see paper [10]).

Figure 1. The inserted steel sheet position in mold (transversal section).

The structure evaluation in the surface layer and the casting body was made according
to Figure 2. Graphite morphology analysis [10] was conducted by using a professional
automat image analyzer (OMNIMET ENTERPRISE and analySIS® FIVE Digital Imaging
Solutions software version 5.0, Waukegan, IL, USA), using both the standard cast iron
modulus and particle analysis software.

The structure analysis in the casting body was recorded on the three parallel directions
on a 5 mm casting thickness, starting at a 3 mm distance from the casting surface (Figure 2a).
Nine analysis points, with a 0.66 mm distance between them in each direction, were used.
The average value of the 27 analyses was considered.
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Figure 2. The analysis procedure to evaluate the structure parameters (graphite and metal matrix) in

the casting body (a) and in the surface layer and skin (surface layer) thickness (b,c) (Units-mm).

Figure 2b,c shows the procedure of structure analysis on the section of the surface layer.
In order to avoid the end effect, the structure analysis was recorded at a distance of 16 mm,
with 17 analysis points each at a 1mm distance between them. The degenerated graphite
layer was measured by metallographic microscope analysis (100:1 magnification) as a
visible layer thickness up to prevalent nodular graphite morphology presence, in un-etched
and Nital etched conditions. For this purpose, with the assistance of the automatic image
analyzer, images of the degenerate layer were captured on the un-etched and Nital etched
samples, on which measurements of the thickness of the degenerate layer were made, after
the previous calibration of the instrument. The degenerate surface layer was delimited
based on the visible decrease of graphite compactness, on the un-etched samples, and by
measuring the thickness of the predominantly ferritic area determined by the decrease
of graphite compactness. There are some differences between the two measurement
variants because in the un-etched state the degenerate layer was more difficult to delimit,
while the boundary pearlite/ferrite had a more visible contrast. The measurement points’
layer thickness are at 100 µm between these points, with an average value consideration.
Graphite nodularity (according to the relation (1)) on the casting section, starting from the
casting surface, is also used to evaluate the skin thickness.

3. Results and Discussion

3.1. Chemical Composition

The chemical composition was evaluated for the base cast iron (wt.%: 3.37 C, 1.42 Si,
0.54 Mn, 0.021 S, 3.83 CE (carbon equivalent)), for the cast iron after the Mg-treatment (wt.%:
3.44 C, 2.56 Si, 0.62 Mn, 0.013 S, 0.059 Mg, 0.02 Ce, 0.0086 La, 4.24 CE), and inoculation (wt.%:
3.37 C, 2.93 Si, 0.62 Mn, 0.015 S, 0.048 Mg, 0.015 Ce, 0.006 La, 4.2 CE). The resulting ouble
treated cast irons (Mg-treatment + Inoculation) are characterized by an eutectic position
in the Fe-C diagram and a good nodulizing potential (Mg-Ce-La residual contents). The
residual elements content is below the limits considered critical for the shape of graphite
(wt.%: 0.006–0.012 Al, 0.005–0.006 Ti, 0.045–0.05 Cr, 0.036–0.037 Ni, 0.04–0.05 Cu, 0.008–
0.009 Mo, 0.005–0.006 Co, 0.002–0.003 V, 0.0002–0.0004 Pb, 0.0004–0.0005 Sn, 0.0055–0.006
As, <0.001 Sb, <0.001 Te, 0.0009–001 B, 0.0002–0.0005 Zn, 0.008–0.01 N, <0.0005 Bi).

3.2. Structure Characteristics

Nodular graphite morphology characterizes the structure of the casting body, with
more than 80% graphite nodularity (Equation (1) in all of the tested variants (Figure 3)).

N = [(∑ANG + 1/2∑AIG)/∑Atot] × 100% (1)

where

ANG—area of particles classified as nodules (RSF = 0.625–1.0);
AIG—area of particles classified as intermediates (RSF = 0.525–0.625);
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Atot—area of all of the graphite particles;

RSF—roundness shape factor = 4A/πl2;
A—area of the graphite particle in question;
l—maximum axis length of the graphite particle in question (maximum distance between
two points on the graphite particle perimeter).

The presence of the steel sheet at the mold–cavity interface led to graphite nodularity
improvement (5%) and the nodule count increasing (1.5 time), with the presence of the
fine nodules (max. 30 µm, Size 7, ISO 945) 1.75 time higher, favoring the ferrite amount
increasing in the casting body. Under steel sheet influence, acting as a chilling agent (higher
cooling rate), a limited amount of carbides resulted (2%–4%).

By blocking direct diffusion at the interface with the help of steel plates, a decrease
in the thickness of the demodified layer (0.5 mm sheet thickness) was obtained until its
disappearance (at 1 and 3 mm sheet thicknesses) (Figure 4).

At 0.5 mm sheet thickness, a discontinuous layer of degenerate graphite appeared. Its
appearance may have been due to the rapid overheating of the steel sheet and the layer’s
arrival in a semi-viscous state, which favored the diffusion of sulfur from the mold in liquid
cast iron. It was found that the layer thicknesses obtained on the samples etched with Nital
2% were higher than those obtained by measuring on un-etching samples, which confirms
that the demodifying effect is manifested inside the samples, inducing changes in the metal
matrix.

It is suggested that in the first stage of solidification, the diffusion of sulfur from the
furan resin mold in steel sheet occurred. By pouring the iron melt into the furan resin mold,
under the water vapors and the temperature action, P-toluol sulfonic acid (PTS) dissociated
with sulfuric acid forming, according to the Equation (2):

CH3C6H4SO3H (PTD acid) + H2O (water steam) → C6H5CH3(toluene) + H2SO4 (2)

The dissociation of sulfuric acid and aromatic sulfonic acids from the catalyst compo-
sition (which ensures furan resin ionic polymerization and the mold hardening) resulted
in the SO2 migrating to the interface and creating a concentration of sulfur on the metal
surface following the Equation (3):

3〈Fe〉+ {SO2} = 〈FeS〉+ 2〈FeO〉 (3)

The reaction was similar to the sulfurizing process of the solid metal charge in the
cupola of gaseous atmospheres containing SO2.

