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Preface

This book on Nanotechnology and the Environment includes an introduction

to nanotechnology contributed to by world-renowned specialists in the field

of nanomaterials, renewable energy, and environmental sciences. This book is

a collection of advanced areas of research on all aspects of nanotechnologies.
Nanoscience, nanotechnology, and environmental research are truly multi-
disciplinary and international efforts, which cover a wide range of scientific
disciplines such as physics, chemistry, biology, biomedical, medicine, materials
sciences etc. Nanomaterials that usually range in size from 1 to 100 nm in at

least one dimension. The properties of nanomaterials are different from those of
macro particles because the chemical and physical properties are very dissimilar
when the dimensions are at the nano meter range and this reflects in production
of very unique physiochemical properties like shape, size, dispersion, surface
functionalization or de-functionalization etc. The core scientific principles and
applications of this interdisciplinary field bring together chemists, physicists,
materials scientists, and engineers to meet the potential future challenges such as
renewable energies for sustainable development, new technologies for prepara-
tion of advanced materials, and environmental protection. This also shows a
huge amount of potential application in solar cells, fuel cells, secondary batteries,
capacitors, MOFs etc.

Application of nanotechnology in solar cells reflects awareness about the

newly developed nanomaterials. The new architectures for solar cells focus on
nanotechnology by making transparent solar cells as compared to the conventional
materials. The application of nanotechnology-based photo catalysts in solar cells
i.e., uses of photo nano catalyst have been appreciated as very interesting and of
course environmentally sustainable i.e., self-cleaning process using nano photo
catalyst.

The potential of nanotechnology in agricultural sciences using the revolutionary
application of nano fertilizers have proved to be economically feasible and socially
sustainable technology as compared to conventional materials. The application of
nanotechnology-based nano fertilizers has potential to reduce nutrient loss due

to leaching, emissions, and long-term incorporation by soil microorganismsi.e.,
self-cleaning process using nano fertilizers.

Modern trends in uses of different wastes to produce nanoparticles and its envi-
ronmental applications reflects a healthy awareness about the newly developed

nano materials. The sequences of the uses of the new architectures for synthesis of
different nanoparticles such as nano-cellulose, metals and metal oxide nanopar-
ticles, carbon nanoparticles and nano-fibers using different methods on agricultural
wastes and industrial wastes have been developed. Also discussed is the self-cleaning
process using nano materials from wastes by using food wastes in nanoparticle
synthesis as compared to the conventional materials.



The designing and the sophisticated fabrication of nanomaterials have been
discussed along with their potential energy and environmental applications. This
book is a significant contribution towards the development of the knowledge for
all advanced undergraduate, graduate level students, researchers, and professional
engineers leading in the fields of nanotechnology, nano chemistry, macromolecular
science and those who have interest in energy and environmental science.

Mousumi Sen
Amity University,
UP, India
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Chapter1

Modern Trends in Uses of
Different Wastes to Produce
Nanoparticles and Their
Environmental Applications

Salah Abdelbary and Hadeer Abdelfattah

Abstract

Wastes are produced at large amounts all over the world. These wastes cause a
variety of problems to the ecosystem, plants, animals, and humans. In this chapter,
we discuss the wastes, types of wastes, sources of wastes, and problems related to
wastes, especially health-related problems. Then we discuss agricultural wastes and
how we can synthesize different nanoparticles from them. Also, we discuss indus-
trial wastes and different nanoparticles synthesized from them. Additionally, we
discuss fruit wastes and production of different nanoparticles and also food wastes
and their uses in nanoparticle syntheses. Also, we can use other wastes to produce
nanoparticles. In applications section, we discuss the use of different nanoparticles
produced in agriculture, removal of heavy metals and pollutants from environ-
ment, industry and finally medical applications. We will finish our chapter with the
topic of healthy and safe synthesis of nanoparticles produced by different wastes
and then conclusion.

Keywords: wastes, nano-cellulose, metal oxide nanoparticles, nano-carbon and
environmental pollutants

1. Introduction

Wastes are unwanted, unused or useless, and disposed of after primary use.
On the other hand, a product in the product can be a collective product with small
measures. They are disposed of or are intended for demolition or are required
to be demolished in accordance with the provisions of national law [1]. Waste
materials can be turned into products or resources by innovations that increase the
value of waste products above zero. Waste can also be created during raw material
extraction or recycling into intermediate and final products [2]. Also, the waste
is solid or gaseous, and it is chemically toxic or harmful, esthetically offensive, or
radioactive. Some waste involves only temporary repression, while others can be
isolated indefinitely [3]. The list of potential health problems that are important
in the context of hazardous waste exposure was presented by the Agency for Toxic
Substances and Diseases and includes birth faults and reproductive complaints,
cancers, immune illnesses, renal and liver dysfunction, respiratory diseases, and
neurotoxic disorders [4].
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Green synthesis of nanoparticles has recently aroused great interest due to
its advantages such as being economic, simplicity, environmental friendliness,
biosynthesis, and widespread use in conventional chemical and physical methods
[5]. Nanomaterial production originates from a variability of wastes including crop
remains, industrial wastes, and food wastes. To this end, a variety of treatment
methods have been developed and implemented to convert waste into useful nano-
tubes by chemical and thermal action, pumping, gas condensation dust, reduction
of sodium borohydride, and thermal method of the solvent [6].

The application of nanotechnology in various fields such as health and medicine,
electronics, energy, and the environment are wide. In the field of water purifica-
tion, nanotechnology offers the opportunity to effectively remove dirt and bacteria.
Adsorption has proven to be the best process for water purification technology due
to its key advantages [7]. The use of nanotubes in drug delivery, protein delivery,
and cancer peptide delivery has been explained. Different types of nanoparticles
in cancer treatment are provided, such as carbon dioxide nanoparticles and wire
nano-shells [8].

In this chapter, we discuss the sources and types of different wastes, their
problems on the environment, their use as a source of synthesis of nanoparticles,
and then the application of these produced nanoparticles in different applications
especially in the environment.

2. Wastes
2.1 Sources and types of wastes
2.1.1 Agricultural wastes

Agricultural wastes can be defined as residues from the cultivation and processing
of raw agricultural products such as fruits, vegetables, meat, poultry, dairy products,
and crops. Agricultural waste can be solid, liquid, or lubricant depending on the
nature of the agricultural activity. In addition, agricultural wastes play an important
part of global agricultural productivity [9]. Agricultural waste, which includes both
organic (organic) and nonorganic wastes, is a general term used to describe farm-
generated waste through various agricultural activities. These activities may include,
but are not limited to, milk, horticulture, seed production, animal husbandry,
garden, nursery, and even forestry. Wastes from agriculture and the food industry
make up a significant portion of global agricultural productivity. It is estimated
that this waste may account for more than 30% of global agricultural productivity
[10]. Agricultural waste today is very challenging, and many agricultural wastes are
present in our environment every day. The latest trend in biofuel production from
agricultural waste is in-depth research. Various processes such as chemical heat, gas
emissions, liquid emissions, combustion, combustion, and rapid pyrolysis processes
can be studied to obtain biofuels from agricultural wastes such as corn, straw, wheat,
and rice straw [11].

2.1.2 Industrial wastes

Industrial wastes present at a huge amounts and cause a lot of pollution. There
is a global consensus to reduce such waste to reduce biological burden [12].
Contribution involves industrial waste recovery, especially from mining and
metallurgical enterprises. Waste is processed in the form of hydraulic loads that
can be disposed of in closed underground mines [13]. Industrial waste must be
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compatible (treatable) with sewage. Industrial waste must be limited and propor-
tional to the flow and burden of sewage pollution. Industrial waste shall not be
toxic or harmful to the operating purpose of the treated plant material. Industrial
waste should not contain harmful substances to service personnel or those from
the environment near the septic tank [14]. Industrial waste is either directly
connected to streams or other natural water bodies or dumped into sewers. In

this way, this waste, in one way or another affects the normal life of the stream

or the normal functioning of sewers and treated plants. Water can discharge a
certain amount of waste before it gets dirty, and municipal wastewater treat-
ment plants can be designed to treat all kinds of industrial waste [15]. Typically,
industrial waste can be divided into two categories, hazardous and nonhazardous.
Nonhazardous industrial wastes do not cause environmental and health hazards
and are produced from cardboard, plastic, iron, glass, stone, and organic waste.
In contrast, hazardous wastes are industrial waste that can be harmful to public
health or the environment, such as flammable, biodegradable, and hazardous
materials [16]. Industrial waste is classified as wastewater, solid waste, or air
leaks. There is some overlap in the physical properties of the substances present in
these three categories, as wastewater can contain suspended solids and suspended
liquids and precipitation of solid waste can include gas, liquid, and some liquids.
Particles and air exposures may consist of a fluid that emits air fluid and a sub-
stance known as particle emission [17]. Industrial waste, which has a significant
concentration of nonrecyclable or recyclable metals, is usually a good candidate
for landfill, which is the dumping of waste into the ground area [18].

2.2 Environmental problems of wastes
2.2.1 Agricultural waste problems

Air pollution as a result of agriculture Very low but emissions from agricultural
machinery and farm wastes is a common in many developing countries. Agriculture
is a major source of water pollution and land resources. In view of the large water
pollution caused by agriculture, special emphasis is placed. Leaking agricultural
commodities can also be fatal to human’s health problems. For example, carrying the
pathogen can increase significantly by leaked and stagnant water bodies. When these
sources used to meet drinking water needs, water infections can occur, especially in
rural areas [19]. Pesticides, fertilizers, and agricultural wastes can cause severe water
and soil pollution in the region. In recent years, it has also been clear that agriculture
has been a major source of air pollution, with consequences that are long-term and
universal [20]. Recognize that some nitrate may exist in nature with low water
concentration, and any form of agriculture is likely to raise the level of nitrate [21].

2.2.2 Industrial waste problems

Industrial pollution continues to be a major factor in worsening the environment
around us, the water we use, the air we breathe, and the land we live in. The growing
power of industrialization has not only consumed large agricultural land but at the
same time has caused environmental degradation as well as land. Water from various
industries finds its place in agriculture [22]. Waste released by industries such as
sugarcane, sugarcane and resin, textile, viscose, latex, and oxalic acid have been
evaluated and proven useful in agriculture. Other wastes such as sewage and sedi-
ment, fly ash, flowerpots, mud and biogas, and biowaste also have proved to be use-
ful for increasing plant production and fertilizer savings [23]. In the course of waste
production, solid and liquid industrial wastes were created. There are many elements
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that can be valuable components for agriculture and fertilizer and produced from
industrial wastes. These wastes accumulate in significant quantities due to the high
chemical content [24]. Human activities such as extraction and emission, burning of
fossil fuels and fossils, as well as the use of organic and other chemicals and radium
in agriculture and industry pose a risk to the environment and the general popula-
tion. Awareness of these risks due to industrial waste has emerged through many
cases of severe environmental impacts many years after disposal [25].

3. Synthesis of nanoparticles using different wastes

Agricultural wastes consist of both natural and nonnatural wastes such as bananas
or oranges, wheat, straw, cotton or corn, coconut or almonds, silk, corn, oats, coconut
oil, grapes, and empty grapes that can also be successfully applied to obtain nanopar-
ticles [26]. On the other hand, industrial wastes have a wider variety and additional
concentrated shape of hazardous materials needing special technologies and handling
procedures for treatment of produced nano-materials [27].

3.1 Nano-cellulose

Nano-sized cellulose materials are currently made from agricultural wastes and
involved in the durable materials industry. The main groups of nano-celluloses
(NC) are two (1) nano-fibrillated cellulose (NFC) and (2) cellular nano-crystals
(CNC). They are often referred to as second-generation renewable resources for
oil products. Further attention has been paid to these materials due to their low
density and high mechanical properties, renewability, and biogas characteristics
[28]. Extraction of nano-cellulose from agricultural wastes is a promising substi-
tute for waste treatment, and greater use of nano-cellulose in biological sciences
is expected in the future [29]. Nano-cellulose has become an important topic for
many research areas because of its renewable availability of biocides and many good
properties [30]. In recent years, research on nanoparticles has led to many applica-
tions and focuses on the latest developments in the value of lingo-cellulosic biomass
obtained from different agro-industrial crops as a source of NC, which include (i)
the structure of lingo-cellulosic biomass and its effects on nano-cellulose properties
and (ii) prebiological treatment and nano-cellulose extraction procedures [31].
Also, Banana bark is a type of waste that is a promising material for the production
of nano-zulose. It characterizes nano-cellulose from the inner and outer layers of
the pseudo-banana tree as a preliminary research strategy for designing mutant
packaging material from banana nano-cellulose [27]. From industrial wastes,
different alternative pathways for the production of nano-cellulose crystals have
been studied due to this common acid. The hydrocarbon-producing process leads to
many environmental issues such as wastewater generation and water use or access
to products containing sulfur [32].

3.2 Metals and metal oxide nanoparticles

Metals and metal oxide nanoparticles can be synthesized and improved in its
properties using different wastes. Fe;0, nano-composites are synthesized using
papaya leaves as lingo-cellulosic agricultural wastes using a simple thermal decom-
position method [33]. It has been found that the development of NPs from different
plant systems is cost-effective, environmentally friendly, easy, and exciting way to
other procedures. The roots of the plants have preserved several minerals and food
reserves. They also contain phenols, alkaloids, flavonoids, terpenoids, proteins,
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enzymes, carbohydrates, and other organic compounds. These metabolites play a
key role in reducing metal ions in the desired NPs and also act as closing and sta-
bilizing agents [34]. Based on the nontoxic nature of SiO,NP from bamboo leaves,
the researchers successfully synthesized 13.8 nm SiO,NP as a source of silica, which
they considered as a potential alternative for drug delivery and other medical appli-
cations [35]. The addition of banana peel extract to an alkaline solution of tetraethyl
orthosilicate in ethanol, followed by calcination of the precipitate, resulted in

20 nm SiO,NPs [36]. Sugarcane baggage was used for size control (TiO,NPs). TiO,
sol obtained from titanium tetra isopropoxide at pH = 4 was calcined at 200°C for

5 h, resulting in a TiO, powder gel [37]. Also, Mn;O,4 nanoparticles can be synthe-
sizes using banana peel extract which play a dual role in reducing KMnO, to Mn;0,4
formation and preventing agglomeration of nanoparticles during preparation [38].
Tea wastes are used to synthesize hydrated aluminum nanoparticles. This porous
nanomaterial is synthesized by co-precipitation between aluminum sulfate and
NaOH in the presence of tea waste and anionic polyacrylamide. Maintained porous
aluminum is used as an anionic exchange of fluoride with sulfate ions to neutralize
drinking water [39]. Scientists have developed a unique method for the synthesis
of high quality GO and reduced graphene oxide (rGO) sheets of various naturally
available green wastes and carbon wastes, including animal wastes, vegetable wastes
(leaves, wood, and fruit waste) and semi-industrial wastes such as newspaper

[40]. Green synthesis of silver nanoparticles (AgNP), using agricultural waste, is
low-cost and safe for nature and is environmentally friendly. Coconut shell extract
(Cocos nucifera) is used to synthesize Ag NPs [41]. The SnO, and Ag nanoparticles
were produced with a solution of nitric acid from a raw material obtained by leach-
ing printed circuit boards. First, the tin oxide is squeezed from nitric acid solution
by three different techniques: (1) normal heating, (2) microwave heating, and (3)
ultrasonic treatment. Second, this precursor is transformed into tin oxide nanopar-
ticles by furnace heat treatment. Third, hydrochloric acid is added to the nitric acid
solution to cause precipitation of silver chloride. Fourth, silver chlorine is reduced
to silver nanoparticles in ammonia solution, using glucose as a reducing and closing
agent. The reduction reaction was performed by (i) normal warming, (II) micro-
wave scavenging, and (III) ultrasound therapy [42].

3.3 Carbon nanoparticles

Nanocarbons were synthesized in different ways, Such as synthesis of carbon
nanotubes from waste (disposable container made of polyester) using a reactor and
heating system. In the reactor used, because of the high pressure and temperature
above 700°C used along with the appropriate catalysts for different periods, all the
materials lose their macroscopes and disperse into nanoparticles. [43]. Also, carbon
nanotubes were obtained by monitoring pyrolysis of acrylic fiber residues under a
layer of charcoal using physical activity in a high-temperature oven [44]. Carbon
nanotubes can be released from nanoparticles into the environment at the end of
their life, or whether they remain embedded in the matrix. Carbon nanotubes from
poly lactic films and poly lactic acids were studied for the scenario of biodegrada-
tion and nano-composite [45]. Additionally, carbon nanoparticles synthesized by
laser pyrolysis of hydrocarbons in a flow reactor have been studied as a function of
laser energy [46]. On the other hand, waste plastic caused serious environmental
problems. In this case, nitrogen-doped porous carbon nano-sheets (N-PCN) were
prepared using magnesium hydroxide sheets [Mg (OH) 2], which are modified by
Zn and Co bimetallic zeolite imidazolate frame nanoparticles such as templates
and polystyrene (PS) as a carbon precursor [47]. Also, nano-channeled ultra-fine
carbon tubes (NCUFCTs) and polygonal carbon nanotubes (MWCNTs) were
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prepared from polyethylene terephthalate (PET) waste by the spinning cathode
technique. The manufacture of carbon black from anode covers ultra-fine and
nano-sized solid carbon spheres (SCS) by means of an average diameter of 221 and
100 nm individually, shaped in the low-temperature area of the anode, where the
temperature is around 1700°C [48]. Carbon-bound nanofibers (CNFs) are obtained
by the decomposition of methane onto Ni nanoparticles supported by grooved SiC
nanowires. In beam CNFs, several CNFs grow in parallel and form a packet of CNFs
[49]. Tea wastes are rich in carbon, nitrogen, and potassium, but poor in phos-
phorus, which means that they can also be used to reduce metal oxides once they
are carbonated and form carbon nanoparticles [50]. Also, thermoplastic polymers
(such as polypropylene, polyethylene, polyvinyl chloride, polystyrene, etc.) are

the main components of municipal solid waste. Millions of tons of plastic waste are
dumped every year, most of which is incinerated or dumped. Alternatively, various
researchers have proposed methods using this waste as feed to produce value-added
products such as fuels, carbon nanotubes, and porous carbon emissions [51].

3.4 Silica and graphene nanoparticles

The production of silica nanoparticles by conventional processes is complex
and takes place at very high temperatures. Silica nanoparticles of different sizes
are obtained from plastic waste, disposable boxes, and water bottles by a simple
method of carbothermal reduction [52]. Also, researchers developed an alternative
use of some agricultural waste as potential sources of silicon that can be used for PV
cells. This study examines the use of cassava periderm, corn stalk, and cob as new
sources of silicon nanoparticles. Agro-based silicon nanoparticles are prepared by
the modified sol-gel method and then reduced using magnesium to synthesize sili-
con nanoparticles [53]. A nano-composite material found on Ag nanoparticles and
graphene oxide was considered for its electrical, optical, and physical properties.
According to electron and atomic force microscopy data, the size of the nanopar-
ticles obtained varies mostly from 60 to 100 nm. The permeability and electrical
resistance of this material indicate higher optical transparency and electrical
conductivity than in virgin graphene oxide [54]. Agricultural wastes as rice straw,
rice husk, and leaves of bamboo delivered a simple method to silicon production.
Several agricultural wastes are generated and disposed of indiscriminately in the
environment and thus pose environmental challenges. This study examines the use
of cash periderm as a new source of silicon nanoparticles. The cassava was treated
with acid before and after fermentation to obtain silicone residues for the gelation
process for the production of silicon nanoparticles [55]. The synthesis of silica from
nanoparticles from rice husk, sugarcane, and coffee nut has been reported using
vermicompost with Anelides (Eisenia foetida). The product (humus) is calcined and
extracted to recover the crystalline nanoparticles [56].

4. Environmental applications of produced nanoparticles using
different wastes

Pollution is one of the biggest problems in the world, which poses a lot of risks
to humans, animals, plants, and ecosystems [57]. Nano-cellulose has a diameter
usually <10 nm, which gives it many unique properties. Among many others, these
properties include high mechanical strength, large area, and low visual light scat-
tering [58]. The four main groups of cellulosic nanoparticles and their easy surface
modification provide a huge variety of new materials, composites, films, and gels
with captivating and controllable properties to solve environmental problems
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and challenges [59]. Applications and properties of cellulosic nanoparticles such
as adsorbent, photocatalyst, flocculant, and membranes have been reviewed in
particular [60]. Attractive properties facilitate the use of nano-cellulose aerogels
in various environmental and engineering applications such as water purifica-
tion, filtration, flame retardation, and oil extraction [61]. The nano-cellulose has
become a sustainable and successful nanomaterial with its unique structure and
features such as high specific modulus, excellent stability in most solvents, low
toxicity, and natural diversity. Eco-friendly environment, low cost, convenience,
and simple synthesis techniques make nano-lotus a promising candidate for the
production of green renewable energy storage [62]. Environmental challenges
that can be addressed by the use of metal oxide nanoparticles that are produced by
different wastes include removal of toxic chemicals such as different heavy metals
from industrial wastewater and wastewater, catalysts for organic reactions to pro-
duce essential organic material, reproducible genes for environmental restoration,
volatile organic compounds and detectors, and biological/chemical signals [63].
Catalysts of metal oxide nanoparticles include reaction-base, selective oxidation,
complete oxidation, depolation, biosynthesis, green chemistry, and photocatalysis.
Iron oxide nanoparticle catalysts are important components in the refining and
petrochemical processes. These catalysts are also important for improving environ-
mental quality [64]. On the other hand, graphene and carbon tube nanoparticles
offer a variety of advanced applications in the field of energy storage, biological
applications, and electrolytes due to their mechanical, electrical, electrical, and
thermal properties [65]. Nanocarbon-TiO, composites were prepared by the liquid
phase deposition method to apply as photocatalytic for the degradation of heavy
metals, diphenhydramine, and dyes [66].

5. Conclusion

This chapter concluded that, millions of tonnes of different wastes are produced
annually without any benefits from it. Researchers have used these wastes in
synthesis of different nanoparticles such as nano-cellulose, metals, and metal oxide
nanoparticles, carbon nanoparticles and nano-fibers by different methods. These
NPs are used to solve environmental problems, especially pollution, for which they
are used as protective agents and adsorbents. In future prospective, researchers
must use these NPs in a wide range of applications as ecofriendly and low-cost
products.
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Chapter 2

Application of Nanomaterials in
Environmental Improvement

Ali Salman Ali

Abstract

In recent years, researchers used many scientific studies to improve modern
technologies in the field of reducing the phenomenon of pollution resulting from
them. In this chapter, methods to prepare nanomaterials are described, and the
main properties such as mechanical, electrical, and optical properties and their
relations are determined. The investigation of nanomaterials needed high technolo-
gies that depend on a range of nanomaterials from 1 to 100 nm; these are scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray
diffractions (XRD). The applications of nanomaterials in environmental improve-
ment are different from one another depending on the type of devices used, for
example, solar cells for producing clean energy, nanotechnologies in coatings for
building exterior surfaces, and sonochemical decolorization of dyes by the effect of
nanocomposite.

Keywords: nanomaterials, synthesis, solar cell, sonocatalyst, water purification

1. General introduction

The term nanotechnology is the creation of functional material devices and
systems through the control of matter in the range of 1-100 nm and the ability to
work at the molecular level, atom by atom to create large structures with funda-
mentally new molecular organization. Nanotechnology is the design, fabrication,
and application of nanostructures or nanomaterials and the fundamental under-
standing of the relationships between physical properties, or phenomena, and
material dimensions. It is a new field or a new scientific domain. Nanometer (nm)
is one billionth of a meter (10~° m). About 10 hydrogen or fife silicon atoms are
arranged in a straight line approximately representing 1 nm in length, and these
materials are characterized by at least one dimension in the nanometer range.

Nanomaterials are of interest because at this scale unique optical, magnetic,
electrical, and other properties emerge. These emergent properties have great
potential applications in electronics, medicine, and other fields. Nanomaterials are
classified into nanostructured and nanophase/nanoparticle materials. The former
refer to condensed bulk materials that are made of grains with grain sizes in the
nanometer size range, while the latter are usually the dispersive nanoparticles [1].
According to this definition, a nanoparticle is considered to have zero dimensions
(the dimensions’ length is less than 100 nm). For example, wires, rods, and
nanofibers are objects with one dimension, while thin films, plates, multilayers, and
network nanostructures express two dimensions. And more clearly, a sphere or
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cluster of nanophase materials of zero dimension is represented as a point-like
particle that is determined by three dimensions of nanomaterials, as demonstrated
in Figure 1 [2]. There are several important applications of nanomaterials such as
aviation and space, chemical industry, optics, solar hydrogen, fuel cell, batteries,
sensors, power generation, aeronautic industry, building/construction industry,
automotive engineering, consumer electronics, thermoelectric devices, pharmaceu-
ticals, and cosmetic industry [3]. One of the most pressing challenges of our time is
to find alternative energy sources which are environmentally friendly which is
depending on used of nanomaterial’s in different applications such as solar cell [4],
paints [5] and other applications in the field of green chemistry [6].

2. Surface effects

Chemical and physical properties of a material, such as bulk or nanoscale,
depend on its surface properties. But the volume of bulk materials remains
unchanged when it is subdivided into an ensemble of individual nanomaterials, and
the collective surface area is greatly increased [7]. Figure 2 describes stages of
surface to volume increase for bulk materials.

