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PREFACE

The beginning of the scientific research in nanomaterials had an obvious mix of
hope and hype both but the spinning off the scientific knowledge in nanomaterials and
their general purpose all pervasive applications for improving the quality of human life
is weighing heavily in favor of hope for the society. Material science is an emerging
field of science which continuous growth involves lot of areas of research field belongs
to industry, government, academia, and research laboratories to share findings in the
research and development of new materials of technological prominence. The
materials that have been mostly used in this universe are Metal, Polymers, glass,
Ceramic, synthetic fibres and Composite. This book consists of twenty chapters from
well-reputed universities and institutes. Chapters of the book covers the area like
nanomaterials in society, nanomaterials in medicine ultimate in health sectors,
nanomaterials as Intrinsic Enzyme Mimetic Catalysts. Second portion of this book
consists of application of materials/ nanomaterials for energy and its functionalization
for particular applications like Carbon Based Nanomaterials for Energy Applications,
and for electrochemical sensing, nanomaterials based efficient photocatalyst for
renewable energy and sustainable environment. A chapter by chapter brief description
are as follows:

In Chapter 1, Narendra Kumar Pandey and Priya Gupta have given an overview
on the societal impact of nanomaterials and described about recent studies on the
potency of nanoparticles as diagnostic or antiviral tools against corona viruses. The
possibilities of effectively using nanomaterials as nanosensors are also presented.

Chapter 2 describes that the Nanomaterials and nanotechnology are emerging as
potential candidate in manufacturing and production, developing novel and advanced
materials for wide range of applications in various fields such as water treatment,
catalysis, energy storage, sensors, nanomedicines and other environmental
remediation.

Chapter 3 presents immense application of Nanomaterial in the healthcare sector,
including drug development, therapeutics, bioimaging, medical devices, and
diagnostic kits. The main reason behind using these nano-sized materials is its
solubility because they have the potential of solubilizing at nanoscale due to its
changing properties when attached to nanoparticles
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Chapter 4 reviewed significant insights into the advancement of future researches
on biomaterials in view of medicinal uses and applications of inorganic materials and
metal complexes have clinical and societal importance. Inorganic materials include
metals, minerals, metalloenzymes, metal complexes and organometallic compounds
which can be used as catalysts, pigments, coatings, surfactants, fuel, medicine etc.

The author A. L. Saroj discussed the principal and application of Complex
impedance spectroscopy (CIS) or electrochemical impedance spectroscopy along with
its application in studying the electrical transport properties and bulk properties of the
materials like PEs/SPEs, amorphous materials and crystalline materials in chapter 5.
In addition, the complex impedance spectroscopic measurement can provide the
information about diffusion of charge carriers (diffusion coefficient), mobility of charges,
ionic conductivity, dielectric properties, number density of charge carriers and electric
modulus especially for solid polymer electrolyte films or PE films.

Madhu Tiwari has focuses about the synthesis, printing techniques and properties
of carbon, transition metal 2D-QDs and their efficient application in photodetectors,
batteries, supercapacitors and wastewater treatment in chapter 6

The chapter 7 highlights the advancement in the field of nanomaterials as artificial
enzyme, named as “nanozymes” and their kinetic study, reaction mechanisms and
various applications, from immunoassays, biosensing and catalysis.

Chapter 8 deals with the various synthesis methods, different characterization
techniques, properties and applications of rapheme. This chapter focuses mainly on
electrochemical exfoliation method for the production of rapheme through aqueous
and non-aqueous route.

R.K. Shukla and Amrit K.Mishra have given their research output in chapter 9.
They worked on the perovskite solar cell, now a day’s which is the most efficient
material for the energy harvesting material and perovskite is recoverable at a high
value of humidity under the dark condition and under UVLED it is still recoverable up
to RH 50%. So for industrialization, perovskite can sandwich with Si, which enhances
the stability of the device

Chapter 10 Present the development in ABs-type metal hydride to serve the society
as energy material. Parent ABs-type alloy (LaNis/MmNis) is needed to be tailored for
improved hydrogenation properties.

The carbon-based nanomaterials are used as a substitute of traditional materials
for different applications in several energy generation and storage systems which are
presented in the chapter 11.

Chapter 12 article present a review on the current status of photoactive
nanomaterial (Photocatalyst) used to clean the environment for sustainable
development of society.

In chapter 13 the role of the functionalization of the carbon-based materials and
their exploitation in electrochemical sensing have been discussed.

Chapter 14 describes the different synthesis method of GNS and recent progress
of Pt-free GNS supported electrocatalysts in the field of DMFC.
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Preface iX

Thakur Prasad Yadav and Kalpana Awasthi have reviewed the synthesis of Two-
dimensional (2D) Nanomaterials for energy harvesting from production to storage in
chapter 15.

Chapter 16 explore the basic concepts and applications of hybrid materials they
have given details of Bio Nanocomposites, Mesoporous Hybrid Materials,
Nanocomposite Based Gas Sensors, Sol Gel Derived Hybrid Materials, Nano Diamond
Hybrid Materials and Carbon Nanotubes hybrid materials.

In book chapter 17, Dr Subhash Banerjee has explored applications of ZrO2 NPs
in the green synthesis of bioactive molecules via one-pot multi-component

Chapter 18 deals with the study of Bioremediation of Bauxite Residue Dumping
Sites of Alumina Industry. Bioremediation through biomining/ bioleaching and nano
particles is also discussed for reducing the environmental risk of red mud.

Chapter 19 describes the The present chapter focuses on metal nanocomposite
and hybrid nanomaterials for the removal of heavy metals, inorganic anions, organic
pollutants, and microorganisms from water including tap water, groundwater, and
wastewater.

Chapter 20 explained the various nanoconjugates with enhanced antibacterial and
effective drug release properties, some recent chitosan hydrogel based
nanoconjugates, and some other nanocojugates dealing with drug delivery.

Dr. Mridula Tripathi

Dr. Arti Srivastava
Dr. Kalpana Awasthi
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Chapter 1

SOCIETAL IMPACT OF NANOMATERIALS

Narendra Kumar Pandey  and Priya Gupta
Department of Physics, University of Lucknow, Lucknow, India

ABSTRACT

The importance of nanomaterials has grown steadily in the interdisciplinary
areas of research and development due to their exceptional characteristics such
as improved catalysis and adsorption properties as well as high reactivity.
Nanomaterials refer to materials whose constituents exist up to 100 nm (but not
restricted to) in size or scale. With a wide range of applications available,
nanomaterials have the potential to make a significant impact on society, specially
to the field of biotechnology and medical tools and procedures.

Nanomaterials which carry specific chemical drugs, peptides, proteins and
genes promise effective drug delivery to infected parts of the body. Nanomaterials
have also contributed immensely to the advancement of sensor technology, water
treatment, air purification, energy storage, cosmetics, electronics, and catalytic
applications. The extraordinary properties of nanomaterials include their high
resistance to oxidation, antibacterial activity, and high thermal conductivity, etc.
This chapter mainly gives an overview of the present and future aspects of
nanomaterials in various applications such as water and wastewater treatment,
medical, nano sensors, etc.

One of the biggest challenges the world faces today is the COVID-19
pandemic due to SARS-CoV-2 virus. This chapter discusses the latest strategic
developments in the human fight against the pandemic. Novel nanomaterials have
been developed and nanotechnology applied to the creation of corona virus
vaccines, improved protective masks, specific disinfectants, and innovative
diagnostic methods. Nano-interferometric biosensors are being developed as
point-of-use testing devices for COVID-19, gold nanoparticles are being used to

"Corresponding Author's Email: profnarendrapandey137 @ gmail.com.
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make probes that attach to COVID-19 RNA and nanostructures are in the pipeline
to deliver peptide molecules to COVID-19 virus molecules.

Keywords: nanomaterials, COVID-19, drug-delivery, nanoparticles, classification,
characterization

1. INTRODUCTION

Various structures and materials with particles of very small dimensions, which
exist in Nature or are synthetically developed, play a critical role in modern science
and technology. Nanomaterials are materials whose particles range between 1 to 100
nm in size. They also include materials with external dimensions or surface structure
or internal local structures in the nanoscale range. Since the internal structure of most
materials around us can be modified to be at nano-scale, they also qualify as
nanomaterials. Although some experts insist that nanotechnology refers to the
measurement or visualization of particles that naturally exist on the scale of 1-100
nanometres, a consensus seems to be forming around the idea that control and
restructuring of matter at the nanoscale should also be included in its purview.

A different approach for the term ‘nanoparticle’ was proposed in 2011 by the
European Commission [1]. Nanomaterials usually constitute of a collection of particles
with some degree of variance in their sizes, both larger and smaller than 100 nm. Many
a time, microparticles and nanoparticles cannot be differentiated as they vary minutely
in terms of their size. Hence it is reasonable to propose that the size distribution of
such micro and nano dimensions should be taken into account while defining
nanoparticles, using the mean size and the standard deviation of the size to categorize
them more accurately. The sizes of nanoparticles are comparable to those of DNA,
viruses, and proteins, while sizes of microparticles fall in the ranges of cells,
organelles, and comparatively larger physiological structures.

Nanomaterials with exceptional properties have become indispensable for
research in the field of science and technology. Their unique mechanical, chemical,
electronic, thermal, and optical properties at nanoscale, that are drastically different
from their properties at macroscale, are continuously attracting interest of scientific
community toward them. Materials reduced to the nanoscale can show different
properties compared to what they exhibit on a macroscale, enabling unique
applications; opaque substances become transparent (copper); stable materials turn
combustible (aluminium); insoluble materials become soluble (gold). The main
challenge lies in the production of nanoscale materials on a large scale that has led to
its synthesis and studies only at the laboratory scale. Commercial availability on
nanomaterials is a challenge that the scientists are yet struggling with. Some of the
materials commonly used for the synthesis of nanomaterials with their applications are
outlined in Table 1.1.

Richard Feynman while delivering his lecture at the American Physical Society
meeting at Caltech on December 29, 1959 said “There's plenty of room at the bottom.”
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Societal Impact of Nanomaterials 3

He was referring to the world of nanotechnology. Feynman described a process by
which the ability to manipulate individual atoms and molecules might be developed,
using a set of precise tools to build and operate another proportionally smaller set, and
so on, down to the needed scale. “l want to build a billion tiny factories, models of each
other, which are manufacturing simultaneously. The principles of physics, as far as |
can see, do not speak against the possibility of manoeuvring things atom by atom. It
is not an attempt to violate any laws; it is something, in principle, that can be done; but
in practice, it has not been done because we are too big” - Richard Feynman.

Table 1.1. Nanomaterials with their synthesis methods and applications [2]

Materials Synthesis methods Applications

Metals Combustion method, chemical Electromagnetic
precipitation, sol-gel synthesis, laser interference, wound
ablation, pyrolysis, mechanochemical dressings etc.
method etc.

Metal Oxides Combustion method, chemical Humidity sensors, Gas
precipitation, sol-gel synthesis, laser sensors, Water and strain
ablation, pyrolysis, mechanochemical repellent textiles etc.
method etc.

Carbonnanotubes | Chemical vapor deposition, carbon arc Antistatic materials, carbon
discharge, laser ablation nanotube enhanced plastic

etc.

Carbon Fullerenes | Generated arc using two carbon Lubricants, catalysts,
electrodes in a neon or helium targeted drug delivery,
atmosphere nano scale chemical

sponges

In the course of this, he noted, scaling issues would arise from the changing
magnitude of various physical phenomena: gravity would become less important,
surface tension and Van der Waals attraction would become more important, etc. [3].

Tokyo Science University Professor Norio Taniguchi in a 1974 defined
nanotechnology as encompassing a multitude of rapidly emerging technologies, based
upon the scaling down of existing technologies to the next level of precision and
miniaturization. Nano-technology, in a nut shell, mainly consists of the processing,
separation, consolidation, and deformation of materials by one atom or by one
molecule [4].

Nanotechnology, in its traditional sense, means building things from the bottom up,
with atomic precision. As used today, the term nanotechnology usually refers to a
broad collection of mostly disconnected (earlier) but now closely connected fields.
Essentially, anything sufficiently small and interesting can be called nanotechnology.
The nanomaterials field includes subfields which develop or study materials having
unique properties arising from their nanoscale dimensions. Much of the fascination
with nanotechnology stems from the quantum and surface phenomena that matter
exhibits at the nanoscale. In the realm of sustainable development endeavour, a new
term “FGreen Nanotechnology’ is being referred to quite frequently. Green
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nanotechnology may be described as the development of clean and environment
friendly technology, that can minimize potential environmental and human health risks
associated with the manufacture and application of nanomaterial products. This
associated nanotechnology should encourage replacement of existing products with
novel nano-products that are more environment friendly in their lifecycle. So Green
Nanotechnology includes reducing any harmful and hostile impact on the environment,
human health and wellness. Green nanotechnology thus talks of enhancing
sustainability and maintaining a pristine ecosystem. It proposes the development of
products that benefit the environment and society directly or indirectly. Nanomaterials
or their associated products have the potential to clean hazardous waste sites directly
and in-situ. They can treat pollutants and help in cleaning up water from toxicants and
other impurities. Nanotechnology has outstanding prospective applications in dealing
with different health related issues including viruses, different environmental hazards,
etc. which are considered to be a serious threatto the human life.

Application of nanotechnology could represent a new approach for the treatment
or disinfection of viruses. The control of corona viruses is an increasing concern, of
which, Middle East Respiratory Syndrome Corona Virus, Severe Acute Respiratory
Syndrome Corona Virus and Severe Acute Respiratory Syndrome Coronavirus-2 are
well known and dangerous examples. This chapter aims to provide an overview of
recent studies on the potency of nanoparticles as diagnostic or antiviral tools against
corona viruses. The possibilities of effectively using nanomaterials as nano sensors
are also presented.

2. CARBON NANOTUBES: THE NEW REVOLUTIONARY MATERIAL

Carbon nanotubes (CNT) were discovered in 1991 by Sumiolijima. Any tube with
nanoscale dimensions is a nanotube. But generally, carbon nanotubes are-sheets of
graphite rolled up to make a tube. Nanotubes exhibit varying electrical properties
(depending on the way the graphite structure spirals around the tube, and other
factors, such as doping), and can be superconducting, insulating, semiconducting or
conducting (metallic).

One-dimensional nanotubes exhibit electrical conductivity as high as copper,
thermal conductivity as high as diamond, strength 100 times greater than steel at one
sixth the weight, and high resistance to failure. CNT exhibits extraordinary mechanical
properties with the Young's modulus over 1 Tera Pascal and stiffness as high as
diamond. The estimated tensile strength is 200 Giga Pascal. These properties are
ideal for reinforced composites and nano-electromechanical systems (NEMS). Carbon
Nanotube Transistors exploit the fact that nm-scale nanotubes are ready-made
molecular wires and can be rendered into a conducting, semiconducting, or insulating
state, which makes them valuable for future nano-computer design.
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3. QuAanNTUM DOTS

Quantum dots are small devices that contain a tiny droplet of free electrons. They
are fabricated in semiconductor materials and have typical dimensions between a few
nanometres to microns. The size and shape of these structures and therefore the
number of electrons they contain can be precisely controlled; a quantum dot can have
anything from a single electron to a collection of several thousands. The physics of
quantum dots shows many parallels with the behaviour of naturally occurring quantum
systems in atomic and nuclear physics. As in an atom, the energy levels in a quantum
dot become quantized due to the confinement of electrons. Unlike atoms however,
quantum dots can be easily connected to electrodes and are therefore excellent tools
to study atomic-like properties.

4. NANOTECHNOLOGY: THE GENERAL-PURPOSE TECHNOLOGY

Nanotechnology is also referred to as a general-purpose technology. When its
potential isfully realized, nanotechnology will have significant impact on almost all
kinds of industries and it will touch all areas of society. It will offer efficiently
manufactured, durable, cleaner, safer, and smarter products for homes and industries
both. The fields of medicine, agriculture, communications, transportation and industry
all are up for significant changes. Nanotechnology is expected to revolutionize areas
like semiconductors, pharmaceuticals and materials. The total societal impact of
nanotechnology is expected to be much greater than the Silicon Valley revolution in
silicon integrated circuits because it has applications in many more areas than
electronics. Studies on nanomaterials and nanotechnology have in itself turned out to
be a special branch that requires chemists, physicists, biologists, and engineers to
work together in an integrated manner. This multidisciplinary nature presents a
challenge for the scientific community and the R&D bodies of governments and
industry and requires multidisciplinary and multi-institutional approach. The increasing
pace of research and development in this field requires development of huge
manpower. Hence, human resource development is a very important component of
such advancement of national and international importance.

Nanomaterials in association with nanotechnology have the potential to
significantly impact energy efficiency, storage and production. Solar energy is a
renewable source of energy. Less than 1% of the energy used is produced from the
Sun because it is difficult to transform the Sun’s rays into electricity. Researchers world
over are busy in fabricating nanomaterials for the purpose of developing efficient solar
cells, fuel cells, and environment friendly batteries. The focal point in this area of
developing nanomaterials for renewable energy is their storage, conversion and
manufacturing in order to reduce the material and process cost. Solar cells are
attractive candidates for clean and renewable power; with miniaturization, they might
also serve as integrated power sources for nano electronic systems.
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The use of nanostructures or nanostructured materials represents a general
approach to reduce both cost and size and to improve efficiency in photovoltaics.
Nanoparticles, nanorods and nanowires have been used to improve the charge
collection efficiency in polymer-blend and dye-sensitized solar cells. The p-
type/intrinsic/n-type (p-i-n) coaxial silicon nanowire solar cells yield a maximum power
output of up to 200 pW per nanowire device and an apparent energy conversion
efficiency of up to 3.4percent. Individual and interconnected silicon nanowire
photovoltaic elements can serve as robust power sources to drive functional nano
electronic sensors and logic gates [5-9]. Another example is the use of fuel cells
powered by hydrogen, potentially using a catalyst consisting of carbon supported noble
metal particles with diameters of 1-5 nm. Materials with small nanosized pores may
be suitable for hydrogen storage.

Nanotechnology may also find applications in batteries, where the use of
nanomaterials may enable batteries with higher energy content or super capacitors
with a higher rate of recharging. Nanotechnology is used to provide improved
performance coatings for photovoltaic (PV) and solar thermal panels. Hydrophobic and
self-cleaning properties combine to create more efficient solar panels, especially
during inclement weather. PV covered with nanotechnology coatings are said to stay
cleaner for longer to ensure maximum energy efficiency is maintained [10].

Today nanomaterials are being developed and used in sensing technologies that
may give warning signals in advance of the presence of toxic metals or gases or any
other life-threatening substances. This not only saves lives but also acts as time
monitoring device for safety against unknown and unforeseen perils, endangerments
and other hazards. Novel nanomaterials are addressing health concerns and saving
mankind from heart disease, lung cancer, and motor neuron diseases. Functionalized
nanoparticles are able to form anionic oxidants bonding thereby allowing the detection
of carcinogenic substances at very low concentrations. Polymer nanospheres have
been developed to measure organic contaminants in very low concentrations.

In the twenty-first century, criminal investigation has reached a point where
increased sophistication and precision is needed to ensure proper deliverance of
justice. Due to this, there is involvement of many branches of sciences in crime
detection. Lately, nanotechnology and taggant technology have found potential use in
forensic science also [11].

4.1. Drug Delivery to Treat Tumour or Cancer
(Without Using Radiotherapy & Chemotherapy)

The ultra-small size of nanoparticles endows them with special properties that are
useful in oncology, mainly in the imaging process and drug delivery to the affected
tissues or organs. Quantum dots (nanoparticles with quantum confinement properties,
such as size-tunable light emission), when used in conjunction with MRI (magnetic
resonance imaging), can produce exceptional images of tumour sites. These
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nanoparticles are much brighter than organic dyes and only need one light source for
excitation.

The property of nanomaterials such as large surface-area-to-volume ratio, allows
many functional groups to be attached to a nanoparticle, which can seek out and bind
to certain tumour cells. The ultra-small size of nanoparticles allows them to
preferentially accumulate at tumour sites. This process is helped by the property of the
tumour itself as tumours do not have an effective lymphatic drainage system.
Researchers are continuing to look for more effective methods to target nanoparticles
carrying therapeutic drugs directly at diseased cells. For example, scientists at MIT
have demonstrated increased levels of drug delivery to tumours by using two types of
nanoparticles. The first type of nanoparticle locates the cancer tumour and the second
type of nanopatrticle (carrying the therapeutic drugs) goes through the signal generated
by the first type of nanopatrticle. An alternative technique delivers chemotherapy drugs
to cancer cells and also applies heat to the cell. DNA strands are attached to the gold
nanorods. The DNA strands act as a scaffold, holding together the nanorod and the
chemotherapy drug. When Infrared light illuminates the cancer tumour, the gold
nanorod absorbs the infrared light, and turns it into heat. The absorption of heat
releases the chemotherapy drug that destroys the cancer cells.

Researchers at North Carolina State University are developing a technique by
which cardiac stem cells will be delivered to damaged heart tissue. They attach
nanovesicles that are attracted to an injury to the stem cells to increase the amount of
stem cells delivered to an injured tissue.

Researchers are improving dental implants by adding nanotubes to the surface of
the implant material. They have demonstrated the ability to load the nanotubes with
anti-inflammatory drugs that can be applied directly to the area around the implant.
They have also shown that bone adheres better to titanium dioxide nanotubes than to
the surface of standard titanium implants.

Researchers have developed nanoparticles that release insulin when glucose
levels rise. The nanoparticles contain both insulin and an enzyme that dissolve in high
levels of glucose. When the enzyme dissolves the insulin is released. In laboratory test
these nanoparticles were able to control blood sugar levels for several days.
Researchers are developing nanoparticles that can deliver drugs across the brain
barrier to tackle neurological disorders. A method being developed to fight aging uses
mesoporous nanoparticles with a coating that releases the contents of the nanoparticle
when an enzyme found in aging cells is present [12].

4.2. EnvironmentalRemediation
Nano-remediation is an emerging industry. During nano-remediation, a
nanoparticle agent is brought into contact with the target contaminant under suitable

conditions that allows a detoxifying or immobilizing reaction. This process typically
involves a pump-and-treat process or in-situ application. Nano remediation thus uses
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nanoparticles for environmental remediation. One such area where nano remediation
has been most widely used is for groundwater treatment. For the past more than 20
years, nanoscale metallic iron (nZVI) has been investigated as a new tool for the
treatment of contaminated water and soil. The technology is being commercially used
in many countries worldwide, however it is yet to gain universal acceptance. The
concerns over the long-term fate, transformation and eco-toxicity of nZVI in
environmental systems and, a lack of comparable studies for different nZVI materials
and deployment strategies are some of the reasons for the lack of universal
acceptance of this technique [13].

4.2.1. Water PurificationTechnology

Thermonuclear Trap Technology (TTT) has the potential to clean all sources of
water from any kind of pollutants and toxic contents. This is a patented
nanotechnology. It uses a high pressure and temperature chamber to separate
isotopes away from the water. Professor Vladimir Afanasiew, at the Moscow Nuclear
Institution has developed this novel method. This technology is useful in cleaning the
sea, river, lake and landfill waste waters. The method is capable of removing
radioactive isotopes from sea water after Nuclear Power Stations catastrophes and
cooling water plant towers. With this technology pharmacal rests can be removed as
well as narcotics and tranquilizers. The bottom layers and sides at lake and rivers can
be renewed after being cleaned. The machinery used for this purpose is very similar
to that used in deep-sea mining. Removed waste items can be sorted by this process
and can be re-used as raw material for other industrial production.

4.2.2. Disinfecting Water Through Nanotechnology

Water is our natural heritage, the miracle of our life. Unfortunately, about 35
percent of people in the developing world die from water-related problem. Currently,
more than 1 billion people are at risk due to lack of clean water. To alleviate these
problems and make pure drinking water available to common people, water purification
technology requires new approaches for effective management and conservation of
water resources. Nanotechnology has the potential to contribute to long-term water
quality, availability and viability of water resources, through the use of advanced
filtration materials that enable greater water reuse, recycling and desalinization. The
existing techniques employed for the disinfection of water are either energy-intensive
or have toxic by-products harmful to human health. Drinking water disinfection
techniques effectively combine chemical, physical, biological, and engineering
principles in one.

Recent advances strongly suggest that many of the current problems involving
water quality can be addressed and potentially resolved using nano adsorbents, nano
catalysts, bioactive nanoparticles, nanostructured catalytic membranes, and
nanoparticle enhanced filtration [14]. Novel nanomaterials are being developed for the
treatment of ground water, surface running water and waste water. Nanomaterials are
helping in removing toxic metal ions, organic and inorganic toxicants, and harmful
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microorganisms [15]. There are four classes of nanomaterials that are employed for
water treatment and these are dendrimers, zeolites, carbonaceous nanomaterials, and
metals containing nanopatrticles. There are benefits of reducing the size of the metals
(e.g., silver, copper, titanium, and cobalt) to the nanoscale such as contact efficiency,
greater surface area, and better elution properties [16-17]. The nanomaterials-based
technologies applied in water treatment consist of reverse osmosis (RO), nanofiltration
and ultrafiltration membranes. Nanofiber filters, carbon nanotubes and many
nanoparticles are emerging areas for water filtration [18]. The very high surface area
to volume ratio of nanomaterials increases adsorption, desorption, dissolution and
reactivity of contaminants [19]. Antimicrobial nanotechnology offers several
nanomaterials that show strong antimicrobial properties like the photocatalytic
production of reactive oxygen species that damage cell components and viruses.
Synthetically fabricated nanometallic particles produce antimicrobial action called
oligodynamic disinfection, which has the ability to inactivate microorganisms even at
low concentrations. Commercial purification systems based on titanium oxide
photocatalysis are also currently available in the market. Studies show that this
technology can achieve complete inactivation of faecal coliforms in 15 minutes once
activated by sunlight.