From the ∆G relation (∆G = −73500 + 25.33T, J), it resulted that with the temperature
increase, the reaction was carried out to the left, in the sense of sulfur oxidation. However,
experiments [11] performed by maintaining a sample of steel in the SO2 atmosphere have
shown that as the temperature increases the sulfurization process intensifies, especially
above the temperature of 800 ◦C [12]. This has been attributed to the formation of sulfur
eutectics that pass into the liquid state (FeO-FeS, at 940 ◦C and Fe-FeS, at 975 ◦C), favouring
the adsorption of sulfur from gases. At the same time, the temperature increase deter-
mines the diffusion intensification process of sulfur through the solid metal, reducing its
concentration in the superficial area, thus favoring the reaction to the right.

The formed iron sulfide determined the concentration of sulfur in the superficial layer
of the steel sheet and created the conditions for diffusion through the steel sheet in which
the concentration of sulfur was lower (less than 0.05 wt.% S).
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Figure 3. Graphite Nodularity and Nodule Count (a) and Structure (b) in the casting body as steel

sheet thickness influence in un-etching and etching conditions, respectively (I-sample without steel

sheet, II-sample with 0.5 mm steel sheet thickness, III-sample with 1 mm steel sheet thickness,

IV-sample with 3 mm steel sheet thickness).
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Figure 4. Graphite degenerated layer thickness as steel sheet thickness influence in un-etching and Nital etching conditions,

respectively. Superficial layer structure as reference (a,e), 0.5 mm steel sheet influence (b,f), 1 mm steel sheet influence (c,g)

and 3 mm steel sheet influence respectively; a, b, c, d-un-etched samples; e, f, g, h-Nital etched samples.

In the second stage, the diffusion of sulfur from the steel sheet in the liquid cast iron
sample occurred.

In the case of steel sheet barriers introduction, the time of solid crust formation was
considerably reduced due to an increase of the solidification constant.

In the first stage, the diffusion of sulfur from the furan resin mold and the steel sheet
occurred.

The diffusion of sulfur from the gas phase through the steel sheet is governed by
Fick’s second law, whose analytically transposed solution for flat finite media and short
durations is:

F =
Cm − C0

Cs − C0
= 1.128 ×

√
D × t

l
(4)

where

F is the sulfur saturation fraction;
Cm—the average concentration of the broadcast substance (in our case, sulfur) at time t > 0;
C0—the initial concentration of the broadcast substance at time t = 0 (in our case, the sulfur
concentration in the steel sheet, S0 = 0.05%–0.06%) is admitted: S0 = 0.055 wt.%;
CS—the concentration of the broadcast substance at the interface (the sulfur content in the
boundary layer created by the reaction between Fe and SO2); for the calculation, the sulfur
concentration at the interface is considered 1 wt.%;
D—the diffusion coefficient of sulfur in the solid steel sheet (at a temperature of 1000 ◦C,

DS = (2...7) × 10−10 cm2/s [11]);
l—the distance on the sheet depth.
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For a steel sheet with 0.5 mm thickness, at t = 10 s, it results:

F =
1.128

√
4.5 ·10−10·10

0.5 ·10−1
≃ 0.0015

Result:
Cm − C0

Cs − C0
=

Cm − 0.055

1 − 0.055
= 0.0015

Cm = 0.0564 wt.%, which means an increase of sulfur in the steel sheet of about 2.6 wt.%
after 10 s.

For steel sheets of 1 mm and 3 mm, respectively, the concentrations Cm = 0.0550 wt.%
S result, which means that at thicknesses greater than 1 mm there is no noticeable concen-
tration of sulfur in the sheets (Cm = C0).

Next, the diffusion of sulfur from the steel sheet into the liquid cast iron from the
sample:

• The diffusion coefficient of sulfur in liquid cast iron at 1400 ◦C is [11]: DS
1400 = 3.50 ×

10−5 cm2/s;
• The sulfur concentration in the steel sheet after the diffusion of sulfur from the mold,

CS = 0.0564 wt.% (calculated);
• Sulfur concentration in modified cast iron, C0 = 0.015 wt.%;
• Diffusion layer thickness is considered equal to the demodified layer average thickness

(for the present example, on the 0.5 mm steel sheet, a demodified layer determined by
means of the shape factors, δstr = 0.13 mm, resulted [10]);

The sulfur saturation fraction according to Equation (4) is:

F =
1.128

√
3.5 × 10−5 × t

0.13 × 10−1
= 0.51 ×

√
t =

Cm − C0

Cs − C0
=

Cm − 0.015

0.0564 − 0.015

The average concentration of sulfur in the broadcast layer results,

Cm = 0.015 + 0.0211 ×
√

t (5)

Example: For t = 10 s, Cm = 0.0817 wt.% S.
This amount of sulfur can annihilate 0.0817 · 24/32 = 0.061 wt.% Mg; thus, more than

the residual Mg content of cast iron (0.048 wt.%). This explains the appearance of a small
degenerated layer in the sample.

The diffusion of sulfur in liquid cast iron was limited by the solidified cast iron crust
formation at which the diffusion coefficient is much lower (DS = (2...7) × 10−10 cm2/s, at a
temperature of 1000 ◦C) [11]. In this context, it would have been useful to determine the
moment of solid crust formation at the interface.

For the samples analyzed in this paper, a law of solidified crust thickness variation
(δ) resulted like: δ = 0.908 × 10−3 ×

√
t = 3.12 × 10−3 m whence it results for δ = 0,√

t ≥ 3.12
0.908 ≥ 11.8 s.

This means that after about 12 s from the casting, the solid crust formation began for
the samples cast in the furan resin mold, without steel sheets.

During this time, reactions at the interface between the liquid iron during cooling and
the mold developed.

In the case of the steel sheet barriers’ introduction, the solid crust formation duration
was considerably reduced due to the increase of the solidification constant. For example,
at an estimated value of the solidification constant in the case of casting in steel molds,

k = 2.8 × 10−3 m/s
1
2 , a duration of solidified crust formation of about 1.2 s results. This

is also the reason why the demodified layer thickness in the ductile cast iron samples, in
which steel sheets at the interface were inserted, was practically zero compared to the
sample without protection sheets in which the demodified layer thickness exceeded 200 µm.
Moreover, as resulted from the calculations, at steel sheet thicknesses greater than 1 mm,
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this became an effective barrier against the diffusion of sulfur from the mold into the cast
piece.