Melting temperature of nanomaterials depends on the number of surface atoms
and the increases of surface to volume ratio (S/V) lead to decreases in particle size
and melting point because of surface atoms that have a much greater effect on
chemical and physical properties of nanoparticle [8]. The surface to volume ratio
for a material or substance made of nanoparticles has a significant effect on the
properties of the material, when materials made up of nanoparticles have a relative
larger surface area and compared to the same volume of material made up of bigger
particles. For example, the surface area of a sphere, A = 472, divided by its
volume, V = %mﬁ, produced a 3/r as ratio between them, or in terms of diameter d
produced the ratio (6/d). The ratio (F = 44;) for large thin plates with thickness d is

2D Nanomaterials (plate) 3D Nanomaterials

Figure 1.
Types of nanomaterials (oD, 1D, 2D, and 3D).
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Figure 2.
Schematic drawing showing how surface to volume increases with decreased size.

equal to (1/d) and this is the same as that for long cylindrical wires. Thus, the
dispersion scales F equals to (1/d) or (1/r) for anything having a very small range of
thickness d. The dispersion F represented the fraction of atoms at the surface and it
scales with surface area divided by volume of sphere scales with the square of its
radius 7, but its volume scales with 7. The total number of atoms N in this sphere
scales linearly with volume. The corner correction and the edge for large N can be

negligible, leading to the N~/ scaling [9]:
2 _
P 6n 13211 +8 o
n
Or nearly equal to:
6

3. Prepared nanoparticle

The two basic approaches to creating nanomaterials in a controlled and repeat-
able manner are the “top-down” and “bottom-up” techniques as shown in Figure 3,
either for atoms to assemble together (break) or disassemble (dissociate) bulk solids
into small pieces or to get on a few atoms from them. This is very important to use
at different application fields, for example, in engineering, chemistry, physics, and
even medicine. Former approaches play a very important role in modern industry
and most likely in nanotechnology as well. In general, nanomaterials can be pro-
duced by different methods: mechanical, chemical, hydrothermal, sol-gel, chemical
deposition in vacuum, pyrolysis, combustion, chemical co-precipitation, etc.
According to these methods, particles are defined by a certain dimensional
morphology and distribution can be obtained.

3.1 Top-down

In the physical methods, mechanical methods offer the least expensive ways to
produce nanomaterials in bulk (break the particles into nanostructures). But

19



Nanotechnology and the Environment

Clusters

Figure 3.
The scheme to prepare nanomaterial.

chemical fabrication methods are always easy to upscale and many, such as anodiz-
ing, are widespread industrial processes [10]. Top-down approach is the process of
making nanostructures that start with larger structures and break away to nanosize
to form nanomaterials. To obtain nanoscale structures in this method, first, a large
object that is (2-3) orders larger in one or two dimensions than the nanoscale
desired is fabricated and then nanopatterning techniques are utilized to achieve
smaller features. Top-down methods actually was developed firstly by and has been
widely used in microelectronics industry. Methods of deposition and
nanopatterning of thin films are more advanced, and this approach has been pushed
further into the regime of nanofabrication [11]. Also, applying the top-down
assembly process of nanocomponents over large areas is difficult and expensive.

3.2 Bottom-up

The building of nanostructures starting with small components such as atoms or
molecules is called bottom-up approach. The bottom-up techniques make use of
self-processes for ordering of supramolecular or solid-state architectures from the
atomic to the mesoscopic scale. The methods of bottom-up include gas-phase and
liquid-phase methods. For two methods, fabrication of nanomaterials was con-
trolled when starting from the single atom or molecule. Chemical vapor deposition
(CVD) and plasma arcing are called gas-phase methods, whereas liquid-phase (LP)
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represented by the most established method is sol-gel synthesis. Also, a new method
called molecular self-assembly emerged. The areas of application for nanotechnol-
ogy have different fields such as photonics, electronics, chemical sensors, biological
sensors, and energy storage, and catalysis nanomaterial requires the manipulation
into functional materials and devices. Self-assembly is the method important for
designing and controlling the bottom-up assembly of the materials in the nanoscale
range into structures of sheets, tubes, wires, nanoelectronic devices and drug deliv-
ery systems [12].

4. TiO,/o-Al,03 nanocomposite

In this section, a mechanism for preparing nanomaterials such as TiO,, AL, O3, and
TiO,/a-AlLO; will be explained according to the method of preparation by using
sol-gel methods. The sol-gel method was developed in the 1960s mainly due to the
need of new synthesis methods in the nuclear industry. The sol-gel process is defined
as a gelation means that changes materials by polycondensation reactions from liquid
state to gel state. If the dispersion of colloidal particles or polymers is stable in a
solvent, it is called a sol, but particles can be amorphous or crystalline in the size of
few nanometers. And on the other side, the gel consists of sol particles as continuous
network in 3D, enclosed in a liquid phase [13]. There are several methods to prepare
TiO, nanoparticles using different materials such as tetraisopropyl orthotitanate
(TIPT), titanium tetrachloride (TiCl,), ethanol (EtOH), methanol (MeOH),
n-hexane, hydroxypropyl cellulose (HPC), 1,4-cyclohexanediol (CHD),
triethanolamine (TEA), and TiO,-P,s. In general, it is obtained on gel solution; the
gel was filtered and washed subsequently by water and ethanol and then dried at
room temperature to get on TiO, nanoparticles [14]. Nanocomposites of TiO, can be
used at different applications in a heterogeneous catalysis, in application of
photocatalyst, to produce a hydrogen and electric energy by using a solar cells, gas
sensor, white pigment for a paints and cosmetic products, corrosion-protective
coating, optical coating, and in electric devices varistors and etc.

On the other hand, Al,O3 nanoparticles are prepared by ethanol solution of
aluminum nitrate Al (NO3)3.9H,0 dissolved in pure water and then added to the
solution ethanol from time to time until the color changes. The potential of hydro-
gen or acidic function (pH) was maintained between 2 and 3 during the synthesis.
The white product was evaporated and the result was cooled to room temperature
and then finally calcined at high temperature to get on nanoparticles [15]. For TiO,/
a-Al203, nanocomposite was prepared by adding TTIP to isopropyl alcohol under
constant stirring and at room temperature (RT = 27°C) and then dispersed of nano-
alumina in TTIP solution to form white suspension. Under vigorous stirring, the
white gel was formed. Then, this gel was heated at high temperature in a Teflon-
lined autoclave. Finally, the collection powder of nanocomposite was yields by
during the gel [16].

5. Properties of nanomaterials

The nature of all materials in bulk has different properties, which are depended
on their structural properties (metals, semiconductors, and insulators), such as
electrical, optical, and mechanical properties. Nanoparticles have properties that are
different from small molecules; in this case, their chemistry and synthesis can be
considered like complex mixtures.
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The ability of the molecules to contact of nanoparticles on the surface and
exchange with other molecules leads to the indicates that will be careful consider-
ation of the chemistry of nanoparticles and how it relates to their fate in surface
waters and sediments, this is a key to predicting their final fate [17]. When one of
the three spatial dimensions is of a size comparable or smaller to wave length of de
Broglie (1) of the charge carrier of electrons and holes or the wavelength of light,
the crystalline materials are destroyed by the periodic boundary conditions or
change the atomic density on the surface of amorphous materials. Because of this
property, a lot of the physical properties of nanomaterials are quite different from
bulk materials, yielding a wide variety of new applications [18].

5.1 Mechanical properties

The mechanical properties of materials depend essentially on the nature of
bonding that holds their constituent atoms and their microstructures in a variety of
length scales. Mechanical deformation can be either elastic (reversible) or plastic
(irreversible) [19]. Elastic materials respond to stress fields via strain fields; liquids
respond via viscous strain rates; and complex fluids are often describable via
frequency-dependent viscoelastic responses. Many properties of crystals, magnets,
liquid crystals, superconductors, superfluids, and field theories of the early universe
can be described by focusing on long length scales, assuming that the materials are
close in equilibrium. On the other hand, plastic materials can be defined as irre-
versible deformation, and different mechanisms may be responsible: dislocation
motion, vacancy motion, twinning, phase transformation, or viscous flow of amor-
phous materials [20]. The proportional relation between the stress and the elastic
strain is given by Hooke’s law, which can be written as follows:

oxE (3)
c=Ye 4)

where o is the stress, ¢ is the strain, and Y is the modulus of elasticity or Young’s
modulus.

The size of grain for polycrystalline materials, depending on strength and hard-
ness, is well established as Hall-Petch relationship, which indicates that the yield
stress and hardness are inverse to the square root of the grain size. This strengthen-
ing at reduced grain sizes is attributed to the pile-up of dislocations at grain bound-
aries. However, when it comes to Nanocrystalline regime, the conventional Frank-
Read dislocation sources ceases to control the deformation due to the stress to bow
out a dislocation approaches the theoretical shear strength [21]. The relation
between yield stress and grain size is described mathematically by:

ey
W7 (5)

where Eq. (5) is called Hall-Petch relationship, and k, is the strengthening
coefficient, o, is a materials constant for the starting stress for dislocation move-
ment, 4 is the grain diameter, and ¢, is the yield stress.

0y =0, +

5.2 Electrical properties

The electrical conductivity, DC, for nanoparticle materials (or metals) is
affected by the microstructure. The value of conductivity (DC) appears by grain
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boundary contribution, which depends on DC bias voltages but grain contribution
does not depend on it. The grain boundaries in nanocrystalline materials often have
significant influence on the flow of electronic current. The microstructure at scale
of length is smaller or similar to the mean free path of conduction electrons, this
produced a grain boundaries a main source of eight conduction electrons scattering
[22]. The measurement of the electrical properties is also important because the
connectivity of a composite system from SEM and TEM micrographs cannot be
deduced alone. The DC electrical conductivity (cq4.) of the crystal was calculated
using the relation:

O4c = I/RA (6)

where R is the measured resistance, t is the thickness of the sample, and A is the
area of the face in contact with the electrode. The temperature variation of conduc-
tivity is given by using Stuke’s Equation [23]:

64c = 0, €xp [—E/kT] @)

where o, is a constant depending on material, E is the activation energy, T is the
absolute temperature, and k is the Boltzmann’s constant.

On the other hand, the AC conductivity of the media (composites) (o,,) is the
sum of the real and imaginary conductivities, which are given by:

Om = Oy + 10 (8)

The conductivity of the more conducting component is given by:

06, = 0 + 10, 9
For ideal conductivity where (6., >> o) Eq. (9) read as:
O = Oy (10)
For the insulating component, the conductivity is given by:
0; = oi + 10y (11)

where 6;; = wegg€jy,.
Eq. (11) can be approximated when (o, < <icy) as:

0; = lwegE;y (12)

In practice, o;, incorporates both, a usually very small, DC conductivity and the
dielectric polarization loss term (weoe;;). The expressions for 6. and o; can be
dispersive and/or temperature-dependent. [24].

5.3 Optical properties

When light incidents from one medium into another, several things are happened
see Figure 4. Some of the light radiation may be transmitted through the medium,
some will be absorbed, and some will be reflected at the interface between the two
media. The total intensity (I,) of the incident light striking a surface is equal to the
sum of the absorbed (I4), reflected (I,r), and transmitted (It) intensities, that is
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L=Ir+Ir+14 (13)

where T, A, R are transmissivity, absorptivity, and reflectivity, respectively.
And

T =1, (14)
A =1y, (15)
R =1Iy (16)
So Eq. (13) becomes:
1=T+R+A (17)

One can estimate the absorption coefficient () of thin films after the correction
of reflectivity as:

- 2.303 A (18)
t

where t is the thickness of the material.

It is very important to study « in order to define types of the electron transition,
such as allowed direct, forbidden direct, allowed indirect, and forbidden indirect. The
transition is allowed if o > 10*, when o < 10* the transition is forbidden direct. From
the absorption coefficient data, one can calculate the extinction coefficient (K) as [25]:

_A4n

l=—K (19)

a
where ) is the wavelength of the incident light.

An alternative way to boost optical absorption is to use nanostructure-based
devices to attain multiple band gaps based on the size of the quantum dots or
quantum wells (based on quantum mechanics, the size of the dot or well determines
the band gap of the material). For silicon as an example, the nanostructure results in
direct band gap material, and the optical absorption is enhanced due to an increase
of oscillator strength. The value of the oscillator strength was one of silicon
nanostructures and the reduced mass is taken as a half mass of electron rest mass.
For a cluster of 18 atoms, the band gap energy is taken as (1.82) eV with radius 1
nm. The absorption coefficient for nanostructure is given as [26]:

5.4 x10° [1.24 i

where A, is measured in ym and 7(4) is the refractive index given by Herzberger’s
formula.

. Reflected
Incident
Medume 1
Absorbed Medume2
\ Medume 1

Transmitted

Figure 4.
Diagram of the interaction of light with matter.
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0.3698

1) = 3.2346 + 2220
n(1) 7 00

(21)

6. Characterization methods

In recent years, it was found that the nanomaterials are very important, and they
keep growing in the field of nanoscience and nanotechnology. The researchers used
various nanomaterials in the synthesis and application process, due to their potential
in the application of science and industry. For example, biocomposite nanomaterials
are applied directly and used to replace natural materials to work or to be in contact
with the living systems. There are several methods to determine the type of material
in the range of nanoscale [27]. Nanoparticle formation is analyzed by using UV-
visible spectroscopy and characterization of nanoparticles by SEM, TEM, XRD, FTIR,
and EXD. Each method is based on measurements that differ from the other and can
be carefully compared. Many of these methods focus on examining particle size at the
nanoscale to determine the average particle size of a sample. The role properties of
nanoparticles depend on the size and shape, and few particle size distributions of
commercial products are narrow in range. In this chapter, the focus is on diagnosing
nanocomposites using known techniques that are as follows:

6.1 Transmission electron microscopy (TEM)

A microscopy technique in which a beam of electrons is transmitted through an
ultra-thin specimen, and the interaction with the specimen as it passes through it is
called transmission electron microscopy (TEM). When the electron beams are
transmitted through the specimen as shown in Figure 5, the strong interaction
between the specimen (atoms) and the electrons duo helps form an image. The
image detected by a sensor such as a charge-coupled device (CCD) camera or
focused on the device to be an image, such as a fluorescent screen, on a layer of
photographic film [28]. Specimens are needed to be very thin, usually below
100 nm in thickness, to achieve good signal-to-noise ratio and sufficient contrast in
transmission. Transmission electron microscopy techniques provide two-
dimensional images of nanoparticles; these images can be used to produce number-
based size distributions, but nanoparticles have all three external dimensions on the
nanoscale, and performance properties often depend on their physical-chemical
characteristics, that is, size, shape, surface structure, and texture [29]. The perfect
sample of transmission electron microscopy for nanoparticle size analysis is one
with a large number of individual particles in nanoscale within the desired TEM
micrograph field of view, but without excessive agglomeration or bunching of
nanoparticles. There are two factors that may have an effect on the TEM grid of the
nanoparticle number density: the derivatization efficiency process and the concen-
tration of nanoparticles in solution [30]. Typically, the calculated sizes are
expressed as a sphere diameter that the particle has the same projected area as the
projected image. Particle size analysis was done using manual or automatic tech-
niques. The first analysis used to get a mean result by obtain a linear dimensional
measure of the particle divided by the number of particles, it’s usually based on the
marking device. To get a clear image, the preparation was elaborated and is slow
with few particles being examined [31]. The resolution of image is related to the
amplitude and phase alterations in the electron beams that are determined by the
contrast transfer function (CTF) as:

CTF = A(g)eX@ (22)
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Figure 5.
Schematic form of transmission electron microscopy.

where A (q) describes the diffraction diagram truncation by the aperture of the

objective lens and e*(9 is the phase function, which is described as the distortion of
the output wave by the objective lens.

6.2 Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) is an electron microscope that creates
images for the sample surface by scanning it with a high energy stream of electrons
[32]. The scheme of SEM is illustrated in Figure 6.

The surface morphology of the materials was investigated using scanning elec-
tron microscopy (SEM) technique. This technique is different from transmission
electron microscopy at site of specimen and intensity of electron beams. For TEM,
the electron beam penetrates the sample, but for SEM, the electron beam is incident
on the surface of the sample. SEM provides information about surface morphology
and composition of materials. There are several advantages for SEM technique in
morphological and sizing analysis, but the information is limited for distribution
size and true average population. The investigate of solution of nanoparticles with
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SEM needed to drying to get on a powder from it before mounted on a sample
holder and coating a conductive metal on the surface of sample, such as gold, using
a sputter coater. The surface sample is scanned when a high energy stream of
electrons is incident on it [33]. The high-resolution magnified images produced
when the revealing details about less than 1-5 nm in size and for narrow electron
beam vyields a characteristic three-dimensional for understanding the surface sam-
ple structure.

6.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is defined as the nondestructive technique that pro-
vides detailed information about the crystallographic structure, chemical composi-
tion, and physical properties of materials. When the beam of monochromatic
incident on the target materials the interaction between them is happened and the
scattering of those X-rays from atoms within the target material can be illustrated in
Figure 7. Bragg’s law was used to explain the interference pattern of X-rays
scattered by crystals structure the diffraction of

Electron
source

Scan generator

Condensor
lenses

Amplifier

e X, ¥ scancoi ls
Objective ¥

lens
Back-scattered
electron detector
|
X-ray “’
detecior ‘% ' Secondary
electron detector

Sample

Motorized stage

Figure 6.
Schematic form of SEM.
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Figure 7.
Schematic diagram of the interaction of the X-ray with mater.
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Figure 8.
XRD pattern of Al,O; and TiO,/Al,O; nanocomposite.

X-rays described by [34]:
ni = 2d sinf (23)

where n is an integer, ) is the wavelength of the X-rays, d is the interplanar
spacing generating the diffraction, and 6 is the diffraction angle.

X-Ray diffraction (XRD) can be considered as a good technique for analyzing
the nanostructures, because the width and shape of reflections yield information
about the substructure of the materials (sizes of microcrystallites, microdistortions
of a lattice, dislocation structures, etc.). There are several approaches to analyze the
X-ray diffraction line profiles, with the Scherrer, Williamson-Hall, and Warren-
Averbach methods being most widely applied [35].
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The Scherrer formula was used by most material scientists as the simplest
method of particle size determination. The formula proposed by P. Scherrer in 1918
describes the broadening of diffraction reflection peaks as a function of the average
particle size D [16]:

A

- kD cosQ (24)

p

where k is equal to:

k=2/(In2)/n~0.94 (25)

and k is the shape factor, A is the incident x-ray wavelength (0.15040 nm for
CuK), p is full width at half maximum (FWHM), and ¢ is diffraction angle at
maximum intensity peak.

XRD pattern of Al,O3 and TiO,/Al,03 nanocomposite is shown in Figure 8. The
diffraction AlO; peaks can be well indexed to pure a-AlL,O; (JCPDS Card no.
880826). The appearance of diffraction peaks in TiO,/Al,O; XRD pattern
corresponding to (101) and other planes is in good agreement with the standard
XRD peaks of Anatase TiO, (JCPDS Card No. 040477). The average crystal sizes of
nanocomposite materials for TiO,/a-Al,O5 (21.4 nm) are larger than Al,O3
(8.1 nm), which leads to get a good mix of NPS.

7. Nanotechnology applications in the environment

Nanoparticles that are produced deliberately using specific processes are called
engineered or manufactured nanoparticles, for example, fullerenes and CNTs. With
regard to environmental issues, the system of one dimensional (1D), thin films, or
surfaces of two dimensional (2D), this can be used in applications of electronics,
chemistry, and engineering as thin films at the range of sizes (1-100 nm) or
monolayer in the field of solar cells or catalysis. These thin films are inserted in
different technological applications, including development of a new generation of
environmental sensing systems, chemical and biological sensors, fiber-optic sys-
tems, and magneto-optic and optical device.

The sun sends an infinite light free from environmental pollution and noise is a
renewable source of energy. The energy drawn from the sun can easily compensate
for nonrenewable sources of energy such as fossil fuels and petroleum deposits on
the earth. The solar cells have passed through a large number of improvement steps
from one generation to another, because of their importance for the generation of
alternative energy [36].

7.1 Solar cell

Photovoltaic (PV) is related to the devices such as solar cell that directly con-
verts sunlight into electricity. The solar cell is the elementary building block of the
photovoltaic technology. Silicon is one of the most common semiconductor mate-
rials that is used to make solar cells. One of the most common properties of semi-
conductors that makes them most useful is that their conductivity may easily be
modified by introducing impurities into their crystal lattice. There are several types
of solar cells, and they are either cut from a single crystal rod or from a block
composed of many crystals and are correspondingly called monocrystalline or
multicrystalline silicon solar cells and nanocrystal-based solar cells [37]. Most solar
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cells are fundamentally large areas of p-n junctions. When light shines on them,
they can generate current and voltage, the photons produce electron-hole (e-h)
pairs, and the dipole electric field provides for a separation of these charges. The
reason this can happen is because of the “built-in” electric field at the junction of the
p-type and n-type material [36]. The junction between them creates a charge
separation region with a strong dipole electric field.

The current-voltage (I-V) characteristics of photovoltaic cell are illustrated in
Figure 9, which operates under normal conditions. The power curve is obtained
when a solar cell produced power and then the current and voltage (I x V) are the
products. Most solar cells behave as a diode in the dark, admitting a much larger
current under forward bias (V > 0) than under reverse bias (V < 0). For an ideal
diode, the dark current density varies as:

Jawe = Jo (V54T — 1) (26)

where J, is a constant. Thus, the net current flowing in a circuit powered by a
solar cell is:

](V) =Joe = Jaark (27)
J(V) =T —J (V15T ~1) (28)

where I, is the current of short-circuited and V. is the voltage of open circuit.
The maximum power is obtained when (V=V,, and I=I,,) and the fill factor (FF)
is defined by the ratio [38]:

(29)

where Vy,, I, is the maximum voltage and current, respectively.
Quantum efficiency (QE) is the ratio of the number of charge carriers collected by
the solar cell to the number of photons of a given energy incident on the PV device [39]:

_Pout_Pm

QE == (30)

Where is the maximum power and P, = V,,]1,,,Ps is incident light power.
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Figure 9.
(I-V) Characteristics of a typical PV cell.
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7.2 Nanocoatings

Coating is defined as a coherent layer formed from a single or multiple applica-
tions of coating materials to a substrate. According to the existing standard, coating
material is a material in liquid, paste, or powder form that, when applied, forms a
protective and decorative coating. Some nanomaterials are suitable for use in trans-
parent coating systems. In addition, the transparency of these nanomaterials such as
TiO, nanoparticle in visible light makes it possible to create novel additives intro-
ducing new properties to otherwise nontransparent coatings. The choice of the
manufacturing process depends on the specific application and the specific applica-
tion requirements of the coating. The sol-gel process may offer several advantages
to manufacturers: the manufacturing process is shorter, runs at lower temperatures,
and consumes less energy.

The properties of Titanium dioxide (such as high photocatalytic efficiency,
chemical stability, low toxicity, and low cost) made it most thoroughly used from
other materials. Also, self-cleaning paints with other metal oxides like ZnO have
been reported [40]. The self-cleaning researchers are mostly about air pollution and
environmental contamination in buildings especially on indoor and outdoor build-
ing surfaces. The wide range of applications of self-cleaning was necessary to focus
on various materials for different purposes [41]. Although the properties of surfaces
of self-cleaning are complex, however, it is related to several of their surface char-
acteristics. At the beginning, the surfaces are superhydrophilic and water droplets
are spread across the surface making it easier to wash off solid material. Then any
organic material coating on solid particles will react with these surfaces by
photocatalytic reactions to allow them to fall or wash off more readily. The surfaces
of TiO, have very high electroconductivity. A surface with high electroconductivity
provides antistatic properties repelling charged particles and preventing their accu-
mulation on the surface. In addition, the waterborne paint is prepared by the mill
base for the pigment dispersion in water, auxiliary solvents, etc. Then the mill base
is blended with the binder (polymer latex) and the paint is obtained [40].

7.3 Sonocatalyst

The chemical effects of ultrasound are not derived from a direct coupling of the
acoustic field with chemical species on a molecular level. Instead, sonochemistry
and sonoluminescence derive principally from acoustic cavitation [42]. In the past
decade, the expansion of the sonoelectrochemistry has become increasingly impor-
tant. The variety of induced effects on electrochemistry processes by ultrasound
waves can be attributed to the generation, growth, and collapse of microbubbles in
the electrolyte. There is a growing interest of the application of the sonoelectro-
chemistry in environmental remediation and in the preparation of nanopowders
[43]. Ultrasounds have a wide range of uses in the development of applications of
nanoparticle solutions for different chemical compounds. The effect of ultrasonic
energy breaks the chemical bonds of compounds [44]. The ultrasonic catalytic
degradation method has been widely used in wastewater treatment because of its
many excellent properties; these are simple equipment, have high efficiency and
stable operation, are safe, and cause no secondary pollution. Improvement of ultra-
sonic catalysis process is known as a sonocatalyst [45]. It has received great atten-
tion as a useful and promising method for mineralizing organic pollutants, for
example, synthetic dyes in aqueous media. In this process, water molecules are used
to produce hydroxyl radicals, which are very reactive and non-selective oxidants
and are capable of decolorizing and mineralizing dyes to CO, and H,O. The oxida-
tion processes of a metal oxide semiconductor are advanced through ultrasonic
treatment on surface [46]. The presence of semiconductor particles (i.e., TiO,,
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The sonocatalysis effect on MB decolorization.

ZnO) enhanced the process of breaking up the microbubbles created by the ultra-
sound irradiation into smaller bubbles, and these proses will be increasing the
quantity of high of high temperatures and pressures, this leads to produce addi-
tionally amount of hydroxyl radicals which will attack the pollutant and resulting in
degradation of the pollutant. Sonochemical decolorization of dyes under initial
concentrations using ultrasonic processor represented by the effect of
nanocomposite of Al,O3, TiO,, and TiO,/Al,O3 on the decolorization of methylene
blue dye was clear as shown in Figure 10. The increase in the decolorization of dye
in the presence of nanoparticles due to these nanoparticles act as catalysts that
increase the number of nucleation of the cavity and improve the rate of dissociation
of water into highly reactive hydroxyl radicals (-OH). TiO,/Al,03 nanocomposites
show highly removal of Methylene blue dye than other Sonocatalysts due to highly
dissociation rates H,O molecules that yields more free radical generated, thereby
increasing the rate of degradation of the organic compounds [16].