4.2.3. Getting Rid of Oil Spills

Oil spills are a perpetual problem. There are 10 to 15 thousand oil spills per year.
Conventionally, oil spills are corrected through gelling, or deploying biological and
dispersing agents. But these techniques have their limitations. They cannot retrieve
the valuable and non-replaceable spilled oil. Nanowires have the capability to both
clean up the oil spills faster and recover the lost oil as well to a great extent. These
nanowires have the property of forming a mesh which has a greater absorption
capacity, up to twenty times its weight, in hydrophobic liquids; while its water repellent
coating rejects water. Potassium manganese oxide is very stable even at high
temperatures. In this way, the oil can be boiled off the nanowires, and both the oil can
be recovered and the nanowires can be reused [20]. In 2005, Hurricane Katrina
damaged or destroyed more than thirty oil platforms and nine refineries. The Interface
Science Corporation successfully launched an oil remediation and recovery
application, which used water repelling nanowires to clean up the oil spilled by the
damaged oil platforms and refineries.

4.2.4. Removing Plastics from Oceans

More than 50 million tons of plastics found in most disposable water bottles known
as polyethylene terephthalate (PET) are produced globally each year leading to a huge
environmental problem and dangerous to biodiversity. A team of Japanese scientists
has found a species of bacteria that eats the type of plastic found in most disposable
water bottles. The researchers reported that a community of Ideonellasakaiens is could
break down a thin film of PET over the course of six weeks if the temperature were
held at a steady 86 degrees. These nano-machines are able to decompose plastics
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many times faster than bioengineered bacteria due their increased surface area. Also,
the energy released from decomposing the plastic is used to fuel the nano-machines
[21].

4.3. Monitoring and Control of Air Pollution

Air pollution is one of the world’s most significant problems. Air pollution may be
defined as the alteration in the natural composition of the atmosphere that is caused
by the introduction of chemical, physical, or biological substances that are emitted from
anthropogenic, geogenic, or biogenic sources. Poor air quality has an adverse impact
on ecosystems (e.g., vegetation and living organisms) and on human health by
possibly causing various types of diseases which can be fatal, such as cancer,
respiratory, and cardiovascular diseases. The World Health Organization (WHO) in
2014 reported that around seven million people died in 2012 due to air pollution
exposure [22, 23]. The loss of life expectancy globally “from air pollution surpasses
that of HIV/AIDS, parasitic, vector-borne, and other infectious diseases by a large
margin. Every year more than 10000 people die due to air pollution related to fossil
fuels only.”

Air pollution can be remediated using nanotechnology in several ways. One is
through the use of nano-catalysts with increased surface area for gaseous reactions.
Catalysts work by speeding up chemical reactions that transform harmful vapours from
cars and industrial plants into harmless gases. Catalysts currently in use include a
nanofiber catalyst made of manganese oxide that removes volatile organic compounds
from industrial smokestacks [24]. Other methods are still in development stage.

Another approach uses nanostructured membranes that have pores small enough
to separate methane or carbon dioxide from exhaust [25]. John Zhu of the University
of Queensland is researching carbon nanotubes (CNTSs) for trapping greenhouse gas
emissions caused by coal mining and power generation. CNTs can trap gases up to a
hundred times faster than other methods, allowing integration into large-scale
industrial plants and power stations. This new technology both processes and
separates large volumes of gas effectively, unlike conventional membranes that can
only do one or the other effectively. The substances filtered out still presented a
problem for disposal, as removing waste from the air only to return it to the ground
leaves no net benefits. In 2006, Japanese researchers found a way to collect the soot
filtered out of diesel fuel emissions and recycle it into manufacturing material for CNTs
[26]. The diesel soot is used to synthesize the single-walled CNT filter through laser
vaporization so that essentially, the filtered waste becomes the filter.

4.4. Nano Sensors

Nano sensors in conjunction with polymers are used to screen food pathogens and
chemicals during storage and transit processes in smart packaging. Additionally, smart
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packaging confirms the integrity of the food package and authenticity of the food
product. Nano-gas sensors, nano-smart dust can be used to detect environmental
pollution. These sensors are composed of compact wireless sensors and
transponders. Nano barcodes are also an efficient mechanism for detection of the
quality of agricultural fields. An electrochemical glucose biosensor was nanofabricated
by layer-by-layer self-assembly of polyelectrolyte for detection and quantification of
glucose. Nano sensors can detect environmental changes, for example, temperature,
humidity, and gas composition as well as metabolites from microbial growth and by-
products from food degradation [27-31]. The types of nano sensors used for this
purpose include array biosensors, carbon nanotube-based sensors, electronic tongue
or nose, microfluidic devices, and nanoelectromechanical systems technology.
Sensors based on nanomaterials (nano sensor), both chemical sensors (chemical
nano sensors) and biosensors (nano biosensors), can be used online and combined
into existing industrial process and distribution line or off-line as speedy, simple, and
transportable, as well as disposablesensors for food contaminants.

4.5. COVID - 19 PANDEMIC and Nanomaterials

In early December 2019, an outbreak of coronavirus disease 2019 (COVID-19),
caused by a novel severe acute respiratory syndrome corona virus 2 (SARS-CoV-2),
occurred in Wuhan City, Hubei Province, China. On January 30, 2020 the World Health
Organization declared the outbreak as a Public Health Emergency of International
Concern. Today one of the biggest challenges the world faces is the COVID-19
pandemic due to SARS-CoV-2 virus. Corona viruses are enveloped positive-stranded
RNA viruses that belong to the family Coronaviridae and the order Nidovirales [32].
Corona viruses, which are zoonotic in origin, can evolve into a strain that can infect
human beings leading to fatal illness [33]. In general, corona viruses first replicate in
epithelial cells of the respiratory and enteric cells, which leads to cytopathic changes
[34].

Novel nanomaterials are being developed and nanotechnology applied to the
creation of corona virus vaccines, improved protective masks, specific disinfectants,
and improved diagnostic methods. Nano-interferometric biosensor are being
developed as point of use testing device for COVID-19, gold nanoparticles are being
used to make probes that attach to COVID-19 RNA and nanostructures are in the
pipeline to deliver peptide molecules to COVID-19 virus molecules.

Researchers at the Queensland University of Technology have shown that a filter
made with cellulose nanofibers can block virus size particles. These filters can be
made at a very low cost and their mass production can be easily done. Researchers
are using gold nanoparticles to make probes that attach to COVID-19 RNA.
Researchers at the North-western University and MIT are working on using
nanostructures to deliver peptide molecules to COVID-19 virus molecules. The peptide
molecules are able to bond to the COVID-19 spike protein, therefore disabling the virus
molecule. Researchers at the Catalan Institute of Nanoscience and Nanotechnology
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are using a nano-interferometric biosensor to develop a point of use testing device for
COVID-19. Sona Nanotech is developing a diagnostic test for COVID-19 using gold
nanorods. The test is expected to provide results in about 5 to 15 minutes and not
require laboratory analysis. Researchers at the Norwegian University of Science and
Technology have developed a test for COVID-19 that doesn't require reagents (which
are in limited supply). The test uses silica coated magnetic nanoparticles. RNA from
the virus is attracted to the nanoparticles, which are then extracted from the sample
with a magnetic field. Mammoth Biosciences has developed a test for COVID-19 using
CRSIPR diagnostic techniques which give results in 45 minutes without needing to
send the sample to a lab. The first study published with this test reports accuracy
similar to lab test results [37]. Today the fate of the world in the pandemic time depends
on an international competition for a COVID-19 vaccine. Major companies ahead in
race to save valuable human lives, who have developed vaccines are Zydus Cadila,
Bharat Biotech, Serum Institute, Astra Zeneca, Novavax, Sanofi, Johnson & Johnson,
Glaxo Smith Kline, Moderna, Pfizer and BioNTech. They have raced against time and
launched their vaccines having varying degree of efficacies. Many more vaccines are
in the pipeline. COVID-19 vaccines help our bodies develop immunity to the virus that
causes COVID-19 without us falling sick. Different kinds of vaccines work in different
ways to offer protection against infection. The common factor to all vaccines is that
with all kinds of vaccines, the body is left with a supply of T-lymphocytes and B-
lymphocytes that will have the memory as to how to fight that virus in the future. As a
matter of fact, it typically takes a few weeks after vaccination for the body to produce
T-lymphocytes and B-lymphocytes. Therefore, it is possible that a person could be
infected with the corona virus that causes COVID-19 just before or just after
vaccination. The person can therefore fall sick since the vaccine did not have sufficient
time to provide protection. It may also be remembered that sometimes after
vaccination, the process of building immunity can cause symptoms, such as fever,
body ache or headache. These symptoms are normal and indicates that the body is
building immunity.

CONCLUSION

As an innovative branch among emerging sciences, nanotechnology has the
potential to completely revolutionize our lives. There exists a massive variety of
nanomaterials today which possess a wide range of properties with the potential to be
developed into endless applications. Emerging studies describing the manipulation of
materials at their atomic level has paved way for the development of nanomaterials
ranging in the sizes scaling 1—100 nanometres. Modification of the properties of
materials on a molecular scale offers the prospect of upgrading their performance in
various aspects of human lives.

Potential applications of nanomaterials in the future are limitless, with chances of
producing significant advances in the fields of electronics, food, medicine, computing,
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etc. The beginning of scientific research in nanomaterials had an obvious mix of hope
and hype both but the spinning off of the scientific knowledge in nanomaterials and
their general-purpose all-pervasive applications for improving the quality of human life
is weighing heavily in favour of hope for the society. The field of nanomaterials has
grown at tremendous speed during the last couple of years. However, while there are
unlimited researches being undertaken on nanomaterials, limits due to the cost of
nanomaterial manufacturing and applications exist; all in spite of the generous funding
that nanotechnology projects have received. There has recently been an exponential
increase in the number of studies concerning health-related nanomaterials,
considering the various medical applications of nanomaterials that drive medical
innovation. There is a need to analyse the effect of the cost factor on acceptability of
health-related nanomaterials independently or in relation to material toxicity. It appears
that from the materials studied, those used for cancer treatment applications are more
expensive than the ones for drug delivery. The ability to evaluate cost implications
improves the ability to undertake research mapping and develop opinions on
nanomaterials that can drive innovation. Like electricity or computers, nanomaterials
and nanotechnology will offer better products and greatly improved efficiency in almost
every aspect of life. But as a general-purpose technology, it will be dual-use, it will
have commercial uses and it will also have military uses-making far more powerful
weapons and tools of surveillance and warfare. Thus, it represents not only wonderful
benefits for humanity but also grave risks.
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ABSTRACT

Nanomaterials are grained size substances ranging from a billionth of a meter
(1—-100 nm). They exhibit beneficial and extraordinary properties (high area to
volume ratio) that endow it a top field of research globally. In this chapter, synthesis
methods of nanomaterials and their basic properties such as electrical, optical, and
mechanical are discussed in brief. The characterization of nanomaterials is carried
out by high technologies such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray diffractions (XRD).
Nanoparticles (NPs) can be classified based on their shape, size, and properties.
The various types of nanoparticles (NPs) such as metal NPs, carbon—-based NPs,
semiconductor NPs, ceramics NPs, lipid—based NPs, and polymeric NPs. Herein,
nanomaterials’ applications in different fields of water treatment, catalysis, energy
storage, sensors, and nanomedicine are discussed in detail with their harmful
impact on the environment. Nanomaterials for environmental improvement are
associated with solar cells to produce clean energy, sonochemical decolorization
of dyes through nanocomposites and nanotechnological based coatings for
exterior surface building. Currently, nanoscale materials are being extensively
explored, and a key role is being provided in the service of society.
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1. INTRODUCTION

Nanomaterials (NMs) having dimensions ranging from 1 to 100 nm show
tremendous applications in present modern society [1]. When a bulk reaches to the
nanoscale, the properties like reactivity, electronic structure, thermal and mechanical
properties change drastically [2]. Nanoparticles (NPs) exhibit unique properties such
as high surface area, specific optical and electronic properties, good mechanical and
thermal properties, etc. that make NPs a potential candidate for a wide variety of
applications in the field of water treatment, nanomedicine, catalysis, sensors, and
energy [3]. Bottom—up method and top—down method are the two approaches by which
NPs have been synthesized. Generally, the top—down approach is exploited, but
nowadays, the bottom—up approach is explored to avoid the wastage of the materials.
Depending on the shape, size and precursors, NPs are of many types such as metal
NPs (MNPs), carbon-based NPs, ceramics, polymeric, lipid, and semiconductor
nanoparticles [4]. These NPs are characterized by using modern technologies like
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
X-ray diffraction (XRD), which provide information regarding morphology, size and
crystallinity of NPs, respectively [5].

The present chapter gives an overview of NPs by discussing synthesis methods,
properties, types, and characterization. Since NPs are significantly important in many
fields, their applications are discussed in detail. The rapid production and use of
nanomaterials (NMs) in construction, industrial processes, consumer products, and
the medical field leads to increasing exposure to humans and the environment; thus
its adverse effects are yet to be explored.

2. SYNTHESIS METHODS

Several methods can be used for the fabrication of NPs, but there are two
categories i.e., Top—down approach and Bottom—up approach. Both approaches are
further classified on the bases of reaction condition, operation, and basic principles
used, as shown in Figure 1.

2.1. Top—Down

Top—down is destruction—based approach in which starting larger molecules are
decomposed into smaller units and further transformed into appropriate NPs. The
decomposition methods are mechanical milling, chemical etching, sputtering, laser
ablation, and electro—explosion [6, 7]. In general, physical processes or a combination
of chemical and physical processes is employed for the grinding or carving methods
[8]. Guan et al. developed single layer nanosheets by exfoliating of transition metal
dichalcogenides (TMDs) and graphite through the top—down approach. Protein and
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bovine serum albumin (BSA) were used as exfoliating agents. They also acted as
stabilizing agents, which prevented further aggregation of single layer for making them
biocompatible in biomedical applications [9]. Although this approach is the most widely
exploited in nanotechnology, but a lot of wastage of material is of major concern.
Therefore, the combination of both top—down and bottom—up technologies are being
used for the efficient production of nanoparticles [10].

2.2. Bottom-Up

The properties of bottom—up approach is a building up approach in which simpler
substances are grown into suitable NPs [11]. Mainly reduction and sedimentation
techniques are employed in green synthesis, sol—gel, biochemical, spinning, etc. [12].
Cai et al. employed sonochemical, chemical, and lithographic methods to produce
graphene nanoribbons with excellent electronic properties that can be exploited to
fabricate electronic devices at the nanoscale [13]. Nowadays, less expensive, eco—
friendly and chemical free approach for the synthesis of NPs is of major concern,
emphasizing the purity of the particles. Biogenic reduction is the chemical reduction in
which extract of natural plant is being used in place of reducing agents. These biogenic
reducing agents exhibit both stabilization and capping properties with good control on
the shape and size of NPs [14]. Although the bottom—up approach is in its infancy,
tremendous work is being done to explore this research approach.

Nanoparticles Synthesis

Methods

Bﬂnom‘up ME:M
[
1. Spinning |

2. Tempalate support Green Synthesis

synthesis via plants, algae,

bacteria,fungi,
yeast etc.

1. Mechanical milling

3. Plasma or flame
spraying method

4. Laser pyrolysis
5.CvD

2. Chemical etching
3. Sputtering

4. Laser ablation

5. Electro-explosion

6. Atomic or molecular
condensation

Figure 1. Synthetic methods for nanoparticles.
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3. NANOPARTICLES

3.1. Magnetic Properties

Magnetic NPs have been successfully employed in environmental and medical
fields, and this property is highly dependent on the nanoparticle’s size. Excellent
performances are shown by the particles smaller than 35 nm [15, 16]. For the single
compound NPs, the number of magnetic atoms represents the magnetic moment
values. For multicomponent NPs value of the magnetic moment depends on the
number of lone pair of electrons calculated by valence shell electron pair repulsion
(VSEPR) theory. In the case of pure metals, change in particle size hardly changes
the lattice parameters of the metals, but in the case of metal oxides over the surface
of metals, the particle size change alters the lattice parameters due to mismatches
between the lattice parameters of the metals and metal oxides and causes interfacial
stress at the surface. Synthesis methods and composition of nanostructure are also
key factors that affect magnetization values [17]. Zhang et al. substituted Mn2*in nickel-
cobalt ferrite and studied the lattice constant and ferromagnetic behaviour of the
resultant compound [18].

3.2. Optical

Semiconductor materials exploit the optical properties in several applications such
as photocatalysts and photovoltaics, and this property is measured by Beer—Lambert
law (basic light principle). Extensive research has been made to improve the
adsorption of wavelengths for semiconductor NPs, which depends on the size, shape,
distribution of size, and types of modification agents. Metal ion doping, the composition
of nanostructure, and surface modification greatly affects the optical properties.
Rahman et al. studied the optical properties of Nd—doped NiO through UV-Visible
spectroscopy and observed the decrease in energy value owing to the electrons
exchange between localized electrons of Nd** and the energy band of NiO [19, 20].
Basically, optical properties depend on reflectance and scattering phenomena that
directly depends on the particles’ size, with an increase in particle size and decrease
in refractive index, the reflectance increases [21].

3.3. Thermal

NPs show a large surface area that makes them suitable for heat transfer directly
on the surface of the material, and this property is better than their fluid form. Thermal
properties of polymers have been improved by incorporating metal oxides, increasing
the interaction of polymers with NPs [22]. In some cases, nanofillers with high intrinsic
thermal properties are used for better performances [23].
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3.4. Mechanical

NPs possess various mechanical properties in comparison to microparticles and
bulk materials. NMs exhibits improved mechanical properties such as adhesion,
hardness, elastic modulus, stress, and strain. Generally, inorganic compounds
produce NPs with high mechanical properties and organic compounds produce NPs
with low mechanical properties. Thus, inorganic material NPs are incorporated into the
organic compounds-based NPs for better performance of mechanical properties. Rice
husk ask (RHA)-SiO2 NPs were incorporated with acrylic polyols and polyisocyanate,
and improved mechanical properties were observed [24].

4. CHARACTERIZATION METHODS

4.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) determines the morphology of the surface of
NPs. SEM determines the back scattered electrons at high magnification, high
resolution and observes good depth of focus. In SEM analysis, the electron beam of
low energy (1-30 keV) is subjected to the sample and scattered electrons are
detected. Liquid or solid SEM samples for analysis are placed on carbon or aluminium
stubs, and bulk form can be used, and no need of cutting thin sections is required.
Preparation of sample is easy for SEM compared to TEM analysis, and liquid samples
can easily be dried even directly on the SEM stub. To photograph the image, a camera
is also attached that can be easily processed on a computer. Energy and intensity of
the emitted characteristic X—rays are analysed, which provides information of specific
elements and their quantity.

4.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is one of the most important tools for
analysing the nanoparticle structure. It provides information related to the morphology
of shape and size of NPs along with analysis at an atomic level. There are two modes
through which TEM analysis can be carried out, one Bright— field TEM, and another
one is dark—field TEM. Bright—field mode is generally used in which directly transmitted
electrons are analysed by capturing image. In dark—fields TEM, diffracted electrons
are directly analysed at a specific set of crystal planes. In TEM analysis, first samples
are dried and mounted on carbon coated copper grid and fast electrons are subjected
that penetrateinto various atomic planes which are diffracted like X-rays through the
crystalline regions.
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4.3. X-ray Diffractions (XRD)

XRD is an excellent technique for analysing the data like shape and width of the
nanomaterial sample. Samples are prepared as compact flat or as a smear or taken in
a capillary, and a beam of monochromatic X—ray is exposed, which is diffracted and
noted at an angle (26) at the incident beam. XRD also provides information about
crystallinity or amorphous content by studying the phase patterns of the peak widths.
By comparing the analysis obtained for average particle size by TEM and XRD,
nanoparticles’ crystal structure can be understood. The important observation is X—ray
coherence length that gives an idea for an average size of the crystalline domain of
NPs.

5. TYPES OF NANOPARTICLES

NPs offer a great variety of materials derived from different precursors. Based on
various size, shape, morphology, physical and chemical properties, NPs are divided
into well-known classes given below.

5.1. Metal NPs

Metal NPs are derived from the metal precursors and show localized surface
plasmon resonance (LSPR) characteristics and unique optoelectronic properties.
Noble metals (Ag, Au, Cu) and alkali metals derived NPs show strong absorption
bands in the visible region of electromagnetic spectrum [25]. AgNPs have been
extensively synthesized and exploited for disinfection and colorimetric sensing of
heavy metal ions [26]. Their advanced optoelectronic properties make them potential
candidates in wide areas of research. Presently metal NPs are being doped with many
metals and nonmetal NPs to obtain enhanced results in various fields such as
electrocatalysis, photocatalysis, adsorption, and filtration [2]. Nowadays, green
synthesis of metal NPs is emphasized by using plant extract and microorganisms [27].

5.2. Carbon-Based Nanoparticles

Carbon—based NPs are the good replacement of precise metal NPs and are
cheap, abundant, and easy to synthesize, such as carbon nanotubes (CNTs) and
fullerene. Carbon nanotubes have been extensively used for the adsorption of heavy
metal ions from water [28]. Graphene, doped graphene and graphene composites
have shown desired electrochemical performances for electrochemical energy storage
densities and catalysis in chemical reactions [29].
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5.3. Semiconductor NPs

Semiconductor materials exhibit properties between metals and nonmetals and
have a wide band gap, which can be tuned for a wide variety of applications [30]. Many
metals, nonmetals, metal-oxides, and graphene—based compounds possess
semiconductor properties and are extensively modified as photocatalysts and
electrocatalysts for water remediation and energy production and storage purpose.
Amongst metal oxides, TiO2 and ZnO NPs have been extensively used due to their
suitable band gaps and abundance in nature [31]. TiO2 have shown good results as
photocatalysts for water splitting to produce hydrogen [32].

5.4. Ceramics NPs

Ceramic nanoparticles are polycrystalline, amorphous, dense, inorganic porous
nonmetallic solids developed by heating and annealing processes. Ceramic NPs have
a wide range of applications in photocatalysis, catalysis, imaging applications and
dyes’ degradation [33]. Ceramic nanofiber composites have been exploited for
biomedical applications, such as regenerative medicines, drug delivery and tissue
engineering due to tailorable mechanical property and porous architechtecture [34].

5.5. Polymeric NPs

Polymeric NPs are organic-based materials commonly known as polymer
nanoparticles (PNP) and generally nanocapsules or nanospheres in shape [35]. These
can be doped easily and open a wide range of applications in catalysis and energy
storage and production [36]. Nowadays, organic polymers are being incorporated with
inorganic nanoparticles to form polymeric nanocomposites, which show enhanced
performances of mechanical, thermal, catalytic, rheological, electrical, and optical
properties. However, particle aggregation is still a problem to solve [37].

5.6. Lipid Based NPs

Lipid NPs are spherical, having a diameter ranging from 10 to100 nm and contain
lipid in solid core and a matrix made of soluble lipophilic molecules. There external
core of these NPs is stabilized by emulsifiers [38]. Lipid NPs are biocompatible, highly
stable, and large—scale production is easy with cheap raw material that makes it
interesting to be used for drug delivery. These are employed to deliver
biopharmaceuticals such as genes, peptides, and proteins [39, 40].
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6. APPLICATIONS

Nanomaterials and nanotechnology are emerging as a potential candidate in
manufacturing and production, developing novel and advanced materials.
Miniaturization of devices to very small elementary units has changed modern society
drastically [41, 42]. There are explosive developments in exploiting the unique
properties of nanoparticles for a wide range of applications in various fields such as
water treatment, catalysis, energy storage, sensors, nanomedicines, and other
environmental remediations.

6.1. Water Treatment

Nanoparticles exploitation for water and wastewater treatment have gained wide
attention due to large specific area, very small size, strong adsorption capacity, and
high reactivity [43, 44]. Extensive research has been reported to treat heavy metal
ions, bacteria, organic pollutants and inorganic anions by using various types of
nanoparticles [45]. Nowadays photodegradation of dyes in water by metal oxide
nanoparticles has been attracted researchers widely [46]. TiO2 NPs have been a highly
studied material for dye degradation owing to its chemical stability, non—toxicity, high
photoactivity, and commercial availability [47, 48]. During photodegradation of dyes,
solar light is utilized to catalyse the process and highly active species (*OH, *O2>") are
produced, which oxidizes dyes into CO2 and H20 along with anions such as nitrates,
phosphates, and chlorides [49]. Sharma et al. developed @g—CsNs-TiO2
nanocomposites by simple chemical method and employed for photodegradation of
Rhodamine B dye under irradiation of visible light. The photocatalytic activity results
showed enhanced performances if compared with the individual g—CsN4 and TiO2[50].
In summary, NPs have emerged as a potential tool for wastewater treatment, and it is
important to investigate the technologies for large scale treatment and real water
problems.