Besides the main effect of degeneration of the graphite, other effects of sulfur diffusion
were recorded, considered secondary but with implications on the quality of the surface
layer:

• The chill effect (free carbides formation) occurred in the white cast iron layer for-
mation (ledeburite + cementite + pearlite) in the interface areas where liquid cast
iron infiltrated into the pores of the mold (Figure 5a,b). In these areas, due to the
large contact surface between the liquid iron and the mold, the diffusion of sulfur
was favoured, leading to concentrations of over 0.3 wt.%–0.4 wt.% S at which its free
carbides formation effect was visible. This is only a supposition. Future investigation
must elucidate this aspect.

• Formation of complex compounds in the surface layer of the samples and in the slag
film on their surface (Figure 5c,d). They were evaluated only by morphologic aspect.
Energy-dispersive X-ray analysis (EDAX)examinations are needed for quantification.

• Formation of graphite particles with an advanced degree of degeneration, indicat-
ing changes in growth directions and Mg/S ratio as a result of changes in sulfur
concentration (Figure 5e).

The steel sheets could not be fully melted due to their high melting temperature, but
they created effects at the interface due to the diffusion of carbon from cast iron into steel,
increasing the cooling rate of liquid cast iron at the interface and limiting the transition
of sulfur from mold to cast iron due to the much lower diffusion rate in the solid state
compared to the liquid state. These effects were manifested by:

• Formation of mixed graphite structures at the interface (Figure 6a);
• Modification of the matrix structure in steel sheets from ferritic to ferrite-pearlitic and

even hypereutectoid steel (pearlite + secondary cementite), due to the strong diffusion
of carbon from the liquid cast iron into the steel sheets (Figure 6b);

• Formation of metastable cast iron structures (pearlite + cementite + graphite) (Figure 6c).

These effects, visible in the steel sheet with a thickness of 0.5 mm, faded in those with
greater thicknesses (1–3 mm), where it took the cooling effect to slow down the diffusion
processes, and these effects favored the rapid formation of a solid cast iron crust in which
the demodification effect no longer manifested.

Figure 5. Effects of sulfur in the surface layer of cast samples: (a,b)-free carbides formation; (c,d)-

formation of complex compounds; (e)-complex graphite shapes.
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Figure 6. The steel sheets’ effects on the interface liquid ductile iron-furan resin mold: (a)-mixed

structures at the interface (steel-cast iron); (b)-Widmannstaten structure in the steel sheet; (c)-mottled

cast iron structure in the surface layer (details from photo (a)).

4. Conclusions

The introduction of barriers to the liquid cast iron-mold interface, in the form of steel
sheets, has generated effects depending on their ability to change the thermal balance of
solidification.

In the case of using steel sheets with a 0.5 mm thickness, the presence of degenerate
graphite was observed in the surface layer, which means that there was a diffusion of
sulfur.

The steel sheet with a 0.5 mm thickness, although not completely assimilated, did not
eliminate the effect of superficial demodification, but caused secondary effects due to a
change in the thermal balance at the interface, given that the diffusion processes, especially
of C and S, generated the formation of complex structures specific to cast iron–steel border
areas.

The steel sheets with 1–3 mm thickness also stopped the superficial demodification
process, by accelerating surface cooling and favoring the early formation of a solidified
cast iron crust in which the demodification effect does not occur. It can be said that at
higher thicknesses, the steel sheets show the effect of external coolers. The role of coolers is
highlighted by the finishing of graphite in cast iron samples and the appearance of carbides
in the metal matrix.

Theoretical calculus shows the possibility of sulfur diffusion limitations by the use of
protective steel sheets in the liquid-mold interface. The thickness of these sheets must be
calculated as dependent on casting solidification parameters (casting modulus, purring
temperature, eutecticity degree of ductile iron, etc.). Future investigations are necessary in
order to establish the concrete conditions of practical applications.
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11. Sofroni, L.; Ripoşan, I.; Brabie, V.; Chisamera, M. Cast Iron; EDP: Bucharest, Romania, 1985.

12. Anca, D. Research on the Loss Modifyung Effect in the Superficial Layer Phenomenon of the Iron Castings. Ph.D. Thesis,

Politehnica University of Bucharest, Bucharest, Romania, 2014.

364



Citation: Yin, Y.; Li, C.; Yan, Y.; Xiong,

W.; Ren, J.; Luo, W. MoS2-Based

Substrates for Surface-Enhanced

Raman Scattering: Fundamentals,

Progress and Perspective. Coatings

2022, 12, 360. https://doi.org/

10.3390/coatings12030360

Academic Editor: Alessio Lamperti

Received: 30 January 2022

Accepted: 5 March 2022

Published: 8 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Review

MoS2-Based Substrates for Surface-Enhanced Raman Scattering:
Fundamentals, Progress and Perspective

Yuan Yin 1, Chen Li 1, Yinuo Yan 1, Weiwei Xiong 1, Jingke Ren 2 and Wen Luo 1,*

1 School of Science, Wuhan University of Technology, Wuhan 430070, China; yinyuan@whut.edu.cn (Y.Y.);
lichenlc@whut.edu.cn (C.L.); yanyinuo@whut.edu.cn (Y.Y.); vivianx@whut.edu.cn (W.X.)

2 School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, China;
renjingke518@163.com

* Correspondence: luowen_1991@whut.edu.cn

Abstract: Surface-enhanced Raman scattering (SERS), as an important tool for interface research,
occupies a place in the field of molecular detection and analysis due to its extremely high detection
sensitivity and fingerprint characteristics. Substantial efforts have been put into the improvement of
the enhancement factor (EF) by way of modifying SERS substrates. Recently, MoS2 has emerged as
one of the most promising substrates for SERS, which is also exploited as a complementary platform
on the conventional metal SERS substrates to optimize the properties. In this minireview, the funda-
mentals of MoS2-related SERS are first explicated. Then, the synthesis, advances and applications
of MoS2-based substrates are illustrated with special emphasis on their practical applications in
food safety, biomedical sensing and environmental monitoring, together with the corresponding
challenges. This review is expected to arouse broad interest in nonplasmonic MoS2-related materials
along with their mechanisms, and to promote the development of SERS studies.