8. Conclusion

Nanomaterials can be used in different applications such as in medicine, elec-
tronic device, sunscreens, military applications, photovoltaic cells, paints, catalysts,
etc. Some of these do not have an effect on the environment, while others have an
effect on it. In this chapter, the focus of our attention was on the applications that
do not affect the environment and improve it, so the important property that
surface to volume ratio of nanomaterials increases with decreases particle size. To
do that, the processes of preparing nanoparticles are physical and chemical
methods, and the sol-gel process is basic to prepare nanomaterials in chemical
methods such as TiO,, Al,O3, and TiO,/a-Al,03 because it can be used at low
temperature and short time. These can be used in solar cells to produce clean
energy, nanotechnologies in coatings, and sonochemical decolorization of dyes.
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Nanoparticles Using Endophytic
Microorganisms: Current
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Abstract

Nanotechnology is a new emerging interdisciplinary approach created by pairing
of engineering, chemical, and biological approaches. This technology produces
nanoparticles using different methods of traditional physical and chemical pro-
cesses; however, the outlook in this field of research is to use ecofriendly, nontoxic,
and clean methods for the synthesis of nanoparticles. Biological entities, such as
plants, bacteria, fungi, algae, yeast, and actinomycetes, are the best candidate to
achieve this goal. Among the biological route, those involve endophtic microorgan-
isms to reduce metallic ions into nanoparticles. This method is considered as an
attractive option and can open a new horizon on the interface of biology and nano-
technology. The present chapter highlights the latest research about endophytic
microorganisms and their application in the synthesis of nanoparticles, as well as
the mechanisms involved in the formation of nanoparticles.

Keywords: endophyte microorganisms, green nanotechnology, nanoparticles

1. Introduction

Nanotechnology is a new emerging interdisciplinary approach of created by
pairing of biotechnology, and nanotechnology [1]. This new technology produced
nanoparticles of various types (silver, copper, zinc, gold, etc.) at the nanoscale level
(less than 100 nm). Three different methods can be employed for the synthesis of
nanoparticles, including, chemical, physical and biological methods. These three
methods follow either the bottom-up approach, or the top-down approach for the
synthesis of nanoparticles [2].

The outlook in this field of research is to use ecofriendly, nontoxic and clean
method for the synthesis of nanoparticles [3]. The chemical and physical methods
are generally expensive and associated with destructive effects on the environment
and human health [4]. In order to counter those limitations, one of the proposed
solution is the application of a novel route for producing nanoparticles based on
bottom-up method, called ‘green synthesis’, which is regarded as an important tool
and gaining great attention in current research. This method is based on the utiliza-
tion of natural resource, such as plants, fungi, bacteria, actinomycetes, yeast and
algae, to reduce the metal ions into metallic nanoparticles [5].
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The green synthesis of nanoparticles offers a set number of benefits compared
with physical and chemical methods, since this method is cost-effectively, eco-
friendly, uses less energy and can provide nanoparticles with better defined size and
morphology, with a great compatibility for pharmaceuticals, medical, agronomical
and environmental applications [6].

Microbial-mediated biosynthesis of nanomaterials is one of the promising
biological-based nanomanufacturing process [7]. Microorganisms can produce
nanoparticles by intracellular or extracellular synthesis, according to the location
where nanoparticles are formed, through enzymes or biomolecules generated by the
cell activities [8]. The use of microorganisms offers different advantages over the
biosynthesis of nanoparticles by plants and algae, since microorganism can be easily
scale-up, and they offert the possibility to changing culture condition to obtained
nanoparticles with desired shape and sizes [9].

One approach that shows immense potential is based on the biosynthesis of
nanoparticles using endophytic microorganisms, which is considered as a new
potential source, under explored [10]. In this chapter, we present, the latest research
about nanoparticles from endophytic microorganisms.

2. Endophytic microorganism: bacteria and fungi

“Endophytes” is a Greek word that mean “within plant”, this term is used for
microorganisms (bacteria or fungi) that dwell within plant tissues, without causing
any disease, infection, or damage to the plant tissues [11]. Every plant host, inter-
cellularly and/or extracellularly, in various spaces of plant parts including roots,
leaves, stems, flowers, and seeds, one to more endophytes microorganisms [12]. To
date, endophytes microorganism has been found in all plant species that exist on
the earth (nearly 390,000 plants) [13]. Mutualist is the most common relationship
between plants and endophytes, however, in some cases and under some condi-
tions, the endophytes can behave as opportunistic pathogens [14].

To have a stable symbiotic relationship, the plant host provides to endophytes
the necessary organic nutrient, generated through photosynthesis, for growth and
multiplication [14]. On the other side the endophytes offer different beneficial
effects to the host plant, this including: (i) nutrient assimilation: by synthesis of
iron (Fe)-sequestering siderophores, fixation of atmospheric nitrogen, solubiliza-
tion of minerals such as phosphorus [15]. (ii) Stimulation of plant growth: by
secretion of plant growth regulators (PGRs), such as auxin, cytokinin, ethylene and
gibberellin [16]. (iii) Protection of host plants from attack of pathogens microor-
ganisms and insects: through secretion of various bioactive secondary metabolites
as well as lytic enzymes [17].

The endophytes microorganisms can be acquired directly from the environment
(horizontal transmission), or are vertically transmitted from generation to genera-
tion via seed [18]. The majority of endophytes are acquired via the first mechanism
of transmission, this was confirmed through the study of the diversity of microor-
ganisms in seeds and seedlings, raised under sterile conditions, which are typically
lower than the diversity of microorganisms in plants grown in soil [19].

Endophytes are studied under two categories, bacterial endophytes and fungal
endophytes [20]. The structure of the microorganism communities resides inside
the plants, depends on several factors, including, the nature of soil and the plant
host species [21]. To study the composition in microorganisms of endophytes, the
culture-dependent methods do not allow a complete overview of the endophytic
population, because the uncultured microorganisms cannot be recovered and
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identified using this method. However, the use of molecular approaches, includ-
ing high throughput techniques of next generation sequencing (NGS), confers
arapid analysis of the composition and diversity of plant microbial endophytes
communities [22]. According to the study of Hardoim et al., 2014 [14], which ana-
lyze the sequences of 16 s DNAr assigned to endophytic bacteria strains, including
cultured and uncultured bacteria, he found that, 96% of analyzed sequences
belong to four different cultured phyla, which is reported to be dominant in

the plant environment, including: 54% Proteobacteria, 20% Actinobacteria, 16%
Firmicutes, and 6% Bacteroidetes. However, 19 phyla belong to the non cultured
bacteria. Furthermore, 50% of the analyzed sequences, which are the predomi-
nant endophytes strains, belong to the genera, Pseudomonas, Enterobacter, Pantoea,
Stenotrophomonas, Acinetobacter, and Serratia, all these genera are member

within the class of Gammaproteobacteria (Proteobacteria phylum). Other genera
are also well represented whithin endophytic bacteria population, this including
Streptomyces, Microbacterium, Mycobacterium, Arthrobacter, as well as Bacillus,
Paenibacillus, and Staphylococcus.

Endophytic fungi are ubiquitous in plants and are mainly members of Ascomycota
or their mitosporic fungi, as well as some taxa of Basidiomycota, Zygomycota, and
Mucoromycota [23]. Li et al. [24], examined endophytic fungi associated with
the stem and root of 10 halophytic species colonizing the Gurbantonggut desert,
they obtained 36 endophytic fungal taxa, dominated by Alternaria eichhorniae,
Monosporascus ibericus, and Pegizomycotina sp. 1. However, a total of 56 endophytic
fungi was isolated from leave and root segments of Salvia abrotanoides at the
three sites by Teimoori-Boghsani et al. [25]. The isolated strains belong to 16 dif-
ferent fungal genera, this including: Penicillium, Paraphoma, Phaeoacremonium,
Talaromyces, Aspergillus, Psathyrella, Trichoderma, Alternaria, Thielavia,
Acremonium, Fusarium, Talaromyces, Coniolariella, Paecilomyces, Simplicillium, and
Monocillium. Among the obtained strains, only two isolates were recovered from the
plant’s leaves (Thielavia microspore and Aspergillus sp.), while the remaining isolates
were obtained from root samples.

3. The green nanotechnology

Nanotechnology is a rapidly growing field of science, and can be defined as
the manipulation of materials at the nanometer scale or one billionth of a meter.

It’s become an integral part of the biotechnology and regarded as one of the key
technologies [26].

Nanotechnology produces materials which have one dimension less than 100 nm
at least, these materials, called nanoparticles, can be produced using different
metals, such as: gold (Au), silver (Ag), copper oxide (CuO), zinc oxide (ZnO), iron
(Fe203), palladium (Pd), platinum (Pt), nickel oxide (NiO), magnesium oxide
(MgO), selenium (Se) and titanium dioxide (TiO2) [27].

The synthesis of nanoparticles is based on two approaches: (1) top-down
approach and (2) bottom-up approach (Figure 1) [28]. The first approach
(top-down approach) is destructive method, based on the decomposition of
larger molecule into smaller units, these unit are then converted into appropriate
nanoparticles. Several physical methods are applied in this case: mechanical mill-
ing, chemical etching, sputtering, laser ablation electro-explosion [29]. The sec-
ond approach (bottom-up approach), is employed in reverse to the first approach,
in fact, in this case, nanoparticles are formed when atoms are self assemble
together [30]. The synthesis of nanoparticles using this approach, can be carried
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Top-down and bottom-up approach.

out by several physical and chemical methods including: spinning, template sup-
port synthesis, plasma or flame spraying synthesis, laser pyrolysis, CVD, atomic or
molecular condensation [31]. Biological routes can also be applied to reduce metallic
ions into neutral atoms (zero valent atoms) for synthesis of nanoparticles with
bottom-up approach, this method is so called green nanotechnology, in this case
several biological sources, available in nature, are involved, such as: (i) utilization
of microorganism (bacteria, fungi); (ii) utilization of plant extracts; (iii) utilization
of microseaweeds; (iv) using enzymes and biomolecules [32, 33].

Biological agents involved in green nanotechnology offer many benefits as
compared with physical and chemical syntheses, in fact, these techniques are costly,
requires higher utilization of energy, and utilize toxic chemicals that may have a
disastrous effect on the environment [34]. In contrast, biological approach has
several edges over chemical and physical methods for synthesis of nanoparticles,
as it is low cost, eco-friendly, non-toxic, clean and can be scaled up to larger-scale
synthesis with ease [35].

Biological nanoparticles, synthesized using different metal, have been
applied in many fields, in fact, the silver nanoparticles are widely used in
medical fields, for example Al-Sheddi et al. [36], show the potential of silver
nanoparticles synthesized using an extract of Nepeta deflersiana against Human
Cervical Cancer Cells (HeLA). However, Soliman et al. [37] indicate that the sil-
ver nanoparticles synthesized by the pink yeast, Rhodotorula sp. ATL72, isolated
from salt marches near mediterranean sea, Egypt, exhibited strong antimicro-
bial activity against a wide range of Gram positive and Gram negative bacteria as
well as fungi with low MIC value. Moreover, zinc and titanium nanoparticles are
generally used in cosmetics fields [38]. Biological nanoparticles can also apply as
sensors for various biomolecules related to environmental factors and agricul-
ture, as well as they can also use for gene delivery and cell labeling in plants and
in medicine [39].

4. Mechanisms of nanoparticle biosynthesis by microorganisms

Although, the number of studies which elucidate the green synthesis of
nanoparticles using microorganisms, there is a little work about the mechanism and
the biochemical pathway involved behind the synthesis of metal nanoparticles.

Intra and extra cellulary microbial enzymes and secondary metabolites
secreted by microorganisms, play a key role in the reduction of metal ions into
their respective nanoparticles. In fact, It has been found that the microorganisms
when are exposed to metal ion solution, they are responding to this environmental
stress by the secretion of enzymes and biomolecules that possess a reducing
potential of metal salts, consequently the metal ions are detoxified to less toxic
metal nanoparticles [5].
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Three steps are involved in the biosynthesis of nanoparticles by microorganisms
(Figure 2):

* In the first step, metallic ions are captured on the surface of microbial cells
via electrostatic interaction with the negatively charged cell wall, or they are
absorbed inside the microbial cells, through cationic membrane transport
systems that normally transport metabolically important cations [5, 40].

* In the second step, metallic ions (M+) are bioreduced into zero-valent metals (M°).
This reaction can be catalyzed by: (i) the active groups, such as the hydroxyl group
(C-OH) or the ionized carboxyl (COO-) group, of biomolecules biosynthetized by
the microorganisms having reduction capabilities., or (ii) or by microbial enzymes,
such as, NADH-dependent nitrate reductase, which catalyze the reduction of
silver ions to silver nanoparticles at pH 7.2, using NADH as electron source and
8-hydroxyquinoline as electron shuttle [41, 42]. As results of this reduction, the
metal ions are changed from their mono- or divalent oxidation states to reduced
metal ions (zero-valent states). Afterward, the nanoparticles joint to form different
morphology shapes such as, spheres, hexagons, triangles, cubes, ovale, etc. [43].

* The third step corresponding to the stabilization of nanoparticles with capping
agents, to prevent further growth and agglomeration and controlling the shape
and size of the biosynthesized nanoparticles [5].

The size of nanoparticles biosynthesize by endophytic microorganisms affect
the activity, it has been proved that nanoparticles with small size provide great
surface/volume ration and guarantee a good activity [44]. Different physico-
chemical parameters should be controlled and optimized, such as, temperature,
pH, metal salt concentration, incubation period, agitation, nature and concentra-
tion of carbon and nitrogen source in culture media, to producing homogeneous
nanoparticles in size and shape, with satisfied activity [38].

5. Nanoparticles synthetized by endophytic microorganisms

Biological methods are being a popular trend in the synthesis of metal nanopar-
ticles. Among them, those involving saprophytic microorganisms (bacteria and
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fungi), which are able to turn the metal ions, from their environment, into metallic
nanoparticles through enzymes and secondary metabolites generated by the cell
activities. This process provides greater stability and appropriate dimensions of
synthesized nonoparticules [37].

Compared with saprophytic microorganisms, the application of endophytic
microorganisms has emerged as a novel research area for the green synthesis of
nanoparticles. This field of research can open a new horizon, on the interface of
biology and nanotechnology, for novel nanomaterials with diverse applications [45].

Different endophytic microorganisms, including fungi, bacteria and actino-
mycetes, can be used for the biosynthesis of nanoparticles from different metal,
such as silver, gold, zinc, copper, etc. Table 1 summarizes the recent researches in

this field.
5.1 Nanoparticles synthesized by endophytic bacteria

Some endophytic bacteria, have developed a specific defense mechanism to
overcome toxicity of metal ions, this mechanism is based on the precipitation of
ions metals at the nanometer scale to produce nanoparticles [63]. It was observed
that some of endophytic bacteria could survive and grow even at high metal ion
concentrations. Bacteria possess such remarkable ability to reduce metal ions into
nanoparticles, can be a good candidate for nanoparticles synthesis [64].

Ibrahim et al. [46, 47] reported the isolation of Bacillus siamensis C1 from
Coriandrum sativum and Pseudomonas poae CO from Allium sativum, both strains
produce silver nanoparticles with spherical shape and exhibited potential antibac-
terial, antibiofilm and antifungal activity.

Gold nanoparticles with spherical form and size range from 5 to 50 nm, has been
successfully synthesized by the endophytic bacteria, Pseudomonas fluorescens 417,
isolated from the plant, Coffea arabica. The synthesized gold nanoparticles show
bactericidal activity against a panel of clinically significant pathogens [49]. The
same author, Syed et al. [48], use the strain Aneurinibacillus migulanus, isolated
from surface sterilized inner leaf segment of Mimosa pudica, for the biosynthesis
of silver nanoparticles with different shapes, including, spherical, oval, cubic
and triangular shapes. The particle size has been determined by Dynamic Light
Scattering (DLS) method, and revealed average size of 24.27 nm. The bactericidal
activity of the biosynthesis silver nanoparticles indicates interesting activity against
both Gram-positive and Gram-negative pathogenic bacteria. The highest activity
was observed against Pseudomonas aeruginosa, which is considered as clinically
important bacteria.

5.2 Nanoparticles synthesized by endophytic fungi

In recent years, the utilization of endophytic fungi for the production of
metallic nanoparticles has attracted more attention, due to their metal tolera-
tion, metal uptake and accumulation capability [65]. Compared with the other
microorganisms, fungi are good machines for the synthesis of any type of metallic
nanoparticles, and can provide a several advantages, such as: (i) Easy for isola-
tion from soil or plants, compared with rare bacteria and actinomycetes, which
required specific enrichment methods for isolation [56]. (ii) Secrete large amounts
of metabolites and extracellular enzymes, which facilitate the reduction of metal
ions into nanoparticles. (iii) Easy to scale-up, since they have a rapid growth [66]
(iv). Most of the fungi have a large range of growth for pH, temperature and Nacl,
which facilitate the change of culture conditions in order to produce homogeneous
nanoparticles [67].
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Clarance et al. [52], reported the isolation of the endophytic fungi, Fusarium
solani, from the plant Chonemorpha fragrans, which is used for the biosynthesis
of gold nanoparticles. The morphology of synthesized nanomaterials was found
to have needled and flower like structures with spindle shape, and showed pink-
ruby red colors and high peak plasmon band between 510 and 560 nm. The gold
synthesized nanoparticles showed cytotoxic activity against cervical cancer cells
(HeLa) (IC50: 0.8 + 0.5 pg/mL) and human breast cancer cells (MCF-7) (IC50:

1.3 + 0.5 ug/mL).

Abdelhakim et al. [51], use the culture filtrate of the endophytic fungi Alternaria
tenuissima, isolated from Erythrophleum fordii, to produce zinc oxide nanoparticles.
The shape of the biosynthesized nanoparticles was spherical and having size diam-
eter ranges between 15 and 45 nm along with significant antimicrobial, anticancer
and antioxidant activity.

The endophyte Exserohilum rostrata has been isolated from the plant Ocimum
tenuiflorum by Bagur et al. [57], this strain was used for the biosynthesis of spherical
silver nanoparticles with a size, range between 10 and 15 nm, and showed significant
antimicrobial activity and other biological properties such as, anti-inflammatory,
and antioxidant activities.

5.3 Nanoparticles synthesized by endophytic actinomycetes

Actinomycetes are Gram positive bacteria with high G + C, belong to the
phylum of Actinobacteria, which is one of the largest taxonomic rank within the
domain of Bacteria [68, 69]. This group of microorganisms is known by the pro-
duction of a wide range of bioactive secondary metabolites. In fact, 70-80% of
secondary metabolites in current clinical use, including, antibiotics, antifungals,
immunosuppressives, anticancer, insecticides and antivirals, have been isolated
and characterized from several species of actinomycetes, particularly from the
genus Streptomyces [70].

Nanoparticles from endophytic actinobacteria is an emerging field yet to be
established, in fact, when compared with fungi and the other bacteria, only few
publications have been reported. Most of the articles about nanoparticles from
endophytic actinomycetes, reporting the synthesis of nanoparticles using endo-
phytes belong to the genus of Streptomyces, however, nanoparticles synthesized by
rare actinobacteria have been reported in a few papers [60, 62].

The author, Hassan et al. [59, 61], publishes two papers about the utilization of
endophytic Streptomyces for the biosynthesis of nanoparticles. In fact, they report
the isolation of Streptomyces zaomyceticus Oc-5 and Streptomyces capillispiralis
Ca-1, from the plants Oxalis corniculata and Convolvulus arvensis respectively.
Both strains were used for the synthesis of copper naoparticles, which exhibited
different biological activity, including, antimicrobial, antioxidant and anticancer,
and insecticides.

In another study, Dong et al. [58], use a rare actinobacteria, in order to control
the disease caused by Staphylococcus warneri which have a significant impact on
human health. The researchers use the strain, Isoptericola SYSU 333150, isolated
from the plant Borszczowia aralocaspica, for the biosynthesis of silver nanoparticle
using photo-irradiation with sunlight exposition for different periods, they obtained
spherical nanoparticles with a size range between, 11-40 nm, which exhibit antimi-
crobial activity against the pathogen S. warneri.

Several others studies confirm that nanoparticles from different metallic
natures, sizes and shapes, synthesized by endophytic microorganisms, are attrac-
tive options, since they exhibited various pool of biological activities, including,
antimicrobial, cytotoxic, antiinflamatory, antioxidant [35, 50, 53-56, 60, 62].
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6. Methods for the isolation of endophytic microorganism and the
characterization of synthesized nanoparticles

The isolation methods of endophyte aim to obtained microorganisms reside
within plant hosts without causing disease symptoms. The isolation protocol
followed depend on several factors such as, the target group of endophyte microor-
ganisms you would like to isolate (bacteria, fungi and Actinobacteria), specie of the
host plant, the part of plant tissue, sampling season, culture conditions, etc. [71].

The first step consists on surface sterilization of host plant to remove all the
surface-living microorganisms [72]. Several methods can be applied, among them,
the plant parts will be immersed sequentially, in several solutions of sterilization,
including, 70% ethanol for 5 minutes, followed by (3-10%) of sodium hypochlo-
rite for 2 minutes, and then immersed in hydrogen peroxide (H202) for 1 minutes
[73]. The final step of sterilization consists to rinse the different plant parts
with distilled water three times, and soaked in 10% NaHCO3 to inhibit fungal
growth [74].

After surface sterilization, the sterilized tissue samples are cut into small pieces
of 1 cm’, under sterile conditions, and then placed on tryptic soy agar plates followed
by incubation for 14 days to verify the sterilization effectiveness. Afterwards, the
plant segments are grinding in sterile conditions, and then the samples are serially
diluted up to 10~* with sterile water [75]. Aliquots of 100-200 pL of the dilutions
will be spread-plated onto a series of appropriate isolation media (depend on the
type of endophytic microorganisms). The appeared colonies are transferred to a new
culture medium to obtain a pure culture [76]. The endophytic strains are subjected
to molecular identification based on sequencing of 16 s rDNA for bacteria, and 18 sr
DNA for fungi.

For nanoparticles synthesis, the endophytic strains are culturing in rotating
shaker under optimum culture conditions, including: appropriate culture medium,
pH, temperature, agitation. After incubation, the culture is centrifuged to separate
the biomass from the supernatant [48]. Both supernanant and biomass are tested
for nanoparticles synthesize, in fact microorganisms are able to synthesize nanopar-
ticles extracellularly or intracellularly (Figure 3) [77].

For extracellular synthesis of nanoparticles, the obtained supernatant is mixed
with a filter-sterilized metal salt solution (e.g. AgNo3), the melange is incubated
again, the color changing, of the melange after incubation, can indicate the
synthesis of nanoparticles [78]. For example, for silver nanoparticles, the color
changes from colorless to deep brown, whereas, for gold nanoparticles, it changes
from ruby red to a deep purple color. Afterward, the precipitate of nanoparticles
formed can be recovered by centrifugation, washed several times with distiled
water and collected in the form of a bottom pellet [79].

For intracellular synthesis of nanoparticles, the biomass obtained after centrifu-
gation, is washed several times with distilled water to remove the traces of culture
medium, then mixed with a filter-sterilized solution of metal salt [80]. The synthe-
sis of nanoparticles can be monitored by color change after the incubation period
[81]. The naoparticules synthesized inside the cell can be released after break down
the cell wall by repeated cycles of ultrasonication. The nanoparticles can be purified
from cellular debris, after repeated cycles of centrifugation/washing with distilled
water [82].

Physicochemical characterization of nanoparticles is performed to determine
the morphology, surface area, porosity, particle size and distribution, aggregation,
crystal structure (crystallinity), zeta potential, structural properties and others
parameters of biosynthetized nanoparticles [40].
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In order to analyse the physicochemical properties of nanoparticles, different
characterization techniques are applied. This includes the following:

* The formation of nanoparticles can be confirmed by spectra analysis of
absorption in the wavelength range between 200 and 800 nm [83].

* The morphology, size and distribution of nanoparticles can be determined
by Transmission Electron Microscopy (TEM), as well as Scanning Electron
Microscopy (SEM), since morphological features significantly affect the
activity of nanoparticles [84].

* The X-ray diffraction (XRD), can be used for the determination of the
structural properties of nanoparticles, such as the chemical composition and
the crystallinity of synthesized nanoparticles [85].

* FTIR (Fourier transform infrared) spectroscopy, is performed to identify the
functional groups present on nanoparticles [86].
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Figure 3.
Green synthesis of nanoparticles using endophyte microorganisms.
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* Particle size can be estimated using, dynamic light scattering (DLS), which can
be used to find the nanoparticles size at extremely low level [85].

* Surface area characterization, including, stability and surface charge of
colloidal nanoparticles are evaluated by zeta potential analysis using a
Zetasizer nanomachine [87].

7. Conclusion

Soil microorganisms have been largely explored as a source for nanoparticle
biosynthesis; however, few reports are available about the utilization of endophytic
microorganisms for synthesizing nanoparticles, and therefore, it is important
to focus research in this promising biological route of nanoscience. However,
since most of the endophytic microorganisms are uncultivated, it’s important to
concentrate researchs in the development of innovating methods for the isola-
tion of this group of microorganisms for further advancement of green synthesis
of metal nanomaterials. Additionally, the mechanisms involved in the reduction
and stabilization of nanoparticles, using microorganisms, is not well defined, and
more elaborated studies are needed to determine all the enzymes and biomolecules
involved in the nanoparticle biosynthesis.
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Nanotechnology in the Service of
Solar Energy Systems

Farzaneh Ghasemzadeh and Mostafa Esmaeili Shayan

Abstract

Nanotechnology can help to address the existing efficiency hurdles and greatly
increase the generation and storage of solar energy. A variety of physical pro-
cesses have been established at the nanoscale that can improve the processing and
transmission of solar energy. The application of nanotechnology in solar cells has
opened the path to the development of a new generation of high-performance
products. When competition for clean energy options is growing, a variety of
potential approaches have been discussed in order to expand the prospects. New
principles have been explored in the area of solar cell generation, multi-generation,
spectrum modulation, thermo-photoelectric cells, hot carrier, the middle band,
and many other techniques. Nanoparticles and nanostructures have been shown to
enhance the absorption of light, increase the conversion of light to energy, and have
improved thermal storage and transport.