6.2. Catalysis

Catalysis is one of the major important applications of the NPs exhibited by
materials like iron, aluminium, clays, titanium oxide and silica. Nanocatalysis has been
emerging as a promising field of science owing to its high selectivity, sensitivity, and
productivity [51]. This extraordinary catalytic high activity is attributed to the high
surface—to—volume ratio, electronic effect, quantum size effect, and surface geometric
effect [562]. Heterogeneous catalysts are environmentally friendly because the
suspended metal nanoparticles in water can be separated easily and recovered very
fast with high recyclability [53, 54]. The nanoparticles’ catalytic properties are highly
dependent on the size of the particles and tend to alter drastically with changes in size.
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The use of catalyst is actually a green technology as a lower temperature is required
for any transformation, and reagent—based waste is also reduced with high selectivity
of the reaction. Unwanted side reactions and various useless products are obtained
without catalyst. Many important products such as polymers, fibres, fine chemicals,
medicines, fuels, lubricants and paints are not feasible in the absence of catalyst.
Therefore, manufacturing protocols can be made more sustainable, green and
economic by exploiting catalyst. Recently, carbon nanotubes tubes (CNTs) have
attracted wide attention for partial oxidation of fuel cells, methane, and synthetic
ammonia as photocatalysts [55].

6.3. Energy

Tremendous exploitation of fossil fuels as an energy resources has impacted the
environment adversely and attracted researchers to search for easily available and
low—cost renewable alternate. NPs have become a suitable candidate for this purpose
due to their large surface area, catalytic nature, and optical properties. NPs have been
exploited for generation of energy by electrochemical water splitting and
photoelectrochemical (PEC) as a photocatalyst [56-58].

NPs have also shown remarkable results for energy generation by solar cells,
reduction of CO:zto fuel precursors, and piezoelectric generators [59-62]. Jiang et al.
developed graphene nanosheets dispersed with Ni single atoms for efficient CO2
reduction by electrocatalysis [63]. Owing to the good adsorbent property, NPs reserve
energy by storage applications and have been investigated for H2 and methane
storage [64]. Recently, the conversion of mechanical energy into electrical energy by
using nanogenerators is used to generate energy. Ding et al. exploited Formamidinium
lead halide perovskite nanoparticles (FAPbBrs NPs) for piezoelectric applications and
excellent results were obtained when combined with poly (vinylidene fluoride) (PVDF)
polymer (FAPbBrs NPs @ PVDF) to form composite based piezoelectric. The resultant
nanocomposite showed the outstanding output with a voltage of 30 V and current
density of 6.2 uA cm™ for devices based on halide perovskite material [65].

6.4. Sensors

Nanomaterials have shown their remarkable applicability in the area of
electrochemical sensing devices for environmental remediation, food safety, and
medical diagnostics [66]. Electrochemical determination of some pollutants such as
hydrazine(NzH4), ascorbic acid (AA), bisphenol A(BPA), malachite green (MG), nitrite
(NO2'), sulphite (SOs*"), caffeine, etc. have been reported with good performances
[67]. Recently, biosensors have been developed with high selectivity and sensitivity for
sensing glucose, urea, cholesterol, etc. [68]. Carbon nanotubes (CNTs) have been
successfully employed for the development of molecular detection such as
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electrochemical detectors, gas sensors, small molecular detection, and
chromatographic applications [69] [70]. Macroelectrodes are being modified by using
nanomaterials and nanoparticles, which reduces limit of detection (LOD) and
enhances selectivity and sensitivity of measurements [71]. In this context, Govindhan
et al. developed hierarchical three—dimensional nickel and cobalt oxide nhanomaterial
to detect Hz at high temperature with excellent sensitivity, selectivity and stability for
many other gaseous mixtures also [72].

6.5. Nanomedicines

Revolutionary change in lifestyle, eating habits and increasing pollution have
resulted in various types of diseases that are drug resistant, and the present medical
aid cannot cure these diseases in all ways. Despite rapid technological advancements,
the development of biocompatible, active, economical, and innovative drug
substances, and the product is required [73]. Nowadays, nanomedicine has been
extensively exploited in the pharmaceutical market [74]. Nanomedicine includes the
use of engineered nanodevices and nanostructures for monitoring, repairing,
constructing, and controlling biological systems of humans at the molecular level [75].
It consists of an exploitation of nanotechnology to diagnose, prevent and treat disease
with understanding the molecular mechanism of a specific disease. With
advancement, biogenic nanomedicine derived from natural sources such as plants and
microorganisms have shown potential therapeutic use in the treatment of microbial
infection, cancer, inflammation, etc. [76]. Nanomedicines exhibit unique chemico—
physical properties (large surface area—to—mass ratio, very small size, high reactivity)
and size resemblance to viruses, proteins, and bacteria, which make them suitable
agents to replace conventional diagnosis and therapy methods. Nanomaterials used
in nanomedicines are organic substances (polymers, dendrimers, liposomes, solid
lipid nanoparticles), inorganic materials (metals, metal oxides, quantum dots, carbon
nanotubes) [77-79]. In addition to this, hybrids of metals (Au, Ag, Pt) and metal oxides
(FesO4)) have shown remarkable progress for a variety of applications such as gene
delivery, theragnostic, cell sorting, biosensing, catalysis, and bioseparation [80]. By
virtue of passive intake, nanopatrticles highly permeable and their retention is also high,
due to which they stay more in cancer cells than in normal cells [81].

Metal nanoparticles (Ag, Au) have been extensively explored for their applications
in medicine and biology by researchers owing to their controlled optical, geometrical,
and surface chemical properties [82]. Treatment of liver cancer via magnetic fluid
hyperthermia (MFH) has been investigated by using hydrophilic and surface
functionalized superparamagnetic iron oxide nanopatrticles (SP10s) as nanomedicines
[83].
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CONCLUSION

Nanomaterials have found applications in almost all the fields in the present era,
and this chapter represented a few of them in brief. It has been observed that NMs
exhibit some specific properties of high surface—to—volume ratio, reactivity, excellent
optical and magnetic properties, which make them a potential candidate to be exploited
for applications in the field of nanomedicine, sensors, catalysis, environment, etc.
Although there are lots of advantages of NMs, their unique characteristics are of big
concern for analysing the toxicological and ecotoxicological properties.

ACKNOWLEDGMENTS

Dinesh Kumar is thankful to DST, New Delhi, for the financial support offered to
this work (sanctioned vide project Sanction Order F. No. DST/TM/WTI/WIC/2K17/124.
Meena Nemiwal is thankful to MNIT, Jaipur for providing research facility.

REFERENCES

[1] Elahi, N., Kamali, M. & Baghersad, M. H. (2018). Recent biomedical applications
of gold nanopatrticles: A review. Talanta, 184, 537-556.

[2] Khan, ., Saeed, K. & Khan, I. (2019). Nanopatrticles: Properties, applications and
toxicities. Arabian J. of Chem., 12, 908-931.

[3] Ealias, A. M. & Saravanakumar, M. P. (2017). A review on the classification,
characterisation, synthesis of nanoparticles and their application. IOP
Conference Series: Materials Science and Engineering, 263, 32019.

[4] Ganesan, P. & Narayanasamy, D. (2017). Lipid nanoparticles: Different
preparation techniques, characterization, hurdles, and strategies for the
production of solid lipid nanoparticles and nanostructured lipid carriers for oral
drug delivery. Sust. Chem. Pharm.. 6, 37-56.

[5] Fahlepy, M. R., Wahyuni, Y., Andhika, M., Tiwow, V. A. & Subaer. (2019).
Synthesis and characterization of nanopraticle hematite (A—Fe203) minerals from
natural iron sand using co—precipitation method and its potential applications as
extrinsic semiconductor materials type—n. Mat. Sci. Forum, 967, 259-266.

[6] Basiuk, V. A. & Basiuk, E. V. (2015). Green processes for nanotechnology. Inorg.
to bioins. nanomat., 1-446.

[71 Zhu, X., Pathakoti, K. & Hwang, H. M. (2019). Green synthesis of titanium dioxide
and zinc oxide nanoparticles and their usage for antimicrobial applications and
environmental remediation. Green Synt. Charact. and App. of Nanopart., 223—
263.

Complimentary Contributor Copy



28

(8]

(9]

[10]

(1]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

Meena Nemiwal, Ankita Dhillon and Dinesh Kumar

Yaya, A., Agyei—Tuffour, B., Dodoo—Arhin, D., Nyankson, E., Annan, E., Konadu,
D. S. & Ewels, C. P. (2012). Layered nanomaterials— A review. Global J.f Engg.,
Design and Tech., 2, 32—41.

Guan, G., Zhang, S., Liu, S., Cai, Y., Low, M., Teng, C. P. & Han, M. Y. (2015).
Protein induces layer—by—layer exfoliation of transition metal dichalcogenides. J.
the Ameri. Chem. Soci., 137, 6152—6155.

Gerasopoulos, K., Pomerantseva, E., McCarthy, M., Brown, A., Wang, C.,
Culver, J. & Ghodssi, R. (2012). Hierarchical three—dimensional microbattery
electrodes combining bottom—up self-assembly and top—down micromachining.
ACS Nano, 6, 6422—6432.

Dowling, A., Clift, R., Grobert, N., Hutton, D., Oliver, R., O’neill, O., et al. (2004).
Nanoscience and nanotechnologies: opportunities and uncertainties. London:
Royal Soc. and Royal Acad. Engg., 46, 618—618.

Dhingra, R., Naidu, S., Upreti, G. & Sawhney, R. (2010). Sustainable
nanotechnology: Through green methods and life—cycle thinking. Sustainability,
2, 3323-3338.

Cai, J., Ruffieux, P., Jaafar, R., Bieri, M., Braun, T., Blankenburg, S. & Fasel, R.
(2010). Atomically precise bottom—up fabrication of graphene nanoribbons.
Nature, 466, 470—473.

Hussain, I., Singh, N. B., Singh, A., Singh, H. & Singh, S. C. (2016). Green
synthesis of nanoparticles and its potential application. Biotech. Lett., 38, 545—
560.

Lamouri, R., Mounkachi, O., Salmani, E., Hamedoun, M., Benyoussef, A. & Ez—
Zahraouy, H. (2020). Size effect on the magnetic properties of CoFe204
nanoparticles: A Monte Carlo study. Ceram. Int., 46, 8092—-8096.

Shrimali, V. G., Gadani, K., Rajyaguru, B., Gohil, H., Chudasama, D. K., Dhruv,
D., et al. (2020). Size dependent dielectric, magnetic, transport and
magnetodielectric properties of BiFeo.9sC00.0203 nanoparticles. J. of Alloys and
Comp., 817, 152685.

Lakshmiprasanna, H. R., Jagadeesha Angadi, V., Rajesh Babu, B., Pasha, M.,
Manjunatha, K. & Matteppanavar, S. (2019). Effect of Pr3*—doping on the
structural, elastic and magnetic properties of Mn-Zn ferrite nanoparticles
prepared by solution combustion synthesis method. Chem. Data Coll., 24,
100273.

Zhang, W., Sun, A., Pan, X., Han, Y., Zhao, X., Yu, L. & Suo, N. (2019).
Structural, morphological and magnetic properties of Ni—Co ferrites by the Mn2*
ions substitution. J. Mat. Sci. Mat. in Elect., 30, 18729—18743.

Rahman, M. A., Radhakrishnan, R. & Gopalakrishnan, R. (2018). Structural,
optical, magnetic and antibacterial properties of Nd doped NiO nanoparticles
prepared by co—precipitation method. J. Alloys and Comp., 742, 421-429.
Pauly, N., Yubero, F., Garcia—Garcia, F. J. & Tougaard, S. (2016). Quantitative
analysis of Ni 2p photoemission in NiO and Ni diluted in a SiO2 matrix. Surface
Sci., 644, 46-52.

Complimentary Contributor Copy



[21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

[31]

(32]

[33]

(34]

Nanomaterials 29

Mikhailov, M. M., Yuryev, S. A. & Lovitskiy, A. A. (2018). On the correlation
between diffuse reflectance spectra and particle size of BaSO4 powder under
heating and modifying with SiO2 nanoparticles. Optical Mat., 85, 226-229.
Nomai, J. & Schlarb, A. K. (2019). Effects of nanoparticle size and concentration
on optical, toughness, and thermal properties of polycarbonate. J. Appl. Poly.
Sci., 136, 47634.

Jeon, H. & Lee, K. (2019). Effect of gold nanoparticle morphology on thermal
properties of polyimide nanocomposite films. Coll. and Surf. A: Physicochem.
and Engg. Aspects, 579, 123651.

Bui, T. M. A., Nguyen, T. V., Nguyen, T. M., Hoang, T. H., Nguyen, T. T. H., Lai,
T. H. & Nguyen-Tri, P. (2020). Investigation of crosslinking, mechanical
properties and weathering stability of acrylic polyurethane coating reinforced by
SiOz nanoparticles issued from rice husk ash. Mat. Chem. Phys., 241, 122445,
Chen, L., Li, J. & Chen, L. (2014). Colorimetric detection of mercury species
based on functionalized gold nanoparticles. ACS Appl. Mat. Inter., 6, 15897—
15904.

Maiti, S., Barman, G. & Konar Laha, J. (2016). Detection of heavy metals (Cu*?,
Hg*?) by biosynthesized silver nanoparticles. Appl. Nanosci., 6, 529-538.

Rane, A. V., Kanny, K., Abitha, V. K. & Thomas, S. (2018). Methods for Synthesis
of Nanoparticles and Fabrication of Nanocomposites. Synthesis of Inorganic
Nanomaterials, edited by Sneha Mohan Bhagyaraj, Oluwafemi, and Sabu
Thomas, 121-139, Elesvier Ltd.

Xu, J., Cao, Z., Zhang, Y., Yuan, Z., Lou, Z., Xu, X. & Wang, X. (2018). A review
of functionalized carbon nanotubes and graphene for heavy metal adsorption
from water: Preparation, application, and mechanism. Chemosphere, 195, 351—
364.

Li, Q., Mahmood, N., Zhu, J., Hou, Y. & Sun, S. (2014). Graphene and its
composites with nanoparticles for electrochemical energy applications. Nano
Today, 9, 668—683.

Morales—Garcia, A., Macia Escatllar, A., lllas, F. & Bromley, S. T. (2019).
Understanding the interplay between size, morphology and energy gap in
photoactive TiO2 nanoparticles. Nanoscale, 11, 9032—-9041.

Guo, Q., Zhou, C., Ma, Z. & Yang, X. (2019). Fundamentals of TiO2
Photocatalysis: Concepts, Mechanisms, and Challenges. Adv. Mat, 31,
1901997.

Ni, M., Leung, M. K. H., Leung, D. Y. C. & Sumathy, K. (2007). A review and
recent developments in photocatalytic water—splitting using TiOz for hydrogen
production. Rene. and Sust.e Energy Rev., 11, 401-425.

Thomas, S., Harshita, B. S. P., Mishra, P. & Talegaonkar, S. (2015). Ceramic
nanoparticles: Fabrication methods and applications in drug delivery. Current
Pharm. Design, 21, 6165—6188.

Lakshmi Priya, M., Rana, D. & Ramalingam, M. (2017). Ceramic nanofiber
composites. Nanofiber Composites for Biomedical Applications, 33-54, edited by

Complimentary Contributor Copy



30

(35]

(36]

(37]

(38]

(39]

[40]

[41]
[42]
[43]
[44]

[45]

[46]

[47]

(48]

Meena Nemiwal, Ankita Dhillon and Dinesh Kumar

Murugan Ramalingam, Seeram Ramakrishna, Nanofiber Composites for
Biomedical Applications, Woodhead Publishing.

Mansha, M., Khan, I., Ullah, N. & Qurashi, A. (2017). Synthesis, characterization
and visible-light—driven photoelectrochemical hydrogen evolution reaction of
carbazole—containing conjugated polymers. Int. J. Hyd. Energy, 42, 10952—
10961.

Schwarz, D., Acharja, A., Ichangi, A., Lyu, P., Opanasenko, M. V., GoB3ler, F. R.
& Bojdys, M. J. (2018). Fluorescent sulphur— and nitrogen—containing porous
polymers with tuneable donor—acceptor domains for light—driven hydrogen
evolution. Chemistry — A Eur. J., 24,11916-11921.

Kango, S., Kalia, S., Celli, A., Njuguna, J., Habibi, Y. & Kumar, R. (2013). Surface
modification of inorganic nanoparticles for development of organic—inorganic
nanocomposites — A review. Prog. in Poly. Sci., 38, 1232-1261.

Rawat, M. K., Jain, A. & Singh, S. (2011). Studies on binary lipid matrix based
solid lipid nanoparticles of repaglinide: In vitro and in vivo evaluation. J. of
Pharmac. Sci., 100, 2366—2378.

Lu, Y., Qi, J. & Wu, W. (2018). Lipid nanopatrticles: In vitro and in vivo approaches
in drug delivery and targeting. Drug Targ. and Stimuli Sens. ve Drug Del. Sys.,
749-783.

Kumar, R. & Sinha, V. R. (2016). Solid lipid nanopatrticle: an efficient carrier for
improved ocular permeation of voriconazole. Drug Devel. and Indust. Pharmacy,
42, 1956-1967.

Abdullaeva, Z. (2017). Nanomaterials in daily life: Compounds, synthesis,
processing and commercialization. Springer Cham., 1-149.

Gupta, R. & Xie, H. (2018). Nanopatrticles in daily life: Applications, toxicity and
regulations. J. Env. Pathology, Tox. and Oncology, 37, 209-230.

Zhang, Y., Wu, B., Xu, H., Liu, H., Wang, M., He, Y. & Pan, B. (2016).
Nanomaterials—enabled water and wastewater treatment. Nano Impac, 3, 22—-39.
Prathna, T. C., Sharma, S. K. & Kennedy, M. (2018). Nanoparticles in household
level water treatment: An overview. Sep. and Purif. Tech., 199, 260-270.
Xiong, C., Wang, W., Tan, F., Luo, F., Chen, J. & Qiao, X. (2015). Investigation
on the efficiency and mechanism of Cd(ll) and Pb(ll) removal from aqueous
solutions using MgO nanoparticles. J. of Haz. Mat., 299, 664—674.

Abbas, K. K. & Al-Ghaban, A. M. H. A. (2019). Enhanced solar light
photoreduction of innovative TiO2nanospherical shell by reduced graphene oxide
for removal silver ions from aqueous media. J. of Env. Chem. Engg., 7, 103168.
Dariani, R. S., Esmaeili, A., Mortezaali, A. & Dehghanpour, S. (2016).
Photocatalytic reaction and degradation of methylene blue on TiO2 nano-sized
particles. Optik, 127, 7143—-7154.

Azeez, F., Al-Hetlani, E., Arafa, M., Abdelmonem, Y., Nazeer, A. A., Amin, M. O.
& Madkour, M. (2018). The effect of surface charge on photocatalytic degradation
of methylene blue dye using chargeable titania nanopatrticles. Scient. Reports, 8,
1-9.

Complimentary Contributor Copy



[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

(60]

[61]

(62]

(63]

Nanomaterials 31

Kheirabadi, M., Samadi, M., Asadian, E., Zhou, Y., Dong, C., Zhang, J. &
Moshfegh, A. Z. (2019). Well-designed Ag/ZnO/3D graphene structure for dye
removal: Adsorption, photocatalysis and physical separation capabilities. J. of
Coll. and Int. Sci., 537, 66—78.

Sharma, M., Vaidya, S. & Ganguli, A. K. (2017). Enhanced photocatalytic activity
of g—CsN+—TiO2 nanocomposites for degradation of Rhodamine B dye. J. of
Photochem. and Photobiol. A: Chemistry, 335, 287-293.

Gauchot, V., Sutherland, D. R. & Lee, A. L. (2017). Dual gold and photoredox
catalysed C-H activation of arenes for aryl-aryl cross couplings. Chem. Sci., 8,
2885—2889.

Ojha, K., Saha, S., Dagar, P. & Ganguli, A. K. (2018). Nanocatalysts for hydrogen
evolution reactions. Phys. Chem. Chem. Phys., 20, 6777—6799.

Zhao, J. & Jin, R. (2018). Heterogeneous catalysis by gold and gold—based
bimetal nanoclusters. Nano Today, 18, 86—102.

Karakalos, S., Xu, Y., Cheenicode Kabeer, F., Chen, W., Rodriguez—Reyes, J.
C. F., Tkatchenko, A. & Friend, C. M. (2016). Noncovalent bonding controls
selectivity in heterogeneous catalysis: Coupling reactions on gold. J.I of the
Amer. Chem. Society, 138, 15243—-15250.

Wang, W., Lv, F., Lei, B., Wan, S., Luo, M. & Guo, S. (2016). Tuning nanowires
and nanotubes for efficient fuel-cell electrocatalysis. Advanced Materials, 28,
10117-10141.

Avasare, V., Zhang, Z., Avasare, D., Khan, I. & Qurashi, A. (2015). Room—
temperature synthesis of TiO2 nanospheres and their solar driven
photoelectrochemical hydrogen production. Int. J.I of Energy Res., 39, 1714—
1719.

Vadakkekara, R., lllathvalappil, R. & Kurungot, S. (2018). Layered TiO2
nanosheet—supported NiCo204 nanoparticles as bifunctional electrocatalyst for
overall water splitting. Chem Electro Chem, 5, 4000-4007.

Wang, J., Wang, Z. & Zhu, Z. (2017). Synergetic effect of Ni(OH)2 cocatalyst and
CNT for high hydrogen generation on CdS quantum dot sensitized TiO2
photocatalyst. Appl. Catalysis B: Env., 204, 577-583.

Back, S., Yeom, M. S. & Jung, Y. (2015). Active sites of Au and Ag nanoparticle
catalysts for CO: electroreduction to CO. ACS Catalysis, 5, 5089-5096.

Zhao, S., Jin, R. & Jin, R. (2018). Opportunities and challenges in CO2 reduction
by gold— and silver—based electrocatalysts: From bulk metals to nanopatrticles
and atomically precise nanoclusters. ACS Energy Lett., 3, 452—-462.

Pohanka, M. (2018). Overview of piezoelectric biosensors, immunosensors and
DNA sensors and their applications. Materials, 11, 448.

Kumari, G., Zhang, X., Devasia, D., Heo, J. & Jain, P. K. (2018). Watching visible
light-driven COz2 reduction on a plasmonic nanopatrticle catalyst. ACS Nano., 12,
8330-8340.

Pohanka, M. (2018). Overview of piezoelectric biosensors, immunosensors and
DNA sensors and their applications. Materials, 11, 448.

Complimentary Contributor Copy



32

[64]

(65]

[66]

(67]

(68]

(69]

[70]

(71]

[72]

(73]

[74]

[75]
[76]
[77]

(78]

Meena Nemiwal, Ankita Dhillon and Dinesh Kumar

Jiang, K., Siahrostami, S., Zheng, T., Hu, Y., Hwang, S., Stavitski, E. & Wang, H.
(2018). Isolated Ni single atoms in graphene nanosheets for high—performance
CO:2 reduction. Energy and Env. Sci., 11, 893-9083.

Pyle, D. S., Gray, E. M. A. & Webb, C. J. (2016). Hydrogen storage in carbon
nanostructures via spillover. International Journal of Hydrogen Energy, 41,
19098-19113.

Ding, R., Zhang, X., Chen, G., Wang, H., Kishor, R., Xiao, J. & Zheng, Y. (2017).
High—performance piezoelectric nanogenerators composed of formamidinium
lead halide perovskite nanoparticles and poly(vinylidene fluoride). Nano Energy,
37, 126-135.

Stephen Inbaraj, B. & Chen, B. H. (2016). Nanomaterial-based sensors for
detection of foodborne bacterial pathogens and toxins as well as pork
adulteration in meat products. J. of Food and Drug Analy., 24, 15-28.

He, X., Deng, H. & Hwang, H. min. (2019). The current application of
nanotechnology in food and agriculture. J. of Food and Drug Analys., 27, 1-21.

Gualandi, I., Vlamidis, Y., Mazzei, L., Musella, E., Giorgetti, M., Christian, M. &
Tonelli, D. (2019). Ni/Al Layered double hydroxide and carbon nanomaterial
composites for glucose sensing. ACS Applied Nano Mat., 2, 143-155.

Maity, D., Minitha, C. R. & Rajendra, R. K. (2019). Glucose oxidase immobilized
amine terminated multiwall carbon nanotubes/reduced graphene oxide/
polyaniline/gold nanoparticles modified screen—printed carbon electrode for
highly sensitive amperometric glucose detection. Mat. Sci. and Engg. C, 105,
110075.

Mittal, M. & Kumar, A. (2014). Carbon nanotube (CNT) gas sensors for emissions
from fossil fuel burning. Sensors Actuators, B Chem., 203, 349-362.

Ahmad, R., Majhi, S. M., Zhang, X., Swager, T. M. & Salama, K. N. (2019).
Recent progress and perspectives of gas sensors based on vertically oriented
ZnO nanomaterials. Adv. in Colloid and Int. Sci., 270, 1-27.

Govindhan, M., Sidhureddy, B. & Chen, A. (2018). High—temperature hydrogen
gas sensor based on three—dimensional hierarchical-nanostructured nickel—
cobalt oxide. ACS Appl. Nano Mat., 1, 6005-6014.

Bhardwaj, V. & Nikkhah—Moshaie, R. (2017). Nanomedicine. Advances in
Personalized Nanotherapeutics, edited by AjeetKaushik, Rahul Dev and
JayantMadhavan Nair, 1—10, Springer International Publishing AG.

Soares, S., Sousa, J., Pais, A. & Vitorino, C. (2018). Nanomedicine: Principles,
properties, and regulatory issues. Front. Chem., 6, 360.

Morrow Jr, K. J., Bawa, R. & Wei, C. (2007). Recent advances in basic and
clinical nanomedicine. Med. Clinics of North America, 91, 805—843.