Keywords: surface-enhanced Raman spectroscopy; MoS2; two-dimensional materials; charge transfer

1. Introduction

SERS is an effective spectroscopic technique for the detection and analysis of molecules
adsorbed on rough metal surfaces or other nanostructures with high sensitivity and accu-
racy [1]. It was first observed due to the miraculous increase in signals of surface-enhanced
Raman spectra of pyridine adsorbed on electrochemically rough silver in 1973, 45 years after
the first discovery of Raman scattering [2]. Since then, the scope of SERS has been gradually
broadened due to its characteristics such as high sensitivity and selectivity, rapid measure-
ment, fingerprint characteristics, nondestructive examination, and good biocompatibility
(Figure 1a). Numerous experiments have been carried out to explain the mechanism of
enormous signal enhancement. It was not until the proposal of electromagnetic mechanism
(EM) and chemical mechanism (CM) in 1977 that the reinforcement mechanism of SERS was
basically formed and well acknowledged [3,4]. Later, as more newly fabricated materials
were applied as SERS substrates, the reinforcement mechanism was gradually refined and
has become the important focus of theoretical research on SERS [5,6].

The conventional substrates for SERS were some surface-roughened noble metals such
as gold, silver and copper [7,8]. There are two main ideas to improve detection accuracy
and expand the application scope of metal substrate for SERS: (1) moving concentration
from precious metals to transition metal nanoarrays [9–12] and (2) changing the config-
uration and shape of Au/Ag nanoparticles (Au/Ag NPs) [13,14], such as Au nanocube
array [15], concave–convex nanostructure array [16], checkerboard nanostructure [17],
among others [18,19] (Figure 1b).

Another research idea is to combine different kinds of materials to exploit the advan-
tages of diverse materials jointly and achieve better performance in various aspects [20,21].
At present, with two-dimensional (2D) materials flourishing, researchers are attempting to
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utilize these materials as substrates for SERS. Some of these 2D semiconductor materials
are emphasized for their high chemical stability, good biocompatibility and controllability
during fabrication [22–24]. Among them, MoS2 emerges as one of the most promising
materials as a new platform for SERS research owing to its extraordinary adsorption capac-
ity and fluorescence quenching ability [25,26]. Moreover, MoS2 has its apparent merits in
photoelectric devices, electrochemistry and biosensors [27]. The band gap of MoS2 can be
adjusted from 1.29 to 1.9 eV as the number of layers increases, demonstrating its flexibility
and light absorption [28]. Although the SERS enhancement factor of a single pristine MoS2
monolayer is relatively small, its combination with metal nanoparticles can overcome the
weak adsorption capacity and aggregated oxidation of a single metal substrate [29,30].
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Figure 1. (a) Features of SERS; (b) development of research on SERS substrate; (c) schematic of Raman
scattering; (d) EM: surface plasmon resonance on metal surface; (e) CM: charge transfer between
analyte molecules and roughed substrate.

In this review, we begin by introducing the fundamentals of SERS, including two
commonly accepted SERS mechanisms and MoS2-related SERS mechanisms. Then, several
basic synthesis methods, advances and multitudinous applications of MoS2-based sub-
strates are discussed. Finally, we summarize the current situation of SERS centered on MoS2
material and look forward to its development trend. We hope this review encourages broad
interest and sheds light on the synthesis and application for SERS with high sensitivity.

2. Fundamentals of SERS

2.1. SERS Mechanism

Raman scattering was first discovered in 1928 and refers to the change in frequency of
a light wave when it is scattered. When light is scattered from an atom or molecule, most
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photons are elastic scattering, also known as Rayleigh scattering, meaning that the photons
have the same frequency before and after scattering [31]. However, a small part (about
10−10–10−6) of the photons changes in frequency, namely Raman scattering (Figure 1c), and
SERS is based on Raman scattering.

EM is considered the leading cause of the SERS phenomenon, represented by the
surface plasmon resonance (SPR) model of the metal (Figure 1d), which has a long-range
effect and has little to do with the type of adsorbent molecules [32–35]. Surface plasmons
were first observed in the spectrum of light diffracted on a metallic diffraction grating. It was
soon proven that the anomaly was associated with the excitation of electromagnetic surface
waves on the surface of the diffraction grating [36]. It was recognized that under the action
of the photoelectric field, electrons near the metal surface would produce dense vibrations,
causing excitation of the plasmons, especially on a rough surface [37]. Once the incident
light frequency matches the oscillation frequency of electrons near the metal surface, a
local surface plasma resonance occurs. Then, the electromagnetic field in the vicinity of
the nanoparticles is significantly enhanced [38]. The electromagnetic enhancement also
includes the image field enhancement [39] and tip lightning rod effect [40], though their
contribution is smaller than the SPR mentioned above.

CM refers to the charge resonance transition generated by the interaction between
molecule and substrate (Figure 1e), as well as charge transfer between analyte molecules.
Unlike EM, CM has a short-range effect and mainly depends on the type of adsorbent
molecules and the interplay between detected molecules and the substrate [41,42]. Because
of the complexity of the substrate and the detection of molecular species, CM is far more
complicated than EM [43].

CM primarily suggests that electrons in the metal are excited to the charge-transfer
state under laser irradiation of appropriate wavelength, which causes relaxation of the
molecular nuclear skeleton. Therefore, when the electron returns to the metal, the photon
emitted is one less vibrational quantum of energy than the incoming light. The enhancement
is caused by the resonance of the scattering process with the charge-transfer state [44].

2.2. MoS2-Related SERS Mechanism

It was proven that the EF of 2D monolayer MoS2 as SERS substrate to detect
4-Mercaptopyridine could reach 105, much higher than the previous observation on 2D
graphene and boron nitride [45]. This considerable enhancement in the SERS signal is prob-
ably attributed to interface dipole interaction and the enhanced charge transfer from 2D
MoS2 to organic molecules when in resonance [46]. Although the enhancement mechanism
of the metal/MoS2 composite substrate is not well understood, theorists generally believe
that both EM and CM make contributions.

One of the more plausible explanations is that since the Fermi level of MoS2 is higher
than that of Au nanoparticles, Au nanoparticles act as the electron capture centers in
the conduction band of MoS2, resulting in the transfer of electrons from MoS2 to Au.
Therefore, potential changes and the formation of the Schottky barrier occur on the surface
of MoS2 (Figure 2a,b). This process, together with the electromagnetic enhancement of Au
nanoparticles, remarkably enhances the Raman signal [47].