Keywords: nanotechnology, thin-film, solar cells, renewable energy

1. Introduction

Nanotechnology is an interdisciplinary area of research, engineering and
development that encompasses nanoscale materials from 1 to 100 nanometers.
At these nanometer measurements, materials can exhibit new properties that
are absent or low in their bulk. For this purpose, nanotechnology applications
have been proved in a broad variety of areas, such as physics, chemistry, biologi-
cal sciences, materials sciences, electronics and energy sciences. Owing to the
dwindling fossil fuel supplies and the environmental consequences of their usage
and the rising greenhouse gas emissions that have warmed the earth, discover-
ing a new source of renewable, efficient and biocompatible energy is a problem
confronting scientists and researchers today [1]. Attention to alternative energy
sources such as solar energy, wind, hydro and tides, and biomass from fuel cells
and hydrogen is of great interest in industrial and science communities today [2].
Solar energy, the world’s biggest energy source, as a renewable energy source,
inexpensive and free emissions, has a special role in energy supply. The sunlight
that the Sun reflects on the planet every hour is greater than the entire resources
that the people of the world eat in a year [3]. The production of this energy is
therefore of considerable significance. Currently, owing to the need to harvest
solar energy, numerous forms of solar power production systems have been
developed in different countries with the correct capacity for solar radiation, so
that their electricity is transmitted to the national grid [4]. Todays, about 178
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Figure 1.
Global horizontal irradiation.

GW of electricity supply has produced by solar energy [5]. This resource came to
expected that, with the elimination of barriers, the solar power potential of built
power plants would hit more than 500 GW by 2020 [6]. Since the underlying
essence of green energies, like solar energy, is mostly local and distributed, so if
it is not feasible to utilize the global grid, it is reasonable that the usage of such
resources would be decentralized so spread, rather than centralized output, will
be more justifiable. Figure 1 shows the influence of solar energy in the World.
Iran has a strong potential to get this energy supply close to the equator. In the
meantime, Iran ranks seventh in mine resources.

It must be remembered that solar energy can be used in two ways [7]:

1. Using sunlight to produce energy directly

2. Usage of solar thermal energy in high-temperature power plants for the
generation of electricity and in low-temperature power plants for the process-
ing of hot water and the ventilation of houses, as well as for use of solar water
desalination plants

Nanotechnology can be very successful in the extraction of solar energy in this
field. Using this technique, the performance of the system can be improved in the
two areas of power and heat production.

It is now easier to learn more about the solar power production program and get
acquainted with the specifications of this sector.

2. Solar power generation mechanism

Sunlight comprises of various hair lengths of light continuum (ultraviolet,
yellow, and red) from energy packets called photons. The intensity of these pho-
tons differs based on their wavelength [8]. Sunlight after exposure to the surface
of the solar Panels, solar cells absorb the Sun’s energy and turn it into electricity
(Figure 2).
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A solar cell is a semiconductor electron that transforms sunlight energy
directly to electricity through its photovoltaic influence. If the sunlight passes to
the semiconductor, the electron moves from the capacitance band to the semi-
conductor conduction band and generates an electron-hole pair, each of which
can engage in the semiconductor load transfer cycle and create possible variations
such that, with the intervention of the user, the load can be guided to the external
circuit (Figure 3).

DC Current

D¢ Motor Pump

Figure 2.
A simple circuit of photovoltaic [7].
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Before Solar Irradiance After Solar Irradiance
Figure 3.

Schematic of electron and hole in solar ivvadiation present and non-solar irradiation [9].

61



Nanotechnology and the Environment

3. Types of solar cells
3.1 Silicon solar cells (First generation)

The technology of the first generation is based on silicon wafers with a thickness
of between 300 and 400 microns with a single crystal or multi-crystal structure.
The silicone materials used are polluted with different elements in order to locate a
sufficient amount of electrons-holes. Such solar cells are made up of a combination
of electron-contaminated and perforated silicone layers that emit electron-cavity
light [7]. Therefore, an electrical current is created by moving the load to the
external circuit. These solar cells have been commercialized because of their high
performance, but the major drawbacks of this group are the high cost of processing
silicon raw materials and the high energy usage [10] (Figure 4).

3.2 Thin film of solar cells (Second generation)

As the name suggests, the operating concepts of these cells are focused on thin
layers of semiconductors deposited on the surface, such as glass, metal or polymer
substrates. In such solar cells, each coating is responsible for consuming part of the
Sun’s wavelength [11]. As a consequence, the absorption rate in this form of solar
cells decreases and their energy transfer improves.

3.3 Dye-sensitized solar cell (Third generation)

The essential components of a pigmented solar cell are a photo-electrode com-
posed of a pigment-sensitive titanium dioxide film (TiO,). In this cells as Showed in
Figure 5, when photons are incoming into the Dye-Sensitized Solar Cells, absorbed
by the pigment and produced electrons and holes [12]. The electrons in the dye are
passed to the nanoparticle of TiO,. The nanoparticles of TiO, serve as carriers of

Figure 4.
Silicon solar panels [7].
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Schematic of dye-sensitized solar cells [13].

this electron, and finally the electron enters the electrode. The electron that enters
the electrode is passed by wire to the opposite electrode (reducing electrode) and
is used in the electrolyte recovery cycle. The pigment cavity, on the other side, is

regenerated by a solvent and able to absorb the next photon. In this way, the current
is also formed on the external circuit.

4. The application of nanotechnology in solar cells industry

Generally, nanotechnology has a beneficial impact on the efficiency of solar cells
in a variety of respects [14]. Such functional consequences shall include:

1.Boost absorption and retention of sunlight

2. Providing modern nanotechnology designs for solar cells

3. Using nanowires to boost solar cell efficiency

4. Application of nanotechnology dependent photo-catalysts in solar cells

5. Application of nanocoatings

6. Application of nanotechnology in power storage systems

The list is only several of the features of nanotechnology in the field of solar

energy and nanotechnology in other fields of solar energy, such as solar thermal
systems, has already demonstrated major applications.

5. The improve of absorption and capture of sunlight

5.1 Light emitting nanoparticles; a reasonable way to improve the performance
of a solar cell

Nanomaterials have been developed and manufactured in numerous ways for
diverse uses since the advent of nanotechnology in the last decades. Meanwhile,
the light emitting nanoparticles got a lot of coverage owing to their very fascinat-
ing properties in the area of light absorption and reflection [5]. Light emitting
nanoparticles, such as quantum dots, gold or silver nanoparticles and fluorescent
nanofibers, are commonly used to improve the performance of solar cells. The basic
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denominator of such nanoparticles is their special optical properties. Simply stated,
the key characteristic of such nanoparticles is the fact that they are fluorescent. Such
nanoparticles, based on their shape and scale, may absorb various wavelengths and
become agitated, and then release absorbed energy in the form of radiation from
another wavelength or original wavelength. Quantum dots will be used as a replace-
ment for pigments owing to their outstanding optoelectronic properties in solar
cells [15]. This leads to the likelihood of increasing the voltage or output current of
the responsive solar cell to the quantum level. Another drawback of such materials is
that they will extend the spectrum of absorption of sunlight outside visible light due
to their photoelectric properties (conversion of solar energy into electricity).

Although they also receive infrared rays, quantum-based cell theory simula-
tion has projected an improvement in cell performance of about 64 percent, which
is quite important. The light emitting in some of the quantum dots materials are
shows in Figure 6.

One of the newest products to improve the response of solar cells to light
and improve their absorption is the quantum dots of silver sulfide (Ag,S). Such
quantum dots are immune to wavelengths between 400 and 1000 nm in the solar
spectrum; thus, in addition to visible light (400-700 nm), they often reflect the
intensity of infrared radiation. The genus of this category is silver selenide (Ag,Se)
quantum dots, which span the entire solar spectrum and have a susceptibility range

Figure 6.
The light emitting of quantum dots [16].

Figure 7.
CIGS and CdTe flexible solar technology [16].
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7-14 times that of standard quantum dots [7]. The electrical current production

of these cells is 4 times that of regular pigment-sensitive cells. It can also be noted
that such quantum dots are very strong choices for increasing the performance of
solar cells and, as a result, investing in further work in this area in order to enter the
commercial process is completely important and imminent (Figure 7).

6. Provide new architectures for solar cells focused on nanotechnology
6.1 Transparent solar cells: A change in the solar industry

With the emergence of nanotechnology in the area of solar cell manufacturing
and the development of modern architectures, new opportunities for different
forms of solar cell applications have been opened to the world of business and
technology. All of these new designs is to render solar cells fully translucent. The
ultimate composition of transparent solar cells is a mixture of translucent substrate
(made of glass or plastic) and Nanolayers of materials of specific optical proper-
ties and thicknesses, which are responsible for absorption beyond the spectrum of
visible light. Transparent cells emit visible light and then consume ultraviolet light
and infrared-producing electricity. This innovative aspect of translucent solar cells
enables a broad variety of applications in buildings and cars. The volume of visible
light in various forms of cells ranges from 50% to 80%. Researchers expect that,
with the aid of nanotechnology, it would not be difficult to reach 12% performance
without compromising the properties of cell movement [17]. The thickest layer of
this system is the sheet of glass or plastic to which the sheet of grating and coating
is added. Some coatings are added to the ground in nanoscale. At the middle of the
layers are two active cells, which absorb stimulated light and emit electrons. One
of these two compounds is chloroaluminium phthalocyanine, which serves as an
organic electron donor, and the other is carbon 60 (Ce) electron receptor [18].
The thickness of phthalocyanine chloroalumine is 15 and C-60 is 30 nm. The
electrodes are mounted on all sides of these walls. The electrodes are constructed of
ITO/MoOQ;. The width of such electrodes is less than 20 nm [19]. As the electrodes
may be translucent (and not constructed of ordinary metal), a coating at the end of
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Effect of spectral and wavelength on transparency photovoltaic and silicon based photovoltaic [20].
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the cell can be inserted to replicate the length of the thin from other positions in the
sunlight and return it to the cell atmosphere in such a way that the cycle of absorp-
tion and conversion is replicated, as shown in Figure 8. It is found that, during this
special feature, much of the visible light moves across and out. The short and long
line extensions in the spectrum in sunlight are consumed and converted.

7. Nanofluid is a reasonable way to move power and rising
the output of solar systems

A stable nanocrystal line is a metal or non-metallic nanoparticle which is
embedded in a base solution. Suspended nanometer particles such as silicone
oxide, titanium oxide, copper oxide, or nickel metal nanoparticles, or carbon
nanotubes and graphene, change fluid displacement and heat transfer properties
that are extremely capable of increasing heat transfer. Nanofluid is mostly used in
manufacturing because of its high coefficient of heat transfer in engines or heat
exchangers to increase both performance and economy. Recently, several academic
organizations and businesses have been utilizing nanofluid in solar heaters or bat-
teries. Since the emission of light over long wavelengths on the surface of solar cells
allows it to heat up, and this rise in temperature decreases performance, the cooling
of solar cells is especially significant [17, 19]. At present, this cooling is achieved
by going through a sea of liquid, which has no impact on temperature reduction.
The usage of nanofluid moves more power from the solar cells to the outside which
improves the performance which lifespan of the solar cells. At the other side, this
heat may be used to preheat the water tanks and to heat the interior of the house.
Nanofluid is also used in solar thermal systems. Such solar thermal devices, such as
flat collectors and solar panels, solar water heaters or desalination plants, operate by
collecting solar thermal energy and transmitting absorbed heat to power exchang-
ers by another stream. The heat may be used to power water tanks or houses. To this
respect, nanofluid is stronger and more efficient than regular fluids to moving heat
from structures to heat exchangers. Through utilizing nanofluid, the measurements
of solar thermal systems can be minimized and rendered more effective, thereby
raising the initial costs of constructing and sustaining such systems.

8. The application of nanotechnology-based photocatalysts in solar cells
8.1 Nanocatalysts are a new window into improving efficiency

Photocatalysts are typically stable semiconductor oxides creating an electron-
hole pair by collecting photons. Such electron holes will interfere with the molecules
on the surface of the particles. Photocatalysts are used in solar panels, water puri-
fiers, air pollution, self-cleaning lenses, decomposition of organic compounds, and
so on. The strong absorption potential of photocatalysts and their susceptibility
to visible and ultraviolet light have increased their spectrum of use. A number of
nanophotocatalyst have been used in this respect, such as titanium dioxide, zinc
oxide, cadmium sulfide, etc. The biggest issue for photocatalysts is the accumula-
tion of small wavelengths of sunlight [21]. As a consequence, their productivity
and usefulness will decline and economic costs will rise. To address the issue and
consume longer wavelengths (in the spectrum of visible light wavelengths) by pho-
tocatalysts, mix them with one another or use two forms of catalysts concurrently.
For example, the application of silver nanoparticles to titanium oxide is the role of
the titanium oxide photocatalyst in the absorption of wavelengths.
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Figure 9.
Self-cleaning process in nanophotocatalysts [22].

This has greatly expanded the size from 400 to 450 nm. Considering the fact that
photocatalysts absorb specific light spectra, their usage in solar cells improves the
absorption of light within the cell and therefore enhances the performance of the
solar cell. Often, most nanophotocatalysts have self-cleaning, anti-steam and anti-
dust properties as showed in Figure 9, and utilizing them outside and in the body
of solar cells provides an atmosphere free of air pollutants and obstacles to light
in the cell and improves the absorption of sunlight and cell performance. Another
function of nanophotocatalysts in solar cells, in addition to raising the spectrum of
absorption and guiding it to visible light, is to enhance and increase the transition
of electrons to the electrodes, thereby growing the resistance inside the cells [23]. In
this situation, the recombination of the electrons with the cavities decreases and the
electrical current produced rises and the energy transfer capacity improves.

9. Self-cleaning and anti-reflective nanocoatings, protect and increase
efficiency

Environmental factors such as the absorption of light from the cell-solar surface,
rainy weather and the barriers produced by the movement of light, such as sedi-
mentary deposits on the surface of solar cells, are one of the factors that limit the
performance of solar cells [24]. Advances in technology and the creation of nano-
meter layers with fascinating self-cleaning and anti-reflective properties improve
the generation of solar power to address this issue. Titanium oxide nanoparticles,
which can trap organic compounds, such as hydrocarbons, through blocking the
ultraviolet wavelength of sunlight, may hold solar cell surfaces clear through reduc-
ing fossil fuel emissions and keeping them from being dirty (Figure 10).

In this way, the sunlight enters the cell surface and the reaction will be more
effective and the development of electrons and cavities will begin to be more
productive. In fact, utilizing nanotechnology, the hydrophilic and hydrophobic
characteristics of the glass surface may be modified in such a manner that the water
does not appear to damp the surface and that the sedimentary effects of the salts
in the water stay on the glass surface [5]. As the amount of electron-hole output in
the semiconductor cells is proportional to the strength of the sunlight, the elimina-
tion of the reflecting part of the sunlight by the protective glass of the solar cell
surface and its transition to the semiconductor surface is one of the ways to increase
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Figure 10.
Self-cleaning and anti-reflective nanocoatings [7].

capacity. Throughout this respect, anti-reflective nanocoatings composed of nano-
structures such as nanocraft made of Polydimethylsiloxane (PDMS) or silica nano-
meter pores made of titanium oxide nanoparticles have been mentioned. Given that
all of these nanocoatings are only in the laboratory phases of growth, increasing the
performance of solar cells would render them desirable for commercialization.

10. Application of nanotechnology in power storage systems

Some of the issues with solar power generation systems are volatility and inter-
mittent development. Power production in such systems relies on environmental
factors such as atmospheric patterns, temperature, sunshine hours, so on. For this
reason, continuous and consistent output in such processes is not feasible [25]. The
existence of a storage unit, such as a pump, is also required in order to adjust the
power supply at the moment.

Disable the intake. Ordinary batteries have a heavy weight, capacity and poor
performance, so they can be expensive for the user to fix so remove. Lithium batteries
are of concern in the latest wave of batteries [24]. Nanotechnology is also commonly
used in this field. The most significant distinction between traditional cells and
lithium batteries is the usage of organic solvents as an electrolyte solution instead of
gas. In the case of lithium batteries, the lithium-ion battery creates an electrical con-
nection between the two electrodes which, in the case of the two electrodes, transfers
electrons through charging which unloading. The electrolytes used in LiPF6-based
lithium batteries are primarily lithium alkyl carbonate, lithium alkoxide and other
salt elements such as lithium fluoride. Some of the key issues of liquid electrolytes are
the strong electrical resistance owing to the use of organic solvents. Nanomaterials
are used to boost the efficiency of the electrolyte. Adding powders, particularly in
the form of nanoparticles, from compounds such as aluminum oxide, silicone oxide
and zirconium oxide to non-aqueous electrolytes, can increase conductivity by up to
6-fold. Extensive work has contributed to the production of solid polymer electro-
lytes rather than liquid first generation lithium batteries. Reducing the possibility of
electrolyte contamination, growing fire tolerance and thus growing protection are
properties of polymer electrolytes [26]. Figure 11 indicates charge and discharge of a
model lithium battery when connected to Photovoltaic Systems.

A great deal of concern is given to strong polymer with a polyethylene oxide
foundation in the conductors of lithium ion conductors. Low price, strong chemical
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consistency and high protection are the hallmarks of these polymers, but the con-
duction of these polymers to lithium happens only at temperatures above 70° and
the process of conduction in these polymers is primarily attributed to the move-
ment of anions and the small volume of lithium transported by these polymers,
which reduces the strength of the lithium-ion batteries [27]. Adding ceramic filler
nanoparticles such as titanium oxide, aluminum oxide and silicone oxide to the
polymer matrix polymer matrix dramatically removes this issue. Furthermore, the
presence of nanoparticles inhibits the crystallization of recycled polymer chains at
70°C, which stabilizes the amorphous process at lower temperatures and improves
the ion conductivity. A great deal of research has recently been conducted on
crystalline oxide polymer polymers with SbLiX (where x = As, P) suggesting that
such polymers contribute to lithium ions. In such polymers, the polyethylene oxide
tube, in the shape of a pipe, enables the movement of lithium ions. Figure 11 shows
the formation of nanometer channels in the polymer structure which shape the
lithium-ion transmission pathway (Figure 12).
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Figure 11.

One day charge and discharge of lithium batteries [26].

Figure 12.
The bank of batteries [5].
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11. Conclusion

In sum, it can be seen that while the usage of nanotechnology in the construc-
tion and enhancement of solar cell efficiency is currently in the research process,
it can be assumed that the transition period to the commercial arena for this field

w
Tithinm
Connected 10 batericss
e nerwork
M

Pigmented sola
whotovoltals sells evessalag sl el
[ ulumn-p::rsﬂm““ ][ Lithium batterics I [ ] [ {
The layers of Liquid Salid
l omacrysul | | Polyerystal admium || e L""""' ) destreyte
[ Nano particles 'J P telluride |
Nano Graphene's layers

e - ot Anod ok
and anti-renective Nanolayers - Photo
vaating and Nanslayers . Cathode

Nanopariicher- ]
Nanalayers-Quantum "m:;‘::
Doty

Nanoparticles- x e
[""m:':ﬂ':"’] [ Nanolayers

Figure 13.
The applications of nanotechnology in solar energy systems [7].

Figure 14.
Nanotechnology and solar energy tree guidance [7].
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would be very near and inevitable. Seeing the tremendous promise that this sector
has demonstrated in enhancing the efficiency of solar cells, the commercialization
of this technology can be viewed as a major turning point in the solar cell industry.

Figures 13 and 14 show the summery of application of nanotechnology in solar
technology.
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Abstract

Ultrasound (US) technology is already into the research field providing a
powerful tool of producing nanomaterials or being implicated in decoration
procedures of catalyst supports for energy applications and material production.
Toward this concept, low or/and high-frequency USs are used for the production of
nanoparticles, the decoration of catalytic supported powders (carbon-based, titania,
and alumina) with nanoparticles, and the production of metal-organic frameworks
(MOFs). MOFs are porous, crystalline materials, which consist of metal centers and
organic linkers. Those structures demonstrate high surface area, open metal sites,
and large void space. All the above produced materials are used in heterogeneous
catalysis, electrocatalysis, photocatalysis, and energy storage. Batteries and fuel cells
are popular systems for electrochemical energy storage, and significant progress
has been made in nanostructured energy materials in order to improve these storage
devices. Nanomaterials have shown favorable properties, such as enhanced kinetics
and better efficiency as catalysts for the oxygen reduction reaction (ORR).

Keywords: ultrasound, sonochemistry, nanomaterials, batteries, fuel cells,
photocatalysis, metal-organic frameworks

1. Introduction: sonochemistry

Over the last decades, sonochemistry has been a fast developing branch of chem-
istry, which revolves around the ultrasound (US) effect and acoustic cavitation. USs
include frequencies above the audible limit of human hearing (20 kHz). The effects
of high-energy US arise from the acoustic cavitation rather than interactions of
acoustic waves and matter at a molecular or atomic level. The pressure fluctuations
generated by US in a liquid medium lead to the formation, growth, and implosive
collapse of bubbles. More specifically, the liquid continuously expands (negative
pressure) and compresses (positive pressure) until it reaches a critical diameter,
which depends on the nature of the liquid and the US frequency.

The collapse of the bubble is almost an adiabatic process, and it results in a mas-
sive buildup of energy within the bubble. The microscopic bubbles can also collapse
near the surface of the solid substrate and activate it, split larger particles to smaller
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ones or deagglomerate nanoparticles. Other than the elevated temperature and
pressure, those localized hotspots can result in powerful cavitation-generated shock
waves and microjets, which can cause effective stirring/mixing of the adjusted layer
of liquid [1, 2].

The first region is the interior of the bubble itself, which can be visualized as
a micro-/nano-reactor, dictated by extreme temperature (>5000 K) and pressure
conditions (>1000 atm) along with rapid heating/cooling rates (10'° K/s). The
second one is the interface between the bubble and the bulk solvent. The reaction
efficiency of nonvolatile solutes depends on their hydrophobicity, which determines
their ability to accumulate at the gas-liquid interface [3]. The third region is the
vicinity of the bubble, where the bulk solution is at ambient temperature, and free
radicals can form in the hot regions.

2. Batteries

As the globe encounters constant rise of energy demand to survive, the need to
exploit efficiently renewable energy sources is vital. Electrochemical energy pro-
duction can be a promising power source, while electrochemical devices constitute
an energy storage option as well. Among these devices, batteries possess commen-
surate attention the last decades, due to their various applications and potential [4].

A battery cell, regardless its shape and configuration, is a device consisted of
two electrodes, the anode and the cathode, an electrolyte between them having
the role of the ionic conductor and a separator positioned between the electrodes
that converts chemical energy to electricity or the reverse if the cell is rechargeable.
Thus, the performance of the cell depends on the properties of all the components
and the consistency of the system [5]. The current challenges are to advance the
energy density of batteries, extend their conversion efficiency and rechargeability,
and eliminate the charging time and cost while meeting the safety and environmen-
tal standards [5, 6].

In this direction, research has been emphasized toward developing nano-
structured materials and implementing them in batteries as they deliver enriched
performance, which is unapproachable by conventional materials. Some crucial
aspects about nanomaterials are their large electrochemically active surface area,
their electronic and ionic conductivity, thermal and mechanical endurance, and
flexibility [7, 8]. In order to ameliorate redox reaction rates and accelerate kinetic
mechanisms, a wide range of methods have been proposed including the possible
incorporation of nanomaterials in each component of a cell [9].

Though the effectiveness of nanomaterials remains undisputed, only a minority
of them is currently commercially utilized apparently as a result of the high cost to
synthesize and manufacture them [7]. Sonochemistry may provide feasible tools
to resolve many obstacles concerning the cost, safety, and environmental liability
while fabricating the nanomaterials for batteries. As an example, we refer to Gu
et al., who give a nice overview of graphene preparation by exfoliation in liquid
media by using US as energy source and compared the results with those from other
methods [10]. Graphene has excellent electrical, chemical, and mechanical proper-
ties and can, for example, boost the activity of electrodes especially of the oxygen
electrodes in Zn-air batteries [11-13].

2.1 Li-batteries and Li-ion batteries

High intensity USs have been used to prepare iron-graphene hybrid electrodes
for Li-batteries, whereby it was found that the ultrasonication step is of key
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importance for obtaining hybrid electrode material with small particle size and
outstanding capacity and cyclability [14].

Olivine-structured LiFePO, is a very promising cathode material; has benefits
such as nontoxicity, low cost of raw materials, and good structural stability at high
temperature; is safe; and has relatively high-specific capacity (170 mA h g™!) with
a flat discharge-charge potential (3.45 V vs. Li*/Li) [15, 16]. However, the low dif-
fusion coefficients (107 to 10™* cm” s ") of the Li-ions lead to a poor rate perfor-
mance of LiFePOy, and the poor electronic conductivity (1077 t0108Scm™) is
hindering its practical applications and must be tackled [15-17]. The preparation
of nanomaterials for cathodes in Li-ion batteries (LIBs) has been proved to be one
of the effective ways to overcome the problem of the slow Li diffusion and facili-
tate the reaction kinetics on the cathode. It is well known that porous structures
can also increase the electrode/electrolyte interface area ensuring effective electro-
lyte permeation in cathode materials and substantially improve the performance
of LiFePO, and thus of the LIBs [17, 18]. It has been demonstrated that the adop-
tion of ultrasonic-assisted impinging stream reaction is an effective method to
produce positive electrode precursor particles for LIBs with high electrochemical
performance [19].

(NH4)Fe,;(PO4),(OH)-2H,0 has been prepared as positive electrode material for
LIBs. The ultrasonication step was followed by a hydrothermal treatment step [20].

Apart from LiFePOQy, the preparation of Li-Mn-O electrode materials for second-
ary Li-batteries has been examined. Kim et al. fabricated mesoporous LiMn,0,
nanospheres with upgraded properties and observed their performance in 50 cycles
[21]. Sonochemical treatment of the surface of a corresponding Li-Mn-O electrode
by coating particles with a porous film of MgO enhances its electrochemical proper-
ties, especially in high temperatures [22].

Mn;0, is used as a precursor in the preparation of LiMn,0, and can be synthe-
sized using US in a direct step. Co;0,4 used as key material in energy applications
can be prepared by the same procedure [23]. Co;0, nanoparticles (NPs) can be
obtained by sonochemical synthesis also out of ionic liquids or azo ligands, using
Co(CH;C00),2H,0 as starting material [24, 25]. In both reports, the diameter of
the particle size of Co;0, could be decreased lower than 50 nm.