Waitkins, R., Wu, L., Zhang, C., Davis, R. M. & Xu, B. (2015). Natural product—
based nanomedicine: recent advances and issues. Int. J. of Nanomed., 10, 6055.
Alshehri, R., llyas, A. M., Hasan, A., Arnaout, A., Ahmed, F. & Memic, A. (2016).
Carbon nanotubes in biomedical applications: factors, mechanisms, and
remedies of toxicity: miniperspective. J. of Med. Chem., 59, 8149-8167.

Complimentary Contributor Copy



[79]

(80]

(81]

(82]

(83]

(84]

Nanomaterials 33

Dias, A. P., da Silva Santos, S., da Silva, J. V., Parise-Filho, R., Igne Ferreira,
E., Seoud, O. El & Giarolla, J. (2020). Dendrimers in the context of nanomedicine.
Int. J. Pharm., 573, 118814.

Xue, Y. (2017). Carbon nanotubes for biomedical applications. Micro and Nano
Technologies, edited by Huisheng Peng, Qingwen Li, Tao Chen, Industrial
Applications of Carbon Nanotubes, 323-346, Elsevier.

Leung, K. C. F. & Xuan, S. (2016). Noble metal—iron oxide hybrid nanomaterials:
Emerging applications. Chemical Recor, 16, 458-472.

Tammina, S. K., Mandal, B. K., Ranjan, S. & Dasgupta, N. (2017). Cytotoxicity
study of Piper nigrum seed mediated synthesized SnO2 nanoparticles towards
colorectal (HCT116) and lung cancer (A549) cell lines. J. of Photochem. and
Photobiol. B: Biology, 166, 158—168.

Dykman, L. & Khlebtsov, N. (2012). Gold nanoparticles in biomedical
applications: Recent advances and perspectives. Chem. Soci. Rev., 41, 2256—
2282.

Kandasamy, G., Sudame, A., Luthra, T., Saini, K. & Maity, D. (2018).
Functionalized hydrophilic superparamagnetic iron oxide nanoparticles for
magnetic fluid hyperthermia application in liver cancer treatment. ACS Omega,
3, 3991-4005.

Complimentary Contributor Copy



Complimentary Contributor Copy



In: Versatile Solicitations of Materials Science ... ISBN: 978-1-53619-763-1
Editors: Mridula Tripathi, Arti Srivastava etal. © 2021 Nova Science Publishers, Inc.

Chapter 3

ROLE OF NANOMATERIAL IN THE HEALTH SECTOR

Devendra Singh’, Deepmala Sharma®

and Vishnu Agarwal’’
'Department of Biotechnology,
Motilal Nehru National Institute of Technology Allahabad, INDIA
?Department of Mathematics, National Institute of Technology Raipur, INDIA

ABSTRACT

Nanomaterials are used for many years, but in recent times nanomaterials is
emerged as a big hope for low cost and better healthcare. Nanomaterials are
currently used in different science branches, particularly in healthcare, for the
prognosis and diagnosis of diseases and their related symptoms. They have
unique electrical, chemical, mechanical behaviors and are widely used in
pharmaceuticals for their sensitivity and precision. The nanomaterials which are
used in health care diagnostics are either inorganic, hybrid, or organic
nanomaterials. Inorganic nanomaterials, including quantum dots, metal oxides,
and metallic nanoparticles, are commonly used in biosensor designing.

On the other hand, because of their unique characteristic hybrid nanomaterials
are used for imaging purposes, and organic hanomaterials such as liposomes,
carbon nanotubes, dendrimers, nanocrystals, and micelles nanoparticles are
utilized as therapeutic agents. Other nanomaterial applications include
remediation, environmental monitoring, cosmetics, construction of versatile
devices, and medicine. The role of nanomaterials in the healthcare sector has
been described in this chapter.
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1. INTRODUCTION

In recent times, nanotechnology-based applications are being continuously and
widely used in the healthcare sector. The health care sector basically deals with three
major constituents, including diagnostics, drugs, and medical devices for the patients
to prevent mortality and morbidity. Nowadays, various nanomaterials with new
potentials have been developed, discovered, and used in modern healthcare, focusing
on diagnostics, health care devices, and therapeutics [1].

Due to their unusual behaviors (physical, optical, mechanical, chemical, and
electrical) and nature, these nanomaterials are widely used in drugs and therapeutics
purposes because of their higher sensitivity, preciseness, and sharp visible imaging of
diseased cells. There are numerous nanoparticle-based health care devices,
therapeutic and diagnostic kits that are developed and available in the market for the
treatment of various diseases such as diabetes, asthma, cancer, allergy, and many
more infections [2, 3]. Apart from its numerous advantages and application in the
healthcare field, a rise in the voice was noted related to its possible toxicity based on
different in vitro and in vivo experimental studies outcomes. In several research in vivo
adverse effects like granulomas and inflammation in animals are reported, but till now,
no proper research claiming toxicity of nanomaterials on a human being is reported
[4,5]. Due to the growing human concerns, researchers have started focusing on
nanomaterials specificity, efficacy with the least toxicity. At present, due to its higher
application of these nanomaterials in drugs, health care devices, therapeutic and
diagnostic kits, the discovery and development of new nanomaterials are kept
increasing at a rapid pace [6].

In summary, nanomaterial has a wide application in the healthcare sector. Due to
its expanding application, researchers are continuously developing and discovering
new potential nanomaterials; in this chapter, an overview of nanomaterial’s role in the
healthcare sector emphasizes diagnostics kits, therapeutics, and medical devices.

2. NANOMATERIALS AND IT’S CHARACTERISTIC

Nanomaterials are nano-sized materials that may be found in nature (incidental)
or human-engineered. Any nano-sized material within the range of 0—200 nm will be
considered as a nanomaterial and can be used in the form of particles, tubes, fibers,
or rods [7]. Due to their enormous potential, these nanomaterials are widely used in
the healthcare sector and directly or indirectly interact with human cells. It has been
reported that the property (chemical and physical) of nanomaterials differs from bulk
material at nanoscale, and it was observed that an increase in ability to cross the tissue
barrier would lead to new drug delivery and targeting systems [8]. Because of the
difference in nanomaterials’ physic-chemical properties from bulk materials, these
nanomaterials require more attention for risk assessment before they are being used
in healthcare devices [9].
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Theoretically, these nanoparticles can be directly or indirectly used in the
healthcare sector for the purpose of identifying and destroy even a single malignant
cell, which will further take us nearer to the ultimate disease treatment and prevention.
They are already effectively used in disease prognosis and diagnosis [10]. Another
important factor that causes significant differences in nanomaterials characteristics is
the quantum effect (because of the quantum confinement of delocalized electrons). As
on the surface, the number of atoms of these nanoparticles is more than the bulk;
nanoparticles show less binding energy, hence showing a lower melting point. The
nanoparticle shape will play a vital role in deciding its properties [11, 12].

Synthetic nanostructures (artificial atoms) like quantum dots will depend upon the
exploitation of quantum effects seen in nanoparticles. They are owing multiple
unpaired electron spins from 100s of atoms and possess magnetic moments, showing
their highest performance at 10 to 29 nm sizes due to super magnetism, making them
suitable for contrast agents in MRI (magnetic resonance imaging) [13, 14]. Because of
these features, nanomaterials are classified into several categories. On a chemical
constitution basis, these nanomaterials can be mainly classified into organic
nanomaterials (mainly consist of polymeric nanomaterials), inorganic nanomaterials
(made up of constituents such as SiO2, Au, Ag), and carbon allotrope-based
nanomaterials (consisting of carbon atoms only). These nanoscale agents may
provide more effective or more convenient routes of administration, extend the product
life cycle, and ultimately reduce healthcare costs (Figure 1) [15].

Diagnosis

Bioimaging

Figure 1. Role of nanomaterials in healthcare.

2.1. Organic Nanomaterials
It was found that inorganic nanoparticles generally have safety issues, such as

toxicity due to heavy metal, and don’t have quick clearance from the human body.
Because of such concerns, organic systems are usually preferred. PNPs (polymer
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nanoparticles) are commonly used for the purpose of cancer therapy and diagnostics
because of their excellent photostability, biocompatibility, high extinction coefficients,
and fluorescence intensity [16-18]. Through EPR (enhanced permeability and
retention) effect, these PNPs can easily accumulate in the tumor region, cancer-
targeting moieties such as aptamers will be altered by physical or chemical interaction
onto the surface of nanoparticles, which gives functionalized PNPs having higher
sensitivity, specificity, and selectivity for cancer therapy and diagnosis [19-24]. Still,
some more in vivo studies will be performed to systematically investigate the
effectiveness and safety of these novel PNPs before being used for clinical application.

2.2. Inorganic Nanomaterials

The inorganic nanomaterials possess some unique features, such as SPR (surface
plasmon resonance) and GNPs (gold NPS) are generally selected to enhance the
optical imaging on the basis of their scattering, fluorescence, absorption [25]. The
stability of gold NPs covalently bond with thiolated ligands allows direct chemical
modifications on their surfaces [26]. For stabilizing GNPs, ligands are specifically
chosen for drug release and encapsulation to tissues [27, 28]. Still, in clinical
application safety of GNPs yet remains doubtful, and more in vivo long-term
toxicity information is required.

QDs (Quantum dots) have diameters <10 nm nanocrystals, which are
semiconductor material and exhibit optical features such as luminescence and
absorption [29]. Usually, quantum dots of numerous ingredients or shapes are excited
by a single light source, which separately emits various s wide range colors with minor
spectral overlap, making them appropriate for multiple imaging processes [30, 31].
Due to theirconductive properties, these quantum dots generate electrical waves, and
patterns used in humans as an indicator activity. They are developed for disease
screening tests and optics technology [32]. It can be conjugated with proteins, DNA,
antibodies (a recognition molecule). Flexibility in emission peak and surface chemistry
of quantum dots increases their application as nanocarriers or optical probes for the
purpose of therapy, imaging, diagnostics, and drug [33]. Due to the toxicity of QD in
the human body, silicon QD was preferred over cadmium QD. On the other side, due
to its antimicrobial activity, silver nanoparticles have now been uses in a variety of
surgical devices, masks, and medical kits. There will be great benefits of using
nanoparticles to suffer from CNS (central nervous system) diseases [34].

3. NANOMATERIALS AND DRUGS
In recent years, emphasis on nanomedicine formulations utilization opens new

possibilities for diseased diagnosis and treatment. Now, these nanoparticles are
specifically designed with surface characteristics and optimal size for the purpose of
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improving the biodistribution of cancer drugs in the bloodstream [35]. Doped
nanomaterial will have emerged as a promising therapy due to its electrochemical and
optical properties, low resistance, high specific surface area, and high catalytic activity
[36]. These doped nanomaterials will help in delivering the drugs to the specifically
targeted HIV or cancer cells, alleviate allergy symptoms [37].

Nanomaterials are available in different shapes, sizes, and materials due to which
it causes different effects on different systems of the body [38]. Some common
nanomaterial use effects include the higher production of ROS (reactive oxygen
species) and inflammatory responses [37]. For the purpose of increase the drug-tissue
bioavailability, nanometer-sized carrier materials are being used [39]. For the first time
in the year 1995, a nano-sized therapeutic formulation (Doxil) came into the market.
This Doxil was introduced in the market for the purpose of the effective treatment for
recurrent ovarian cancer and metastatic breast cancer [38, 40]. Other nanomaterial-
based therapeutic formulation includes BIND-014, which accumulates only in tumor
cells and not in healthy cells [41]. In the coming time, nanomedicine will have a huge
impact on the health sector and personalized medicine development [42]. On the other
side, there will be increasing concerns related to the potential toxicity effect on humans’
health, which arises due to the unique chemical and physical properties of
nanoparticles [38]. Due to their long half-life, crystalline structure, and metallic nature,
it will make it possible that some of the nanoparticles will not be cleared from the
human body and resides for some years, which may result in toxicity [38]. At present,
efforts are made to make a balance between the toxicity and efficacy of therapeutic
interventions by designing efficacious and safer nanomedicine [39].

4. NANOMATERIALS IN DIAGNOSIS AND IMAGING

In recent years, the nanomaterials properties were assessed. It was found that it
has different advantages such as long fluorescence lifetime, deep and noninvasive
tissue penetration, superior photostability, high signal to background ratio, and sharp
visible emission lines in the bioimaging field.

These nanomaterials’ advantages indicate that nanomaterials have great potential
and can be used effectively in bioimaging and early-stage diagnosis of infection. Some
imaging techniques where nanomaterials can be used are magnetic resonance
imaging (MRI), optical imaging (Ql), radionuclide imaging (RI), and ultrasound imaging
(Ul) are mention in Figure 2 [43].

Researchers are trying to develop a diagnostic sensor for detecting 3 to 5 cancer
cells in a 1 ml blood sample. The diagnostic sensor uses carbon nanoparticles
allotrope (graphene oxide) to which an antibody (with fluorescent markers) is attached
[44]. So when attached to the cancer cells, the fluorescence confirms the cancer cell’'s
presence. For the early detection of brain cancer, NMR technology, and magnetic
nanoparticles are used. These magnetic nanoparticles are attached to the
microvesicles (develop in brain cancer cells) in the bloodstream. Then they can be
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easily detected in NMR imaging. This method can be easily used for brain cancer early
detection.

Different studies have started replacing conventional gold beads with super-
paramagnetic nanoparticles [45]. For Endoscopic imaging, a noncontact, fiber-optic-
based surface-enhanced Raman spectroscopy device was developed. This developed
device was inserted via a clinical endoscope and will provide real-time, multiplexed
functional and structural information. By using this endoscope, endoscopists can be
able to identify flat lesions that are usually missed and can also distinguish between
the precancerous and normal tissues quickly [46, 47]. They have been shown to
noninvasively monitor liver fibrosis and resolution without the need for invasive core
biopsies, and they can also improve the early detection of cancer [47]. Nanomaterials
are also used for theranostic application (lanthanide-doped hollow nanomaterials) [48].

Magnetic

Resonance Ulitrasenund
Imaging (MRI) Imaging (UI)

Detection J Detection

Radiowave
Characteristic
No Tissue
Penetration Limit
High Resolution.

" Radionuclide
Imaging (RI)
Detection
Ravs
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No Tissue
Penetration Limit
L High Sensitivity

Ultrasonic Waves
Characteristic
Low Cost
Real Time

Optical Imaging *
(01
Detection
Fluorescence
Characteristic
High Sensitivity
Multicolor
Imaging

Figure 2. Main imaging highlights of nanomaterials.

5. APPLICATION IN IMAGING

5.1. Magnetic Resonance Imaging

MRI (Magnetic resonance imaging) is a non-invasive imaging technique. This
imaging technique uses radiofrequency waves and a strong magnet to produce a clear
image of high spatial resolution, specificity, and sensitivity of internal organs. These
clear MRI images are obtained by the process of relaxation of magnetic spins and
nuclei excitation [49]. The main notable benefit of the MRI technique is its high
spatiotemporal resolution of level 25—-100 um and good tissue contrast and is also used
for both functional as well as morphological assessments [50].
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5.2. Ultrasound Imaging

Ultrasound, also known as ultrasonography, is among the most applied and
commonly used imaging techniques. During the ultrasound imaging process, contrast
agents such as colloidal suspensions, perfluorocarbon emulsions, and gas-filled
microbubbles are generally used for perfusion imaging, lesion characterization, and
enhancement. These contrast agents are usually made up of biodegradable and
biocompatible materials. These materials possess good vascular circulation properties
and in vivo study; they were found stable and safe, making them suitable for ultrasound
imaging purposes. Ultrasound imaging’s main benefit includes high safety, less
expensive, easy availability for portable devices, and real-time imaging [51].

5.3. Radionuclide Imaging

Radionuclide imaging (Rl) uses radioactive rays for detection and imaging. The
two main types of Rl modalities include PET (Positron emission tomography) and
SPECT (Single Photon Emission Computed Tomography). Radionuclide imaging’s
main benefit includes low dose of radiotracers, no tissue penetration limitation, high
sensitivity, and on the other side, it also has some limitations such as radiation risk
and poor spatial resolution [52].

5.4. Optical Imaging

Optical imaging (Ol) is an extensively used, non-invasive, and low-cost imaging
technique. It is a challenging and important imaging technique used in the biomedical
field because of its spatial resolutions and high temporal [53-55]. There are two
important techniques in Ol first one is BLI (bioluminescence imaging) and FLI
(fluorescence imaging). These imaging techniques are used to evaluate the
propagation of non-ionizing radiation and light photons through tissue. In humans,
optical imaging uses a highly sensitive camera for the purpose of detecting
fluorescence released from fluorophores [56]. Conventional fluorophores, commonly
including inorganic/organic fluorophores, fluorescent transition metal complexes such
as iron oxide, fluorescent proteins, and quantum dots, have been broadly used [57-
59].

In a research study, it was found that lanthanide (Ln)-doped UCNPs (upconversion
nanoparticles) vea remarkable benefit over conventional fluorophores, like non-
photoblinking, low cytotoxicity, and high spatial resolution [60]. The main benefit of
optical imaging includes high sensitivity, multicolor imaging, and on the other side, it
also has some limitations such as low spatial resolution and poor tissue penetration
(Table 1) [61-63].
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6. APPLICATION IN COVID-19

These nanomaterials have been discovered and developed to prevent, diagnose,
and treat different diseases. On the other side, for treating some common viral
infections, nanocapsules, dendrimers, nanoparticles, micelles, and liposomes are
currently used. For the purpose of detecting pathogens, such as viruses and bacteria,
bionanosensors are commonly used [64]. Because these designed nanosensors will
work at the nanoscale size, the nanoparticles will interact with spike proteins and
disrupt the viral structure by electromagnetic radiation. Hence, leading to structural
destruction, which in result, suppresses the ability of the pathogen (virus) and its
genome to reproduce and replicate inside the host [65].

These nano-sized nanoparticles can be further altered for the purpose of targeting
a specific or range of bacteria and viruses. Because of their small (nanoscale) size,
these reformed nanoparticles can easily move in the body’s bloodstream without
disrupting any functions. Nanotechnology not only allows the early identification of
circulating tumor cells, bacteria, and viruses but also for single-cell analysis [66]. Quite
a few nanofillers have been designed and developed by different researchers, such as
a Tribo E (triboelectricity electronic) mask, which can hold electric charges to block the
entry of pathogens and don’t require any external power supply. In another study,
researchers have developed a charged nanofiber for capturing the airborne
coronavirus (COVID-19 virus) of a mean size of approximately 100 nm [67]. Apart from
the benefits of nano-filter-based masks, some possible disadvantages are that they
cannot be reused and sterilized because they are specially made with the polymers on
the other side; its disposal may cause an environmental problem.

Table 1. Nanoparticles with its imaging applications

Nanoparticles Imaging application Therapeutic

Iron oxide MRI PTT
Silica nanoparticles | Optical imaging and MRI Drug delivery
Quantum dots Optical imaging PDT
Micelle MRI, Optical, and radionuclide imaging | Drug delivery, PDT
Dendrimer Optical imaging and MRI Drug delivery

Where, PTT: Photothermal therapy, PDT: Photodynamic therapy, MRI: Magnetic resonance
imaging

Interestingly the use of masks, which are made up of super-hydrophobic
nanostructured surfaces, may serve as an alternative to the above problem.
Synthesizing graphene using a low-cost laser technology makes it possible to make a
superhydrophobic carbon sheet by controlling the different parameters during the
processing step. Because this synthesized graphene is superhydrophobic, so it is self-
cleaning and can be reused many times [68].
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Nano-sized particles show excellent anti-viral properties, and these properties of
nanoparticles have an important role in antiviral activities. The nanoparticle’s
properties are their surface area to volume ratio, tunable surface charge, and small
particle size. Due to the smaller size, drug delivery to the infected regions becomes
easy. Several nanoparticles, particularly silver nanoparticles, possess an intrinsic anti-
viral characteristic. Moreover, these nanoparticles will form stable structures that will
help in effective drug encapsulation and improve its delivery capabilities. On the other
side, gold nanoparticles are designed to attach to different viruses like influenza or
Ebola and destroy the virus structure by heating them with particular infrared
wavelengths [69].

Recently, a team of German scientists successfully synthesized a nanopatrticle that
will attach to the spike proteins of the viruses, thus effectively inhibiting them from
entering the host cells. Images taken showed that the nanoparticles would fully
encapsulate the viruses and block the viruses from entering the host. These nano-
sized nanoparticles may serve as a good candidate for further human trials [70].

7. TOXICITY ISSUE

Due to the increasing use of nanoparticles in the healthcare sector, these materials
toxicity should be a topic of concern [71]. When focusing on nanoparticle toxicity, the
analysis of material properties, charge, size, surface chemistry, and shape is important
[72, 73]. In in vivo or in vitro studies, nanomaterials can agglomerate and may also
chemically degrade, which makes it tough to relate nanoparticle toxicity to such a wide
set of materials [74]. A comprehensive study for every type of nanoparticles, such as
its biodistribution, systemic and local toxicity, and pharmacokinetics, will be essential
in evaluating its overall toxicity. Though there is significant progress reported in the
case of nanomaterials development and discovery for biomedical applications, but still
study related to nanotoxicity is still lagging far behind [75]. Thus, there is an urgent
need to develop and introduce efficient and rapid methods for identifying the toxicity of
these nanomaterials.

8. CONCLUSION

Nanomaterial has an exceptionally high surface area and small size, due to which
it has immense application in the healthcare sector, including drug development,
therapeutics, bioimaging, medical devices, and diagnostic kits. The main reason
behind using these nano-sized materials is their solubility because they have the
potential of solubilizing at nanoscale due to their changing properties when attached
to nanoparticles. On the other side, the fast, facile operational procedures and low-
cost benefit of nanomaterial-based biosensors are going to overhaul the expensive
conventional systems in the coming years. Apart from all these mentions facilitating
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benefits, toxicity issues are matters of concern. Some important in vivo research
should be performed to address its rising. In concise, these nanomaterials have huge
applicability, and these practical applications have enormous potential.
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ABSTRACT

Science and technology have had a major impact on society, and their impact
is growing in every aspect of life. Inorganic materials are required to keep the
human body healthy because several critical biological functions in humans
depend upon their presence, and their absence or scarcity may lead to diseases.
Beginning with the plow, science has changed how we live and what we believe.
To make life easier, science has given to human the chance to pursue societal
concerns and to improve human living conditions. Science has grown enormously
in past 3-4 decades, and now a lot of attention is being given on material science
on one hand and on biology/medicine at the other, where chemical sciences have
acquired a central place. In chemistry, researchers are focusing on synthesis of
'tailor made compounds' and structural studies in solid state as well as in solution,
with an approach to go deeper into the concepts and applicability of nanomaterials
and molecular biology/molecular medicines. The medicinal uses and applications
of inorganic materials and metal complexes are of increasing clinical and societal
importance. Inorganic materials include metals, minerals, metalloenzymes, metal
complexes and organometallic compounds which can be used as catalysts,
pigments, coatings, surfactants, fuel, medicine etc.

Keywords: inorganic material, Anticancer, Insulin mimetic and medicinal inorganic
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1. INTRODUCTION

Inorganic materials play a significant role in our societies. Inorganic materials are
being used in medicines for centuries. Metal ions are required for many critical
functions in biology. Scarcity of some metal ions can lead to some diseases and cure
society. In the prehistoric times, human has been using inorganic material and metals
namely gold (Au), siver (Ag) and mercury (Hg) in the ionic states as copper (Cu) and
iron (Fe) as in the nature. The first finding of metals must date back thousand years
(Table-1). During the prehistoric and middle ages, 9 and 5 elements were found and
used for social benefits. Discovery of metals and elements from nature increased in
the 18™ century, which further improved in the 19" century (Table-2) [1]. At the end of
19™ century, radionuclides were explored from earth ores/minerals.

Table 1. Metal use in ancient age

Metals Age Area

Au &Ag 4000 B.C. Chaldear

Pb 3800 B.C. -

Cu &Sn 3500 B.C. Bronze age

Fe 1500 B.C. Iron age

Hg &As 350 B.C. Ancient Greece
Zn - Ancient Romans

Table 2. Elements discovered from nature [1]

Age Elements

17" century

Prehistoric age Au, Ag, Hg, Pb, Sn, Cu, Fe, S, C

Middle age Zn, As, Bi, Sb, P

18" century

The first half Co, Ni, Pt

The latter half Mn, W, Ti, Mo, Cr, U, Zr, Y, H, N,O, CI, Te, Be

19" century

The first half Mg, Pd, Os, Ce, Rh, Ir, Na, K, Ca, Sr, Ba, Li, Cd, Se,
Si, Ta, Al, La, Th, V, Er, Tb, Nb, Ru, B, |, Br
Rb, Ce, Tl, In, Ga, Yb, Sc, Sm, Ho, Tm, Gd, Ge, Pr,

The latter half Nd, Dy, Po, Ra, Ac, F, He, Ne, Ar, Kr, Xe, Rn

20" century Eu, Lu, Pa, Hf, Re

The first finding of a bio-element from human urine was by a German alchemist
Henning Brand (1639-1710), who discovered phosphorus (P) in 1669. This was a
significant example of finding an element originated from living materials. Following
the finding, several essential elements, vitamins, bio-molecules and hormones were
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explored. In second half of 20" century a large number of metallo-biomolecules viz.
metalloproteins and metalloenzymes, were studied. These studies became the strong
basis of new sub-discipline: Inorganic Biochemistry; later different metallo-
biomolecules were isolated from microorganisms, cultured cells, plants, animal and
human organs and blood. The medicinal uses and applications of metals and other
inorganic materials are increasing on clinical and biomedical aspects [2, 3].