Another explanation takes the more general interaction between semiconductors and
metals into account and suggests that light exposure plays a crucial role in enhancing
the Raman signal. In this course, two conditions may contribute to signal enhancement.
First, owing to the localized surface plasmon resonance (LSPR) of metal nanocrystals, local
enhanced electromagnetic fields are generated on the surface (the gray areas in Figure 2c,d).
When the metal nanocrystals are close enough to MoS2, the local electromagnetic field and
the absorption spectrum of MoS2 overlap, which promotes the electron transfer from the
valence band to the MoS2 conduction band and generates electron-hole pairs (Figure 2c).
Because of the strong field of the metal nanocrystals, the intensity of this process is in-
creased by several orders of magnitude relative to light alone. During their interaction, the
enhancement effect of the Raman signal is further amplified. The other functioning mecha-
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nism is related to plasmonic sensitization. In simple terms, the laser-induced plasmonic
sensitization excites electrons in the conduction band of metal nanocrystals to overcome
the Schottky barrier and jump into the conduction band of MoS2 (Figure 2d). The elec-
tromagnetic and chemical enhancements are amplified by plasma excitation and electron
transfer during the entire process.
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Figure 2. (a,b) Schematic diagram of Fermi level movement of Au/MoS2 hybrid SERS substrate.
Reprinted with permission from ref. [48]. Copyright 2014 Springer Nature. (c) Mechanism for
plasmonic enhancement of light absorption. (d) Mechanism for plasmonic sensitization and electron
excitation from the metal nanocrystal to MoS2.

3. Hybrid SERS Nanostructures Based on MoS2

3.1. Synthesis of MoS2-Related SERS Substrates

Different research groups have prepared MoS2-based SERS substrate using diverse
methods. They have found differences in the final enhancement effect through comparison,
which implies that preparation technology can influence the efficiency and detection sensi-
tivity of SERS to some extent [49–54]. The preparation methods of SERS substrates have
been constantly updated and developed with the development of preparation technology.
In the following, we describe some classical preparation methods and discuss the effect of
impurities and defects introduced during the preparation process on the detection limits.

3.1.1. Synthesis of MoS2

Currently, there is a wide variety of preparation technologies for SERS substrates to
MoS2. The following are some traditional approaches, namely the hydrothermal/solvothermal
method, chemical vapor deposition (CVD) method and mechanical force stripping method.

Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal method uses molybdenum-containing compounds as
molybdenum sources and high-purity sulfur compounds as sulfur sources and surfactants.
These two are mixed by reaction, and the liquid sample mixture is acquired after complete
stirring. The mixture is then dried, heated and molded through a closed-kettle under
high temperature (Figure 3a). In the sealed heating process, MoS2 substrates with different
morphologies can be obtained by controlling the reaction time, temperature and the number
of reaction reagents. For instance, Jiang et al. [55] used Na2MoO4·2H2O (molybdenum
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sources), CH3CSNH2 (sulfur sources) and H4[Si(W3O10)4]·xH2O to collect deposited MoS2
in the autoclave. It was employed as SERS substrate to detect carbohydrate antigen 19-9 in
serum directly, and the final minimum detection concentration reached 10−14 mol·L−1 level.

Chemical Vapor Deposition (CVD)

The CVD method is one of the traditional methods for the preparation of large-area
nanofilm materials [56]. After decades of technical innovation, it is considered a mature
technology for preparing 2D nanofilm materials [57,58]. The preparation process involves
placing the growth base in a CVD tubular furnace, passing it through the precursor gas
and allowing it to react on the surface of the substrate [59]. In preparing MoS2 nanosheet
films by the CVD method, Mo is first sputtered on SiO2 substrate, then MoS2 nanometer-
thin films are grown on the surface through the reaction between Mo and sulfur vapor in
the furnace. The size and thickness of the MoS2 substrate can be modulated artificially
by altering the thickness of Mo metal films. Zhan and colleagues [60] used this method
to deposit Mo on the SiO2 substrate surface and fabricated a MoS2 thin-film layer by
heating sulfur powder and reacting with Mo at a high temperature. Zheng et al. [61] used
electrochemically oxidized Mo foil as a growth material to achieve layer-by-layer growth
of MoS2 by rapid sulfidation of Mo oxides in the gas phase (Figure 3b).

Mechanical Stripping Method

The mechanical stripping method applies the viscosity of special tape to act on the
surface of MoS2 material to weaken Van der Waals forces of MoS2 between layers (Figure 3c).
Without breaking the covalent bond, MoS2 layered structure or even a single layer structure
can be obtained. The thin layer is attached to the SiO2/Si substrate surface to form a MoS2
substrate. Yan et al. [62] obtained MoS2 substrate for Rh6G molecule detection with a
minimum detection limit of 10−8 mol·L−1 by the mechanical stripping method combined
with heating and annealing treatments.
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Figure 3. (a) Schematic of hydrothermal method to fabricate MoS2 nanoflowers. Reprinted with
permission from ref. [63]. Copyright 2018 Elsevier. (b) CVD growth of MoS2 flakes using arched
oxidized Mo foil as precursor. Reprinted with permission from ref. [61]. Copyright 2017 John Wiley
and Sons. (c) The flowchart of the mechanical stripping method to prepare 2D MoS2.
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3.1.2. Synthesis of Metal/MoS2 Hybrid Substrate

Recent approaches to prepare metal/MoS2 hybrids substrates for SERS can be orga-
nized into three categories: (1) physical methods: physically depositing specific metal on
MoS2 or placing ready-made metal nanoparticles on MoS2 directly; (2) chemical methods:
spontaneous reduction method, self-assembly technology, thermal reduction method (in-
cluding hydrothermal method, solvothermal method, microwave-assisted hydrothermal
method), among others; (3) nanoetching methods: plasma etching, electron beam lithog-
raphy (EBL) and photoetching. We emphatically describe the latter two approaches in
this part.

Spontaneous Reduction Method

The spontaneous reduction method refers to the initiative reduction reaction between
the prepared MoS2 film and the precursor solution of metal nanoparticles such as HAuCl4
solution (the precursor of gold NPs), to obtain directly the metal/MoS2 composite substrate.
This spontaneous reduction can occur at room temperature or more uniformly and rapidly
through auxiliary means such as heating [50,64].

For example, in a typical preparation method, the concentrations of HAuCl4 signif-
icantly influence the character of the Au NPs-loaded MoS2 surface and eventually the
Raman EF. As the concentration of the precursor HAuCl4 increases, the Au NPs on the
AuNPs@MoS2 show more hotspots and more aggregation, and the detection limit of
AuNPs@MoS2 for Rh6G decreases and then increases [50]. Therefore, too high or too low
precursor concentration is not conducive to the SERS enhancement effect of the hybrid sub-
strates, and the regulation of selecting the appropriate HAuCl4 concentration has become
one of the main concerns of the experimentalists.