A plethora of carbon morphologies has been extensively investigated as poten-
tial material appropriate for anode electrode in LIBs. Carbon spheres constitute an
example applicable in LIBs [26, 27]. It has been demonstrated that the use of US
provides an opportunity to prepare the mentioned material in a nontoxic accessible
manner under mild conditions and competent dimensions (150-400 nm) [28].

Furthermore, recently Kumar et al. [29] outlined the progress in sonochemi-
cal synthesis of carbon dots, while Gedanken et al. [30] presented an advanced
hybrid electrode of Cu foil coated by a layer of Sn@C-dots@Sn NPs ranging from
50 to 200 nm. These NPs were formed via sonication and contributed in promising
cycling endurance of the cell.

A novel approach for the preparation of electrodes is the use of composite mate-
rials based on graphene. Therefore, Fe(III) oxide was sonochemically coprecipitated
on graphene nanosheets in order to obtain nanocomposites for rechargeable Li
batteries with stable charge-discharge kinetics for ca. 120 cycles [31]. Wu et al.
also prepared magnetite NPs on reduced graphene by using a one-pot US-assisted
method. These nanocomposites allow for high performance lithium ion storage
devices [32].

Reduced graphene oxide (RGO) nanosheets dispersed under ultrasonic irradia-
tion in NV (Ni3(VO,),) NPs prove to eliminate their agglomeration; thus, the highly
conductive electrode fabricated by the composite NV/RGO can preserve 88% of its
initial capacity (11722 mA h g_l) after 1000 cycle tests [33].
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Polyacrylonitrile (PAN) can be used as a component of solid composite elec-
trolyte lithium battery [34]. A sonochemical method has been used to prepare
negative electrode materials containing encapsulated intermetallic NPs in PAN.
The use of US leads to very small particles of CoSn,, which favors the formation
of amorphous Li-Co-Sn and CoSn; alloys, while the carbonaceous matrix helps to
maintain the small particle size. The resulting CoSn,-carbonaceous phase electrode
(CoSn,@C) shows improved electrochemical behavior and is stable upon cycling
(ca. 450 mA h g after 50 cycles) in comparison with reports on pure crystalline
COSnz [35]

Cu,0-based graphene composites have been prepared and tested for use as
anode materials in lithium ion batteries [36] with superior performance than Cu,0O
and can be used also for photocatalytic applications, sensors, and energy storage,
especially for supercapacitors [37].

Various reports investigate copper (II) oxide (CuO) and CuO/carbon compos-
ites as a possible anode material for LIBs [38-41]. Studies exploiting sonochemical
methods for fabricating these materials involve the synthesis of copper complexes
in an ultrasonic bath and the following calcination of compounds between
400 and 500°C. In this way, CuO particle size can be decreased until 12.1 nm.
However, the specific structure and dimensions of particles differ depending on
the precursor and the treatment conditions [42-44]. Hajnorouzi proposed a new
method called “direct sonoelectrochemistry” incorporating ultrasonic irradia-
tion in the process of electrolysis of a Cu tip and a physical top-down method,
“US ablation” with Cu foil as the starting material to produce CuO NPs [45]. In
comparison with conventional electrochemical methods, the produced amount of
NPs was increased, and their dimensions were controlled, while the total time of
preparation was reduced.

Nanoporous silicon structures are considered to be an attractive material in the
design of LIBs as they have a large theoretical specific capacity [46-48]. Bedini et al.
reported the synthesis of hydrogenated amorphous Si NPs under ultrasonic irradia-
tion in mild conditions [49]. The product was highly porous with dimensions of
particle ranging from 1.5 to 50 nm.

Two-dimensional molybdenum disulfide (MoS,) NPs have high potential
implementation not only in LIBs but also in sodium-ion [50], Li-sulfur [50], zinc-
ion [50, 51], and Mg batteries [52]. Liquid-phase ultrasonic exfoliation method can
be an attractive process to disperse nanosheets of MoS, in various solvents [53]. One
more layered 2D material that can be obtained with the contribution of US is V,05
nanosheets according to Li et al., who fabricated and evaluated the electrochemical
performance of the respective electrode [54].

Among the oxides of manganese, manganese dioxide (MnO,) finds applica-
tion as energy storage material in alkaline batteries, rechargeable lithium batter-
ies, and dry cells. Highly dispersed and nonagglomerated nano a-MnO, with a
needle form of 1-2 nm diameter and up to 50 nm length have been synthesized by
ultrasonication of an aqueous manganese (III)acetate solution with pH close to 7
followed by mild drying [55]. Reduction of KMnO, has been also investigated as
an alternative manner to exploit ultrasonic irradiation to prepare MnO, [56, 57].
Okitsu et al. [56] provided useful data in order to comprehend the mechanism of
basification, assisted by H,O, molecules formed during sonication, while Gnana
Sundara Raj et al. [57] used also polyethylene glycol so as to achieve reduction
and prepare spherical MnO, particles with dimensions from 10 up to 20 nm. This
proved to exhibit proper electrochemical endurance (after 500 cycles, 87% of the
initial capacitance was preserved, while in the end of 1000 cycles, 78% of the initial
specific capacitance was preserved).
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Not always is it possible to obtain the result one is looking for, during the
preparation of nanomaterials using US. Ganesh Kumar et al. did not obtain lithi-
ated manganese oxide suitable for lithium batteries by treating Mn(III) salts using
US and hot-hydrolysis, but the study showed the superiority of the ultrasonication
regarding the adjustment of particle properties [58]. In another attempt of the same
group, LiNiy sMn,; 5O, was synthesized sonochemically as cathode with high redox
potential for LIBs with better cyclability [59].

2.2 Zn-air and Zn alkali batteries

Zinc-air batteries (ZABs) exhibit a high energy density being at the same time a
low-cost product. Therefore, a tremendous interest is present in meeting the demands
for flexible and portable electronics. A novel porous-structured poly vinyl alcohol
(PVA)-based nanocomposite gel polymer electrolyte (GPE) with silica (SiO,) was
synthesized and used as electrolyte in a flexible ZAB. The fabricated porous material
exhibited a high ionic conductivity (57.3 mS cm ™), excellent water retention capability,
and improved thermal and mechanical properties under ambient condition, and the
ZAB showed an excellent cyclability, discharge performance, and power density [60].

It has been reported that cerium metallic particles deposited on Zn anode for
alkali batteries lead to an improved electrochemical performance, whereby US
power and sonication time influence strongly the battery efficiency, increase the
corrosion resistance of the anode, and suppress the Zn-dendrite formation [61].

Regarding the oxygen reduction reaction (ORR), highly efficient cathodes for
ZABs have been prepared based by decorating Fe,P on 3D N,P-codoped porous
carbon. The later has been prepared using pore-forming agents [62]. Further,
bimetallic oxides like perovskites can be immobilized on different substrates and
used as air electrodes in ZABs. As an example, one can use nafion, which has anti-
fouling properties and is very interesting in electrochemical application owing to
its interesting electronic and catalytic properties. As an example, we refer to Chen
et al., who have immobilized StWO; on nafion by using US [63].

Nickel-iron layered double hydroxide (NiFe LDH) constitutes one more com-
petitive catalyst with potential use in air cathodes, due to its layered structure.
Sonication-assisted liquid exfoliation has been proposed to be competent to deliver
highly functional NiFe LDH/CB nanosheets considering their oxygen evolution
(OER) catalytic properties and stability [64].

2.3 Other battery systems

Xie et al. prepared active cathodes for Ag,V,04,/Li battery systems through a
reaction between V,05 gel and Ag,O powder, which has been accelerated by using
US [65]. The prepared cathodes (Ag,V4Oy; and Ag; 4V30g) exhibited superior elec-
trochemical properties as compared to the ones prepared by this solid-state method.

In Li-S batteries, the sulfur host plays an important role. With respect to this,
hierarchically ordered micro/mesoporous carbon (HPC) has been prepared by
US-assisted spray pyrolysis obtaining HPC-S cathodes, which exhibited an excellent
cycle retention of 77% in tests with 500 cycles at 2.4°C [66, 67].

3. Fuel cells

An electrochemical mechanism for the direct combustion (chemical oxidation)
of fuels, which bypasses the intermediate stage of heat generation (so-called “cold
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combustion”), allows for the direct conversion of chemical energy of a fuel to
electrical energy without the losses due to the Carnot process. This direct energy
conversion is possible in devices called fuel cells, and the underlying electrochemi-
cal mechanism has analogies in living beings [68].

There are several types of fuel cells, mostly categorized based on the used
electrolyte. A second classification is based on the temperature needed by the
electrolyte to achieve sufficient ionic conductivity and one speaks about low-,
intermediate-, and high-temperature fuel cells.

3.1 Low-temperature fuel cells

The most important reaction in fuel cells is the provision with enough oxidant in
order to keep the reaction running and thus the electricity production at the maxi-
mum level. This reaction is the reduction of the oxygen molecule (oxygen reduction
reaction—ORR) as this is the source of the ions either to be transported through the
solid electrolyte in solid oxide fuel cells (SOFCs) or to react with the protons arriv-
ing through the electrolyte in polymer electrolyte membrane (PEM) fuel cells.

In PEMs, the operating temperature is low, and therefore, the kinetics of the
ORR is not high enough without the use of catalysts [69].

We prepared using the sonoelectrochemical method a Pt and carbon black-
based nanocomposite as electrocatalyst for PEM fuel cells. We used pulsed electro-
deposition in combination with pulsed ultrasonication to obtain Pt NPs on carbon
black substrates, and we have shown the beneficial role of polyvinylpyrrolidone
(PVP) against the agglomeration of the produced NPs [70].

Despite the reports of many research groups that Pt-based materials are consid-
ered to be the best electrocatalyst for ORR in fuel cells, there is no doubt that their
reserves in nature are very limited making them expensive. Further, their durabil-
ity is not as high as needed to use them in commercial applications. Therefore,
reduction of the Pt consumption and most importantly their replacement with
nonprecious metal catalysts in the ORR are considered essential. Therefore, the
development of non-Pt or metal-free ORR electrocatalysts is extremely important
and urgent [71].

Pd-based catalysts are one of the most attractive choices for the replacement of
Pt catalysts as their cost is significantly lower, and at the same time, they possess a
high catalytic activity for ORR not only because of the Pd itself but also due to syn-
ergistic effects between the Pd and the other components and supports [72]. Until
now, different Pd-based composite materials have been proposed and investigated
as catalysts for ORR [73, 74].

A very useful overview on sonochemically prepared multicomponent electro-
catalytic materials for low-temperature fuel cells is given by Lee and Kwon [75].
Most of the efforts are focusing on the partial replacement of Pt by low-cost metals,
for example, Ni [76], or the Pt replacement by Pd and respective nanoalloys with
low-cost metals (Mn and Fe as core-shell with Pd) as well [77]. Carbon-supported
Sn NPs for electrochemical applications and especially for improving the kinetics of
the ORR have been sonochemically synthesized and showed high reduction over-
potential for the ORR mainly due to the high surface area of the resulting carbon-
supported Sn electrode [78].

Further improvement in the catalytic activity of the developed catalysts is
expected through core-shell architecture materials and also through the use of
active supports with high porosity leading to high active centers on the catalyst
surface. Unique Pd@Pt/C core-shell NPs as methanol-tolerant catalysts have been
prepared by Zheng et al. in a sonochemical multistep approach [79]. The high
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performance of the Pd;Pt/C catalyst is ascribed to the unique combination of
preferable growth of the Pd (11 1) plane, small particle size (~4 nm), unique core/
shell structure, and the electronic effects between Pd and Pt.

Alternative electrocatalytic materials for the ORR have been also prepared
starting from biomass and turned out to be promising alternatives to noble metal
catalytic materials. The resulting catalysts exhibit an excellent catalytic activity as
compared to commercial catalysts with reduced methanol crossover [80].

Also, oxides of transition metals have been sonochemically prepared as elec-
trocatalysts for the ORR. Highly active porous MnO, with superior electrocatalytic
activity as compared to commercial Pt/C catalyst has been sonochemically prepared
and tested by Zuo et al. as a promising catalyst for direct methanol fuel cells [81].

US has been used also for the preparation of electrolyte membranes for PEMs.
Nanocomposite membranes based on sulfonated polybenzimidazole (PBI) with cel-
lulose and silica precursors have been made with improved mechanical properties
and decreased methanol permeability [82].

Zuo et al. prepared a composite cathode material for alkaline fuel cells based on
MoS, decorated with Pd using a simple sonochemical route [83]. They found that
the new electrocatalyst has better performance than commercial Pt/C catalysts.

3.2 High-temperature fuel cells

Fuel cells working at temperatures higher than 500°C are referred to as inter-
mediate (<700°C) and high temperature (700-850°C) fuel cells. These are proton
conducting ceramic fuel cells (PCFCs), molten carbonate fuel cells (MCFCs), and
solid oxide fuel cells (SOFCs). In all these fuel cells, the ORR is important, but in
general, the use of catalysts is not necessary on the cathode side because of the high
service temperatures.

In SOFCs, the ORR is as important as mentioned in the PEM section, but here
the temperature is high enough to accelerate the ORR without the use of specific
catalysts [84]. SOFC cathodes must be efficient mixed ionic-electronic conductors
(MIECs) as they need to transport both electrons and ions especially in intermedi-
ate SOFCs (IT-SOFCs) [85].

Once the cathode reaction is providing a sufficient amount of oxygen ions in
SOFCs, the anode material is of outmost importance as it has to catalyze the oxida-
tion reaction.

One of the critical components for such a device is hydrogen, which is the fuel
to be oxidized. Hydrogen can be produced by not only the classical methods such
as reforming of hydrocarbons, gasification of coal or heavy oil fractions, and
electrolysis using renewable or nuclear energy sources but also sonochemically
and sonoelectrochemically, as reported in a recent review [86]. Other groups
have developed electrocatalysts for hydrogen evolution using US. High intensity
ultrasonic irradiation of AINi alloy has led to an electrocatalyst for water splitting
with high surface area and changes in its composition, which can be controlled
by the selection of the right fluid during sonication [87]. Nitrogen doped reduced
graphene oxide supported on N-titania as efficient catalysts for the production of
hydrogen through water splitting has been prepared in a combined sonochemical/
hydrothermal step [88].

As oil and natural gas supply is well established, feeding SOFCs directly with
natural gas would be an ideal solution [89]. For natural gas fed SOFCs, the catalytic
activity of the anode materials is critical as it needs not only to accelerate the oxida-
tion reaction but also to prevent poisoning of the active centers by coking and sulfur
and to be stable against other components that may be contained in the natural gas.
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In our group, several efforts have been made in order to improve the preparation
methods of SOFCs [90-94] and SOFC materials [95, 96] with a focus on the anode
compartment [97-99]. Emphasis was given on the implementation of US in order to
reduce the preparation time or to follow a facile and/or alternative path for materi-
als with improved properties. In most cases, we prepared nanomaterials because
they offer special properties to the fuel cells as they are catalytically active to a wide
range of chemical reactions. One can prepare novel SOFC anodes by decorating
state-of-the-art anode powder with nanometric metals and metal oxides [100].

We decorated anode materials based on GDC/Nickel and YSZ/Nickel cermets with
molybdenum and tungsten oxide NPs and improved the catalytic activity and sta-
bility of the resulting composite anodes against coking and sulfur poisoning [101].

Not only electrodes for SOFCs have been made using ultrasonication but also
electrolytes. Okkay et al. prepared samaria doped ceria (SDC—Ceg gSmy ;01 9)
using an US-assisted coprecipitation method [102]. It has been found that the lattice
parameter of the produced nanomaterial increased with increasing ultrasonic
acoustic power and is linearly related to the ionic conductivity of the resulting
electrolyte after sintering at 1200°C. Pinjari and Pandit prepared sonochemically at
room temperature ceria nanopowders with particle size less than 30 nm with clear
benefits regarding energy efficiency and reaction time as compared to the con-
ventional preparation method [103]. Sonochemistry has been also used to prepare
Ce(III) nano-sized precursors for nanoceria [104].

3.3 Other electrocatalytic applications

USs can be used not only in batteries and fuel cells but also in many other elec-
trochemical and sonoelectrochemical applications. Ultrasonication has been used
for the preparation of electrocatalysts for the direct electrooxidation of ethanol. A
facile US-assisted method was proposed to fabricate the Pd-Pt alloy/multiwalled
carbon nanotube (Pd-Pt/CNTs) nanocomposites for the ethanol and methanol
electrooxidation reaction in alkaline media [105].

In another attempt, a catalyst made of graphene supported Ag decorated Pd NPs
with exceptional activity and uniformity. In this respect, it has been shown that
graphene is very important as substrate as it minimizes the coalescence of the NPs,
which would decrease both the surface area and the electrocatalytic activity [106].
A multifunctional nanostructured electrocatalyst has been prepared by replacing
carbon copper nanowires by Pd resulting to Pd@CuNWs and supported them
by multiwalled carbon nanotubes (MWCNTs) using chitosan (CH) as a binder.
Electrochemical catalytic activity and durability evaluation results proved the
superiority of the resulting Pd@ CuNWs/MWCNTSs/CH regarding electrocatalytic
activity and long-term stability compared to PdA/MWCNTs and commercial Pd/C
electrocatalysts for ethanol electrooxidation [107].

An overview on fundamental studies of sonochemical and sonoelectrochemical
nanomaterial preparation is given in recent publications of our group on fuel cells
[108, 109] and others on nanomaterials [110].

Silica gels have been considered as appropriate matrices for the preparation of
complex center doped materials for a variety of applications such as controlled-
release carrier implantable materials for low weight drugs in biological systems and
as substitute materials for membrane processes in fuel cells [111, 112].

Ultrasonication can be used for the atomization of methanol in order to have
a smooth and continuous feed in direct methanol fuel cells, leading to a high and
stable open circuit voltage (OCV) [113] or to enable improvement of direct metha-
nol fuel cells using sonication in parallel with a novel cell design with integrated
ultrasonic transducer [114].
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4. Photocatalysis

Photocatalysis is a phenomenon based on redox reactions, which take place at
the surface of a semiconductor material under UV or visible light irradiation. The
photocatalytic activity of the catalyst depends on its ability to create electron-hole
pairs, which are then taking part in a redox reaction to generate hydroxyl and
superoxide radicals, which are able to undergo secondary reactions [115].

The improvement of the photocatalytic efficiency is a strategy, which was
developed to push the absorption onset of TiO, toward longer wavelengths (ana-
tase band gap, 3.2 eV) by doping TiO, with anions and/or cations and metal ions
[116-118]. Zinc oxide can be either a n-type or a p-type semiconductor with a wide
band gap (Eg = 3.3 eV at 300 K), while its composites are very interesting materi-
als because of possible synergistic effects on photoelectrochemical properties and
photocatalytic activity [119, 120]. The primary ways to improve the photocatalytic
effect can incorporate a sonocatalytic technique [121], doping [122], or stratified
films [123, 124].

4.1 Environmental and energy applications

The photocatalytic degradation of organic pollutants such as dyes, pesticides,
and pharmaceutical waste is a crucial application for the safety of the ecological sys-
tem, mainly due to their toxicity and degradation complexity. The main application
areas in catalysis are photocatalytic electrolysis of water, environmental protection,
and solar cells. The pollutants in wastewater can be roughly divided into organic
and inorganic pollutants, where organic compounds can be degraded by TiO,
photocatalytic technology [125].

Converting CO, waste into valuable carbon fuels is undoubtedly one of the
most viable and economical alternatives to reduce the CO, emissions and resolve
the energy crisis. UV irradiation and visible light have been used as sources of
excitement for semiconductor catalysts to produce energy-bearing products
such as methane, methanol, carbon monoxide, formic acid, and formaldehyde.
Photocatalytic reduction of CO, can not only reduce the carbon dioxide emissions
but also solve the energy crisis [126-128]. Some of the catalysts that can be used for
the photocatalytic reduction of CO, include WO; [120], ZnIn,S, [129], CdS [130],
Cu,0 [117], CulnS, [131, 132], and BiVO, [133].

4.2 Sonochemical synthesis of nanocatalysts

Stucchi et al. used sonochemistry to both form NPs from the precursor and
achieve a good distribution on the TiO, decoration surface [117]. In fact, US energy
accelerates the diffusion of the dissolved substance into the reaction system and
also affects the selective adsorption of the surfactant on copper, causing elongation
or compression in certain directions, thus affecting the morphology of the particles.
The utilization of Cu, CuO, and Cu,0 NPs on TiO, surface can greatly enhance the
photodegradation of acetone and acetaldehyde [118].

CdS/TiO; can be prepared at a relatively low temperature (70°C) with small
particle sizes (11 nm) using US in a short time (1.5 h) [130]. On the other hand, the
use of conventional methods requires at least 20-24 h and elevated temperatures
(200-400°C). The properties of complex core-shell materials are combinations
of the properties of both materials in the core and the shell. Those materials can
be used in photovoltaic cells, optical sensor photocatalysts, and catalysts. In addi-
tion, CdS/TiO, NPs can selectively bind heavy metal ions, such as Cr (VI), on their
surface [134].
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The irradiation of W(CO), in diphenylmethane in the presence of an Ar-O,
mixture for 3 h can lead to tungsten oxide NPs consisting of both orthomolecular
and monoclinic WO,, partial oxidation of which produces tricyclic WO; [135].
WO; acts as a catalyst in reducing CO, in fuels (CH, and CH;0H) with significant
catalytic efficiency [136]. The introduction of CdS on WOs can enhance carbon
dioxide adsorption and increase CH, selectivity, while the existence of two different
regions can minimize undesirable back reactions of the photocatalytic products
[137]. Those material CdS/WOj; can also use for the photocatalytic degradation of
organic dye rhodamine B [138].

Xin et al. synthesized ZnIn,S, nanosheets with hexagonal and cubic structures.
The samples were prepared and used to form methyl formate by photochemically
reducing CO, to methanol. The efficiency of the hexagonal form was better than
the cubic one. In addition, both hexagonal and cubic nanosheets exhibited much
higher activity than ZnIn,S, microspheres prepared by the hydrothermal method
[129]. The ZnIn,S4-In,0; structure is effectively used as a photocatalyst in CO,
reduction, by offering a large surface area for CO, adsorption, while it exhibits
abundant active sites for surface catalysis, leading to significant CO production rate
and high stability [139].

Copper can also be used to prepare a CulnS, NP structure. The study of various
parameters, such as the different crystallographic structures of sulfur, the concen-
tration of precursors, the reaction time, and the power of ultrasonic radiation on
the morphology and particle size, showed that the crystallinity of sulfur plays an
important role in the morphology of CulnS, [131, 132]. Reducing CO; to solar fuel
can be essential for both decreasing CO, emissions and increasing energy produc-
tion. This photoelectrochemical reduction of CO, to methanol is carried out by
using p-CulnS; as a photocathode [140].

BiVO, NPs can be synthesized sonochemically at room temperature at different
pH values (3, 5, and 10) of the original precursor without further heat treatment.
The morphologies of the final samples are different depending on the pH value
of the original precursor. The BiVO, sample, which was prepared at a higher pH
value, has an advantage in photocatalytic performance. The excellent photocatalytic
efficiency can be attributed to the superior crystallinity and the large active surface
of the BiVO, structure [133], while its photocatalytic activity was studied during
the degradation of organic dyes [134].

5. Metal-organic frameworks
5.1 Properties and applications

Metal-organic frameworks (MOFs) are a new class of porous crystalline hybrid
materials that have achieved a tremendous growth over the last decades, with atten-
tion not only in chemistry but also in general science and technology. They consist
of inorganic metal-based centers (ions or clusters) and organic ligands, assembled
through strong coordination bonds in order to create an open crystalline framework
with permanent porosity.

These ordered crystalline structures possess physicochemical properties, such
as high surface area, open metal sites, and large void space. The easy tuning of the
shape, size, and chemical nature of pores has led to unique chemical versatility
and various morphologies, such as micro- or nano-spheres, -cubes, -sheets, and
-rods [141-143]. Furthermore, accessing the molecular adsorption sites has opened
the way to host-guest interactions and the ability to capture materials in both
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chemisorption and physisorption states [144]. Due to their controllable composi-
tion and targeted preparation, MOFs can be manipulated, so they can be used in
specific applications.

MOFs have been very promising in a wide spectrum of applications, ranging
from the well-known gas storage/adsorption [145] and separation [146], catalysis
[147], sensing [148], and dye/toxic material removal [149] to recently rising fields,
such as luminescence [150], membranes [151], and drug delivery [152]. In terms of
energy-related applications, they have been used for solar energy conversion [153],
supercapacitors [154], batteries [155], and fuel cells [156].

5.2 Synthesis methods

MOFs have been traditionally synthesized either at room temperature [157]
or via a hydrothermal/solvothermal approach by using electrical heating, an oil
bath, or an autoclave at high temperatures, for a prolonged time of hours or even
days. Recently, new methods have arisen to avoid these conditions. Similar to
conventional, as a heating-based technique, microwaves (MWs) have lately been
used widely for the synthesis of MOFs [158, 159], by offering phase selectivity, fast
crystallization, and control over the crystal morphology. Electrochemical [160]
and mechanochemical syntheses [161] are alternative methods, which appeared in
2005 and 2006, respectively. Other than the above popular methods, slow diffusion
[162], reverse micelle [163], and combinations like sonoelectrochemical [164] have
been tested as well.

5.3 MOF synthesis via US

This section is focused on the effect that US synthesis conditions have on the
final product along with the use of sonochemically prepared MOFs in environ-
mental applications with regard to harmful substance removal. (Zn;BTC,)-12H,0
(BTC = 1,3,5-benzenetricarboxylate) was the first MOF that was successfully
prepared by applying a sonochemical method in 2008 [165], followed by MOF-5
[166] and ZnBDC (BDC = 1,4-benzenedicarboxylate) [167] later that year.

In order to reveal the determining factors of the reaction rates, a kinetic study
was performed in 2010, by comparing conventional, microwave, and US syntheses
[168]. Fe-MIL-53 was chosen for the comparison due to its mild synthesis condi-
tions. The average reaction time to obtain the product is 1.5-3 days at 70-80°C for
the conventional synthesis, 1.5-2.5 h at 60-70°C for microwaves, and 0.5-1 h at
50-70°C for the US, which is a result of increased preexponential factors in the
sonochemical method.