Indian medicinal system- Ayurveda, is already having several reports on use of
metallodrugs- ‘Rasa Shastra,’ since the time of Carak and Shrushat (4" Century), in
health sciences. Mostly nine metals and metalloids were used for rejuvenation,
metabolic disorders and treatment for humans. AcharyaPrafulla Chandra Ray wrote
about ancient Indian knowledge and wisdom in his book ‘A Hindu Chemistry’ in 1908.
Several principles of health sciences are still hidden in Indian wisdom and Granthas,
which talks about very fine narrow line of life systems and equilibria based on organic-
inorganic balances and imbalances.

Since 1965, transition metal complexes are in use as radiation therapeutic,
diagnostic- imaging agents and as small molecule drugs. It is ironic to note that the
first structure-activity relationship evolved by Ehrlich Paul in the first decade of 20"
century (1908), evolved the development of the inorganic compound arsphenamine
(salvarsan) for successful treatment of syphilis. Founder of chemotherapy Ehrlich,
defined it as the use of drugs to injure an invading organism without injury to the host.
Recent advances in chelation research have paved the way for targeting ‘magic-
bullets’ for chemotherapy, using different strategies and pharmacological manipulation
to utilise metal complexes as drugs.

Peter Sadler noted some years ago, that most of the elements of periodic table
upto and including bismuth have potential uses in design of new drugs and diagnostic
agents. James Cowan’s new molecules, called metal-coordination complexes, mimic
the activity of natural enzymes that break apart DNA, RNA and proteins in the body.
Metallic preparations can be toxic, but so can some organic molecules also be, used
as drugs.

Reactivity of metal chelates can be modulated by modifying their redox potential,
saturation level of coordination sphere, hydrophilicity and lipophilicity by changing the
nature of ligands. In general, the synthesized metal complexes have higher biological
activities comparative to free ligands. The increased inhibition activity of metal
complexes can be explained on the basis of Tweedy’s chelation theory [4]. In metal
complexes, on chelation the polarity of metal ion is reduced to a greater extent due to
overlapping of the ligand orbitals and partial sharing of the positive charge of the metal
ions with donor ring. Further, it increases the delocalization of n- electrons over the
whole chelate ring. The large ring size of attached two ligand moiety makes the
complexes more lipophilic [5]. This increased lipophillicity enhances the penetration of
the metal complexes into lipid membranes and block the metal binding sites in the
enzymes [6]. Alfred Werner (1866-1919) proposed the “coordination theory” and a new
concept of “metals and life” came into being with the finding of urease, which the first
crystallized enzyme was obtained in 1926 and found to bind nickel (Ni) at the active
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centre in 1975. Approximately thousands of metalloenzymes and metalloproteins are
now analysed by scientist. With the progress and researches, the concept of essential
trace elements in humans and animals has been established and health disorders due
to deficiency of elements such as Fe, Zn, Cu, Se, Ca etc., in human. In mostly cases,
the supplementation of these elements alleviated disorders in societal health. On the
basis of this knowledge, wide varieties of metal containing medicines have been
proposed and some of them have been clinically used since the 20" century as
summarised in Table-3. Inorganic materials used as medicine and diagnostic care
have been described here.

1.1. Antibiotic

Antibiotic like Bleomycin causes DNA strand scission through formation of an
intermediate inorganic material like metal complexes requiring a metal ion cofactor
such as copper or iron for the activity in the treatment of cancer. Antibiotic drugs of the
tetracycline family are chelators of Ca2+ and Hg2+ ions.

1.2. Antimicrobial

Inorganic materials of Ni, Cu, Co, Ag, Zn and Hg have a long history of use as
antibacterial and antifungal agents. The use of mercurochrome as a topical disinfectant
is now discouraged. Silver sulfadiazine finds use for treatment of severe burns; the
polymeric material slowly releases the antibacterial Ag ion. Silver nitrate is still used in
many countries to prevent ophthalmic disease in newborn children. The mechanism of
action these materials through slow release of the active metal ion inhibition of function
in bacterial cell walls gives a rationale for the specificity of bacteriocidal action [7].

1.3. Antiviral

Polyoxometallates, for example, [NaW21Sb290Oss] [NH4]i7 and KizHz[P2W120u4s].
24H20 exhibit antiviral activity. These transition metals (V, W, Mo) with oxygen to form
a variety of cage-like structure. Being negative charged, these materials bind to
positive charged patches of HIV gp120 blocking binding to lymphocyte CXCRa4
receptor. Some inorganic materials discovered that Ruthenium Polyaminocarboxylate
(Ru-pac complexes) possess cysteine protease inhibition activity [8].

1.4. Anticancer

Two major drugs based on inorganic materials that have no known natural
biological function, Pt (cisplatin) and Au (auranofin), are widely used for the treatment
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of genitourinary and head and neck tumors and of rheumatoid arthritis, respectively.
Cisplatin is cited for treatment of germ-cell cancers, gestational trophoblastic tumors,
epithelial ovarian cancer, and small cell lung cancer as well as for palliation of bladder,
cervical, nasopharyngeal, esophageal, and head and neck cancers. The use of
cisplatin has rendered at least one cancer, testicular cancer, curable and is significant
in treatment of ovarian and bladder cancers. A large number of Ru-based inorganic
materials, including carboxylate-bridged di- and trinuclear complexes, exhibit
antitumor activity in animal models. Platinum complexes are cytotoxic agents yet the
paradigm in cancer chemotherapy has moved to a more targeted approach, with
special emphasis on signalling pathways [9-11].

1.5. Neurological

The clinical value of Li has been recognized since 1949. Lithium carbonate is used
in manic depressive psychoses for the treatment of recurrent mood change. Mood
stability may only occur after months rather than weeks. Li(l) interferes with the
biochemistry of Mg (ll) which is of similar size. Li(l) acts as an uncompetitive inhibitor
of inositol monophosphatase that hydrolyses inositol. Phosphate into inositol and
phosphate. According to the 'inositol depletion' theory of bipolar disorder treatment,
the therapeutic effect of lithium is to block inositol recycling via inositol
monophosphatase inhibition, and thus reduce inositol levels in the cell [12, 13].

1.6. Anti-Inflammation

Inflammation, angiogenesis and remodelling are self limiting processes under
normal healing conditions. Chronic inflammatory processes such as rheumatoid
arthritis, Crohn’s disease and psoriasis share these abnormal healing features. Thus,
therapies that attenuate inflammatory angiogenesis and fibrotic processes are able to
prevent progression and/or maintenance of chronic inflammatory conditions. Non-
steroidal anti-inflammatory drugs (NSAIDs) are widely used for the treatment of pain,
fever, and inflammation. Inorganic materials of vanadium complexes show moderate
to very good anti-inflammatory activity [14].

1.7. Anti-Arthritics

There are four main drugs used in the treatment of early stages of rheumatoid
arthritis: Auranofin, Myochrysine, Sodium bis(thiosulfate)gold, and Solganl. These are
Au(l) complexes administered to rheumatoid arthritis patients via ingestion or injection.
Inherent in acid-base chemistry of Au(l), the soft metal prefers soft bases, as seen in
the interaction between Au-S. This bonding is relevant in the biological effects in the
treatment of rheumatoid arthritis [15, 16].
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1.8. Insulin Mimetic

During the past 25 years, ions of elements such as Se, Cr, Mn, Mo, W, V and Zn
have been reported to exhibit insulin like effects. V proving to be one of the most
efficient. The insulin-like antidiabetic effects of vanadium compounds were reported as
long ago as 1899 and rediscovered about 80 years later, first in -vitro and later in in-
vivo studies. Even simple inorganic vanadium salts in oxidation state IV or V (e.g.,
vanadyl sulfate or sodium vanadate) mimic most of the physiological effects of insulin,
such as stimulation of the glucose uptake and metabolism in the fat cells, the
enhancement of glycogenesis in the muscles and the liver, inhibition of the reformation
of glucose (gluconeogenesis) from proteins or the stimulation of fatty acid formation in
the adipocytes. The main advantage of these vanadium compounds relative to insulin
is that they may be administered orally [17, 18].

1.9. Antiulcer

Bismuth compounds have been used for their antacid and astringent properties in
a variety of gastrointestinal disorders. The effectiveness of bismuth is due to its
bacteriocidal action against the Gram-negative bacterium, Helicobacter pylori. Usually,
the bismuth preparations are obtained by mixing an inorganic salt with a sugar-like
carrier. Commonly used agents are colloidal bismuth subcitrate (CBS), and bismuth
subsalicylate (BSS). The mechanism of action is complex and includes inhibition of
protein and cell wall synthesis, membrane function and ATP synthesis. The most
notable salts are tripotassiumdicitratobismuth, bismuth salicylate, Pepto-Bismol (BSS),
and De-Nol (CBS) [13].

Table 3. Medicinal applications of inorganic materials

Element Compounds Applications

Ag Silver sulphadiazine Antibacterial

Al Al(OH)s Antacid
Silicate Antidiarrhoeal

As Salvarsan, Melarsen, Antimicrobial
Tryparsamide Syphilis
Arsphenamine Acute Promyceliocytic leukemia
Trisinol (Arsino trioxide) (APL)

Au Gold(l) thiolates Antitumor
Auranofin Rheumatoid arthritis
Au(l) diphosphine Antiviral
complexes

B Boric acid Antifungal

Ba Barium sulphate X-ray contrast
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Element Compounds Applications
Bi Bismuth subsalicylate, colloidal Antacid, antiulcer
bismuth citrate, ranitidine bismuth
citrate
Br Sodium bromide Sedative
Cr Chromium complexes Antidiabetic
Cu Copper histidine complexes Supplement for Menkes
disease treatment
Co Vitamin B12 Pernicious anaemia
Fe Glycine sulphate Iron deficiency-anaemia
Sodium nitroprusside Vasodilator
Fe (Ill) desferrioxamine chelates Antimicrobial
Ga Ga(NOs)2 Hypercalcemia of malignancy
Gd Gdmetallotexaphyrins MRI contrast agent
PDT, Radiopharmaceuticals
Ge Ge-132 Bacteria, Cancers
Hg Mercurochrome Antiseptic
I I2 Antiseptic
Na'3| Diagnosis of Thyroid
Li Li2COs Manic depression
Lu Lutetium complexes PDT
La Lanthanum carbonate Chronic kidney disease
Mg Sulphate, hydroxide Antacid, laxative
Mn Mn-SOD complexes Superoxide scavengers, MRI
contrast agent
Mo Tetrathiomolybdate Wilson disease
Pt Dichlorodiammine Antineoplastic disorders
Ru Ru(lll)complexes Lung metastatic tumour
Os Osmium tetroxide Fingerprint detection
Osmium carbohydrate polymers Antiarthritic
Sb Pentostam,N- Antileishmanial
methylglucamineantimonate
Si Al2(OH)4Si20s Antidiarrhoeal
Se Sulphate Antidandruff
Ebselen: Synthetic antioxidant
(2-phenyl-1,2-benzisoselenazol- Antiinflammatory,
3(2H)-one) Neuroprotective agent
Phenylaminoalkylselenide Antihypertensive
Selenazofurin Antineoplastic & antiviral
Selenotifen Antiallergic
Sn Tin (V) ethyl etiopurpurin PDT
Fluorides Anticaries
Tc 99mTc (V) pro yleneamineoxime Diagnostic imaging
Ti Titanocene dichloride, Anticancer
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Element Compounds Applications
bis(B-diketonato)Ti(IV)

w Polyoxometallates Anti-HIV

Zn Polaprezinc Stomach ulcer
Zinc complexes Diabetes mellitus
Zinc complexes UV-induced dermatitis
Zinc-thioallixinN-methyl Metabolic syndromes
Zinc-dithiocarbamate Diabetes
Zinc-acetate Wilson disease

Zr Zr(IV) glycinato Antiperspirant

CONCLUSION

This chapter summarized the advances on bioapplicable inorganic materials for

human health benefits in particular and society at large. Inorganic materials have been
used since antiquity and scientific research has further uplifted its potential for more
medicinal application. The authors hope that the review presents significant insights
into the advancement of future researches on biomaterials.
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IMPACT OF POLYMERIC MATERIALS ON SOCIETY
AND COMPLEX IMPEDANCE SPECTROSCOPY
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ABSTRACT

This chapter deals with the deep insights about polymers and its potential
applications for developing solid polymer electrolyte (SPE) based electrochemical
(EC) devices like batteries, electrochemical capacitors, fuel cells, etc. Polymeric
materials are very useful in modern society. The structure and properties of such
materials can be modified chemically as well as physically. Polymeric materials
are used to prepare several products and goods like rubber, polymer cloth made
by synthetic fibers, polymer glass, nylon bearings, polymer bags, polymer paints,
epoxy glue, Teflon/or polymer-coated cookware, and many more. These materials
are all around us and we cannot imagine our daily life without polymers. Complex
impedance spectroscopy (IS) or electrochemical impedance spectroscopy is a
most versetile technique which can be used to study the electrical transport
properties, dielectric properties and ion dynamics behaviour of the SPE and
amorphous/semi-crystalline materials. In this chapter, the IS technique and its
application to interpret the impedance data has been discussed in details with help
of ion conducting bio-polymer electrolyte sample. By using this technique different
parameters like electrical conductivity (ionic/electronic conductivity), activation
energy, ac conductivity (frequency dependent conductivity), dielectric permittivity,
electric moduls, loss tangent, mobility of charge carriers and total number of
charge carrier density can be explored for conducting polymeric/amorphous
systems. The data of complex IS is associated with translational motion of free

* Corresponding Author's Email: al.saroj@bhu.ac.in.
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charge carriers via polymer segmental motion or orientation/re-orientation of polar
groups attached with the backbone of polymer chains.

Keywords: polymers, polymer electrolytes, AC impedance spectroscopy, ionic
conductivity, dielectric properties

1. INTRODUCTION

Polymeric materials are very useful in modern society. The structure and
properties of such polymers/its derivatives can be modified chemically (by crosslinking
of two polymers and by using additives) as well as physically (by polymer blendingi.e.,
miscible/non-miscible). A polymer is a chemical compound consisting of repeated
structural/basic units (monomer) joined end to end by a process called polymerization.
The use of polymers/polymeric materials as a host, for the development of solid
polymer electrolyte (PE) is one of the important applications. PE is a membrane/fiim
composed of dissociated salts (cation+anion) in which the polymer (high molecular
weight) network will acts as a host matrix for the conduction of free charge carriers or
ions. Consideration of a polymer as a successful host should generally carry the
following essential characteristics (i) Monomer should have at least one donor group
(an atom with at least one lone pair of electrons) to form a co-ordinate bond with the
free charge carriers (ii) Minimum bond rotation barrier for the ease of segmental motion
of the polymer chains/segments. In recent years, PEs have other prospective
applications in energy storage devices as well as green energy devices like
electrochemical double layer capacitors or super capacitors, fuel cells, electrochromic
display devices and electrochemical sensors [1, 2]. Complex impedance spectroscopy
(CIS) is a very versatile tool to measure the electrical properties of
dielectric/amorphous materials and their interfaces. By knowing the frequency
depecdent resistance i.e., impedance and phase one can study the ion dynamics
behavior, dielectric properties and electric modulus of the ion/electron conducting solid
polymer electrolytes [3, 4].

2. POLYMERS: AN OVERVIEW

The word polymer is derived from classical Greek words ‘poly’'= many and ‘mers’
=parts i.e., ‘many parts’ having high molecular weight ~10%-10® g/mol. Polymeric
materials are used to prepare several products and goods such as rubber, polymer
cloth made by synthetic fibers, polymer glass, nylon bearings, polymer bags, polymer
paints, epoxy glue, Teflon-coated cookware, and other things. Polymers are all around
us like our DNA (a type of biopolymer) to polyethylene (plastic) and we cannot imagine
our daily life without polymers. ‘Polymers’ or sometimes called ‘macromolecules’ is a
large class of materials having many small molecules known as monomers and
monomers are joined together in regular manner via chemical bonding (covalent
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bonds) to form large polymeric chains [5, 6]. Polymeric materials have the unique
physical properties such as flexibility and viscoelasticity.First synthetic polymer was
produced in 1909 as Bakelite and later on several synthetic polymers like rayon was
developed. The industial development was started in 1919 with the new concept of
polymer i.e., a material having high molecular weight and its compound were
composed of long covalently bonded molecules (by Herman Staudinger). The idea
regarding the modification of physical properties of polymers came into existence in
eighteenth century when Thomas Hancock gave an idea to modify the physical
structure of natural rubber by blending. By using the idea of cross-linking, Charles
Goodyear modify the properties of natural rubber through vulcanization process with
sulfur at 270-degree Fahrenheit and discovered the ‘Tire’ which is frequently used in
vehicles. The development of today’s polymer industry is based on the important
discoveries made in nineteenth century concerning the modification of
physical/chemical properties of natural polymers. Firstly, poly(methyl methacrylate)
(PMMA) was commercially synthesized by John Crawford in 1932. The polyethylene
was discovered by two scientists Eric Fawcett and Reginald Gibson in 1933. F. Crick
and J. Watson proposed the double helix structure of the DNA which is also a type of
biopolymer. Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa have been
honored with the Nobel Prize in Chemistry in 2000 for their “discovery and
development of conductive polymers” [7-9].

3. CLASSIFICATION OF POLYMERS

Polymers can be classified on the basis of (i) origin or source of availability (i.e.,
natural, senthetic and semi-synthetic polymers), (ii) structure of monomer (i.e., linear
homopolymer, co-polymer) and (iii) polarity (i.e., polar and Non-polar polymers) as
shown in Figure 1.

| Classification of Polymer

' Source basis Monomer basis | Polarity basis

Syihetc polymers |

Natural polymers | ;Semi-syn!hclic polymers

= 4

| Linear Polymers Co-polymers | Non-polar Polymers | | Polar Polymers

;Branch-.‘d polymers | gCross-iinkcd Poly‘,-'mers -

Figure 1. Classification of polymers.
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3.1. Natural, Synthetic and Semi-Synthetic Polymers

Natural polymers are obtained from natural sources like plants and animals. These
polymers are abundant in nature, non-toxic, renewable, biodegradable, cost effective
and eco-friendly. Polysaccharides are the good examples of natural polymers. CS is
more interactive with respect to chitin due to the presence of amono (NHz) group at C-
2 positions. The chemical properties of chitosan (CS) are as follows: (i) amino (NHz)
and hydroxyl (O-H) groups present with back bone, (ii) this is a linear polyamine (iii) it
has chelating and complexing properties (iv) CS is enable to form hydrogen bonding
with the additives (v) CS is insoluble in water and organic solvents but soluble in dilute
aqueous acidic solution (vi) this is a cationic biopolymer with high charge density (one
positive charge per glucosamine residue) (vii) film-forming ability (viii) this easily
interacts with negatively charged molecules (flocculating agent) (ix) CS has bio-
compatibility and anti-microbial properties [10]. Synthetic polymers are man-made
polymers by chemical route. The first synthetic polymer was produced in 1909 as
Bakelite and later on several synthetic polymers like rayon was developed.
Polyethylene (plastic), nylon, poly(methylmethacrylate) (PMMA) and poly(ethylene
oxide), PEO are the examples of synthetic polymers. Semi-synthetic polymers are very
useful to develop polymer electrolyte films and these polymers are generally derived
from naturally occurring polymers via chemical modification. Cellulose acetate,
carboxymethyl cellulose (CMC), cellulose nitrate are the examples of such polymers.
In order to prepare polymer electrolyte films one can prefer natural polymers, semi-
synthetic polymers and in some context synthetic polymers. PEO is one of the best
synthetic polymer and worldwide several research groups uses this polymer as a host
material for the preparation of polymer electrolytes [11-13]. Nowadays, people are
doing research on biopolymer-based materials. Bio-polymeric materials are cost
effective, non—toxic, naturally abundant, renewable, eco-friendly and can be easily
obtained from natural sources like cell walls, plants and animals [12, 14, 15].

3.2. Linear Polymers, Co-Polymers, Branched Polymers
and Cross-Linked Polymers

When the polymer chain consists of only one type of monomers (homo-polymers)
i.e., single monomer in repeating units, then such type of polymer is defined as linear
polymer (Figure 2(a)). If the chains of polymer consists dissimilar monomers, the
polymer is referred to as a co-polymer (Figure 2 (b)). Sometimes the branch chains
having similar monomers or dissimilar monomers attached with the back bone of
polymer such type of polymer is referred as branched polymer (Figure 2 (c)). When
branching and some interactions between the side chains of polymer occur with other
similar/dissimilar branch chains of different polymer then polymer network is defined
as a cross-linked polymer (Figure 2 (d)). Some simple polymer chain structures like (a)
linear polymer (b) co-polymer (c) branched polymer and (d) cross-linked polymer are
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shown in Figure 2. The physical properties of a given polymer can be analyzed by
knowing the chemical structure of monomer units. Linear polymers are one of the
simplest types of polymer and these polymers are generally soluble in organic solvent.
Whereas a co-polymer which is also a type of single polymer chain having two
monomers of different kinds that may be in particular sequence/or not and also have
the properties of the two respective homo-polymers.
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Figure 2. Schematic diagram of different types of polymer chain structures viz. (a) linear
polymer (b) co-polymer (c) branched polymer and (d) cross-linked polymer.

Branched polymers can be obtained when there is a central polymer chains that
has branching points to which different/or same polymer chains are attached whereas
the cross-linked polymer is similar with the branched polymer except that some of the
branched chains are covalently linked to other polymeric chains. The chemical
interactions between the constituents of polymer is responsible for solubility of a
particular polymer i.e., soluble/or insoluble in organic solvents viz. the cross-linked
polymers are in-soluble in organic solvents.

3.3. Polar and Non-Polar Polymers
In polymeric materials generally, the molecules are joined together by a covalent

bond and form a dipole due to presence of positively charged atom nuclei and
negatively charged atom nuclei separated by a finite distance. However, in some cases
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the molecules of a polymer are arranged in different ways and they may not share the
electrons equally which make their one end more negatively charged than the other.
Such type of polymers are said to be polar polymers and they have a permanent dipole
moment even in absence of electric field. Electro-negativity may play a significant role
in polar molecules and its value for common atoms is as follows: F > O > Cl and N >
Br > C and H. The charge of polar polymers can be measured as negative or positive
charge and such materials have some permanent dipole moment. Some examples of
polar polymers are poly (vinyl) alcohol, PVA, poly (vinyl) pyrrolidone, PVP and
poly(ethyleneoxide), PEO. These polymers have high polarity/proton acceptor
molecules. Polymers like PVA and PVP has the hydroxyl (O-H) and pyrrole (C=0)
functional groups, respectively and they are water-soluble, excellent dielectric, optical
properties, high chemical stability and film forming availity. These materials are also
useful for medical applications and food packaging applications and very well suited
to form polymer blend with different polymers like PVA-PVP, PVA-starch and PVA-
Chitosan [16, 17] polymer blends.

4. PHYSICAL AND CHEMICAL PROPERTIES OF POLYMERS

Generally, polymers have semi-crystalline phase i.e., some portion of polymer is
crystalline and some portion is amorphous as depicted in Figure 3(b).The chain length
and the cross-linking in between the segments enhanced the mechanical strength of
the polymer network. The molecules of the polymer are enabled to interact with the
side chains/segments of the polymer itself via hydrogen bonding and ionic bonding
(weak interactions). The cross-linking between two polymers strengthens the polymer
network. The high flexibility of polymer chains is possibly due to dipole-dipole
interactions and Van der Waal (weak) interactions which results in low glass transition
temperature (Tg) of a particular polymer. Some polymers like PEO, PVP, PMMA, PVA
has the low Tg value which resulted as the high amorphouness near room temperature.

Polymer has well known temperature dependent physical properties and its phase
changes with temperature (crystalline/semi-crystalline phase to amorphous
phase/rubbery phase) and hence electrical (associated with segmental motion of
polymer chains) and dielectric properties. At low temperatures (below glass transition
temperature, Tg) polymer do not possess any segmental motion due to crystalline
phase or hardness and segmental motion of polymer chains are almost frozen. As the
temperature increases (moving towards Ty and above the Tg) the polymer network
becomes flexible and enhanced the amorphous phase due to phase transformation
from crystalline state to rubbery/molten state. Therefore, Tq is directly associated with
the movement of polymer chains segment and hence dielectric relaxation behavior of
the polymeric system. Glass transition temperature, Ty is a transitional temperature at
which polymer segments start to move from the frozen state as shown in Figure 3(a).
In order to prepare polymer electrolyte films, polymer should have the following
properties such as (i) High Chemical Stability. (ii) Ease of synthesizing a variety of new
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materials. (i) Good mechanical strength as well as mechanical flexibility (iv) Film
forming availity (v) Mouldability into different shapes and size.
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Figure 3. Schematic diagram of (a) effect of temperature on segmental motion of polymer
chains and (b) amorphous and crystalline phase in semi-crystalline polymers.

5. COMPLEX IMPEDANCE SPECTROSCOPY (CIS)

The complex impedance spectroscopy or Electrochemical impedance
spectroscopy (EIS) is a versatile and powerful tool for analysing the properties of a
material as a bulk and its interface. The electrical impedance is usually measured by
applying an ac signal/potential across the sample sandwiched in-between electrodes
(spring loaded stainless steel/brass can be used as electrodes).