Hydrothermal Reduction Method

Hydrothermal reduction is the process of reducing metal cations in solution under
different conditions while adding MoS2 material. The cations are attracted by unsaturated
sulfur on the MoS2 surface to form chemical bonds, and eventually the metal/MoS2
composite SERS substrate is obtained. Singha’s group [63] adopted the hydrothermal
method to modify MoS2 with Au NPs and detected free bilirubin in human blood, which
showed high sensitivity, stability and good reproducibility. However, compared with
the traditional hydrothermal method, the microwave-assisted hydrothermal method is
more frequently used to prepare nanomaterials [50,65,66]. Microwaves are utilized as a
heating tool to realize stirring on the molecular level. It overcomes the shortcoming of
uneven heating in the hydrothermal vessel, thus shortening reaction time and improving
efficiency [67–69]. Kim and coworkers [70] reported this facile method and observed that
the gold nanoparticles tend to grow at defective sites, mainly at the edges and the line
defects in the basal planes.

During a hydrothermal reaction, flowing high purity argon is usually used to avoid
oxidation during the reaction, which greatly affects the SERS sensitivity of the final sub-
strate [63]. According to Kim’s work, the chemical intercalation–exfoliation process in the
hydrothermal method created more defects in the substrate surface of MoS2 flakes than its
single-crystal counterpart when preparing MoS2, which facilitated the deposition of higher
density gold nanoparticles [70]. The Au NPs@MoS2 obtained by this method ultimately
exhibited better enhancement and lower detection limits.

Nanoetching Method

Nanoetching technology was first applied in the integrated process and had irreplace-
able advantages in micrographics [71]. Its advantages such as fast processing speed, high
precision, minor damage to substrates and no pollution make it a popular technique.

The typical representative of electron beam processing is electron beam lithography
(EBL), which mainly uses electron beams to induce surface reaction beams for microprocess-
ing. The reaction between the atoms on the substrate surface and the adsorbed molecules
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or ions is facilitated by irradiating the specimen by the electron beam, and the designed
pattern is finally obtained on the substrate by the liftoff technique. Zhai et al. [72] applied
EBL to fabricate a Au nanoarray on the monolayer MoS2 film, which was used as a SERS
substrate to realize CV detection of 10−6–10−15 M. They considered it to be combined with
the separation technology to form a sensor that can quickly detect trace molecules in a
natural environment.

The focused laser beam can locally transform the MoS2 film into microscopic patterns
with active nucleation sites. When the modified film is in complete contact with the
reaction substance, selective modification can be achieved at specific locations to flexibly
prepare a thin layer of MoS2 decorated by metal NPs. Lu and coworkers [73] employed
this technology to realize self-designed pattern preparation of Au NPs decorating MoS2.
They controlled the localized modification of the materials by changing the laser power,
MoS2 film thickness and reaction time. It was proven that the prepared hybrid substrate
can detect aromatic organic molecules with outstanding performance.

The femtosecond laser is another technique that is widely adopted to modify MoS2
with metal NPs [51,53]. It can induce photoelectrons generated on the film surface and
greatly promote the interaction between metal cations and photoelectrons on the film
surface. Then, the reduction and in situ deposition of metal NPs on MoS2 nanosheets
formed the metal/MoS2 hybrid substrates for SERS.

Nanoetching technology possesses unique advantages in terms of precise tuning. The
roughness of the laser-treated MoS2 film is about three times greater than that of the pristine,
which facilitates the deposition of metal nanoparticles [73]. The hybrid substrates prepared
by this method show stronger SERS activity, whose detection limit can reach as low as 1 fM
for CV detection. In addition, the power of the laser also affects the Raman intensity at the
same concentration of the analytes [72].

3.2. Advances in MoS2-Based SERS Substrate

3.2.1. MoS2 Substrates

With the development of chemical mechanisms, SERS substrate material is not con-
fined to metal, and MoS2 emerges as a promising substrate material owing to its distinct
merits shown in SERS studies. For single MoS2 material research, researchers have placed
more focus on 2D material, which can be roughly divided into two directions: (1) special
treatment of MoS2 material, such as plasma treatment and usage of the femtosecond laser
to induce defect sites on the surface to enhance the charge transfer; and (2) stacking the
single-layer 2D MoS2 material according to the set angle to obtain double-layer MoS2.

For the former research direction, it was found that the plasma-processed MoS2
nanosheets can perform better in SERS. The Raman intensities of Rh6G on MoS2 nanoflakes
were enhanced more than tenfold after oxygen-plasma and argon-plasma treatments [74].
Other external treatments such as pressure and femtosecond laser were verified that they
could reinforce charge transfer between the substrate and molecules to induce MoS2 defect
sites and realize pressure or photoluminescence control [75–77]. Sun et al. [77] found that
there are more transferred charges between the substrate and analytes with increasing
applied pressure (Figure 4a), which also leads to an increase in the enhancement factor.
For the latter, Xia and coworkers [78] studied prominent resonance Raman and photolu-
minescence spectroscopic differences between AB (60◦, Figure 4c) and AA’ (0◦, Figure 4d)
stacked bilayer MoS2, and considered that the 0◦ stacked MoS2 bilayer was superior to the
60◦ stacked one in interlayer electron coupling, hence its Raman enhancement effect was
more outstanding (Figure 4b).

Compared with metal, MoS2 possesses unique adsorption capacity, especially for
some aromatic molecules, because the π bonds of MoS2 interplay with those of aromatic
molecules [73,79]. Furthermore, MoS2 has good fluorescence quenching ability and can
quench background fluorescence, which is conducive to detection and substrate stability
at low concentration [26,80]. However, its electromagnetic enhancement is extremely
weak, and chemical enhancement alone can hardly contribute significantly to sensitivity.
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In addition, owing to the selectivity and complexity of chemical enhancement for the
detection of molecules, these substrates can only be implemented for some particular
organic molecules such as aromatic molecules.
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Figure 4. (a) Charge transfer at the monolayer MoS2 (ML-MoS2)/methylene blue (MB) interface
varies with pressure. The charge gained by ML-MoS2 and the charge lost by MB molecules are set
to be positive and negative, respectively. Reprinted with permission from ref. [76]. Copyright 2021
American Chemical Society. (b) Resonance Raman spectra of monolayer and bilayer MoS2 on Au
nanopyramids. Reprinted with permission from ref. [78]. Copyright 2015 American Chemical Society.
Atomic structure diagram of (c) AB and (d) AA’ staked bilayer MoS2 (purple balls represent Mo
atoms, and yellow balls represent S atoms). Reprinted with permission from ref. [78]. Copyright 2015
American Chemical Society.