Synthesis conditions can heavily affect the quality of crystals, the particle size,
the surface area, and the morphology; thus, various studies have been published in
an effort to optimize the reaction time, US power, solvent ratios, reagent concentra-
tion, and modulators/additives and achieve the best results in targeted applications
[169, 170].

5.4 US advantages on MOFs

The contamination of the environment is becoming an aggravating problem
[171, 172]. As aresult of the accelerated expansion of chemical, pharmaceutical, and
agricultural industries, many hazardous compounds, such as dyes, antibiotics, and
pesticides, reach the aquatic environment. Therefore, many scientists have dedicated
their work for the production of materials that can remove harmful substances.
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Abbasi et al. compared the sonochemical synthesis of HKUST-1 with a mechano-
chemical one [173]. The majority of the mechanochemically prepared particles had
a size of at least 60 nm, while the US led to particles mainly around 35-65 nm. Their
adsorption efficiency was tested via the removal of two dyes. After 24 h, 19.52%
of methylene blue and 10.86% of crystal violet had been adsorbed by the mecha-
nochemical MOFs, while the US one had managed to remove 31.91 and 27.43%,
respectively. The increased adsorption of methylene blue could be explained due to
its smaller size, so it can be captured more easily than crystal violet.

In order to improve the methylene blue adsorption performance of TMU-23,

a composite was prepared with graphene oxide (GO) in a US bath within 60 min

at room temperature [174]. About 30 mg of GO-TMU-23 (10% GO) was added in
20 mL of 10 ppm aqueous solution, as well as 27 mg TMU-23 and 3 mg GO were
also examined separately for comparison purposes. After only 2 min, TMU-23, GO,
and GO-TMU-23 have removed 50, 47, and 89% of MB, respectively, while after

15 min, they have removed 78, 90, and 97%, respectively. Another GO composite
is GO-Ni-BTC, which was prepared via an US-assisted ball milling technique [175].
Water was used as the only solvent as the coupling effect of mechanical force and
ultrasonic waves can promote the reaction without an organic solvent. The Ni-BTC
and GO-Ni-BTC were compared by studying the thermodynamics, along with
adsorption kinetics by using the congo red dye, resulting in capacities of 2046 and
2489 mg/g, respectively.

[Zn(ATA) (BPD)],, nanoplates (ATA = 2-aminoterephthalic acid,

BPD = 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene) were prepared at room tem-
perature in a US bath within the optimized duration of 120 min [176]. The addition
of triethylamine accelerated the crystal growth, and crystals could get separated
after 60 min, but 120 min was still needed to receive fully uniform nanoplates.
The modulator implementation led to an increase in 2,4-dichlorophenol adsorp-
tion from 68 to 91%. Pyridine had also been tested as a modulator agent during the
synthesis of [Zn(TDC) (4-BPMH) ],,-n(H,0) (TDC = 2,5-thiophene dicarboxylic
acid, 4-BPMH=N,N-bis-pyridin-4-yl-methylene-hydrazine) [177]. Its addition
led to better morphology of uniform sheet-shaped nanoplates with a thickness of
20-35 nm instead of NPs without order, while it also increased the removal effi-
ciency of dichlorophenol and amoxicillin from 92.5 to 95% and from 87 to 94.5%,
respectively, after 3 h.

The adsorption of rifampicin (antibiotic drug) [178] and imatinib (anti-cancer
drug) [179] was tested as well with HKUST-1. The MOF was prepared by both a
sonochemical method within 60 min and a conventional one after 24 h at 80°C. The
US synthesized particles had an average size of 80 nm, while the majority of the
conventional ones had a size over 150 nm. Regarding the uptake properties, the for-
mer could adsorb 26.6% of rifampicin after 3 h and 98% after 48 h, while the latter
could reach 19% and 59.6%, respectively. Similarly, although a greater time period
was needed, after 144 h, 96.7% of imatinib was adsorbed by the US HKUST-1 and
81.1% by the conventional one.

6. Conclusions

Among the several types of fuel cells, the use of nanoparticles has been imple-
mented for improving the ORR in cathodes and the stability and poisoning of
the anodic catalysts enhancing mainly the mass transfer phenomena. US-assisted
preparation methods have been enabling more facile and cost-effective prepara-
tion methods of producing mono- and bimetallic nanoparticles in the absence and
presence of various surfactants than conventional methods of preparations. The
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produced nanoparticles were decorated onto cathode surfaces used in low- and
high-temperature fuel cells acting synergistically with the surface toward an
enhanced catalytic activity. The use of US and/or sono(electro)chemical methods
also produces a controllable variety in the shape of the exposed planar sites of the
moieties onto electrode surfaces and was proven to be a powerful tool for reducing
metal precursors to mono- or/and bimetallic nanoparticles. Especially, in the case
of carbon-supported nanocatalysts, the use of US, in general, has been proposed
toward a high-value product production to meet the needs of energy applications.

US-assisted preparation methods are also a very promising tool in developing
highly efficient materials for batteries. Significant efforts have been focused on
creating functional nanomaterials in a variety of morphologies while decreasing the
time and cost of preparation for meeting the commercial requirements. Substantial
research has been reported in the field of Li and Li-ion batteries, where certain
materials were directly tested in custom-made batteries with promising perfor-
mance. Concerning other battery systems such as zinc-based and metal-air batter-
ies, research showed promising results, although various nanomaterial candidates
for electrodes, electrolytes, or catalysts have been prepared but not thoroughly
tested. A more focused research trend in implementing the synthesized US-assisted
nanomaterials in battery applications is currently toward a complete range defini-
tion of characteristics and stability in order to overcome possible failures and
limitations.

In terms of environmental studies, semiconductor nanoparticles and composites
prepared via US technology have shown promising results toward photocatalysis.
Carbon dioxide reduction has achieved great process on both the reaction mecha-
nisms and the pathways; thus, such materials can display better product selectivity.

Finally, USs have opened the way to fast and facile synthesis of metal-organic
frameworks by further offering smaller particle size and enhanced morphologies.
Compared to conventional methods, the accelerated nucleation and crystallization
times have made sonochemistry very attractive over the last few years, although
proper handling is necessary in regard to synthesis conditions for the acquisition
and optimization of desired properties.
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Chapter 6
Nanocomposite Materials

Mousumi Sen

Abstract

Nanocomposites are the heterogeneous/hybrid materials that are produced by the
mixtures of polymers with inorganic solids (clays to oxides) at the nanometric scale.
Their structures are found to be more complicated than that of microcomposites.
They are highly influenced by the structure, composition, interfacial interactions,
and components of individual property. Most popularly, nanocomposites are
prepared by the process within in situ growth and polymerization of biopolymer
and inorganic matrix. With the rapid estimated demand of these striking potentially
advanced materials, make them very much useful in various industries ranging from
small scale to large to very large manufacturing units. With a great deal to mankind
with environmental friendly, these offer advanced technologies in addition to the
enhanced business opportunities to several industrial sectors like automobile,
construction, electronics and electrical, food packaging, and technology transfer.

Keywords: nanocomposites, composites, phases, latex, disperse nanomaterials

1. Introduction

The nanoparticle includes the particles having size between 1 and 100 nm.
These particles have different properties at their atomic level due to their
size. This change in properties of nanoparticles is beneficial in many fields
[1, 2]. Nanotechnology is one of the most interesting fields for researchers since
the last century. Numbers of developments have been made since then in the field
of nanotechnology. Nanoparticles can be classified as metal nanoparticles, non-
metal ceramic nanoparticles, semiconductor nanoparticles, and a well-known
type is carbon nanoparticles [3]. Nanoparticles have those chemical and physical
properties which makes them very different from that of the corresponding bulk
materials due to their small size and large surface to volume ratio. They attract
much attention because of their potential applications in many fields including
optics, electrics, magnetism, ceramics, and catalysis [4].

2. Composites

Composites are engineered or naturally occurring solid materials which results
when two or more different constituent materials, each having its own significant
characteristic (physical or chemical properties) are combined together to create a
new substance with superior properties than original materials in a specific finished
structure [5, 6]. They are commonly designed to offer wide range of properties and
characteristics, some are as follows:
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* Stiffness and strength

* Low coefficient of expansion

* Resistance against fatigue

* Ease in manufacturing complex shapes
* Simple repair of damaged structures

¢ Resistance to corrosion

3. Nanocomposites

Nanocomposites are those composites in which one phase has nanoscale morphol-
ogy like nanoparticles, nanotubes, or lamellar nanostructure. They have multiphases,
so are multiphasic materials, at least of the phases should have dimensions in the range
of 10-100 nm. To overcome the limitation of different engineering materials now-a-
days, nanocomposites are emerged to provide beneficial alternatives. Nanocomposites
can be classified on the basis of their dispersed matrix and dispersed phase materials
[7]. With the help of this rapidly expanding field, now-a-days, it has been possible to
generate many exciting new materials with novel properties via innovative synthetic
approaches. The properties of the so-called found not only depended on the properties
of their originals, but also crucially on their interfacial and morphological character-
istics. Of course, we cannot ignore the fact that sometimes it also happened that the
newly generated property in the material is unknown to the parent constituent materi-
als [8, 9]. Hence, the idea behind nanocomposite is to use building blocks with dimen-
sions in nanometer range to design and create new materials with unprecedented
flexibility and improvement in their physical properties.

4. Advantages of designing novel nanocomposites

Nanocomposites are the solid combination of a bulk matrix and
nanodimensional phase(s) which differ in properties due to dissimilarities in struc-
ture and chemistry. Properties that have indicated substantial improvements:

* Mechanical properties (strength, bulk modules, withstands limit, etc.)
* Thermal stability

* Hinders flame and reduce smoke generations

* Permeability of gases, water, and solvents are reduced

* More surface appearance

* Improved electrical conductivity

* Increased chemical resistance

* Enhance optical clarity as compared to conventionally filled polymers

Among several nanocomposites, polymer-based nanomaterials are the most
leading materials of current research and development. Characteristics like film
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forming ability, activated functionalities, and dimensional variability provide lots
of benefit to polymer-based nanocomposites [10].
The potential risk of nanocomposites commonly occurs majorly in areas like

¢ Risk to health and environment
* Molecular manufacturing
* Societal risks

* Formation of nanocomposite materials:

Nanocomposites can be formed by blending inorganic nanoclusters, fullerenes,
clays, metals, oxides, or semiconductors with numerous organic polymers or
organic and organometallic compounds, biological molecules, enzymes, and sol-gel
derived polymers (Figure1).

Nanocomposite materials that are obtained by the combination of two or
more separate building constituents in one material offers unique properties that
plausibly arises from their small size, large surface area, and off course from the
interfacial interaction between the phases. Their extra ordinary potential have been
smoothly utilized to enhance the biological potential of many drugs, biomaterials,
catalysts, and also in some high-value added materials [11].

00 0 00
5200 | 1k — 0

UJ

® Layered silicates

). J

OO ()
Latex Dispersed nanocomposites

Figure 1.
Formation of nanocomposite materials.

5. Types of nanocomposites

Nanocomposite materials can be classified in the following way based on the
presence or absence of polymeric material in the composite.

The nanocomposites in which the compositions do not contain any polymers
or polymer-derived materials are called non-polymer-based nanocomposites
(Figure 2). Non-polymer-based nanocomposites are also known as inorganic
nanocomposites. They can be further classified into metal-based nanocomposites,
ceramic-based nanocomposites, and ceramic-ceramic-based nanocomposites [12].

5.1 Non-polymer-based nanocomposites
5.1.1 Metal-based nanocomposites

Bimetallic nanoparticles being investigated in detail in the form of either of alloy
or core-shell structures due to their improved catalytic properties and advancement
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Figure 2.
Classification of polymer- and non-polymer-based nanocomposites.

in optical properties related to individual and differentiate metals [13]. They can be
characterized by:

Super plasticity,

Lower melting points,
* Increased strength and hardness,

* Improved magnetic properties,

Increased electrical resistivity, etc.

Non-polymer-based nanocomposites can be also classified as: metal/metal
nanocomposites, for example Pt-Ru nanocomposites.

5.1.2 Ceramic-based nanocomposites

Ceramic-based nanocomposites are defined as ceramic composites with more
than one solid phase, in which at least one of the phases has dimensions in the
nanoscale range (<50-100 nm). In these types of composites, both the phases have
combined magnetic, chemical, optical, and mechanical properties, for example

hydroxyapatite/titania nanocomposites [14-16].
These can be characterized by:

* Better toughness
* Increased ductility

* Increased strength and hardness
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5.1.3 Ceramic-ceramic-based nanocomposites

The non-polymer-based nanocomposites can be also classified as ceramic/ceramic
nanocomposites which can be used in the area of artificial joint implants for fracture
failures and it could promptly reduce the cost of surgery and would extend the mobility
of the patient. The life spam would increase by 30 years, if the use of zirconia-toughened
alumina nanocomposite implants is used effectively. The other example of ceramic/
ceramic nanocomposites are calcium sulfate-biomimetic apatite nanocomposites [17].

The most promising prospects of both metal-based nanocomposites and ceramic-
based nanocomposites are in the application of areas in dentistry in which the non-
polymer-based nanocomposites or the inorganic materials that is metal or ceramics
such as calcium phosphate, hydroxyapatite, and bioactive glass nanoparticles are
very advantageous in alveolar bone regeneration and enamel substitution [18].

6. Polymer-based nanocomposites

The polymer or copolymer which contains nanoparticles or nanofillers dispersed
in the polymer matrix is termed as poly nanocomposites. One dimension (1D) must
be lying in the range of 1-50 nm and these possess several shapes like as platelets,
fibers, spheroids, etc. Poly nanocomposites are in the category of multiphase
systems such as, MPS namely composites, blends, and foams which can absorb
about 95% of the production of plastics. So, these systems need controlled mixing,
the achieved dispersion should be stable, dispersed phase should be oriented, and
the compounding strategies which are involved for all MPS, which includes poly
nanocomposites (PNC) is almost same [19].

Polymer nanocomposites are proposed as a class of materials with unique proper-
ties but, the most challenging property of PNCs is the complex interfacial areas in
between the polymer matrices because of this small scale large specific area is created
that highlight the importance of polymer-nanoparticle interactions. So, to achieve
properties, such as, mechanical, thermal, optical, and electric, we need to analyze
the intercalation process among the nanoparticles and polymer bases [20].

Polymer nanocomposites are known to be a class of reinforced polymer with
avery low, i.e., less than about 5% of nanometric clay particles. These substances
gained huge attention simultaneously from both the academic institution as well as
from industrial sectors commonly in the area of nanocomposites. This is actually
due to their drastically enhanced or improved thermal, mechanical as well as the
barrier properties as compared to the micro- and also the conventional composites.
These materials can be differentiated notably by: improved fire resistance and
thermal stability, improved barrier properties, and increased recyclability [21].

However, despite of having so many advantages, it is still very much difficult
to prepare a uniform dispersion between the filler and the matrix, as shown in
Figure 3. Hence, unlikely, it reflects the lower mechanical as well as thermal prop-
erties in the produced nanocomposites.

6.1 Uses of polymer nanocomposites

Figure 4 shows the various uses of polymer nanocomposites irrespective of the
nature of the field used. By the hydrolysis of tetraethyl-ortho-silicate, the hybrids
made of poly rubber (dimethyl siloxane) and nanosilica can be given a specific
shape like objects, such as golf balls (Figure 5). Many number of polymer nano-
composites for example, rubber, propylene, styrene butadiene rubber, and ethylene
vinyl acetate are used in barrier applications.
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Polymer Matrix Interaction

Figure 3.
Uniform dispersion between the filler and matrix in nanocomposites.

Environmental
remediation
Energy
MNovel storage &
catalysts I -

F il

Information Polymer Nano- EM radiation

industry Composites absorption
Defense 1 Sensing &
system actuation
Transportation
& safety

Figure 4.
Various uses of polymer nanocomposites.

Figures.
Rubbery hybrids with different shapes.

They can act as a tremendous barrier for chemicals like toluene, sulfuric acid,
and hydrochloric acid as well as for several gases such as, carbon dioxide, oxygen,
and nitrogen [22, 23]. They are also utilized in chemical protective and surgical
gloves as they have excellent solvent barrier properties in order for avoiding con-
tamination from medicine.

Polymer nanocomposites are also used in food packaging, and the particular
examples for food packaging includes processed cheese, meat, and dairy products
also the medical containers for carrying blood collection tubes, baby pacifiers, and
drinking water bottles. To enhance the barrier, mechanical properties and the life of
the product clay-based polymer nanocomposites are been used in plastic bottles [24].
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Figure 6.
The core of this Wilson tennis ball is covered by a polymer-clay nanocomposite coating.

Nanocomposites are also incorporated for beer bottle manufacture, so as to reduce
many problems like biological and non-biological aspects, beer colloids instabil-
ity, oxygen permeation, and change in taste due to light exposure. The double core
Wilson tennis ball is the most recently commercialized sports goods (Figure 6), in
which the coating of clay nanocomposites is done in order to maintain the internal
pressure for a long period of time and also the core is coated by butyl rubber clay
nanocomposite which doubled the shell life and acts a gas barrier.

6.2 Electronics and automobile sectors

In today’s time, the biggest milestone is the incorporation or application of polymer/
clay nanocomposites in the field of electronics and automobile sectors. Specifically to
decrease the solvent transmission through polymers like elastomers, poly urethane, is
the most impressive ability nanoclay incorporation. The poly nanocomposites help in
the reduction of weight and processing cost so that they used by tire companies which
are the major driving force for their usage. It is the naturally obtained materials which
possesses low density. When the clay incorporated tires are compared with the ordinary
ones then it is found that they have excellent mechanical properties and also improved
gas barrier performance for tubeless tires uses [25]. Mostly for automobile tire manufac-
turing, styrene butadiene and natural rubber nanocomposites are preferred the most.

It is due to their improved thermal properties and abrasion resistance that contribute to
the long life of the tires. They have great applications in solar cells, transistors, battery
manufacturing, etc.

6.3 Coatings

The most important modifying property of surfaces is coating. So, many methods
and strategies are tried by the researchers to improve the surface properties of several
products. The properties such as, excellent resistance for chemicals, better barrier
properties, super hydrophobicity, and corrosion resistance are exhibited by nanoclay
incorporated thermoset polymer nanocoatings [18]. The process parameters, such as
dipping time, nature of surfactant, temperature, etc., determine the coating thick-
ness. The thermoset polymer nanocoatings which are incorporated clay and nanosil-
ver could improve the antibacterial properties and is used in medical sectors.

6.4 Bio-nanocomposites
The name “Bi-nanocomposites” is given as they are characterized as natural
nanocomposite. To understand their essential roles in biological systems, their

structures and properties are studied by biologists. Bio-nanocomposites are
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designed originally and are present to fulfill the needs of life and to meet surround-
ing environmental conditions so they can guarantee the living of the associated
species. Natural materials are different in terms of structure and compositions but
the design of bio-nanocomposites require biological molecules to consider them as
synthetic building blocks, which is far more distant from the context of their own
natural function. They are made of biopolymers and inorganic solids which has the
dimension in the range of 1-100 nm. Due to their multidimensional properties such
as antimicrobial activity, biocompatibility, and biodegradability they have several
numbers of applications. The effective outcome of growing needs of bio-based
polymers is the drastic reduction in the usage of fossil fuels. Bio-nanocomposites
have easily replaced conventional non-biodegradable petroleum-based plastic as
they are light weight and eco-friendly; they have become a sustainable that is future
lasting material for use in high performance applications. As they are biocompatible,
it makes them beneficial for biomedical applications and also makes them suitable
for cosmetics and biotechnology applications. They have dominant significance

in the future as green sustainable materials [26]. Bio-nanocomposites will act as
substituents for the currently used petroleum-based polymers.

7. Uses of bio-nanocomposites

1. Bio-nanocomposites are used in cosmetics industries and also in the fabrica-
tion of implants, scaffolds, diagnostics, and biomedical devices.

2. They are also very beneficial as catalysts, contact lenses, and gas-separation
membranes.

3.In the treatment of osteomyelitis, by the regeneration of tissue biopolymer-
based nanocomposite is applicable.

4. Artificial bone implants involves nanostructured organic/inorganic nanocom-
posites which are useful in managing load-bearing bone grafts.

5. Using live cells of functionalized particles, controlled electrophoretic assembly
of bioinorganic composite materials is done.

6. They are largely applicable in diagnostic, drug delivery, and tissue generation.
7.In industries, they are used as actuators. They are also used in the manufactur-

ing of compostable bags as they are eco-friendly.

8. Applications of nanocomposites

Nanocomposites have been growing with a speedy rate so as their large number
of applications. In the next 10 years, the worldwide production will exceed 600,000
tons in the following regions:

1. Superior strength fibers and films
2.UV protection gels

3.Drug delivery systems

4.New fire retardant materials
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5. Anti-corrosion barrier coatings
6. Lubricant and stretch paints

Nanocomposites have also attracted the field of automotive and industrial
applications by doing enhancements in especially the mechanical properties. They
can be used or applied in the various vehicles types like engine covers, door covers,
and timing belt covers. Other applications are usage as blades for vacuum cleaners,
mower hood, covers for mobile phones, etc.

9. Future aspects

Modification of surface properties of nanoparticles by treating them with green
agents for specific applications having specific improved microstructural properties
like improved exfoliation, compatibility, and also thermal stability.

Advance optimization of the polymerization conditions during the preparation
of the nanocomposites in order to get maximum output with minimal cost.

Detailed study on the effect of composition of the nanocomposites to build up
the developed microstructures during the preparation activities.

Preparation of nanocomposites as well as their blends by using the materials like
polymer blends along with the melt blending technologies. Hence, the advantages of
the properties of the individual material as well as their coaction can be developed.

Using nanocomposites to make flexible batteries: “A nanocomposite of cellulous
materials and nanotubes could be used to make a conductive paper. When this
conductive paper is soaked in an electrolyte, a flexible battery is formed.”

10. Conclusion

With the rapid development of nanotechnology in the past few years, the study of
the nanocomposites has been increasingly become important in the development of
new materials for advanced applications. To fulfill the growing needs of multifunc-
tional materials, nanocomposites are the right choice as these are not only the versatile
class of materials, but also have a high level of integrated association. It is a multidisci-
plinary field which includes the knowledge of scientific background as well as techno-
logical aspects to create macroscopic engineered materials obtained through nanolevel
structures. These materials are suitable materials to meet the emerging demands arising
from scientific and technologic advances. Outstanding potentials of nanocomposites
can be exemplified by the massive investments from many companies and govern-
ments throughout the world. As a result, nanocomposites are expected to generate a
great impact in world economy and business. The important aspects is that it provides
plausible benefit to many of our industrial sector like electronics and electrical industry,
chemical industry, transportation sectors, health care organizations, and above an all
the protection of the environment. Hence, these are expected to have high impact on
making the environment cleaner, greener, and safer in the coming years.
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Novel Slow Release
Nanocomposite Fertilizers
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Abstract

Nanotechnology deals with atom-by-atom manipulation and the strategies and
products developed are quite precise. Despite the fact that the nanotechnology is
noticeably exploited in the subject of energy, environment and health, the research
is agricultural sciences had just scratched the surface. However, the potentials of
nanotechnology in agricultural sciences had been reviewed. Among the applica-
tions, nanofertilizers technology is very revolutionary and known to exhibit
economic advantage if the products advanced are economically feasible and socially
sustainable. These nano fertilizers are pronounced to reduce nutrient loss due to
leaching, emissions, and long-term incorporation by soil microorganisms.

Keywords: nanofertilizer, slow release, composite, use efficiency

1. Introduction

Today agriculture in the world is facing major tasks are reduction in yield,
shrinking in the cultivable land due to globalization, less efficiency of nutrient, lack
of nutrient availability and uptake is poor in soil, decreasing organic matter in soil,
deficiency of water accessibility. In this critical situation it is more challenging to
produce adequate food to feed the increasing populaces, which is projected to pass
9 billion by 2050. The nanofertilizer is ecologically safe and increase soil fertility,
crop productivity and nutrient use efficacy. Nanofertilizer deals with atom-by-atom
manipulation and the processes and products evolved are quite precise. Despite the
fact that the nanotechnology is greatly exploited in the field of energy, environ-
ment and health, the research is agricultural sciences had just scratched the surface.
Conversely, the importance and potentials of nanotechnology in agricultural
sciences had been reviewed [1]. The nanofertilizers technology is very inventive
and known to show economic benefit if the products evolved are economically
viable and socially maintainable. These customized nanofertilizers are reported to
decrease nutrient loss due to leaching, emissions in soil ecosystem [2].

Nano based encapsulated and slow release fertilizers increase the uptake of
nutrients, enhance fertility of soil and decreasing toxic effects associated with over
application of fertilizer. In Tamil Nadu Agricultural University, Coimbatore, various
nano-zeolite based fertilizer research carried out with Nitrogen [3, 4], phosphorous
[5], potassium [6], sulfur [7, 8] have been synthesized, characterized and examined
in various crops.
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Considering the above referred research, there is a crucial requirement to
increase smart nanofertilizer can steadily release chemical substances to exact
focused places and effectively control nutrient insufficiency. Nano based smart
delivery system of nutrient to crop regulated slow release, target oriented and
need based [9]. The important crop based nanofertilizer or nano formulation were
produced which effectively increase growth and yield of the crops without create
any harmful effect in environment ecosystem [10]. Nano fertilizer are less in size,
more surface area, high sorption and desorption ability, slow release of nutrient
for prolonged time. Conversely, the nanotechnology is new emerging science while
using nanofertilizer to crop we have to conform safety measures to environment.

2. Technology of nano fertilizers

The nano-fertilizer denotes in nano scale range to deliver nutrients to plant and
also present invention which substitutes conventional fertilizer the nanofertilizer
release and uptake of nutrients in the soil and crop is high [10]. The nano fertilizer
will improve absorption of nutrient, potentially enhance photosynthesis, enhances
the crop production [11]. The encapsulation technique is used to hold nutrient
inside the carrier with polymer and steadily release nutrient to crop. The zeolite
based nano porous fertilizer utilization and interest will increasing within young
researchers in nano technology field [12, 13] nanofertilizer can enable nutrient
carriage to the rhizosphere region and minimize nutrient loss and further improve
use efficiency of applied fertilizer.