Let, V(t)=V, sinwt is applied voltage and the current induced is

I(t) = I, sin(wt + @), the complex impedance (Z*) can be calculated by using the
expression[3]:

= YO _ Vo —jo _ jarglZ) — 71 _ 5 gn
o 1. C |Z|e ' —jZ (1)

where Vo and lo are the voltage and the current amplitudes, respectively and w = 2t
is the angular frequency; f is the test signal frequency, @is the phase difference

between V(1) and I(t), Z’' is the real part of impedance and Z” is the imaginary part of
impedance.

In the presence of external electric field every dielectric material gets polarized and
dielectric relaxation behavior of polymeric material is associated with polarization effect
in the material and/or near the electrode-polymer interface [1, 3]. In the different range
of frequencies, different types of polarization occurred which is associated with the
relaxation/orientation or re-orientation of polymeric chains/side chains or functional
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groups attached with the polymer back bone. The dielectric relalaxation behavior can
be analysed in terms of an electronic, ionic and dipolar polarizabilities (polarizability is
defined as dipole moment per unit electric field). In all types of polarization
phenomena, different relaxation time was observed and hence a dilelectric
spectroscopy i.e.. dielectric relaxation spectroscopy (DRS) is used to identify the
dominating relaxation mechanism prevailing in the system in the particular frequency
range.

Figure 4. Schematic representation of dielectric permittivity (¢’ and ") plotted as a function of
frequency, f (Hz).

With help of DRS one can measure the complex dielectric permittivity, £*(o)
expressed as:

e (w) = €' —je" )

where ¢’ is dielectric constant associated with charge storage properties of the
dielectric/polymeric material and €" is the dielectric loss which is a measure of energy
losses. The real and imaginary parts of dielectric permittivity i.e., ¢’ and &" are
calculated as follows;

; zJ' Z..

£ = (Z'2+Z""2)wC ande = (Z"24Z'2)wC )

where C is capacitance, o (=2xf) is the angular frequency, Z' and Z” are the real and
imaginary parts of impedance estimated from impedance spectroscopic measurement.
The ratio of loss factor (¢") to dielectric constant (¢') is defined as loss tangent (tand)
expressed as;

tan § = = (4)

€
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The relaxation time (1) is expressed as;

1

T= (5)

T2 oy

where fris the dielectric relaxation peak frequency estimated from Figure 4. Dielectric
relaxation peak frequency, f((Hz) must satisfy the Arrhenius type behaviour expressed
as;

f = foexp—= (6)

where fo is the pre-exponential factor, Ea is the activation energy in eV, k is Boltzmann
constant and T is the temperature in K. The electric modulus analysis reveals the effect
of electrode polarization and the conductivity relaxation mechanism can be analysed
from the complex electric modulus spectra. The electric modulus M* is defined as the
reciprocal of complex relative permittivity, €*;

M =Z=M+jM =1

(D)

£

(:e’2+8"2) (7)

where M’ is the real part and M" is the imaginary part of the complex modulus M*. The
conductivity relaxation can be analysed from the complex electric modulus spectra.

6. POLYMER ELECTROLYTES

Polymer electrolyte (PE) was first introduced by Fenton and Wright in 1973, by
complexing the alkali metal salts with polyethylene oxide (PEO) [18] whereas in 1979
its potential application was recognized by M. B. Armand [19]. Generraly, polymer
electrolyte is an ion conductors formed by the dissociation of alkali metal salt in suitable
polymer network. In PE, polymer behaves like solvent and also provides conducting
path/channel for the transportation of ions from one site to the other. Solid polymer
electrolytes (SPEs) are mixed phase system i.e., crystalline phase (non-conducting),
semi-crystalline (poorly conducting) and amorphous phase (conducting phase). In
amorphous phase, more free volume is available and the polymer segment/chains
have fast internal modes of bond rotations which produce faster segmental motion and
hence higher conductivity. Liquid electrolytes have several limitations like leakage
problem, bulky in shape and size, poor chemical stability and volatile in nature.
Polymer electrolytes are an alternative of the liquid electrolytes with several
advantages properties like high chemical stability, high energy density, good
mechanical flexibility, proper electrode- electrolytes interface, ease of fabrication,
mouldability and free from leakages.
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For solid state electrochemical device applications point of view, the polymer
electrolytes should have the following properties as follows: (i) High ionic conductivity
o~ 102 S cm™ at room temperature (ii) ionic transference number close to unity i.e., ~1
(iii) highthermal and chemical stability (iv) high electrochemical stability window and
good mechanical strength (v) Compatibility with the electrode materials and popper
electrode-electrolyte contact (vi) low activation energy [1, 3-5]. Figure 5 shows the
some interesting properties of polymer electrolyte film.

 Light weght |

—

Mechanically flexible |,

« Chemically and thermally stable

Advantages of solid

polymer lectrolytes * Wider electrochemical stability window

Easy to prepare and handle —

' Long durable and re-cyclable |

Figure 5. Some important properties of polymer electrolytes (PEs)/solid polymer electrolytes
(SPEs).

7. APPLICATIONS OF SOLID POLYMER ELECTROLYTES (SPES)

Electrolyte is a key component (part) of any electrochemical device (EC). The
important properties of polymer electrolytes like chemical stability, high energy density,
long durability, leak proof, mechanical flexibility (for proper electrode-electrolyte
contact) and electrochemical properties maximize the possibility of its applications in
EC devices. These materials have different functions like (i) they can provide free
charge carriers in the network (ii) behaves like adhesive and there is no need of any
separator (to prevent short circuiting within the electrolyte) [18]. SPEs can be prepared
by using polymer/polymer blend as host network and this network actually provides
strong network and enhances the durability, safety related issues, minimizes the cost
of the device and improves the performance of device [1-4]. The potential applications
of SPE films are shown in Figure 6. In all the devices PE film provides free ions as well
as behaves like separator (prohibited the internal short circuit). Several solid-state EC
devices such as rechargeable batteries, electrochemical double layer capacitors, fuel
cells (Figure 6) etc. can be developed by using solid polymer electrolytes.
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Figure 6. Potential applications of polymer electrolytes (PEs) in electrochemical (EC) devices.

8. PREPARATION OF POLYMER ELECTROLYTE FILMS

To prepare polymer electrolyte (PE) films one can use polymer/polymer
blend/biopolymer as a host matrix and alkali metal salts based on lithium ion or sodium
ion such as lithium tetra-flouro borate (LiBFa4), lithium per chlorate (LiCIO4), methyl
sulphate sodium salt (MeSO:sNa), sodium iodide (Nal), etc as an additives. Solution
caste technique/hot press technique can be used for the preparation of solid polymer
electrolyte films.The prepared polymer electrolytes based on above said materials
have low room temperature ionic conductivity ~10°-10% S/cm due to poor amorphicity
and less polymer chains flexibility [20, 21]. In order to enhance the room temperature
ionic conductivity several approaches have been made and samples were optimised
[22]. In this chapter, the PE films based on CS-PVP-PEG-Nal-IL were prepared using
conventional solution casting method. The materials such as chitosan (CS), poly(vinyl)
pyrrolidone (PVP), polyethylene glycol-200(PEG-200), Ilonic liquid: 1-ethyl-
3methylimidazolium methyl sulphate [EMIM][MeSO4] and salt Nal-sodium iodide have
been used to prepare PE films.

9. IoNIC LiQuiD

lonic liquids (ILs) are molten salts which are composed of weakly co-ordinated and
self dissociated organic cations (bulky in size) and inorganic/organic anions. The
chemical bonding between asymmetric organic cations and anions of IL is not so
strong as compared to alkali metal ionic salts like Nal, NaCl, KClI, etc. Hence ILs has
low lattice anergy and don’t need any solvents for its dissociation into cations and
anions. Generally, ILs remains its physical state as molten state at below 100°C called
as room temperature ionic liquids (RTILs). By varying the size of cation and anion one
can tailor the physical and chemical properties of IL. ILs have several important
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properties like High ionic conductivity, high chemical stability, high electrochemical
stability window, negligible vapour pressor, low melting temperature, etc [20-22]. But
liquidus nature of IL limits its performance in electrochemical devices like batteries,
electrochemical capacitors, fuel cells, dye-sensitized solar cells. Therefore, in order to
use the IL as electrolyte it should be trapped into a polymer/polymer blend/bio-polymer
network.

10. IMPORTANT PROPERTIES OF POLYMER ELECTROLYTES
10.1. lonic Conductivity Study

The polymeric film was cut into desired shape and sandwiched between two
blocking electrodes of 1 cm? area for impedance spectroscopic measurements. The
measurement of ionic conductivity from impedance spectroscopy of PE film was
performed using HIOKI IM3536 LCR tester, Japan in the frequency range 4Hz to
1MHz.The dc conductivity, ??4.0f the sample can be calculated by using the
expression:

Oge = — (8)

T RpxA

where t’ is thickness of the sample and ‘A’ is the electrode-electrolyte contact area. Ro
is bulk resistance estimated from the intercept on the real impedance axis of the Niquist
plot (Figure 7).The ionic conductivity of the PE film was measured in the frequency
range 4Hz to 8MHz with the applied bias voltage 100 mV. The Niquist plot of prepared
PE film at 30°C is shown in Figure 7.

The Cole-Cole plot shows the two well defined regions, namely high frequency
region i.e., a semi-circular arc and inclination spike at low frequency region [23]. The
bulk dc conductivity, cdac value was estimated from Cole-Cole plot and it is found to be
~3.03x10* S/cm at 30°C. Figure 7 (b) shows the temperature dependent dc
conductivity prepared PE film. Here, at low temperature (T < 60°) i.e., below Tg, the

linear relationship between dc conductivity. The temperature dependent electrical
conductivity can be explained by Arrhenius equation [24] as follows:

—E,
?74c =77, exp (kBT) 9)

where oo is pre-exponential factor, Ea is the activation energy and ksis the Boltzmann
constant. This equation signifies that the motion of ions is temperature dependent. In
this region, an ion jumps to nearest vacant site, which causes the dc conductivity [25].
At higher temperature (T = 60°C), the pattern of logodvs 1000/T is almost linear and

also follows the Arrhenius type thermally activated process.
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Figure 7. (a)The complex impedance plot (Cole-Cole plot) of IL based PE film at 30°C and (b)
log oac vs. 1000/T plot for prepared PE film.

10.2. AC Conductivity Study

The forward-backward co-related hoping of charge carriers gives rise to AC
conductivity. Fig.8 shows the AC conductivity spectra at different temperature for the
chitosan-based biopolymer blend electrolyte film.
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Figure 8. (a) AC conductivity spectra of prepared PE film at different temperatures (30-60°C)
and (b) variation of loss tangent (tan3) with frequency at different temperatures.

From Figure 8 it has been observed that the AC conductivity spectra consists of
three regions; (i) low-frequency dispersive region, (ii) frequency-independent
intermediate region and (iii) high-frequency dispersive region.The low-frequency
dispersive region is due to electrode polarization effect at the blocking electrode—
electrode interface. In this frequency region, conductivity decreases with decrease in
frequency as more charge will accumulate near the electrode-electrolyte interface.
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This accumulation decreases the free charge carriers and hence conductivity
decreases. The mid frequency region is associated with free hoping of charge carriers
with adjacent sites [26] which contribute to DC conductivity. In high frequency region,
conductivity increases with increasing frequency due to capacitive effet. For the
present system, conductivity versus frequency curve follows the Jonscher’s power law,
stated as:

o(w) = 0g. + Aw® (10)

where, oa, A, s, and w are the dc conductivity, pre-exponential factor, fractional

exponent and angular frequency, respectively. The frequency at which the conductivity
starts following the power law is called the critical or hopping frequency w,. AC

conductivity increases with increasing temperature. Also, the hoping frequency shift
towards higher frequency with increasing temperature. The increase in the conductivity
is due to:

1. Higher number of free charge carriers due to higher dissociation of salt and
2. Higher mobility of the hopping ions at higher temperature.

10.3. Dielectric Permittivity Study

Dielectric studies are required to understand the relaxation behaviour of polymer
electrolytes. In polymer salt complexes, dielectric behaviour is a complicated property
which is controlled by many factors such as (i) Change in polymer morphology due to
addition of salt, (ii) Dielectric response of polymer backbone and side chains (normal
mode and segmental mode), (iii) Coupling and/or decoupling of ion and segmental
motion, and (iv) lon relaxation arising from localized movement of ions, etc.

10.3.1. Dielectric Constant Analysis

Dielectric permittivity, ¢ is physical property of material which characterizes the
degree of electrical polarization that a material experiences under the influence of an
external electric field. It is also used to measure the energy stored in the material. It is

defined as the ratio between the electric field (ﬁ) within a material and corresponding
electrical displacement vector, D;

3]
I
My 2]

(11)

It is also referred as the ability to hold an electrical charge. In polymer electrolyte,
permittivity is a frequency dependent complex function as defined in Eq. (2).
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The real part of permittivity corresponds to ordinary dielectric constant of material
which measures the amount of elastic energy stored in the material during every cycle
of applied alternating electric field. Higher value of £’ corresponds to better conductivity

of material. Figure 9 (a) and (b) shows the dielectric constant (¢) and dielectric loss (
£ ') as a function of frequency. Sharp increase is observed in £ at lower frequency due

to the electrode polarization and space charge effect [27]. The increase in dielectric
permittivity (¢") in the low-frequency region is due to accumulation of more charge

carriers at the electrode—electrolyte interface.
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Figure 9. The variation of real and imaginary parts of electric permittivity, &' and ¢" with the
frequency (Hz) at different temperatures.

At high frequency, the accumulation of charge carriers decreases at the electrode-
electrolyte interface due to the high periodic reversal of the electric field and hence the
dielectric permittivity decreases. The dielectric permittivity increases with increase in
temperature, which is due to an increase in the number of charge carriers resulting
from the dissociation of ion aggregates [28].

10.3.2. Dielectric Loss Analysis
Energy dissipation arising from charge transport and electrode polarization effect

can be measured from dielectric loss. Figure 9 (b) shows the dielectric loss (¢ ) as a

function of frequency at different temperatures fro prepared polymer electrolyte.
Dielectric loss is generally comprised of contributions from ionic transport and from
charge polarization or a dipole. Accumulation of charges at the electrode—electrolyte
interface can be regarded as a polarization of macro-dipoles and results in a peak in
the dielectric loss spectra [29]. The loss peak is situated in the region where dc
conductivity dominates, which confirms the contribution of ionic conduction to the
dielectric loss peak. As the temperature increases the peak shift towards the high
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frequency region which may be related to the flexibility of polymer chain and increase
in charge carrier density at higher temperature.

10.4. Loss Tangent (Tangd) Analysis

Dielectric loss tangent, tand is a measure of ratio of electrical energy lost to
electrical energy stored in the polymer electrolyte system due to extermnal applied
electric field. It can be formulated as the ratio of loss factor (¢") of the permittivity to the
dielectric constant (¢’) defined by Eq. 5. It is a dimensionless quantity. The dielectric
loss tangent as the function of frequency has been plotted in Figure 8(b). The tan &
increases with increase in frequency and reaches its maximum value and further
decreases with increase in frequency. This behaviour is due to the ion jump and dc
conductivity loss of ion [30]. Also, as the temperature increases the peak of the curve
shifted towards higher frequency side. The height of peak also increases with
temperature. This is due to the fact that at higher temperature the charge carrier
movement is easier and thus capable of relaxation at higher frequency [31]. The
relaxation time, T and frequency of peak (w) is related as: wt = 1. Hence with the
increase in temperature, the relaxation time decreases. From Figure 8(b), it has been
observed that at lower frequency, when tan & increase, the ohmic component of current
increases more sharply than its capacitive component. Also, at higher frequency,

where tan 8 decreases, the capacitive component (X, = ﬁ) decreases due to very high

frequency [32].

10.5. Electric Modulus Analysis

The complex electric modulus (M’) formalism is frequently used when the
relaxation behaviour is presumed due to the motion of ions or electron. Dielectric
relaxation is due to the re-orientation process of dipoles in the polymer chain. The real
and imaginary part can be obtained from impedance spectroscopy and are given

SJ’

as:M* =M +jM", where the real part of electric modulus, M’ zs,—and the

242
imaginary part of electric modulus: M" = # as already discussed in Eq. (7). The

dependency of real part of electric modulus on frequency at different temperatures is
shown in Figure 10 (a). We can see that M’ is tending towards zero at low frequency
and its value is higher at high frequency. The appearing of long tail in low frequency
region is due to the large capacitance associated with the electrode [33]. The higher
value of M’ at higher frequencies is associated with relaxation processes.The value of
M’ decreases with increase in temperature. This shows that the conduction is due to
the short-range mobility of charge carriers. Figure 10 (b) shows the variation of M" with
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frequency at different temperatures. The small value of M" toward low frequency region
indicates the migration of ion. Rising of the M" value with frequency is related with
long-range random hopping, and it passes through hidden peak where this long-term
motion is restricted to caged motion at higher frequency [34]. As the temperature
increases, long range motion of ions becomes more feasible. lons have greater kinetic
energy and hence greater chance to overcome lattice potential, and hence, long
distance hopping can be observed even at higher frequency, resulting in M" vs
frequency curve peak shifting toward higher frequency.
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Figure 10. The variation of (a) real, M' and (b) imaginary, M" parts of electric modulus with the
applied frequency at different temperatures.

CONCLUSION

Polymeric materials are very useful for society and these materials can also be
used as host matrix for the preparation of polymer electrolyte films. Worldwide many
researches are involved to enhance the room temperature ionic conductivity,
mechanical flexibility, chemical stability and compatibility with the electrodes. Complex
impedance spectroscopy/ electrochemical impedance spectroscopy is a powerful tool
to study the electrical transport properties of the different conducting materials like
solid polymer electrolytes, amorphous materials. The electrochemical impedance
spectroscopic measurement provides the information about diffusion of charge carriers
(diffusion coefficient), mobility of charge carrierss, ionic conductivity, dielectric
properties, number density of charge carriers and electric modulus for conducting
systems.
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ABSTRACT

Current advancement in the efficient quantum dots (QDs) development have
offered new domain for the exploration of sensors, batteries, bio imaging,
optoelectronic and electrochemical device fabrication due to their intriguing optical,
electrical, electrochemical and catalytic properties. These intriguing properties
have led them to their extraordinary success and have triggered their exploration.
Although the research in the synthesis and evolution of their intriguing properties
are in its initial stage and lots of challenges are still existing. The two-dimensional
quantum dots (2D-QDs) derived from phosphorene, transition metal
dichalcogenide (TMD) and graphene have been of significant interest among QDs
for the last few years. Various literatures of graphene derived QDs are available
but the transition metal derived QDs are continuously growing extensive interest
in the scientific community as it fill up the key issue of easily oxidizable
phosphorous-based QDs in air, thus the synthesis and fundamental property
evolution of these emerging 2D-QDs need to be explored. Further the effective
implementation of these 2D-QDs into the mentioned applications depends on the
effectiveness of patterning or printing QDs from solutions onto the predetermined
solid substrate locations. The frequently used techniques, includes bubble printing
Langmuir-Blodgett printing, contact printing, ink-jet printing, microtransfer printing
and have promising achievement of quite high-resolution patterning down to the
single-QD level. This chapter focuses the synthesis, printing techniques and
properties of carbon, transition metal 2D-QDs and their efficient application in

* Corresponding Author's Email: madhudrchem @ gmail.com.
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photodetectors, batteries, supercapacitors and wastewater treatment. Additionally
the 2D-QDs assembly to boost up the performance and to achieve the necessities
of industrial scale production for various applications in the quantity, quality and
productivity is investigated and highlighted.

Keywords: 2D hetero-structured QDs, transition metal dichalcogenide, properties,
applications

1. INTRODUCTION

Quantum dots (QDs) are semiconductor nano-particles, with unique properties and
interesting phenomena of size dependent emission wavelength, narrow emission peak
and broad excitation range in which excitons are confined in all three spatial
dimensions. Due to quantum confinement effects, QDs behaves like artificial atoms
with controllable discrete energy levels. First QDs was fabricated by Louis E. Brus in
the 80’s and the exceptional properties of these distinctive nano-structures attracted
much interest. Owing to the interesting properties of graphene and its great
achievement, the exploration of other two dimensional materials has been triggered
and encouraged such as phosphorene transition metal dichalcogenides (TMDs) and
hexagonal boron nitride (hBN) derived from layered bulk crystals analogous to
graphite. These classes of materials cover the applications in a widespread range
including optoelectronics, electronics, catalysis, energy storage and sensors.
However, the challenging concerns of the 2D materials e.g., low absorptivity and zero
band gap have encouraged scientists to explore the structural modification to
overcome the limitations. Conversion of 2D materials to OD (i.e., lateral sizes reduction
to <20 nm) results change in properties due to prominent edge effects and quantum
confinement [1-3]. For instance, graphene quantum dots (GQDs) started fluorescing
as the crystal boundary considerably modifies the electron distribution due to the
decreased dimension of the crystal to nanometer scale. Many of their characteristics
are tremendously superior to those of conventional semiconductor quantum dots, and
thus have prompted to several potential applications in optical sensing, bioimaging,
energy storage and conversion photovoltaics [4].

Recent investigation on GQDs unlocks a novel dimension and vitalizes the great
anticipations about the prospective of two-dimensional quantum dots (2D-QDs).
Amazingly, the introduction of these 2D-QDs into the mentioned applications depends
on the effective printing or patterning QDs from solutions onto the prearranged
positions of solid substrates. The main implemented techniques, including
microtransfer printing, bubble printing, Langmuir-Blodgett printing contact printing and
ink-jet printing have exposed tremendously high-resolution patterning down to the
single-QD level [5-6]. Thus, acquiring heterostructured 2D-QDs and patterning them
is important. Although the study of 2D-QDs is till at an initial stage and superior
understanding relating to their properties instantly led to thorough exploration of basic
and important properties, applications, which have still to be located. Many chapters
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on the synthesis, properties and applications of GQDs have been issued in current
years but the comprehensive and relative studies on heterostructure 2D-QDs and their
patterning are still missing. This chapter summarizes the synthesis and properties of
2D-QDs, mainly GQDs and TMD-QDs.

2. SYNTHESIS OF 2D-QDs

The synthesis of 2D-QDs is categories into two parts: top-down and bottom-up
approaches. For the top—down method, disintegration and exfoliation of low-cost,
easily available bulk materials in harsh environments are directed to get QDs using
physical, chemical or electrochemical methods. The bottom-up process uses atomic
or molecular precursors for the QDs formation. Fascinating benefits of this process are
larger atomic utilization, improved structural regulation and the governing factor of
morphology and size.

2.1. Synthesis of Graphene Quantum Dots (GQDs)
2.1.1. Top Down Approach

2.1.1.1. Solvothermal or Hydrothermal

The solvothermal or hydrothermal synthesis method is nontoxic cheap and
environment friendly method for the synthesis of GQDs from bulk. Under high
pressure, thermally reduced graphene oxide (RGO) sheets as precursor yields the
formation of graphene quantum dots. These RGOs are exposed to oxidizing agents
e.g., Os or HNO:s to produce epoxy groups at the cleavage sites in the carbon lattice
resulting reduced size RGO and being 9.6 nm average diameter GQDs after the
hydrothermal deoxidation with 5% yield (Figure 1).

hydrothermal
deoxidization

Figure 1. Schematics of GQD fabrication by top-down approach via Hydrothermal method.

2.1.1.2. Electrochemical Exfoliation

The electrochemical exfoliation (EC) process is one-step process that always
results high yield GQDs by chemical vapor deposition (CVD) made graphene, RGO
films, electrochemical cutting from carbon nanotubes (CNT), graphite rods. Here, the
corrosion caused by hydroxyl and oxygen radicals obtained from the anodic oxidation
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of H20 function as electrochemical scissors originated at edge locations and
accelerated at the defect locations to release GQDs [7].

2.1.1.3. Acid Etching

This process uses HNOs treatment to exfoliate GQDs from bulk. GODs are formed
from acidic solution by negatively charged oxygenated groups, and adjust their
properties by creating hydrophilic surfaces of GQD and increasing the defective sites.
The greatly rich defective sites affect GQD surface area and improve its performance

[8].

2.1.1.4. Ultrasonicated Exfoliation

This is environment friendly and cost effective method to make GQDs applying
mechanical force and cutting a bulk precursor. GQDs can be prepared by cutting
graphene sheets with an ultrasonic treatment after various purification steps with the
help of a solvothermal process. Additionally, graphene sheets can be oxidized by
ultrasonic treatment under acidic conditions. However, numerous steps comprise
oxidation in acidic media and the microwave treatment or solvo—thermal required for
this method to make uniform GQDs [9].

2.1.2. Bottomup Approach

2.1.2.1. Organic Precursor Carbonization

The process of carbonization involves condensing the organic moiety by heating
them above their melting points, which stimulates the nucleation thus result the
formation of GQDs (Figure 2) [10]. This method is easy, cheap, has the large-scale
ability and lets the natural inheritance of heteroatoms from precursors.

Small Molecules Polyphenelene G00s

Figure 2. Schematics of GQD fabrication by bottom—up approaches via Carbonization.