3.2.2. Metal/MoS2 Hybrid Substrates

Metal/MoS2 hybrid substrates are considered admirable SERS substrates, with EFs
that can reach 108 and even up to 1012 after some special processing such as changing shape
and metal nanoparticles configuration [81]. Because of the prominent enhancement effect
of this substrate, experimentalists have conducted various studies on it, making this kind
of substrate become one of the important research topics of SERS in recent years.

One was on Au NPs /MoS2, and the researchers found that these composite sub-
strates enhanced significantly better than either single Au or single MoS2. Subsequently,
Rani et al. [82] used low-power focused laser cutting to carve artificial edges on the MoS2
monolayer. The intensive accumulation of Au NPs along the artificial edges led to
the aggregation of SERS hotspots in the same places, which made it possible to gen-
erate SERS hotspots with ideal location and geometry shape in a controllable way on
a large-area substrate (Figure 5). Liang’s group [83] prepared 3D MoS2-nanospheres,
3D MoS2-nanospheres @Au seeds and 3D MoS2-nanospheres @Ag-NPs hybrids structures,
and calculated their enhancement factors as 500, 7.5 × 106 and 1.2 × 108, respectively.
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Through experiments, they believed that silver nanoparticles were more suitable than gold
nanoparticles as modification materials for MoS2. This is because silver nanoparticles can
be closer to each other and have higher coverage, leading to more hotspots on the surface
and stronger signal enhancement.
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Figure 5. (a) Raman peaks of Rhodamine B (black dotted line) and signature signals of MoS2 (red
and green dotted line) and Si (yellow dotted line), obtained at the edge of laser-etched MoS2 surface
modified with Au NPs. (b–i) Micromapping images of a star-shaped feature at characteristic peaks of
MoS2, Si and Rhodamine B, illustrating localized hotspots generated along the factitious edges of
the star-shaped nanostructure. Reprinted with permission from ref. [82]. Copyright 2020 American
Chemical Society.

Compared with the substrates mentioned above, the metal/MoS2 hybrid substrate
concentrated the advantages of metal and MoS2, so it shows better adsorption effect, higher
sensitivity, stronger stability and lower detection limit, and has gradually become a new
platform in SERS research. Because of the modification of MoS2 by metal nanoparticles,
the composite substrate exhibits not only stronger electromagnetic enhancement, but also
better chemical enhancement effect and fluorescence quenching effect, which can greatly
reduce external interference. However, owing to the unclear mechanisms of the interaction
between metal and MoS2 and the complicated production process, further development of
this kind of substrate has been limited to some extent.

3.3. Practical Applications

Most organics have SERS activity and their molecules are very close in size to the
analytes in the plasmonic structure, making SERS very suitable for the detection of these
small molecules. Furthermore, SERS is promising to become a viable alternative to mass
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spectrometry and chromatographic-based techniques, owing to its potential for high sensi-
tivity, specificity and capability of rapid measurements. In this section, we mainly focus
on SERS technique applications such as food safety detection, biomedical sensing and
environmental monitoring, particularly examining MoS2-based SERS.

3.3.1. Food Safety Detection

Food issues have always been a concern, and there have been numerous reports
of excessive additives found in food. Therefore, a sensitive and credible approach for
detection techniques is imperative. Since most illegal additives have Raman activity, the
SERS technique can examine their contents, ensuring powerful food supervision [84–86].
Li et al. [87] prepared a 3D flexible Ag NPs@MoS2/pyramidal polymer structure, which
not only had a large surface area but also could generate dense hotspots. The minimum
detection limits of the structure reached 10−13 and 10−14 M for Rh6G and CV as probe
molecules, respectively, which showed the ultrasensitivity of the structure. Long-term
repeated use experiments showed the stability and reproducibility of the structure. In
addition, they used the structure to achieve ultralow in situ detection of melamine in milk
with a measured detection limit of 10−6 M, which was found to be within the safe range
according to FDA regulations.

The detection of pesticide and antimicrobial residues on food is also the main in-
terest for SERS in food safety. Therefore, some researchers have detected the residues
by MoS2-based SERS. Chen and coworkers [88] developed an Ag NPs-MoS2 composite
substrate with striking SERS activity and photocatalytic efficiency. They established two
calibration curves with ultralow detection limits of 6.4 × 10−7 and 9.8 × 10−7 mg/mL for
the standard solutions of tetramethylthiuram disulfide (TMTD) and methyl parathion (MP).
Finally, they successfully achieved a recyclable detection of single and mixed residues of
TMTD and MP on eggplant, Chinese cabbage, grape and strawberry by using different
monitoring protocols depending on the size and level of surface roughness (Figure 6).
Zhai et al. [72] prepared Au nanodisk array-monolayer MoS2 (ADAM) composites material
by EBL technique. They experimentally demonstrated the good stability of the composite
at different laser frequencies and temperatures. According to their research, the ADAM
composite material was highly sensitive as a SERS substrate, enabling CV detection in the
range of 10−6–10−15 M with detection limits as low as 1 fM. They also used this active
substrate continuously for the detection of antimicrobial residues in aquatic products and
found it under the safety limits of the EU directive.

However, it is still challenging for SERS to achieve in situ analysis of toxic residues
in real foods due to the complexity of real foods and the low concentration of contami-
nants. Therefore, how to further improve the sensitivity of SERS detection and realize the
combination with rapid separation techniques needs to be further explored.

3.3.2. Biomedical Sensing

SERS promises to be a viable alternative in the field of bioanalytical sensing due
to its numerous merits mentioned above and its potential to be integrated into small
packages for measurement at the point of care, which can be used for clinical testing to cure
some intractable diseases [89–92]. At present, SERS is mainly applied for three aspects in
biomedical sensing: (1) analyzing the properties of biomolecular components, (2) effectively
detecting target substances in various mixtures and (3) cell imaging.