The nano fertilizers work carried out by [14] reported that using silica nano
mesoporous particle to encapsulate urea and produce nano nitrogen slow release fer-
tilizer [15] found that apatite as a source of nano phosphatic fertilizer will reduce the
hazard and eutrophication problem in water ecosystem. The nano size in nature of
fertilizer will enter into the plant cell is very easy without creating any ill effect [16]
research reported that chitosan biodegradable polymeric molecule has been used as
a source to produce nitrogen, phosphorous and potassium based nanofertilizer.

2.1 Important benefits of nanofertilizers

Nanofertilizer innovative needed products for fertilizer industry and it’s having
higher surface area and auspicious picking for improving the quality and quantity
of plants and seeds grown for consumption, to minimize production cost as well as
ecofriendly to sustainable food production. The nanofertilizer are smaller in size,
shape, charge of particle this will synthesized based on crop specific and demand
oriented. Abundant particle like silver, titanium, zeolite, copper, silica, aluminum,
carbon, zinc, and nitrogen based nanofertilizer is available.

Generally nanofertilizers are slow release: over a period of time the nutrient
will available to crop at entire life cycle. Quick release: the outer most shell of the
nano particle it breaks easily and quick release of nutrient in to the soil. Specific
release: some specific chemicals molecules involve to break shell of the nano particle.
Moisture release: in the presence of water molecules in nanofertilizer release nutrient
in easy manner. Heat release: at a particular temperature nano particle get released.
pH release: specific alkaline or acidic condition favor the slow release of nanofertil-
izer. The nano composite and fertilizers efficiently reduce nutrient loss from environ-
ment and increase use efficiency of nutrient [17, 18] found that nanofertilizer play
important in agriculture production up to 35-40% to effectively reduce chronic prob-
lem, eutrophication, and nano fertilizer are alternative for conventional fertilizer.
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2.2 Possessions of nanofertilizer

* Surface area: The nanofertilizers possess small particle size which causes
increased surface area. Increased surface area raises the nanofertilizer reactivity
with other compounds thereby increases the nutrient use efficiency and nutrient
uptake.

* Solubility: Nano fertilizer with solvents as water possess increased solubility.
Excessive solubility of nanofertilizers increases nutrient bioavailability in soil
by solubilization and spreading of insoluble nutrient in soil.

* Particles size: Nanofertilizer has particle size of much <100 nm. Due to
decreased particle size the nanofertilizers diffuses into the plants and increases
the uptake of nutrients

* Encapsulation of nanofertilizer: Encapsulated nanofertilizer increases the
available and nutrient uptake by plants [19]. Zeolite-based encapsulated
nanofertilizers enhance availability of zinc and nitrogen to prevent from
denitrification, volatilization, and leaching of nutrient in the soil.

* Controlled release of fertilizers: Controlled release of fertilizer decreases
the toxicity of fertilizer. In peanut seeds Zinc oxide nano fertilizer produce
increased growth of root and percentage of germination than bulk zinc
sulphate due to its controlled release nature [20].

* Nutrient uptake efficiency: Nanofertilizers as increased uptake efficiency and
limited leaching loss of applied fertilizers [21].

2.3 Nanofertilizer prepared based on zeolite

Zeolite mesoporous particle is potentially used for synthesis of nanofertilizer
and its having higher surface area (900 m™ g™") of zeolite, making zeolite an
extraordinarily effective ion exchange [22]. The surface area, excessive nutrient
absorption ability, water holding capacity and internal micro pore numbers is high
in nano sized zeolite mineral due to having desirable physical and chemical proper-
ties. Zeolite acts as a carrier of nitrogen, phosphorous, potassium and micronutrient
fertilizers enhance the productiveness of crops [23, 24]. Accordingly, nano-
fertilizers prepared based on zeolite are successful of deliver nutrients up to 50 days
in case of traditional fertilizer like urea ended with 10-12 days [25, 26] pronounced
that ammonium and potassium encapsulated with clinoptilolite it will increase the
solubility of nutrient to the crop reported that nano clay like zeolite and montmo-
rillonite carrying nitrogen are ability to deliver prolonged period of time (>1000 h)
than conventional fertilizers (<500 h).

The increase nitrogen use efficiency by utilizing adsorbent of nano zeolites.

The nitrogen use efficiency of conventional urea rarely exceeds 30-35% and nano
zeolites has massive viable to normalize the discharge of nitrogen and nano zeolite
encapsulated urea supports adsorption of nitrogen in higher zeolite mesoporous
structure. The nitrogen content of zeourea and nano-zeourea confined 18.5 and 28%
respectively release nitrogen 34-48 days in case of urea the nitrogen release arrest
within 4 days [27, 28] proven that mixing urea with zeolite and sago waste water has
extremely good advantage over urea alone as the combination increase the ammonium
and available nitrate ions. The zeoponic is a plant grown with zeolite as a substrate
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and release demand driven nutrient delivery system [29]. The release of phosphorous
from unmodified fertilizer loaded with zeolite and surface modified zeolite from
strong potassium dihydrogen phosphate was once performed the use of the constant
flow percolation reactor. The phosphorous supply from surface modified zeolite used
to be available even after 1080 h of continuous percolation, while phosphorous from
potassium dihydrogen phosphate was once exhausted within 264 h [30].

The nanoparticles, nano-zeolite as higher surface area due to this property it
release fertilizers and anionic sulphate in slow and constant manner [31]. The pure
ammonium sulphate and surface modified sulfur nano-zeolite were exposed to
test nutrient release pattern by utilizing percolation reactors. The research data
obviously designate that all of the available sulphate in pure ammonium sulphate
is exhausted after 384 h while the launch of SO,* from sulphate loaded surface
modified nano-zeolite is sustained even after 912 h, with concentrations ranging
from 47.56 to 8.27 pg g ™. The surface modified nano sulfur is confirmed effective
sulphure nanofertilizer as compared to conventional sulfur [32].

3. Formulation and preparation of nanofertilizer
3.1 Nitrogen

The urea treated with hydroxyapatite nanoparticles is attained by controlled
adding of phosphoric acid into a suspension of Ca (OH); and urea, monitored by
fast drying using spray dryer. The research found that release of urea from the
nanohybrids with a 1:6 hydroxyapatite to urea ratio released urea 12 times more
gradually associated to pure urea. Additionally, the nanohybrid confined very
nearly the same quantity of available nitrogen as pure urea [33].

3.2 Phosphorus

The encapsulated unmodified zeolite potassium dihydrogen phosphate release
phosphorus from fertilizer and the percolation reactor used to test release pattern of
surface modified zeolite from soil. The research found that the phosphorus source
from fertilizer-loaded surface modified zeolite was accessible 1080 h of constant
percolation, however phosphorus from potassium dihydrogen phosphate was arrest
264 h. This study confirmed that surface modified zeolite act as a potential nano
fertilizer for phosphorus.

3.3 Potash

Li and Zhang [20] described that potassium encapsulated with zeolite as a
controlled release fertilizer and observed the hot pepper growth parameter and
potassium dynamics in soil. The high cation exchange capacity of the nano clays is
produced when silica (Si*") is replaced by aluminum (AI’*) increase negative charge
in the clay lattice. This negative charge is composed by cations such as ammonium,
sodium, calcium, and potassium, which are interchangeable with other cations.
Potash fertilizer is directly involved in photosynthesis process, it assist stomata
opening in leaves and water storage. Potash fertilizer are released slowly by using
Polyacrylamide-based coated pellets.

The fertilizer contribute 35-40% of crop productivity along with seed and
proper irrigation. The imbalance use of fertilization especially urea it may create
surface water nitrate pollution and deficiency of nitrogen in soil. In the earlier
few decades, use efficiencies of nitrogen, phosphorous and potassium fertilizers
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have continued stable as 30-35%, 18-20%, 35-40% respectively. To overcome
multi-nutrient deficiencies, imbalanced fertilization, low fertilizer use efficiency
and decreasing soil organic matter it is crucial to develop a nano-based fertilizer

for smart delivery of nutrient to targeted site. The application of nanofertilizer in
foliar spray of 640 mg/ha foliar application (40 ppm concentration) of nano phos-
phorous gave 18 kg/ha phosphorous equal yield of cluster bean and pearl millet in
arid environment condition. The research data propose that stable fertilization can
also be deliver through nanotechnological approach to meet out crop demand and
fertilizers encapsulated in nanoparticles will enhance the uptake of nutrients [34].

4. Nutrient use efficiency and nanofertilizer

Enhancing nutrient use efficiency is a commendable goal and ultimate trial
handled by agriculture fertilizer industry in worldwide. Presently nanofertilizer
have involved with the experimental fields to increasing use efficiency of applied
fertilizer. The nanofertilizer consist of higher surface area because lesser in size of
the nanoparticle and have high reactivity, solubility in water. The nano encapsulation
techniques considered as three ways: (a) nutrient can be encapsulation inside nano-
porous particle, (b) A thin polymer can be used for outer coating (c) Can be released
nanosize level fertilizer. Zeolite based nano encapsulated fertilizer is ability to release
nutrient in slowly in to the crops and increase nutrient use efficiency [35].

In the conventional fertilizer the 50-70% of low in nitrogen use efficiency. New
smart delivery systems of nano technological approach is enhance nitrogen availability
and use efficiency. The fertilizer use effectivity in 10-25% for phosphorus. With
nano-fertilizers rising as substitutes to traditional fertilizers, buildup of nutrient in
soils and thereby eutrophication and drinking water impurity may additionally be
eliminated. In fact, nanotechnology has opened up new opportunities to enhance
nutrient use efficiency and limit charges of environmental protection. The encapsu-
lation techniques such as manganese core shell will help to uptake and slow release
of nutrient need based (5). Maximum number of agricultural soils in India have low
native fertility and effective and continuous crop production on these soils needs
regular nutrient efforts. The considerable available of nutrients for recycling through
animal manures and crop residues is significantly insufficient to reimburse for the
quantities uptake in crop production.

However, the use of conventional fertilizers in worldwide improved progressively
over a period of time the use efficiency of nutrients applied as fertilizers continues to
remain terribly low in phosphorous (15-20%) and micronutrients (2-5%) like zinc,
iron, copper. When nutrient inputs are used incompetently then both cost of farming
and threat of biosphere pollution rise. Thus, the economy and ecology highlights the
obsessive need for more effective use of nutrients in crop production. Since, fertilizer
nutrients are exclusive and used in huge quantities at national level, any rise in use
efficiency will lead to a considerable cut in nutrient necessity and huge economic
advantage at national level [36]. The slow-release properties of Zn to plants may be
closely associated with higher yields. Nanotechnology has great potential in agriculture
as it can enhance the quality of life through its application in fields like sustainable and
quality agriculture, and improved and rich food for the community [37, 38].

5. Environmental and health situation of nanofertilizers

The utility of nanostructures or nanoparticles as agrochemicals (fertilizers or
pesticides) is systematically being explored, before nanofertilizers may want to
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be used in agriculture or farming for a general farm practice. The homes of many
nanoparticles are viewed to be of attainable hazard to human health, viz., size,
shape, solubility, crystal phase, type of material, and exposure and dosage con-
centrations. However, specialist opinions indicate that food products containing
nanoparticles available in the market are probably protected to eat, but this is an
area that needs to be more actively investigated. To address the protection challenge
element research are required to know the effect of nanoparticles within the human
body once exposed through nanofood. Researchers have to assess and improve
suited evaluation techniques to investigate the impact of nanoparticles and nanofer-
tilizers on biotic and abiotic factors of ecosystem. Among the various issues, the
accumulation of nanomaterials in environment, edible part of plants would possibly
be the necessary issues earlier than use in agriculture.

6. Conclusion

World population is increasing geometrically its great agricultural challenge
for feed the developing population with nutritious food. The biotic and abiotic
constraints which limits the agricultural productivity furthermore has an effect
on human health and use of exclusive nanofertilizers to improving crop produc-
tion in agriculture. Consequently, it is required to attentively study the association
of nanoparticle and crop microbiome. Supplementary, in order to recognize the
interface of nanoparticle with soil and environment ecosystem. Investigational
confirmation of the allowable use of nanofertilizer quantity within safety limits
need to be described. The interface of nanomaterials with soil and plants varies
with the type of nanofertilizer the applied attention of nanoparticle the time of
treatment, plant genotype and the stage of growth. Regardless of these possible
benefits, the recommendation of nanofertilizer in crop enhancement could come
with hazards for the environment non-target plants, useful soil organism affected if
nano-materials are misrepresented.
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Chapter 8

Graphene Oxide-Based
Nanohybrids as Pesticide
Biosensors: Latest Developments

Navin Kumar Mogha

Abstract

Graphene is the most significant two-dimensional nanomaterial with sp”
hybridized carbon atoms in a honeycomb arrangement with an extremely high
surface area, excellent electrical properties, high mechanical strength, and advan-
tageous optical properties and is relatively easy to functionalize and mass produce.
Various inorganic nanoparticles incorporated with graphene, such as gold, silver,
and palladium nanoparticles are brought into sharp focus due to their catalytic,
optical, electronic, and quantized charging/discharging properties. Graphene
oxide-based nanohybrids are particularly well suited for biosensing applications
and catalysis. Consequently, this area of research has grown to represent one of
the largest classes within the scope of materials science and is rapidly becoming a
key area in nanoscience and nanotechnology offering significant potential in the
development of advanced materials in multiple and diverse applications. Here
in this present chapter, synthesis, characterization of graphene oxide, and their
nanohybrids are discussed thoroughly with their application in the field of pesticide
biosensors. This chapter will help in a further understanding of graphene-based
nanohybrids as a biosensing platform for their future applications in a sustainable
environment.

Keywords: graphene oxide, pesticides, biosensors, nanohybrids, nanoparticles,
chemical reduction

1. Introduction

The prevalence of harmful and toxic chemical compounds in the environment
has become a serious issue in recent decades [1]. Contamination of foodstuffs, drink-
ing water, and air with hazardous pollutants and other foreign substances are real
and a direct threat to human health, whereas the accumulation of such contaminants
in the human body and environment may lead to long-lasting, severe, and harmful
effects after primary exposure [2]. Chemicals such as pesticides, plastic, lead, meth-
ylmercury, polychlorinated biphenyls, arsenic, toluene, rubber, and paper [3] play a
key role in the economic growth of countries to fulfill their development objectives
[4]. The term “pesticide” is defined as any chemical entity, which has the ability
to kill the various kinds of pests including rodents, insects, fungi, weeds, etc. and
henceforth categorized accordingly as rodenticides, insecticides, fungicides, and
herbicides [5]. However, based on chemical composition, pesticides can be classi-
fied into five main groups as organochlorines, organophosphorus (OP), carbamates,
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pyrethrin, and pyrethroids compound. The unnecessary consumption of those
agrochemicals has undesirable effects on the ecosystem, including a decreased popu-
lation of beneficial insects as well as risks to vulnerable species and bird habitats.
Pesticide pollution is becoming one of the most severe challenges of common public
health around the globe because of their particular application in the agriculture
sector to assure crop yield and productivity [6]. In some cases, acute poisoning

may occur because of inappropriate handling that ultimately causes adverse health
effects because of long-term and low-level exposures. The widespread diffusion of
such toxic chemicals adversely affects a great part of the population. A large number
of people, categorized by different patterns, ages, and degrees of exposure, are at
increased risk to the adverse effects of these chemicals. Workers who are involved in
the manufacturing and application of pesticides are at a considerable risk of expo-
sure, which typically occurs among specific users in public health. In the agricul-
tural sector, farmers may get direct exposure to pesticides during spraying across
the agricultural fields [7, 8]. In the general population, individuals may be at a risk
of pesticide exposure on a daily basis in food and drinking water or to pesticide
drift in domestic areas adjacent to spraying areas [9]. Given their hazardous effect
on human health and the environment, the prime concern should be of their rapid
and reliable detection by a convenient method. Although various laboratory-based
analytical methods such as colorimetry, capillary electrophoresis (CE), thin-layer
chromatography (TLC), gas-liquid chromatography(GLC), high-performance
liquid chromatography (HPLC), nuclear magnetic resonance (NMR) spectroscopy,
mass spectrometry (MS), and enzyme-linked immunosorbent assays (ELISA) have
been employed so far, but these suffer from one and the other drawback such as

the use of expensive instrumentation, time-consuming process, and requirement
of trained personnel [5]. Therefore, there is a dire need to develop sensitive, rapid,
economically feasible, and easy-to-use methods for the detection of these com-
pounds in the environment. Such efficient detection methods could be developed
using biosensors that are used in a variety of applications for prompt and accurate
detection of different analytes such as biomolecules and chemical compounds [10].
Various nanomaterials are generally categorized into nanoparticles, nanotubes, and
nanocomposites, which can be generally employed for the diagnosis, degradation,
and adsorption of chemical pesticides. Carbon nanomaterials or nanoparticles
(NPs) have specific characteristics, including a high surface-to-volume ratio, good
electrical conductivity, catalytic action, and beneficial biocompatibility and can

be simply modified with functional groups, which has made them be often used in
pesticide biosensors to boost analytical efficiency [11].

It is well known that graphite and diamond are its most common allotropic
form of carbon found in nature. Graphite, which is found as a natural mineral,
consists of sp” hybridized carbon atomic layers that are stacked collectively
through weak attraction forces such as van der Waals forces. Single-layer out of
these carbon atomic layers are packed in a two-dimensional honeycomb struc-
ture called as “graphene” termed coined by Boehm et al. [12]. It remains almost
impossible to isolate graphene monolayer for several decades before Geim and
Novoselov [13] who reported a scotch tape method or micromechanical cleavage
method for the isolation of graphene monolayer from silicon oxide substrate.
Discovery of graphene monolayer awarded Geim and Novoselov the Nobel Prize
in Physics “for groundbreaking experiments regarding the two-dimensional
material graphene”.

Graphene, which consists of a one-atom-thick planar sheet comprising an
sp°-bonded carbon structure with exceptionally high crystal and electronic quality,
is a novel material that has emerged as a rapidly rising star in the field of material
science [14, 15].
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Research-based on graphene oxide (GO) and graphene is an established inter-
disciplinary field associated with different disciplines such as physics, chemistry,
material sciences, and nanotechnology with still a lot of emerging ideas to be
developed. The result of working experience on other carbon allotropes leads to
rapid discoveries of exceptional electronic, optical, and mechanical properties of
graphene. In particular, its extraordinary charge carrier mobilities, thermal, and
electrical conductivity, collective with high transparency and mechanical strength
make graphene a suitable material for biosensing applications.

These exceptional physicochemical properties indicate its potential for delivering
new tactics and critical developments in electrochemical sciences. For instance, a
large number of analytic molecules can be attached to the large surface of electri-
cally conductive graphene sheets leading to the development of the highly sensitive
miniaturized device. Direct electron transfer between graphene and redox species
creates new prospects for sensing applications. Consequently, graphene has lately
fascinated the attention of the scientific community worldwide.

1.1 Graphene and graphene oxide

GO is considered as a precursor for obtaining graphene via chemical or thermal
reduction methods. It consists of single-layer graphite oxide, having various oxygen-
containing groups, whose structure has been proposed through several models over
the years [16-20]. Oxygen functional groups have been identified as typically in the
form of hydroxyl, epoxy groups and carboxy, carbonyl, phenol, lactone, quinone
on the basal plane, and at the sheet edges, respectively [21-23]. However, due to
ambiguity pertaining to the nature and distribution of the oxygen-containing
functional groups (Figure 1) [24, 25], its nonstoichiometric atomic composition,
and the absence of adequately sensitive analytical techniques for GO characteriza-
tion, its precise structure cannot be fully elucidated. The difference between GO
and pristine graphene is as a result oxygenated groups present in GO which affect its
electronic, mechanical, and electrochemical properties. Hence, they account for the
differences between GO and pristine graphene [26]. The covalent oxygenated func-
tional groups in GO give rise to remarkable structure defects, which are associated
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Figure 1.

A schematic illustration of methods for the preparation of graphene, GO, and vGO by means of mechanical
cleavage, exfoliation, CVD, and reduction methods including chemical, thermal, and electrochemical methods
from graphite. Reprinted with permission from Ref. [25], Published by Elsevier.
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with some loss in its electrical conductivity [27], limiting the direct application of
GO in electrically active materials and devices. In contrast, these functional groups
can also be proved advantageous for exploiting GO in numerous other applications.
The presence of polar oxygen-containing moieties gives GO a hydrophilic character
making it dispersible in many solvents particularly in water [24, 28, 29]. Subsequent
stable GO suspension can be used for preparing thin conducting films using spin
coating, drop-casting, or spraying methods [23] for further to be used as electrodes.

Furthermore, well-known chemistry strategies can be used for the functional-
ization of GO using oxygen-containing groups as a site for chemical modification,
which subsequently can be exploited for immobilization of various electroactive
species via covalent or noncovalent bonds different application in sensing or
catalysis. Thus, the physicochemical properties of GO can be tuned very easily by
engineering its chemical composition [21, 30, 31].

Hydroxyl, epoxy, and carboxyl groups present in GO are covalently bonded to
the carbon atom with sp hybridization are termed as oxidized region, disrupting
the extended sp’ conjugated network of honeycomb lattice in graphene, which can
be viewed as an unoxidized region [32, 33]. sp’ hybridized carbon clusters with
oxygen-containing groups are uniformly but randomly distributed either above or
below the GO plane [34]. Various microscopic and spectroscopic techniques have
been employed for an in-depth analysis of the structure of GO. For instance, atomic
force microscopy (AFM) provides the apparent thickness of the single-layer GO
sheet beside the number of layers present [33, 35-37].

In contrast, conductive AFM demonstrates electrical defects found in GO [38].
Lately, one of the significant breakthroughs in determining the structure of GO,
high-resolution transmission electron microscopy (HRTEM) has been employed
for direct imaging of lattice atoms and topological defects present in single layer of
GO [39-41]. Erickson et al. [39] identified specific atomic scale topographies of the
GO monolayers, consisting of three major portions viz. holes, graphitic regions, and
high-contrast disordered regions having approximate area percentages of 2, 16, and
82%, respectively.

According to the author, excessive oxidation and sheet exfoliation lead to the
release of CO and CO, consequently forming holes in GO. They also proposed that
graphitic regions are a result of incomplete oxidation of basal plane having the
preserved honeycomb structure of graphene, whereas the disordered region is rich
in oxygen functionalities, such as hydroxyl, epoxides, and carbonyls with no order
between them.

The chemical composition of GO and its oxygenated functionalities have been
recognized through various spectroscopic techniques, which include solid-state
nuclear magnetic resonance (SSNMR) [42-44], X-ray absorption near-edge
spectroscopy (XANES) [45-49], Raman spectroscopy [45-49], X-ray photoelectron
spectroscopy (XPS) [49] and Fourier transform infrared spectroscopy (FT-IR)

[47, 50, 51]. Three main peaks around 60, 70, and 130 ppm are assigned to carbon
atoms bonding to the epoxy group, hydroxyl group, and graphitic sp carbon,
respectively [44], can be seen in a typical solid-state °C magic-angle spinning NMR
spectra of GO. Furthermore, three small additional peaks were also found at about
101, 167, and 191 ppm tentatively attributed to lactol, the ester carbonyl, and the
ketone groups, correspondingly. XANES is another powerful tool for GO charac-
terization, which provides information related to the degree of bond hybridization
in mixed sp’/sp>-bonded carbon, the specific bonding arrangements of functional
atoms, and graphitic crystal structure’s degree of alignment inside GO [49].

Besides, Raman and FTIR spectroscopy data support the presence of oxygenated
species in GO and its degree of oxidation. Raman spectrum of a GO displays two
characteristic bands namely a D-band at ~1340 cm ™ and G-band at ~1580 cm ™ [52].
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The G-band is a distinctive peak of all sp>-hybridized carbon networks and due to first-
order scattering from the doubly degenerate Eg phonon modes of graphite whereas
the D peak originates from structural imperfections and disorders produced by the
addition of oxygenated groups on the carbon basal plane [52-54]. Hence, the intensity
ratio of the D- and G-bands (I4/1;) points to the oxidation degree, disorders, and the
size of sp’ ring clusters in a matrix of sp’- and sp>-bonded carbon [53]. A significant
decrease in I4/I, ratio was observed after thermal reduction, indicating a considerable
regaining of conjugation in the graphitic structure after the defunctionalization of GO
[45]. Functional groups can be recognized by the use of FT-IR spectroscopy and in the
case of GO, it has reinforced the presence of hydroxyl (broad peak at 3050-3800 cm™Y),
carbonyl (1750-1850 cm™), carboxyl (1650-1750 cm™), C=C (1500-1600 cm™), and
ether or epoxide (1000-1280 cm™?) groups [43, 47, 50].

Specific 2D structure and the presence of oxygenated functionalities are respon-
sible for excellent properties of GO, which include electronic, optical, thermal,
mechanical, and electrochemical properties along with chemical reactivity.
Electronic properties like conductivity of GO sheets are dependent on its chemical
and atomic structure; in particular, the degree of oxidation arises from disorders
due to substantial sp’ carbon. Generally, pristine GO films are insulating in nature
with an energy gap in electron density of states, [55] as well as sheet resistance
(Rs) about 10* Q sq.” or higher [56]. This inherent insulating nature of GO is
strongly associated with the amount of sp’ C—O bonding, which acts as transport
barriers, leading to the lack or interruption of penetrating pathways among the sp’
carbon clusters. However, reduction of GO, whether chemical or thermal assists
the transport of carriers, [57] helps to bring Rs down to several orders of magni-
tude and transforming the material into a semiconductor or finally into graphene-
like material [58-60]. Reduced GO has conductivity up to ~1000 S/m, [61] and
activation energy as 32 + 5 kcal/mol, estimated by the use of resistivity and
temperature-programmed desorption (TPD) measurements [62]. Additionally,
GO exhibits unique optical properties photoluminescence (PL) [63] occurring
near-UV-to-blue visible (vis) to near-infrared (IR) wavelength range. Applications
of this property have been sought in biosensing, fluorescence tags, and optoelec-
tronic applications [64, 65].