2.1.2.2. Additional Approaches

The other remaining bottom-up methods as ruthenium-catalyzed cage opening of
fullerene Ceo and chemical synthesis are also accomplished to formulate GQDs.
Moreover, these methods need challenging conditions using complex steps and
problems in getting rid of the aggregates formed by n—mn interactions. Additionally, the
oxidative condensation of aryl groups of polyphenylene dendritic precursors in a
solution process started fusing graphene moieties with the final construction of GQDs
[11].
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2.2. Synthesis of Transition Metal Dichalcogenide Quantum Dots
(TMD-Qds)

2.2.1. Top Down Approach

2.2.1.1. Potassium/Lithium Intercalation

K/Li intercalation based liquid exfoliation process is referred to be an efficient path
to get large-scale manufacture of monolayer 2D-QDs. Taking advantage of the huge
interlayer distance of TMD materials, much more than graphite, K and Li intercalation
into its bulk are utilized to make MoS2z and WSz QDs. This method composed of the
whole cutting off round edges and defects by breaking down the 2D layered structure
during reaction. Under ambient conditions, these TMD QDs are synthesized by Na*
intercalation besides alkali metal intercalation due to the reaction medium restriction.
Furthermore, Li intercalation based multistep liquid exfoliation from bulk 2H—MoS:2
powder are established to make monolayer MoS2-QDs [12]. These QDs size is largely
decreased by two-step Li intercalation followed by exfoliation in water, vacuum drying,
and again Li intercalation results 2-5 nm MoS2-QDs.

2.2.1.2. Ultrasonication Assisted Liquid Exfoliation

Liquid exfoliation lacking K or Li intercalation definitely produces a layer
aggregation in suitable solvents, which is a serious issue of this process [13]. It has
been overwhelmed by the modified liquid exfoliation technique and implemented to
overcome this by bath sonication followed by ultrasonication as presented in Figure 3.
The combination of the bulk MoS: cleavage into tiny particles by a bath sonication
method with the help of hydrodynamic forces and breakdown of bulk layer into ultrathin
sheets by ultrasonication results formation of 2 nm MoS2-QDs.

.
’

Bath
—_——
5

onication

Probe lSDntcation

Exfoliated MoS,

Excess

Solvation

=== Non-exfoliated bulk Mos,

NMP § Mos, dots on Exfoliated Mos,

Figure 3. Schematics of TMD—QDs preparation by top—down approach via liquid exfoliation
assisted ultrasonication.
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2.2.1.3. Electro-Fenton

TMD-QDs are also produced by an electrochemical process on a large scale
similarly to the exfoliation of GQDs. In general, the electro—Fenton reaction is a
fascinating method as it is easy, cost—effective, and controlled process, which involves
in situ hydrogen peroxide generation and the addition of ferrous ions addition permits
increment of oxidation via the hydroxyl radicals generation tuned by the
electrochemical process. This reaction occurs towards cathode side where the effect
of radicals depends solely on the reaction time [14]. This method provides the
controlled high yield consecutive development of 5 nm plane size uniform MoS2-QDs.

2.2.2. Bottom up Approach

2.2.2.1. Solvothermal

This method uses small molecules to prepare QDs. Thiourea and ammonium
molybdate are used as the capping agent in the presence of N-acetyl-Lcystein as
precursors of Mo and S to confine the hydrothermal growth of MoS2-QDs. The optimum
reaction time is necessary to get QDs in terms of avoiding overgrowth or nongrowth of
MoS: following the decomposition of thiourea, nucleation and epitaxial growth thus
providing single layer formation of 2.5 nm sized uniform MoS.. Likewise precursors,
variation and use of sodium molybdate, sodium molybdate, dibenzene disulfides and
L-cystein results a tunable size of QDs of 3.6 nm and 1.79 nm [15]. Furthermore, 2 to
7 nm tuned size of MoS2 QDs can be obtained in oleylamine solvent in solvothermal
reaction.

3. PROPERTIES OF 2D QDs

3.1. Properties of GQDs

Graphene segment exhibit quantum confinement effect due to infinite Bohr
diameter existence of its excitons followed to nonzero bandgap and luminescence on
excitation. This bandgap is tunable by altering the surface chemistry and size of GQDs.
GQDs displays absorption between 270-390 nm due to n—rt*, 200 and 270 nm for the
n—n* transition of C=0 functional groups. These absorption features can be varied by
the functionalizing GQDs, influencing the properties of PL [16]. The band gap depends
on the size of GQD since the increase in size causes decrease in gap progressively.
Thus, small sized GQDs release shorter wavelengths due to the quantum confinement
effect by the bandgap opening. Although, the strong support from the theoretical study
directly decide the size-dependent bandgap of the GQDs initiated by quantum
confinement. Apart from the size-dependency, PL is intensely affected by additional
aspects, including edge configurations, chemical groups, defects, geometry and
heteroatom dopants. Furthermore, these aspects command the catalytic and
electrochemical properties of GQDs due to the single-electron transfer. The abundant
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edge sites and huge specific surface area present in GQDs proficiently improve its
electron transfer. Excitingly, GQDs with oxygenated groups at the basal plane reduce
electron transfer due to the disruption of the conducting sp? carbon network while
edges oxygen groups provide the catalytic properties of GQD [17]. The GQDs catalytic
properties are controlled by electron withdrawing groups, donating, heteroatom
dopants and vacancy imperfections that serve as active sites. Highly abundant on
earth with enormously low toxicity and solubility in several solvents are the key factors
of GQDs.

3.2. Properties of TMD-QDS

TMD covers a vast range of physiochemical properties. TMD is single—layered and
noncentrosymmetric material of general formula MXz where two hexagonal planes of
chalcogen atoms (X) covalently sandwich the plane of transition metal atoms (M) with
the formal oxidation states of —2 and +4 with chalcogen and metal, respectively. The
single layered TMD has two types, followed by the arrangement of the chalcogen and
metal in the X-M-X structure. Usually, octahedral or trigonal prismatic honeycomb motif
referred to 1T metallic phase and 2H semiconductor phase is two polytypes present in
TMD materials. The intraplane X-M-X bonds are raptured to make QDs; monolayer
MoS2-QDs are metallic since the unsaturated coordinate Mo atoms are at the edges.
Therefore, the quantum confining effects open the TMD-QDs bandgap. The bandgap
is also affected by dopants, functional groups and defects. The intense absorption at
277 nm is due to the optical transition between the density of state peaks in the
conduction and valence bands. The multiple PL emission peaks with nanosecond
lifetimes are detected in the blue—green region for WS2-QDs due to spin-valley
couplings of improved quantum yield. The strong effect of functional groups as NAC
on MoS2-QDs displays uncommon up—conversion PL with the most intense emission
at 780 nm excitation wavelength [18]. Although, TMD-QDs and sheets have exciting
charge storage capacity and electrocatalytic properties due to increased active sites
caused by pseudo-capacitance behavior, easy intercalation process of foreign
materials and quantum confinement.

4. APPLICATIONS

The distinctive properties of GQDs and TMD-QDs are highlighted in vast domain
applications of water electrolysis, supercapacitors, energy, optoelectronics,
photodetectors, batteries, and photocatalysis.
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4.1. Water Electrolysis

Electrolysis of water produces hydrogen from the spliting of water because of the
passage of electric current in an electrolyzer comprising three parts: a cathode, an
electrolyte and an anode. When an external voltage is employed to the electrodes,
water split into oxygen at the anode side and hydrogen at the cathode side (the
thermodynamic voltage at 25°C is 1.23 V). Therefore, the water—decomposition
reaction can be categorizes into two main half-reactions: oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) (Equations 1 and 2).

Cathode (HER) 2H* + 2e” —H:2 (1)
Anode (OER) H20—2H*+1/2 O2 + 2¢” (2)

4.1.1. Hydrogen Evolution Reaction

It is the most investigated electrochemical reaction to store energy via hydrogen
production to switch from traditional fossil fuels and is a potential solution for
environmental and energy crises. Recently, nano TMDs of larger exposed active edge
sites are proved to be one of the most competitive and potential candidates for HER.
QDs of lesser diameter than 20 nm such as nanoflowers and nanosheets, exhibit
higher conductivity, more edge sites and a larger specific surface area beneficial to the
HER rather than other TMD structures. MoS2—QDs are synthesized through precursor
solution of 0.5 M thiourea and 10-30 mM ammonium molybdate by growing MoS:
atomic layers using chemical bath deposition. Thereafter the MoS: layers are annealed
for 1 h at 450 °C under Sulphur environment to increase the crystalinity of layers. The
prepared MoS: layer display QD nature due to the nucleation growth of MoS: crystal.
The Au/MoS2-QD electrocatalyst shows exceptional performance, displaying a Tafel
slope of 94 mV decade™ of exchange current density 0.191 mA cm2. MoS2-QDs are
synthesized electrochemically and the desired size of the QDs is achieved by tuning
the applied DC voltage [19]. A homogeneous size range of 2.5-8 nm is achieved by
altering the composition of the electrolyte. Thus, a MoS2-QD developed via [BMIm]CI—
based 1 wt% aq electrolyte displays smaller Tafel slope 60 mV dec™ and lower onset
potential 210 mV due to the more active edge sites in ultra-small MoS2 nanoparticles
of increased surface area. Now days TiOz nanotube arrays decorated MoS2-QDs are
fabricated by electro—deposition and they are the key photocatalyst that imparts to
endorse photocatalytic activity on NIR irradiation [20]. The photocurrent density gets
increased for the composite electrode rather than blank TiO2, because the hole-
electron pair gets separated from MoS2-QD/TiO2 nanotube arrays. The hole-electron
pair originated from TiO2 nanotubes in UV irradiation transfer the valence electrons to
the conduction band and frequently transfer to MoSz via close interface for hydrogen
evolution. Additionally, surface plasmon resonance (SPR) of MoS: is activated by
visible light illumination; this SPR considerably increases the hole—electron creation
and separation as shown in Figure 4. These improved photocatalytic activity of hetero—
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structured 2D-QDs is credited due to enhanced light absorption to diminish the
activation barrier with abundant active sites, consequently refining conductivity with
increased charge transfer capacity and preferring band position to prohibit the
recombination of hole-electron pairs.
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Figure 4. Schematics of energy band structure and photocurrent density vs time.

4.1.2. Oxygen Evolution Reaction

The OER is also crucial for metal—-air batteries and fuel cells, and it involves a
multistep oxidation of proton coupled with four electrons and poor durability, thereby
limiting the power capability and energy efficiency of prototype devices. Ruthenium
and Iridium catalysts provide a high rate OER process, but the high cost and scarcity
of these limit their practical implementations. 2D-QDs based nanomaterials are
preferred for efficiency for OER over their bulk counterparts. A single—step
hydrothermal technique is used to prepare MoS2-QDs for 24 h at 200 °C with a
homogeneous size less than 5 nm and very low aggregation. The prepared materials
reached lower onset over potential of 280 mV, and the remarkable increment in OER
activity is due to lower charge transfer resistance, resulting in a lower Tafel slope [21].
Furthermore, single vacancy can generate active sites at the vertex and edge of QD
with full Sulphur coverage, improving the OER performance. It extends the adsorption
of reaction intermediates on the MoS2 QDs influenced by CQDs, which inhibit the
electrocatalytic activity.
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4.2. Supercapacitor

The key features of an electrochemical capacitor are storage mechanisms and
charge transfer. The utilization of ion absorption and desorption mechanisms is a
double-layer capacitor or supercapacitor. GQDs are advantageous for application in
electrochemical capacitors because of their fascinating properties e.g., high mobility,
high surface area, good dispersion and high electrical conductivity in several solvents.
GQD-HNT nanocomposite is fabricated to deliver enhanced charge storage sites,
including fast charge transport for high performance in supercapacitors. 323 F/g
specific capacitance at 5mV s rate is demonstrated for this composite because of
good electron density, lower resistance capacitance and better electroactive sites.
Relatively, the attained specific capacitance is higher than GQDs and established good
stability in a vast range of current densities [22].

TMD-based substances fulfill the electrochemical requirement due to the high
electrical conductivity and specific capacity. They also have low energy density and
low stability due to the, non—effective contacts, active redox reactions and destruction
of structure in the redox reactions. Although, integrating GQDs overcomes the existing
limitations without any other issue. NiC02S4 nanowires are prepared on GQDs/NiC02S4
and Ni foam arrays hydrothermally at 120 °C for 6h. Electrochemical investigation of
this composite nanostructure is executed in a potential range of —-0.2—0.6 V at scan
rate 10 mV s™. The higher specific capacitance compared to bare electrodes is
endorsed to the introduction of GQDs and the exceptional hollow nanostructure. The
increase in scan rate displays the voltammetric current and anodic with cathodic
current decreases due to the diffusion of hydroxyl ions into hollow nanostructures. The
galvanostatic charge-discharge experiments are accomplished in the voltage range of
0-0.46 V at different current densities discloses a specific capacitance of 678.22 F/g
at current density of 0.2 A g~'. Furthermore, the specific capacitance of GQDs/NiC02S4
enhance steadily after the initial 1000 cycles due to the complete activation of
electrode. GQD is assembled on an inter—digital Au finger electrode electro—
phoretically as an asymmetric and symmetric microsupercapacitor (Figure 5). The
electrolyte is tuned to an ionic liquid from an aqueous solution and further upgraded
upto seven times the energy density and power from 0.074 to 7.5 uyWhcm™. The ideal
capacitor behavior and high reversibility are created from the electric double layer at
diverse current densities at the interface of GQD film-electrolyte. This symmetric
microsupercapacitor shows a fast power response, high-rate performance, and good
cycling stability with 97.8% retention after 5000 cycles [23]. Moreover, sponge-like
morphologies of MoS: display decent supercapacitive performance because of cation
intercalation into the intra and interlayer, abundant active edges, and the redox
reaction between various valence states of Mo.
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Figure 5. Electrophoretic deposition of GQDs on finger electrode for preparation of symmetric
micro—supercapacitor.

4.3. Batteries

Increasing energy crises caused by ever-growing population and the extensive use
of fossil fuels causes high levels of CO2 and have driven efforts to search alternative
renewable energy sources, peculiarly, nature harvested, which need storage through
batteries. Thus, it is imperative to formulate long term stability, high efficiency, high
energy density, long-term cycling life and low weight. To this end, Li/Na ion batteries
(LIBs/NIBs) have auspicious vision due to their cost effective, long cycle life and high
energy densities.

4.3.1. Lithium-lon Battery

Transition metal and sulfides oxides can function as admirable reversible cathode
materials and also graphite as anode material after the intrusion of rechargeable
battery concept. As lithiated transition metal oxide emerged to utilize as cathode to
make sure the safety concerns. The key reactions of LIBs are reversible Li-ion
intercalation-de-intercalation cycles in two layered substrates. The delithiation of
known cathode material in LIBs e.g., LiCoO: is restricted to 4.2 V certify a very
prolonged shelf life and outstanding safety characteristics determined its significance
compared to Li metal-based batteries. The basic mechanism of LIB are summarized,
the first procedure is every time charging in the cell, namely, oxidation; delithiation of
LiCoO2 parallel to reduction and lithiation of graphite. Graphite with Li form LiCs
through intercalating reversibly. The intercalation of Li into graphite takes place
following first—order phase transition in stages such as LiCz4, LiC27, and LiC12. Thus, it
is important to ensure excess Li source in cathode material to deliver Li ions and the
charge needed to make the passivating surface films on graphite. This basic
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mechanism is commendable to recognize the process in hybrid structures which utilize
quantum dots.

The outstanding properties of 2D QDs can be employed to offset some faults of
conventional electrode materials, e.g., slow Li* diffusion, low conductivity and poor
stability. For instance, the exceptional properties of GQDs, including ease of
functionalization and large surface area show a vital role in the increment of battery
performance. VO:z nanobelt arrays coated with GQDs is formulated (~2 nm) on 3D
graphene as a potential cathode for LIBs and attained a 99% columbic efficiency, high
specific capacity of 421 mA h g at a 1/3 C current density and good rate
performances. Furthermore 94% retention at 60 C after 1500 cycles results in the
increased stability rather than other VO2-based electrodes.

The distinctive nanostructure form it binder free, abolishing the practice of a
conductive agent, current collector and diminishing the weight of full cell. Hierarchical
TiO:z is fabricated embedded with GQDs resulting exceptional rate capability and high
specific capacity of 160.1 mA h g™' at 10 C after 500 cycles. Carbon-based sulphur-
doped materials have appealed remarkable attention due to their rechargeable battery
performance induced by sulfur doping. For instance, graphene doped MoS: as the
anode consequences to a high reversible capacity of 1290 mA h g™'[24]. Though MoS:2
is believed to be highly desirable active material in LIB but consist of limitation of
aggregation and pulverization, substantial volume expansion of MoS2. Thus, the
competition between the charge exciton and photogenerated exciton stimulated by
charge transfer at the 0D/2D multilayer interface induces anomalous PL after the
GQDs doping.

4.3.2. Sodium lon Battery

However, LIBs have been believed a potential energy storage device, but the raw
material and fabrication cost is one of the challenging concerns for grid—scale energy
storage systems as well as the incapability to satisfy the enhanced requirement on
energy storage. Furthermore, Li recycling can support the supply by 2040 with a
recycling rate of 50-100% because of the shortage of facilities and advanced
techniques. Now a day’s less than 1% is being recycled. Research dedicated on
rechargeable battery systems using Na as guest is enormously investigated due to its
abundance to overcome the challenging concern. The ordinary electrochemical
potential (2.71 V vs. Na*/Na) of Na results in low energy densities and power, which
are attributed to its huge ionic size (1.02 A). Sodium ion battery (NIB) adopts similar
mechanism as LIB, though, NIB has a dual intercalation system, capacities and mass
of all components are evaluated to act as electrode. Lithium is more reducing than
sodium (—3.04 V vs SHE compared to —2.71 V) and the gravimetric capacity is also
more (3829 mAh g~' compared to 1165 mAh g™'). Thus LIB has higher operating
voltages and energy density. Ultimately, the most abundant anodes of LIB (graphite)
do not intercalate Na and is irreversible electrochemical method. Thus, graphene
containing but non—graphitic, carbonaceous substances are assumed the “first—
generation” anode for NIB. Furthermore, few non-carbonaceous transition metal
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oxides are being studied currently because of high sodium insertion potentials.
Theoretically, phosphorene is anticipated to be a potential material for NIBs with a
large theoretical capacity of 865 mA h g™'. Currently, a sandwiched phosphorene-
graphene hybrid structure is fabricated as a cathode for NIB, which provides a high
specific capacity of 2440 mA h g at current density 0.05 A g™'. Furthermore, GQDs
plays a crucial role in current work on developing novel active material due to its large
Na* storage ability and large active surface area. A large yield product of CQDs
(carbon quantum dots) and derivative 3D porous carbon frameworks (PCFs) is
reported through calcining at 800 °C in an argon atmosphere, which acts as anode
material for NIBs with an ultralong cycle life and extraordinary rate capability.
Interestingly, the MoS2 embedded LTO reveals the large capacity of 91 mAh g™ ata
rate of 5 C, and after 200 cycles; the superior capacity retention of 101 mAh g ata
rate of 2 C is attained [25]. The better cycling stability, capacity and rate capability of
2D QD/LTO-based anode material for NIBs cover the way to formulate low cost
alternative storage systems and diminishes the mechanical stress caused by ion
intercalation and enhances its cycling stability and capacity.

4.4. Photocatalysis

Photocatalysis is a process in which a chemical reaction is accelerated by catalyst
in the presence of light. It has paid significant attention due to its implementation in
renewable energy sources. The traditional colloidal semiconductor QDs normally
suffer from large surface traps, which obstruct effective charge transfer and separation.
Furthermore, the photocatalysts prepared from heavy metals are hazardous and toxic,
and 2D-QDs are a substitutive and alternative photocatalytic material due to their
tunable optical and catalytic properties, low toxicity and outstanding photochemical
robustness. GQDs bind to the surface of TiO2nanocomposites serve as photocatalysts
and find out the methylene blue (MB) ability in visible-light irradiation. The
photodegradation efficacy of this nanocomposite is 97% in 60 min especially for the
rutile phase rather than the anatase phase of TiOz (31%). Usually, the anatase phase
TiO2 has more photodegradation ability. Though, the semiconductor absorbs energy
equal to its bandgap to make electron-hole pairs in this composite under visible—light
irradiation, and the energy is larger than that for anatase phase because of the
upconversion effect of GQDs (Figure 6). Further a 2D-WS2/CD hybrid material is
fabricated currently using microwave leading to enhanced photocatalytic activity, and
it is tried in the photodegradation of organic pollutants. 12% of congo red (CR) dyes
are degraded after 10 min in light illumination with a smaller initial concentration of
catalysts (0.24 mg L") [26]. The larger photocatalytic activity resulted from enhanced
physisorption of CR molecules onto hybrid flakes and the bandgap modification
caused by the carbon dots.
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Figure 6. Schematic for photocatalytic process of rutile and anatase TiO2/GQDs, rutile TiOz
nanoparticles (NPs) and anatase TiO2-NPs.

4.5. Photodetector

The optoelectronic devices that assemble and use the photo—generated
transporters in space exploration, real-time monitoring and national defense are called
photodetector. Si-integrated photodevices are well investigated and ready to industry
among various materials. The outstanding properties of optical materials with large
luminescence and absorption mark them beneficial in optoelectronic devices. Carbon
materials e.g., graphene QDs and carbon QDs, are intensively investigated due to the
friendly compatibility and large environmental stability in order to avoid the instability
and toxicity of colloidal QDs (PbS-QDs). Furthermore, the utilization of these 2D-QDs
confirms the large stability and improved photoelectric performance. The massive
conjugated system consisting delocalized n electrons imparts broadband emissions in
graphene QD photodevices with the responsivity as high as 325 V/W. Another strategy
to design graphene QDs photodevices is the sandwich assembly of graphene/
GQDs/graphene. The broadband emission can be attained not only due to the nt
electrons. A negative photocurrent is shown during irradiation with different light due
to the surface passivation of GQDs where electron-hole pairs generated
photochemically cannot travel freely. GQDs composited with conventional materials
e.g., PsHT, ZnO, silicon, of different dimensions are intensively investigated as an
active material for photodetectors. GQDs doped with nitrogen display photoresponse
in the UV to NIR range, usually known as the Tang-Lau method. Furthermore, these
GQDs are also utilized to fabricate hybrid composites with other 2D materials. Thus
hybrids of the nitrogen-doped graphene and monolayer WSe2 QDs (N-GQDs) are
suggested to attain high-performance photodetectors caused by the increased charge
transfer and light absorption due to the built-in electrical field between WSe2 and
GQDs. Both WSe2 and graphene are considered as the future potential material in
optoelectronics. The photocurrent of WSe2/N-GODs is significantly enhanced
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compared to pure WSe2 due to the Schottky barrier built in the interface, making
feasible the efficient separation of holes and electrons. Furthermore, the graphene
decorated MoS2-QDs are advantageous. The response time significantly shortens
from 20 s down to 70 ms and the photocurrent also significantly increases. The work
function of MoS: is larger than graphene results the construction of the Schottky barrier
and the opposite polarity of graphene and MoS: provide increased built—in electrical
field, which causes the fast separation and the reduction of recombination. If the
decorating species altered to semiconducting QDs from metal-like QDs, it follows the
modulation of the optical properties of TMD. The conduction band and minimum Fermi
level of MoSe2-QDs are higher than MoSz, therefore the electrons of MoSe: tended to
move downward to MoSz, bringing up the Fermi level of MoS2 and causing the band
structure modulation in the interface. The degree of modulation is correlated with the
QD numbers. A latest investigation marked that MoS2 could be a functional stage for
several applications. Though the MoS2z bandgap did not match the long wavelengths
range, decoration with HgTe onto MoS: displays potential for high—performance IR
detectors [27]. The hole-electron pairs are formed by photon excitation on light
illumination, which produce to a photoinduced current. Additionally, this large
responsivity is also credited to the large surface-to-volume ratio of hybrid MoS2/InSe.

CONCLUSION

The zero-dimensional quantum-confined material consists of atomically ultra-thin
2D-layered structure whose physicochemical properties can be tuned in terms of
defects, size, edge configuration, thickness and chemical functionalities. This also
paves the path to disclose novel properties in combination with electronic, optical,
electrochemical, catalytic and chemical ones. The distinctive optical properties of 2D-
QPDs are not usually present in the bulk counterparts, furnishing it an appealing material
for a wider domain of applications. This chapter focuses optoelectronic and energy
based application, though 2D-QDs are also a potential material in the field of
electrochemical sensors, photodynamic therapy drug delivery, bioimaging and
photovoltaics etc. The higher solubility, largely tunable PL, photostability and
biocompatibility of GQDs are useful in the field of bioimaging. Additionally, their
application is widen because of their exceptional properties of high selectivity, full-
spectrum PL color and ease of surface functionalization. Though, emission and
excitation at longer wavelengths are mainly preferred in deep tissue imaging. The
domestic utilization of sea—water is not fit because of high salinity and the traditional
techniques can only eliminate nutrient and organic matters effectively. Current
investigation claims that MoS2 monolayer can remove 88% of ions. Moreover, black
phosphorous (BP) is enormously fascinating owing to its electronic and optical
properties. BP QDs with a lateral size of 4.9 nm are exfoliated from bulk via solution
method and scrutinized in memory devices. Phosphorene QDs occupy the gap
between TMDs and graphene in terms of electrical properties though the easily
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oxidative nature of phosphorous-based QDs which is the key issue. The 2D-QDs are
more electro-active, further the mechanical stress due to ion intercalation leads to
improve the cycling stability and specific capacity in NIBs or LIBs. This chapter unlocks
a broad and thorough understanding and prompts further developments in the exciting
and emerging field of synthesis, properties and application for optoelectronics and
energy.
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ABSTRACT

In recent decades, a variety of nanomaterials have been attracted
considerable attention due to their intrinsic enzyme-like catalytic activities
(nanozymes). Significant advancements have been made owing to huge
development in nano research and unique properties of the nanomaterials.
Nanozymes are now a good relevant alternative to natural enzymes due to their
facile synthesis, extraordinary catalytic activity, low cost, high stability and,
selectivity in the large range of applications with outstanding advances in
biotechnology, nanotechnology, computational design and catalysis science.
Different types of nanomaterials such as metal nanoparticles, carbon nanotubes
metal chalcogenides, metal oxides, quantum dots, halogen compounds,
nanocomposites, and nano-size metal-organic frameworks (MOFs) have been
abundantly explored for enzyme mimicking. This chapter discusses the recent
advancements made in the design of enzyme-like properties of these various
nanozymes. It also includes different types of reaction mechanisms and various
parameters influence catalytic activity of nanozymes. Then, it concludes numerous
methods to calibrate the nanozymes activity and selectivity. Finally, a comparitive
study between nanozymes and natural enzymes are outlined. Current challenges
and future scope for promoting nanozyme research as a novel platform for the
design of affordable, sustainable, safe, and reliable therapeutics are also
suggested.