For biomolecular analysis, Guerrini et al. [93] performed label-free analysis of unmod-
ified dsDNA by SERS using positively charged silver colloids. The electrostatic adhesion of
DNA promoted the aggregation of nanoparticles into stable clusters, producing intense and
reproducible SERS spectra at the nanoscale. Based on this, they reported the quantitative
identification of hybridization substances, along with SERS identification of single base
mismatches and base methylation (5-methylated cytosine and N6-methylated adenine) in
duplexes. Moreover, when a SERS probe is scaled down to a quantum scale, it is possible to
study epigenetic features of cancer stem cells and gene expression aberrations in genomic
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DNA. Ganesh et al. [94] performed experiments based on this principle, pointing out differ-
ences in genomic DNA between cancer and noncancer cells, and achieved tracking of both
genes. For the tracking detection aspect, Singha and coworkers [63] used Au NPs/MoS2
nanoflower hybrid as a SERS substrate, which used Rh6G as a probe molecule with de-
tection limits as low as 10−12 M. This SERS biosensor detected free bilirubin under the
interference of key interfering factors such as glucose, cholesterol and phosphate in human
serum, showing good selectivity and reliability, as well as potential for clinical diagnosis.
For medical imaging, Fei et al. [64] fabricated gold nanoparticles@MoS2 quantum dots
(Au NPs@MoS2 QDs) core-shell nanocomposite. The pinhole-free, chemically inert and
ultrathin MoS2 QDs shell protected the Au core from the chemical environment and probe
molecules. The detection limit of this hybrid substrate for crystal violet could reach 0.5 nM.
In addition, the hybrid was also used as a nanoprobe for label-free near-infrared SERS
imaging of 4T1 cells. Finally, they successfully obtained distinguishable SERS images from
4T1 cells.
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Figure 6. Recyclable SERS-based detection on eggplant (denoted as 1), Chinese cabbage (2), grape (3)
and strawberry (4); first cycle for (a) TMTD and (b) MP and second cycle for (c) TMTD and (d) MP.
Reprinted with permission from ref. [88]. Copyright 2020 American Chemical Society.

However, there are certain challenges in the application of SERS in biomedicine.
Because of the complex structure of biological macromolecules, elastic scattering may
occur in all directions from all parts of the cell. Elastic scattering generates severe back-
ground signals on the SERS spectra, which seriously interferes with the analysis and
detection. Therefore, how to optimize the SERS probe, reduce the risk of signal interference
in SERS detection and enhance its screening capability will be the focus of research for
this application.

3.3.3. Environmental Monitoring

With the development of modern industry, environmental pollution has become a
problem that cannot be ignored. Some organic pollutants can enter our food chain through
water pollution and soil pollution, posing a severe threat to our health and adversely
affecting the balance of the ecosystem. Therefore, using simple and accurate measurement
methods to monitor the environment has become the focus of our attention. SERS has been
applied to detect the water environment and soil owing to its various merits.

Zhao et al. [95] prepared a PSi/MoS2/Au NPs MSC (pyramidal Si/MoS2/Au NPs
multiscale cavity), and they used this hybrid substrate to detect CV alcohol solutions
from 10−5 to 10−10 M, and found that the main characteristic peaks were still evident
when the concentration reached 10−10 M. They used PSi/MoS2/Au MSC and PSi/MoS2
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MSC to determine the hydrophilic and hydrophobicity of the mixtures with different
concentrations, respectively, to compare and analyze the superiority of PSi/MoS2/Au
MSC compared to PSi/MoS2 MSC (Figure 7a,b). Through experiments, they reported that
PSi/MoS2/Au MSC can achieve targeted monitoring of organic contaminants and act as
a visible-light self-cleaning SERS substrate with good recovery properties. In addition, a
Cu/CuO @Ag nanowire complex that transforms from hydrophilic to hydrophobic under
infrared light was prepared as a multifunctional SERS substrate [96]. The substrates have
controlled wettability and can self-separate in multiphase solutions and adsorb to the two
terminals of the substrate. Malachite green and formalin were used as two probe molecules
at two different terminals to obtain the lowest detection limits of 10−9 M and 10−5 M. The
substrate, after complete hydrophobic modification, can also be used to extract the organic
phase (Figure 7c) in ”oil/water” mixtures and as a probe for in situ detection.

However, there are still some difficulties. Because of the reality that wastewater is a
heterogeneous solution, organic contaminants are often heterogeneously distributed in it,
which leads to inaccurate collection of Raman signals. In addition, for some heavy metal
ions in the environment, the SERS technique cannot be used directly for detection, but
requires further modification of the probe to enable indirect detection. These difficulties
need to be further refined.
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Figure 7. (a) The SERS spectra of Rh6G aqueous solution (10−5 M), Sudan 1 toluene solu-
tion (10−3 M) and their mixture detected from PSi/MoS2 MSC. (b) The SERS spectra of Rh6G
aqueous solution (10−9 M), Sudan 1 toluene solution (10−5 M), and their mixture detected from
PSi/MoS2/Au MSC [95]. (c) Extract toluene from the mixed ”water/toluene” solution by hydropho-
bic Cu/CuO @Ag substrate. Reprinted with permission from ref. [96]. Copyright 2020 Elsevier.

4. Conclusions

In this minireview, the superiority of MoS2-based substrate is emphasized, because
these kinds of substrates possess characteristics such as solid fluorescence quenching
effects and adsorption abilities. These advantages can make up for the deficiency of
roughened metal. The probable mechanisms of MoS2-based SERS are depicted in detail,
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mainly attributed to the enhanced charge transfer. Then, we introduce the synthesis,
advances and practical applications of MoS2 and metal/MoS2 hybrid substrate in sequence.
The search or modification of SERS substrates, such as changing the shape, nanoparticle
configuration and unique surface treatment, to improve EF and lower detection limits
has been the focus of experiments. Refinement of existing enhancement mechanisms can
contribute to establishing the direction of SERS substrate pursuit and modification. It is
worth mentioning that although EM and CM are sufficient to explain most of the existing
phenomena, they still need further improvement, which will become the emphasis of
future research.

In recent years, the combination with a wide range of technologies such as rapid sepa-
ration techniques has been essential to broaden the scope of SERS applications. However,
SERS substrates prepared by conventional methods may exhibit problems such as het-
erogeneity and instability, which may limit the development of this technology and its
widespread application. Thus, how to design an optimal synthesis method to achieve high
reproducibility and mass production also becomes a focus in the future. In terms of appli-
cation, it is evident that the application of SERS technology in the field of bioscience has
become a general trend. In addition to the detection and analysis of biomarkers mentioned
above, the technology can also be used in assisted tumor location, protein analysis, etc.,
which will greatly benefit humanity. In conclusion, MoS2 has served as a new platform
for SERS research, but the future development and application prospect of this material
deserve further exploration.
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