GO also demonstrates excellent electrocatalytic properties [66-68], such as the
electrocatalytic activity of GO toward oxygen reduction and certain biomolecules
[66], oxidation of hydrazine by reduced GO [67]. In addition to this, GO is capable of
showing high electrochemical capacitance for application in ultracapacitors [68, 69].
As compared to carbon nanotubes, reduced GO exhibit higher electrochemical capaci-
tance and cycling durability, wherever specific capacitance for reduced GO and carbon
nanotubes was found to be ~165 and ~86 F/g, respectively [68].

The chemical reactivity of GO can be attributed to the presence of oxygenated
functionalities and its disordered structure with defects. The reduction is the most
important chemical reaction of GO, and it has been reduced by employing various
approaches such as hydrazine, [70] sodium borohydride, [71] or hydroquinone, [72]
in the liquid phase and the vapor phase using hydrazine/hydrogen [33, 52] or just
by thermal annealing [52] or by using electrochemical techniques [73]. Chemical
functionalization is another important chemical reaction involving GO, which
includes the addition of other chemical groups to GO employing different chemical
reactions. Oxygenated functionalities over GO surface play a very important role in
its chemical reactions. Hence, it becomes an ideal approach to selectively chemical
functionalize GO by utilizing reactions on these functionalities. Typically, covalent
functionalization of GO can be realized using small molecules and polymers via
activation, amidation, or esterification of either hydroxyls or carboxyl groups
through coupling reactions [74-76]. For example, GO was made soluble in organic
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solvents by rendering a coupling reaction with octadecylamine via amide forma-
tion, where carboxyl functionalities of GO were first activated by SOCI, [74]. Ring-
opening reactions can be used to functionalize epoxy groups by nucleophilic attack
at a-carbon by the amine [77]. For example, octadecylamine attachment to GO
surface [57], attachment of an amine group-containing ionic liquid through ring-
opening reaction with epoxy groups on GO [77] making chemically functionalized
GO more soluble in water as well as other organic solvents.

Noncovalent functionalization of GO is also known in addition to covalent
modifications. Noncovalent modification of GO can be accomplished by various
forces and interactions including hydrogen bonding, van der Walls interaction,

-7t stacking, cation- interaction [78, 79]. Doxorubicin hydrochloride (Dox)/GO
hybrid was synthesized through noncovalent interactions using 7-7 stacking and
hydrophobic interactions between the sp” carbon matrix and quinone functionality
of Dox as primary noncovalent interactions. Additionally, strong hydrogen bonding
between hydroxyl and amine groups of Dox with hydroxyl and carboxyl groups of
GO also helps in covalent modification [78].

The usefulness of GO can be estimated from this fact that along with its
applications in electronics and displays, it can also act as a carbocatalyst for assist-
ing hydration and oxidation reactions [80-82]. GO can be used as a catalyst for
oxidation of alcohols and alkenes besides hydration of alkynes into aldehydes
and ketones [80]. Furthermore, GO has a broad range of oxidation reaction, for
example, it can oxidize olefins to diones, methylbenzene to aldehydes as well as
other dehydrogenations [83].

2. Graphene oxide-based nanohybrids

GO and reduced GO (rGO) themselves have many advantageous properties,
but a substantial amount of work is being done to utilize these materials in combi-
nation with other nanomaterials such as nanoparticles or polymers. Based on their
morphologies, graphene oxide/nanoparticle nanohybrids can be roughly divided
into two classes: first where nanoparticles are grown or decorated upon sheets
of GO and second, nanoparticles are wrapped in GO sheets. Particularly in the
first type, graphene/nanoparticle nanohybrid can be synthesized by combining
GO or rGO with different nanoparticles such as metal nanoparticles, metal oxide
nanoparticles, quantum dots, or silica nanoparticles depending upon the applica-
tion desired. A unique combination of the nanoparticles and GO/rGO makes a
novel synergistic nanomaterial with enhanced and diverse properties. For exam-
ple, decorated metal or metal oxide nanoparticles over GO surface modify the
local electronic structure and hence the charge transfer behavior of graphene [84]
resulting in improved catalytic behavior of this nanocomposite. Alternatively,
enhancement in sensitivity and selectivity has been observed in sensors derived
from the combination of graphene material and nanoparticles having good
conductivity and catalytic behavior [85, 86].

Similarly, in graphene oxide/polymer nanohybrids, surface functionalities
present on GO surface groups can assist the combination of GO with polymers
or synthesis of the polymer by different polymerization techniques [87, 88]. A
typical modification strategy includes covalent bonding, that is, “Grafting to”
and “Grafting from” approaches, whereas noncovalent modification includes 7-7
stacking, electrostatic interaction, and hydrogen bonding [89-91]. Similarly, fabri-
cation strategies of graphene oxide/polymer nanohybrids synthesis include in situ
polymerization, melt compounding, latex blending, solution mixing, and electro
polymerization [92, 93].
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3. Synthetic methodologies for graphene oxide/nanoparticle
nanohybrids

Graphene oxide/nanoparticle nanohybrids in which GO/rGO sheets are deco-
rated with nanoparticles having dimensions ranging from few nanometers to a
couple of hundred nanometers [94] can be attained by attaching different types
of nanoparticles to the surface of GO sheets either by in situ method or by ex situ
method. In situ method comprises growing nanoparticles on the surface of GO;
however, in the case of ex situ method, pre-synthesized nanoparticles are immo-
bilized over the surface of GO. The presence of defects and oxygenated function-
alities makes GO an encouraging templates for the attachment, nucleation, and
growth numerous metal (e.g., Au [87, 95], Ag [96], Pt [97], etc.) and metal oxide
nanoparticles (e.g., Fe;0,4 [98], TiO, [99], ZnO [100], SnO, [101], Cu,O [102, 103],
MnO, [104], NiO [105, 106], La,0s, [107, 108], etc.). Subsequent graphene oxide/
nanoparticle nanohybrid offers several unique and beneficial properties for various
applications depending on individual characteristics showed by nanoparticles
immobilized upon GO.

The following section includes the different methods for the preparation of
graphene oxide/nanoparticles nanocomposites, for example, chemical reduc-
tion, hydrothermal route, and electrochemical method or ex situ synthesis,
while primarily focusing on individual characteristics and advantages of each
technique correlated to the properties of resulting graphene oxide/nanoparticle
nanohybrids.

3.1 Chemical reduction method

Graphene oxide/metal nanoparticle nanohybrids are mostly synthesized by
chemical reduction of their metal salt precursors such as HAuCl,, AgNO;, and
K;PtCl, utilizing reducing agents such as sodium citrate, ethylene glycol or poly-
ethylene glycol, and sodium borohydride [96, 109], positively charged metallic
salts get nucleated on negatively charged functional groups of GO which results
in the growth of metal nanoparticles on its surface, while reducing GO to rGO,
preserving the excellent electrical properties of rGO. Moreover, the density of
metal nanoparticles can also be controlled by tuning the density of oxygenated
functionalities on GO.

Chemical reduction technique is the most basic method for the preparation of
Graphene oxide/noble metal nanoparticle nanohybrids. In particular, gold (AuNP)
and silver nanoparticles (AgNPs) are among the most comprehensively studied
nanomaterials with a wide range of biomedical applications such as diagnostics,
imaging, drug delivery [110]. High biocompatibility and surface plasmon resonance
are some of the very unique properties of noble nanoparticles making them of
particular interest. These properties can be tuned to desired values according to the
shape and size of the nanoparticles [111]. Furthermore, graphene oxide/noble metal
nanoparticle nanohybrids are able to show SERS in addition to enhanced catalytic
activity [112]. Reduced graphene oxide/AuNPs are the most common and utilized
nanocomposites, which can be prepared by mixing HAuCl, with GO and sodium
citrate, followed by reduction using NaBH, to form AuNPs while reducing GO
to rGO [113, 114]. Similarly, instead of using HAuCly, AgNO; is used for reduced
graphene oxide/AgNPs composite synthesis [112, 114]. In a similar way, reduced
graphene oxide/platinum nanoparticle or reduced graphene oxide/palladium
nanoparticle nanohybrids are formed by mixing graphene oxide with chloroplatinic
acid (H,PtClg) or tetrachloropalladic acid (H,PdCL), followed by reduction with
ethylene glycol or any other reducing agent.
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3.2 Hydrothermal methods

Another very common method for synthesizing inorganic nanoparticles is the
hydrothermal method. This method gives nanoparticles with high crystallinity and
narrow size distribution over graphene oxide. Moreover, there is no need for postan-
nealing or calcination for reduced graphene oxide/metal nanoparticle nanohybrids.
In general, the growth of nanocrystals is induced by high temperature and pres-
sure, which is also responsible for the conversion of GO to rGO during the process.
However, in most cases reducing agents are also added to make sure a complete
reduction of GO [115].

The most common nanohybrids synthesized by the hydrothermal method are
reduced graphene oxide/ metal oxide nanoparticle nanohybrids which include ZnO
[116], TiO, [117], Fe;04 [118], SnO, [119], etc.

Reduced graphene oxide/metal oxide nanoparticle hybrids illustrate their
specific properties such as higher capacitance, which depends upon nanoparticle
size, shape, and crystallinity; also, it helps in the suppression of restacking and
agglomeration in graphene oxide sheets. Furthermore, these nanocomposites also
exhibit enhancement in electron conductivity, high surface area as compared to GO
or graphene, also shortened route for ion transfer, which in all responsible for their
higher electrochemical activity. For instance, reduced graphene oxide/SnO, nano-
sphere nanohybrid exhibited significantly enhanced formaldehyde sensing per-
formance compared to the pristine SnO, nanospheres [119]. Alternatively, reduced
graphene oxide/magnetic nanoparticle nanohybrid has been prepared using FeCl;
as an iron source and ethylene glycol as a reducing agent [120]. Resulting nanohy-
brid displayed outstanding electrical conductivity as well as magnetic properties.
Similarly, chalcogenide quantum dots, for example, CdS [121], ZnS [122], Cu,S
[123], and MoS, [124], etc. have been successfully immobilized on graphene oxide
exploiting hydrothermal methods.

3.3 Electrochemical deposition method

The electrochemical deposition method is a very simple, low cost, fast, easy to
miniaturize, highly stable, reproducible, and green technique for preparation of gra-
phene oxide/nanoparticle composite [125]. The advantage of this technique is that the
size and shape of the nanoparticles to be deposited can be precisely controlled using
varying the conditions of electrochemical deposition. Electrochemical deposition
methods have been established for the fabrication of a vast variety of graphene oxide/
metal nanoparticle composites for noble metals like Au, [126] using cyclic voltam-
metry (CV), which helped in fabricating an electrode for the determination of trace
amount As(III) employing square wave anodic stripping voltammetry, Ag, [127] for
carrying out the oxidation of different amino acids such as glycine, alanine, leucine,
aspartic and glutamic acids using cyclic voltammetry and amperometric techniques.
Similarly for Pt [128], Pt nanoparticles embedded rGO on glassy carbon electrode
are utilized to carry out electrooxidation of formic acid. Generally, a typical electro-
chemical deposition experiment is consisting of three basic steps, that is, assembly of
graphene oxide sheets on the electrode, graphene oxide-coated electrode immersion
in an electrolytic solution of selected metal precursors, and potential applied across
electrodes. A majority of research has concentrated on using electrochemical deposi-
tion methods for synthesizing graphene oxide/metal nanoparticle composite, but
there are some reports for preparation of graphene oxide/metal oxide nanoparticle
composite synthesis by the same technique. For instance, Cl-doped n-type Cu,0
nanoparticles with a direct band gap of ca. 2.0 eV [128] have been deposited on rGO
electrodes with a subsequent carrier concentration of up to 1 x 1020 cm ™ [129].
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3.4 Graphene oxide/encapsulated nanoparticles

Flexible and 2D sheet-like structure of graphene oxide and its derivatives
help in wrapping or encapsulating nanoparticles in the range from 100 nm to few
micrometers.

GO and rGO sheets are most commonly used for nanoparticle encapsulation due
to their hydrophilic nature and ease of fabrication. Noncovalent bonds are respon-
sible for this type of encapsulation; for instance, modification of nanoparticle
surface with a positive charge is used for electrostatic interaction with negatively
charged GO [130, 131]. Encapsulation of a variety of nanomaterials, for example,
polymer, inorganic nanoparticles, metal, and metal oxide nanoparticles, can be
achieved by controlling the cracked size of GO and rGO, thus obtained composite
offer enhanced properties and additional advantages. For example, enhancement
in electrical, optical, and electrochemical properties has been observed for gra-
phene oxide encapsulated nanoparticles, also suppression of aggregation of small
nanoparticles [132, 133]. Moreover, leaching of nanoparticles is reduced in gra-
phene oxide encapsulated nanoparticles due to the high amount of contact between
GO and nanoparticles, making them more stable. Several reports have revealed the
encapsulation of metal oxide nanoparticles with graphene oxide. For example, rGO
encapsulated cobalt oxide nanoparticles have shown a very high reversible capacity
(1000 mAh g™) over 130 cycles, much more than the normal cobalt oxide nanopar-
ticles used for capacitors [131]. Moreover, rGO encapsulated Co30, nanofibers-
based sensor exhibited an excellent sensitivity with a fast response and recovery to
different concentrations of ammonia from 5 to 100 ppm at room temperature [134].
Furthermore, a nonenzymatic electrochemical sensor based on 3D porous phase
graphene oxide sheets encapsulated chalcopyrite (GOS@CuFeS,) nanocomposite is
reported for the detection of methyl paraoxon [135]. Encapsulation of nonconduct-
ing silicon oxide nanoparticles within conducting rGO can be used as the “bridging-
material” in a field-effect transistor-based biosensor [130, 136]. Similarly, Si
nanoparticles encapsulated with rGO via electrostatic interaction using APTES has
also been reported [137, 138], resulting in less destruction and aggregation of SiNPs
as compared to pristine nanoparticles. It also exhibited a high reversible capacity of
902 mAh g™ after 100 cycles at 300 mA g™* when used as the electrode.

4. Graphene oxide-based nanohybrids as pesticide biosensors

An analytical device that utilizes a biological sensing element to detecta
specific analyte molecule or family of the analytical molecule is called as biosensor.
Biosensors can seek applications in diverse fields such as food safety, environ-
mental monitoring, and biomedical field. Generally, biosensors are consisting
of two basic parts: first receptor, any organic or inorganic material that interacts
with analytes. The second part, a transducer, which converts a recognition event,
happened between analyte and receptor, into a measurable signal. Evaluation of
biosensor ‘s performance is measured by its sensitivity to target, linear range, the
limit of detection, dynamic ranges, reproducibility, precision in response, and
selectivity [139]. Other parameters that are also important include the sensor’s
response time, ease of use, portability, storage, and operational stability. Graphene
oxide/nanoparticle nanohybrids are known to be well suited for application in
biosensing because of the rise of new advantageous properties due to the combina-
tion of graphene oxide and nanoparticles. Here, in this section, a detailed aspect of
graphene oxide nanohybrid-based biosensors, specifically electrochemical biosen-
sors are discussed.
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Electrochemical sensors are the largest group of sensors for detecting or ana-
lyzing various molecules by directly converting biological recognition event into
an electrical signal. A typical electrochemical biosensor is composed of a three-
electrode system with a working electrode consisting of a biological recognition
element, counter electrode, and reference electrode separated by suitable electro-
lytes. Based on their biological recognition process, electrochemical biosensors can
be divided into two main groups: first, affinity-based sensors, and second, catalytic
sensors. The basic principle of working in affinity biosensors is the measurable
electric signal that arises due to the interaction of the biological component like
an antibody, enzyme, nucleic acid, or a receptor and target molecules. Whereas
in catalytic sensors, incorporated nanoparticles or enzymes recognize the analyte
molecules and produce an electroactive species by catalysis. The electrical signal
produced by the electroactive species is then correlated to the concentration of the
target analyte molecule. Commonly used techniques in electrochemical biosens-
ing include different forms of voltammetry (e.g., cyclic, linear sweep, differential,
square wave, etc.) and amperometry [139].

The large surface area of graphene oxide nanohybrids is beneficial for the
immobilization of biomolecules to use it as a platform for biosensing material.
Furthermore, the synergistic effect of graphene oxide also enhances achievable
sensitivities and measurable ranges. Most commonly biomolecule immobilized
biosensors utilize enzymes, antibodies, and DNA as biomolecules.

Lately, enzyme immobilized GO nanohybrids-based biosensors have fascinated
alot for the detection of various kinds of analytes. The most common example is the
determination of glucose, which has an important role in the diagnosis and therapy
of diabetes. Apart from glucose oxidase based biosensors, other enzyme-based
biosensors are also known with high sensitivity and selectivity, which includes
biosensors based on alcohol dehydrogenase [140], microperoxidase [141], horse-
radish peroxidase [142], tyrosinase [143], urease [144], and acetylcholinesterase
[145]. Acetylcholinesterase (AChE) is a catalytic enzyme present in the central
nervous system, which catalyzes the hydrolysis of acetylcholine and choline esters.
Its catalytic ability is severely affected by the presence of different types of organo-
phosphorus and carbamate pesticides even in trace amounts. AChE can be easily
immobilized on the surface of graphene oxide-based nanohybrids which offer a
large surface area and abundant active sites so that they can be used for developing
AChE inhibition-based biosensors [146].

Although a lot of work has already been reported on graphene-based biosensors;
however, due to novel microbes and diseases associated with them, excess use of
toxicants in food and feed products, nonjudicial use of pesticide and day by day
disintegrating environmental conditions urgently need tools for detection of such
chemicals and biologicals, and hence, more rapid and urgent requirement for the
development of biosensors arises In the past 2 years, countless new graphene oxide
nanohybrids-based biosensors are reported. For example, Yao et al. [147] reported
an electrochemical biosensor based on the inhibition of AChE, using a gold nano-
cage/graphene oxide-chitosan nanocomposite-modified screen-printed carbon
electrode for detection of chlorpyrifos (Figure 2). Where the biosensor showed
good electrocatalytic activity for the oxidation of enzymatically produced thiocho-
line and detected chlorpyrifos concentrations as low as 3 ng L™

Similarly, Bao et al. [148] developed a biosensor for malathion detection based
on three-dimensional graphene-copper oxide nanoflowers nanocomposites elec-
trode, and the group was able to obtain a wide linear relationship to malathion
concentration ranging from 3 pM to 46.665nM with a theoretical limit of detection
at 0.92 pM. Moreover, Cui et al. reported a very stable electrochemical AChE bio-
sensor for detection of dichlorvos by adsorption of AChE on chitosan, TiO, sol-gel,
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Figure 2.

(a) A schematic diagram of the construction process of AChE biosensor based on screen-printed electrodes,
(b) and (c) DPV behavior, and percent inhibition obtained by biosensor in the presence of chlorpyrifos.
Reprinted with permission from vef. [147], published by the Royal Society of Chemistry (RSC) on behalf of
the Centre National de la Recherche Scientifique (CNRS) and the RSC.

and rGO-based many fold matrix, with the linear range varying from 0.036 uM
to 22.6 pM, limit of detection of 29 nM and total time for detection about 25 min.
Furthermore, electrochemical acetylcholinesterase biosensor based on the silver
nanowire, graphene, TiO, sol-gel, chitosan, and acetylcholinesterase is fabricated
by Zhang et al. [149] (Figure 3).

On a similar note, Zhang et al. [150] developed a highly sensitive AChE ampero-
metric biosensor based on conjugated polymer and Ag-rGO-NH, nanocomposite.
Group used a slightly different method for electrode fabrication where authors first
electrochemically polymerized 4, 7-di (furan-2-yl) benzothiadiazole on electrode
surface followed by deposition of Ag-rGO-NH, nanocomposite. The biosensor is
found to be biocompatible with high efficiency having the linear range from 0.099
t0 9.9 pg L™ 0.032 pg L™ for malathion and 0.001 pg L™ for trichlorfon. Moreover,
Mogha et al. [151] developed a biosensor for the detection of Chlorpyrifos using
rGO supported Zirconium Oxide immobilized AChE (Figure 4). The group is able
to detect the Chlorpyrifos in two linear ranges first from 10" to 10 M, whereas
the second linear range was observed between 10~ and 10™* M.

Aghaie et al. [152] developed a nonenzymatic biosensor for the detection of
paraoxon ethyl. A graphene-based NiFe bimetallic phosphosulfide nanocomposite
biosensor is fabricated, where square wave voltammetric is used as a detection
technique. The linear range for the detection of paraoxon methyl is found to be
12.3-10,000 nmol L™* and limit of detection as 3.7 nmol L™%.

Furthermore, a group of Hondred et al. [153] (Figure 5) utilized salt impreg-
nated inkjet maskless lithography for preparation of 3D porous architectured
graphene for application in biosensing of paraoxon and supercapacitor. The as
developed biosensor showed a wide linear range from 10 to 500 nM, low limit of
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(a) Schematic illustration of the AChE based biosensor and its working mechanism to ATCL.(b) and (c) SEM
images of Gra/AgNWs/SiO, nanohybrids, where large graphene sheet is enhancing the connection with AgNWs
in (b) with small graphene pieces further improving the performance of biosensor (in red rectangle shown in
(c)), while (d) and (e) represent the inhibition of AChE in presence of DDVP using the biosensors. Reprinted
with permission from vef [149], Published by The Royal Society of Chemistry.

Whikch i Safel

Figure 4.
An illustration of rGO supported Zirconium Oxide immobilized AChE nanohybrid as a biosensing platform
for chlorpyrifos detection. Reprinted with permission from Ref. [151], published by Elsevier.

detection of 0.6 nM with high sensitivity of 12.4 nA nM™; moreover as a super-
capacitor, it demonstrates a high energy density of 0.25 mW h cm™ at a power
density of 0.3 W cm ™. Similarly, another AChE biosensor is developed based on
a film of gold nanoparticles/three-dimensional graphene, by Dong et al. [154],
for methyl parathion and malathion detection in a linear range from 1.0 x 10 to
1.0 x 10°° g L%, having limits of detection as2.78 x 10 g L and 2.17 x 10" g L™,
Some more examples of biosensors based on graphene oxide nanohybrids for
the detection of different types of pesticides such as methyl parathion [155-158],
carbofuran [155, 157, 159], chlorpyrifos [156], imidacloprid [160], phoxim with
graphene/GCE [161], poly(3-methylthiophene)/nitrogen-doped graphene [162],
and carboxylic chitosan /silver nanoclusters-rGO [163], paraoxon and chlorpyrifos
with TiO,-GO/UiO-66 composite [164], carbaryl with MWCNTs/GO nanorib-
bons [165], carbaryl and chlorpyrifos with AgNPs-CGR/NF composite [166],
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(a) Schematic diagram of AChE biosensor portraying the functionalization approach for pesticide detection
using EDC/NHS. (b) AChE pesticides biosensor characterization with photograph, activity, sensitivity, and
comparison between salt impregnated inkjet maskless lithography (SIIML) and inkjet maskless lithography

(IML)-based biosensors. Reprinted with permission from Ref. [153], published by The Royal Society of
Chemistry.

chlorpyrifos and carbofuran with ZnONPs-CGR/NF composite [167], carbaryl

and monocrotophos with ionic liquid-functionalized graphene /gelatin [168],
monocrotophos with Prussian blue nanocubes [169], malathion and carbaryl with
rGO-AuNP/p-cyclodextrin/Prussian blue-CS nanocomposites [170], fenitrothion
with cerium oxide nanoparticle-decorated rGO [171], diuron with rGO-AuNPs
[172], paraoxon-ethyl with rGO-AuNPs/polypyrrole [173], carbaryl with Graphene/
polyaniline nanohybrid [174], carbaryl with an electrochemically induced porous
GO network [175], and methyl parathion and malathion with plant esterase—Chit/
AuNPs-graphene nanosheets [176].

5. Conclusion and future aspects

Graphene oxide is an attractive material that has gathered ever accumulative
interest from the scientific community over the past several years. Owing to its
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extraordinary properties, graphene oxide and its derivatives are already being
exploited in a wide variety of applications comprising electronics, energy, biosen-
sors, catalysis, green chemistry, etc. Though, in the last decade, the relentless search
for new opportunities benefiting from graphene oxide has led to the introduction
and evolution of graphene oxide-based nanohybrids, which combine matchless

and beneficial properties of nanomaterials/nanotechnology with those of graphene
oxide to yield valuable and synergistic effects.

In this chapter, we have discussed the brief history of graphene oxide and gra-
phene, emphasizing the structural details of graphene oxide and excellent properties
associated with it. Graphene oxide-based nanohybrids show the synergistic effect
of having properties of both graphene oxide as well as other constituting material
whether nanoparticle or polymer. Synthetic mythologies of graphene oxide-based
nanohybrids have also been discussed here in this chapter, in particular, graphene
oxide/nanoparticle nanohybrids. Finally, applications of graphene oxide-based
nanohybrids were presented in the field of biosensors and catalysis. In the case of
biosensors, the main emphasis was given to the largest class of biosensors, that is,
electrochemical biosensors, which consist of mainly enzyme biosensors and elec-
trochemical DNA sensors, but some cases of other electrochemical sensors were also
demonstrate. Applications of these graphene oxide-based hybrids in catalysis were
also discussed emphasizing their use as an organic reaction catalyst, photocatalysts
for the degradation of environmentally harmful molecules.

In conclusion, we have highlighted the properties of graphene oxide-based
nanohybrids wherein these nanostructures can bring excellent synergistic advan-
tages to a wide variety of biosensing applications. While promising, the field of
graphene oxide-based nanohybrids is still not completely exhausted and several
intriguing issues must be resolved before its maximum potential can be achieved.
Besides, we envision that the evolution of this technology will result in the use
of graphene oxide-based nanohybrids in a much wider range of applications by
employing high quality and large-scale fabrication of these materials to minimize
the cost leading to their commercialization. We also hope that this chapter has moti-
vated attention from various disciplines that will gain benefits from the expansion
of graphene oxide-based nanohybrids development for applications in numerous
other fields of interest.
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