Keywords: nanozymes, enzyme mimetic, nanomaterials, biosensing,
nanotechnology, catalyst
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1. INTRODUCTION

Nature is the best architect and the main source of inspiration throughout. Naturally
motivated plans or adaptation from nature and an endeavor to incorporate such
thoughts into better solutions for sustainable living and technological issues is
generally known as “biomimetics” or, “biomimicry.” In general, biomimetics normally
refers to “mimicking biology or nature.” The “biomimetics” term is coined by Otto
Schmitt [1] which is derived from the Greek word ‘biomimesis.’ In any case,
“biomimetics” unveiled its first appearance in 1974 in Webster'sdictionary and is
characterized as “the investigation of the arrangement, structure, or capacity of
organically delivered substances and materials (as enzymes) and biological systems
and process (photosynthesis or protein synthesis) particularly to synthesizing
comparable products by artificial methods which mimic to natural products.” So,
biomimetics in the research field is multidisciplinary, drawing from numerous zones of
science, including, yet not restricted to, catalysis, chemistry, molecular biology,
material science, nanotechnology, physiology, designing, biosensing, immunology,
environmental science, and food technology.

Natural enzymes, the majority of which are proteins, are linear chains of amino
acids that can self-assemble by multivalent interactions to create a three-dimensional
structure, a factor responsible for the specificity of enzymes. Natural enzymes plays
important role in the several biological processes in the organism, are dazzling
biocatalysts that show high catalytic activity with high selectivity and specificity under
comparatively mild conditions (pressure, pH, and temperature) [2, 3]. Despite of this,
on introduction to compound denaturants, inhibitors, or moderately harsh
environmental conditions, the catalyst structures denature leading less stability to the
structure, which thus lost their catalytic activity. Moreover, the high expense in
synthesis, storage, and purifications of natural enzymes also restricts their wide
innovative applications. Thus, the quest for alternative materials that can accomplish
the greater part of the previously mentioned challenges has resulted to the introduction
of synthesized or artificial enzymes [4—10]. Firstly, the term artificial enzymes was used
by “Ronald Breslow” for the enzyme mimetics [11] which are very exciting and crucial
area of biomimic chemistry, points to simulate general and important concepts of
natural enzyme applying substitute materials [12,13]. In the course of recent many
years, analysts have set up artificial enzymes as exceptionally steady, simple, efficient,
high-performance, stable and minimal effort options in contrast to natural enzymes in
a wide scope of uses. Metal complexes, Cyclodextrins, supramolecules, polymers,
porphyrins and biomolecules like proteins, catalytic antibodies and nucleic acids were
widely investigated to mimic natural enzymes by different techniques [11-27]. Until this
point, noteworthy advancement has been made in the field of artificial enzymes and a
few monographs and various brilliant audits have been distributed.

As of late, some nanomaterials, for example, gold nanoparticles, rare earth metal
nanoparticles fullerene derivatives, ferromagnetic nanoparticles, inorganic metal
nanoparticles, and carbon structures-based nanozyme have been found to display
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unforeseen catalyst - like activity. From that point forward, significant advances have
been made around there because of the huge advancement in nano-research and the
interesting characteristics of nanomaterials [28-41]. Nanomaterials as an artificial
enzyme (nanozyme) have discovered a wide range of applications in various fields,
including immunoassays, biosensing, disease diagnostics and treatment,
neuroprotection, contamination evacuation, and stem cell growth. The "nanozymes"
term was at first authored by Scrimin, Pasquato and, associates to depict their gold
clusters with remarkable ribonuclease-like activity [32]. Here, we embrace the term
and extend it to nanomaterials with an enzyme like catalytic activity. Even though the
advancement and accomplishments of exemplary artificial enzymes have been
completely investigated [42, 43].

To highlight the advancement of nanozyme research, this chapter deals with
different biomimetic nanomaterials, their reaction mechanism, enzyme kinetics and,
various applications. Various ways to deal with the tune the catalytic activities of
nanozymes are discussed. We additionally compare nanozymes with other
catalytically active materials, (for example, natural enzymes, other artificial enzymes
and organic catalysts, quantum dots). At last, we discuss the current challenges
confronting nanozyme technologies and future headings to understand their incredible
potential.

2. NANOMATERIALS TO Mimic NATURAL ENZYMES

Until this time, various types of nanomaterials have been designed to develop
nanozyme system. As per the distinctive catalysts composition and active sites of the
enzyme mimic process, hanomaterials utilized in intrinsic enzyme mimics can be of
different types. In this part, we will provide a profound introduction to the primary
enzyme - like properties and enzyme mimicking systems develop strategies of these
types of nanomaterials that are utilized in the natural enzyme (peroxidases, catalases,
SOD, oxidase) mimicking applications.

2.1. Metal-Based Nanomaterials as Nanozymes

Metal-based nanomaterials can be promising candidates for enzyme mimetics, as
shown by various ongoing reports [44-51]. Over the previous years, various metal-
based nanomaterials for example Pt, Au, and Ag have been widely examined with a
characteristic enzyme-like activity and fascinating in enormous research interests. Due
to their shape and size relevant physiochemical properties, incredible efforts have
been made in the development of metal nanomaterial based biomimicking assay for
various applications.
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2.1.1. Gold Nanomaterials

Citrate coated gold nanoparticles (AuNps) have been broadly analyzed for various
applications, like, biomedical applications, owing to easy synthesis and
functionalization techniques that have been created. These nanomaterials have also
been explored for their high catalytic activity. Moreover, it was all the striking and
surprising when Rossi and associates indicated that citrate capped gold nanoparticles
catalyzed the oxidation of glucose with oxygen [53-55]. The reaction mechanism was
fundamentally the same as the reaction catalyzed by the glucose oxidase and
proposed that gold nanoparticles could act as a mimic for glucose oxidase. In recent
research, gold nanomaterials, for example, gold nanoclusters and nanoparticles have
been accounted for remarkable enzyme-like activity [56-57] after a natural oxidase
mimicking catalytic activity from citrate capped gold nanoparticles reported in 2004
[58]. What's more, various attempts have been made to use AuNPs or gold
nanoclusters supported on a different system as catalysts in chemical reactions [59].
The gold nanozyme based catalysis likewise followed Michaelis—Menten enzyme
kinetics, and the outcomes indicated that the native enzyme was multiple times more
dynamic than the nanozyme.

2.1.2. Silver Nanomaterials

Some of the reports show that silver nanoparticles (AgNPs), exhibit enzyme - like
catalytic activity and are further used in colorimetric and visual glucose detection
techniques [60]. The joining of AgNPs into chitosan polymers could significantly build
the uncovered surface region and avoid the aggregation of silver nanoparticles.
Concerning nanoclusters, practically all explores were centered around nucleic acid
stabilized Ag nanoclusters which were originated from the fluorescence character of
DNA and Ag nanoclusters for a long duration. A few researchers developed a cluster
based sensor for delicate and quick detection of H202 by utilizing the hydrogen
peroxide and silver nanowire [61-63].

2.1.3. Platinum Nanomaterials

Platinum nanopatrticles are additionally very good catalysts and have enzyme like
catalytic activity [65-67]. Exceptionally steady uniform platinum nanoparticles with a
size of 1-2 nm were synthesized by utilizing apoferritin (Ft@apo) as a nucleation
substrate nanoparticles showed high stability and both catalase and peroxidase like
activites dependent on temperature and pH. The research study from Nie's
demonstrated that the catalase-like activity was increased by enhancing temperature
and pH while the peroxidase-like activity had an extreme value at mildly acidic
conditions and physiological temperature [68]. The catalytic activity was depends on
Platinum content, with large Platinum content having greater activity. The catalytic
activity of platinum nanomaterials was decreased when the nanoparticles
agglomerates because of the reduction in surface area [69].
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2.1.4. Noble Metal-Based Nanoalloys

In Contrast alone with metal nanomaterials, metal-based nanoalloys ordinarily
show more effective properties and functions. Because of the electronic effect and
synergistic effect between the two materials, nanoalloys exhibit an enhanced catalytic
activity [70, 71]. These results inspire researchers to investigate the potential for
enzyme mimics through utilizing composite nanostructures, for example, Ag@M
(where, M = Pd, Pt and Au) combination nanostructures and Au@M (where, M = Pd,
Bi and Pt) alloy nanomaterials. Various kinds of combination nanostructures
demonstrated diverse natural enzymes like activity, which acquainted another effective
path to regulate the catalytic activity separated from shape and size.

2.1.5. Metal Chalcogenide Nanostructures

Metal chalcogenide nanomaterials like MoSz, CuS, FeS, WSz, MnSe, and FeSe
are developing as a significant class of metal-based nanomaterials in enzyme mimics
applications because of their outstanding electronic properties, cost - effective and
simple preparation. For instance, sheet-like FeS nanomaterials has been showing a
smaller bandgap than FeO, which is favorable for electron movement through the
active center of Fe?* or Fe®. Simultaneously, the greater specific surface area
achieved from its novel nanostructure additionally supplies FeS an enhanced enzyme
- like catalytic activity [72]. CuS nanostructures were additionally investigated
peroxidase-like activity by preparing an inward superstructure [73]. This study extends
the application of chalcogenide nanomaterials in numerous fields, like clinical
diagnosis, biosensing and environmental monitoring. In this manner, Cu nanocrystals,
CuS nanoparticles, decorated over Cu nanoclusters, and polyaniline nanowires were
lalso showed peroxidase-like activity [74-76].

2.2. Carbon-Based Nanomaterials

In recent research carbon-based nanostructures have much attention because of
their electronic, optical, thermal, physical, and chemical properties [77]. Their
properties are mainly dependent on the synergistic effects and structure with different
other materials [78]. A large portion of the carbon-based nanomaterials is rich in
oxygenated functional groups like hydroxyl, carboxyl, epoxide, ketone, etc, which may
also plays a significant role in their enzyme - like catalytic activity [79]. The revelation
of the peroxidase-like activity from carbonic nanostructures, including graphene and
its subordinates, carbon nanotubes [80], carbon dots [81, 82], and graphene quantum
dots [83] have broadened the scope of biomimetic research.

2.3. Other Nanomaterials

Moreover the previously mentioned nanostructures, other recently created
nanomaterials, for example, Iron oxide-based nanomaterials [84,85], fullerene
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subordinates [86], metal-organic frameworks (MOFs) [87-89], nano-organized layered
double hydroxide (LDH) [90], cobalt oxide [91] and so on additionally show incredible
potential for enzyme mimics applications. For instance, MOFs have been drawing in
expanding consideration because of their unique structures which consists metal with
connecting organic ligands. A tremendous assortment of metal ions and organic
ligands provide coordination networks with various structures, porosity and topologies.
Profiting from their high surface area, high thermal stability, and stable nanoscale
porosity, MOFs have been effectively utilized in various fields: drug delivery, catalytic
carrier, bioimaging, gas separation, sensing, etc. Due to their uniform cavities which
can produce a high density of biocatalysis active sites, previous reports on enzyme
mimics of metal-organic frameworks generally centered around the biocatalysis active
centers [92]. In recent time, there has been a fast development in research publications
related to natural catalytic activity-dependent on LDHs materials including CoAl-LDHs,
CoFe-LDHs [93], nanohybrids [94], NiCo LDHs [95], and NiAl-LDHs [96]. Different
easy engineered procedures of LDHs and their derived nanocomposites have been
created to satisfy specific requirements for various applications in this field.

3. STRATEGIES TO ENHANCE SUBSTRATE
SPECIFICITY OF NANOZYMES

It is notable that natural enzymes induce high catalytic activity as well as substrate
specificity. Even though nanozymes display great catalytic activity, their substrate
selectivity is very poor. For most oxidase and peroxidase mimics, nhanozymes can
catalyze the oxidation of TMB substrate, yet additionally different substrates.
Accordingly, the main challenge is to design nanozymes with superb substrate
specificity. To enhance the substrate specificity of nanozymes, it is essential to present
substrate binding sites through the chemical change technique [97, 98].

The catalytic efficiency i.e., Kcat/Km is used for comparative study for substrate
specificity execution, indicating favorable specificity with the adsorbed substrate.
Monolayer coated metal nanostructures can enhance the enzymatic catalytic activity
of nanozymes [99, 100].

4. CATALYTIC MECHANISM

As referenced, nanozymes exhibit tunable catalytic efficiency to enzyme mimic.
Since, poor substrate specificity and less catalytic activity confine their practical
applications. To additionally improve the catalytic activity of nanozymes, it is a
significant issue to investigate an enzyme-like catalytic reaction mechanism to plan
and manufacture more proficient enzyme mimics. To investigate the catalytic reaction
mechanism of nanozymes, we ought to explain the reaction process and binding
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mechanism with the substrates, active catalytic sites, active intermediates, and
electron transfer including the catalysts and substrates.

4.1. Catalytic Reaction Process

Normally, a ping-pong reaction mechanism is used to depict the catalytic process
of nanozymes [101]. The enzyme kinetic factors determined from the Michaelis—
Menten equation and curve are comparable with natural enzymes.

4.2, Active Intermediates

Various active intermediates can be recognized for various types of the catalytic
processes. For example, in the peroxidase-like responses, it is commonly viewed as
that the production of OH radical intermediates by catalyzing hydrogen peroxide
contributes to the catalytic activity [102].

4.3. Active Sites

The active sites in the enzymes decide their catalytic activity range. For natural
enzyme HRP, the iron metal in the heme assumes the key function in the peroxidase
catalytic activity [103]. Metal ions typically act as an active center or site similar to
natural enzymes for the enzyme catalysis. For example, FesO4 nanoparticles have
both ferric and ferrous particles; not withstanding, it has been demonstrated that
ferrous particles are the main active sites for high peroxidase-like activity [104].
Similarly, CeQO2 nanoparticles as SOD mirrors show brilliant catalytic activity
attributable to the redox coupling somewhere in the range of Ce®*and Ce*[105]
However, for carbon-nanomaterial-based nanozymes without any metal ions, there
ought to be sure special functional groups act as the active sites. Graphene quantum
dots are the active sites for the peroxidase mimicking process.

4.4. Electron Transfer

Electron transfer generally takes place between the substrate and catalysts in the
process of enzyme catalysis. As an illustration, to understand the peroxidase-like
catalytic activity toward the oxidation reaction of TMB, it is commonly perceived that
the LUMO of hydrogen peroxide received electrons from the nonbonding orbital of
TMB substrate [106]. However, the greater energy of LUMO of hydrogen peroxide
restricts such electron movement from the nonbonding orbital of TMB substrate.
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5. VARIOUS PARAMETERS INFLUENCE THE CATALYTIC
ACTIVITY OF NANOZYMES

Nanozymes impersonate the catalytic activity of natural enzymes have increased
a potential exploration due to natural enzymes experiences some limitations like
denaturation, loss of catalytic activity in harsh environmental conditions. A wide
number of nanoparticles show an intrinsic enzyme mimetic activity like that existed in
normal peroxidases. However, nanomaterials are normally chemically and biologically
stable. There are few parameters, like temperature, pH, and concentration of
nanomaterials can widely affects the catalytic activity of nanozymes.

CONCLUSION

This chapter highlights the ongoing advancement in the field of nanomaterials as
artificial enzymes, named "nanozymes." As examined, however, the zone of
nanozymes is still in its infancy, it has developed significantly as an aspect of the
artificial enzyme area. As enzyme mimics, nanozymes exhibit some advantages over
natural enzymes. Since most of the enzymes lost catalytic activity under harsh
condition, and can be easily denatured by changes in environmental conditions. With
the advancement of nanomaterials as artificial enzymes, the materials like nanozymes
have attracted in an incredible potential as an alternative of natural enzymes, due to
their favorable advantageous, for example, high stability, easy synthesis, cost-
effective, and high catalytic activity. Therefore, various nanozymes with natural
enzyme-like catalytic activity have been effectively reported. In this area, the research
highly dynamic, as proven by the quickly developing number of publications. The easy
preparation of these nanozymes may additionally outfit their application. Based on the
unique properties of the developed nanozymes, the design a platform for detection of
several analytes by various techniques. Due to its high sensitivity and simple
operation, it was normal that the nanozymes may hold extraordinary responses in the
field of science and technology. Likely use of nanozymes in chemical and clinical
devices may be considered as a sustitute for natural compounds. Since these
prepared compounds have been demonstrated to have high catalytic activity, they can
be considered as a decent decision for a single system or in the mix with safe materials
for the recognition of a wide scope of compounds and diseases. Although, nanozymes
have some limitations, like less bioavailability and multi-substrate activities, which
limits their synthetic and medical applications. Novel nanotechnology procedures,
including micelles and liposomes, are promising to address these limitations. Future
advancements in nanozyme innovation will prompt another rush of novel biocatalysts
for vast applications by overcoming the previously mentioned and other possible
difficulties.
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ABSTRACT

Materials science involves understanding of materials behavior based on their
macro/microstructures. Nanoscience has emerged as one of the exciting area of
materials science and has created an impact on almost every field of science and
technology. Particles at the nanoscale length exhibit exotic physico-chemical
properties as compared to their bulk counterparts. Carbon is the most studied
material in nanoscience due to its versatility in being found in 0D, 1D, 2D and 3D
structures. Graphene, a 2D honeycomb lattice of carbon atoms attracted the
attention of scientists from all over the world after its discovery in 2004. This exotic
form of carbon has versatile properties and manifold applications. It has also
provided a whole new branch of materials known as two dimensional layered
materials, which exhibits similar and superior properties and applications when
combined with/without graphene. The present chapter deals with various synthesis
methods, properties and applications of graphene. This chapter focuses mainly on
electrochemical exfoliation method for the production of graphene through
aqueous and non-aqueous route, since it is a promising bulk method for producing
graphene from graphite and can produce single and multilayer graphene in less
time.A summary of important characterization methods for graphene will also be
discussed. Applications of graphene in many areas of materials science will also
be discussed, due to which it has created huge impact on research and current
societal development. Exfoliation of layers of graphene from bulk graphite has
given a lead to exfoliate various other stable layered materials besides graphite.

* Corresponding Author's Email: sasp2111 @gmail.com.
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These types of new exotic materials other than graphene and their hybrid structure
with graphene will also be discussed briefly.

Keywords: graphene, synthesis, applications, materials science, nanoscience,
layered materials

1. INTRODUCTION

Materials science continues to occupy a central place in our lives through the
design and creation of new materials and improve our quality of life over a period of
time with the discovery of new materials [1]. One of the recent and most exciting
branchs of materials science is the area of nanoscience and technology, in which we
study the behavior of materials at nanometer scale. Nanoscience requires the precise
knowledge of material structures/microstructures at nanoscale, and is an
interdisciplinary branch of materials science. It has potential to create a huge societal
impact now a day. It has been identified as one of the most critical technologies that
would shape the future of the humans in 215 century. The nanostructured materials
may be metals [2], alloys and intermetallics [3], as well as ceramics [4]. They can be
created in zero dimension (0D), one dimension (1D), two dimensions (2D) and three
dimensions (3D). These nanomaterials show different superior properties in
comparison with their bulk counterparts. H. Gleiter [5] has summarized basic physical
concepts and microstructural features of equilibrium and non-equilibrium
nanostructured materials. Due to their superior properties, various nanomaterials show
a range of applications in diverse fields [6, 7]. In vast variety of nanomaterials available
today, carbon nanomaterials are one of the most studied systems. Carbon is the most
abundant element of earth; it exists in a vast number of organic compounds.Carbon
atoms can bond in many diverse ways, giving rise to various allotropes such as
graphite and diamond in macroscopic form and fullerenes, carbon nanotubes and
graphene in microscopic form [8, 9].

2. GRAPHENE

After the discovery of graphene in 2004 [10], research groups from worldwide
could not take their eyes off from its fascinating properties and soon it became a rapidly
rising star on the horizon of materials science and condensed-matter physics. These
discoveries also lead to the 2010 Nobel Prize in physics to AK Geim and KS
Novoselov. Graphene is an infinite 2D layer of sp® hybridized carbon atoms on a
hexagonal lattice, which is one of the five 2D Bravais lattices. It is the basic building
block of fullerenes, nanotubes and graphite. It can be wrapped into zero dimensional
fullerenes, rolled into one dimensional carbon nanotubes and by piling up graphene
layers in an ordered way one can form 3-dimensional graphite. There are other
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pseudo-2D sp? hybridized carbon structures, such as bi-, tri- and few-layers graphene.
Few layer graphene has 3-10 layers of such 2D sheets [9]. Graphene exhibits many
useful properties. In a 2D carbon system for graphene, three carbon electrons in four
hybridized bonding levels (2s?px'2py'2p:') form strong in-plane sp? bond consisting of
a honeycomb structure and a fourth electron known as n electron spreads out over top
or bottom of the layer. These n electrons play an important role in coupling interaction
of multilayered graphene. The two dimensionally spread C=C resonance structure and
the hybridized electron confined in graphene planes are directly related to graphene’s
unique characteristics such as ballistic electron conduction, high drmal conduction and
high mechanical strength [11].The unique properties of graphene includes electronics
properties-it has high electron mobility ~10000 cm?V-'s™" [12], it can sustain current up
to six orders of magnitude higher than copper, mechanical properties- graphene is the
strongest materials ever known with a Young’s modulus of 1 TPa and intrinsic strength
130 GPa [13], thermal properties-graphene has excellent thermal conductivity of 5000
Wm'K, ~25 times greater than silicon [14], graphene has the highest surface area of
2630 m?g", that makes it an excellent support to attach chemical groups or other
nanomaterials and increased adsorption capacity and hence enhanced chemical
properties [15].

2.1. Applications of Graphene

Graphene sheets have been shown to be very promising for many potential
applications e.g., high performance in nanoelectronics, as a transparent conductor, in
photonics, in optoelectronics [16] and in composites [17]. Different types of graphene
lead to a variety of applications in various fields such as electronics, life sciences,
medical science, and chemical sciences. These outstanding applications of graphene
change many things presently and are continuing to do so. Scientists all over the world
are continuously researching the new possibilities in application of graphene. Some of
the graphene applications are described below.

2.1.1. Nanoelectronics

The compelling demand for higher performance and lower power consumption in
electronic systems is the main driving force of the electronics industry’s quest for
devices and architectures based on new materials [18]. The thinness, mechanical
strength and flexibility, high current carrying capacity (~10° A/cm?) and very high carrier
mobility is making graphene extremely appealing for application in electronics,
specifically regarding its exploitation as a channel material in field effect transistors
(FETs) and as a potential alternative for silicon-based devices [16]. However, being a
zero gap semiconductor, graphene cannot be directly utilized in FET applications. For
transistor applications, graphenenanoribbons in the form of a quasi-one dimensional
structure, with narrow widths and atomically smooth edges may be useful. They are
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predicted to have band gaps useful for room temperature FET applications with
excellent switching speed and high carrier mobility [19].

2.1.2. Composites Materials with Graphene as Reinforcing Agent

To achieve specific properties and cost effectiveness and to fully exploit
nanomaterial properties making combination of nanoparticles of various
dimensionalities with polymers or other base materials is gaining special attention now
a days. In all the systems of matrix materials, polymers are most studied matrix
materials for this purpose. Due to unique physical properties of graphene, the most
immediate application of graphene is its integration in polymer composites materials.
Polymer-graphene composites show superior mechanical, thermal gas barrier,
electrical and flame retardant properties compared to neat polymers [20]. However,
interfacial bonding between the filler and matrix material plays a crucial role in property
enhancement of the final product. For this purpose, graphene oxide which bears
hydroxyl, carbonyl and carboxyl group on its surface interacts with side chains of the
polymer and gives rise to strong interfacial bonding thereby improving various
properties [19].

2.1.3. Self-Healing Materials

Self-healing materials are intelligent materials capable of feeling external stimulus
to repair them-selves after damage and restore their intrinsic properties, thus can
extend lifespan, improve, security, save cost and achieve sustainable development.
Graphene based self-healing materials have enhanced mechanical properties,
electrical and thermal conductivities, responsive to external stimuli, healing efficiency
and energy conversion efficiency compared with conventional materials [21]. These
materials have applications in biological systems, flexible electronic devices [22],
coating, self-cleaning absorbents, and biomimetic materials [21].

2.1.4. Supercapacitors

Supercapacitors/electrochemical capacitors/ultra-capacitors, are supposed to be
promising candidates for alternative energy storage devices because of their high rate
capability, pulse power supply, long cycle life, simple principle, and low maintenance
cost. Due to extraordinarily high electrical conductivity and large surface area,
graphene based materials exhibit great potential for application in supercapacitors
[23]. Table 1 describes many other important properties of graphenenanosheets and
their applications related to those properties.

2.2. Synthesis of Graphene

The real life applications of graphene and also for other futuristic aspects, it is very
essential to produce graphene in a cost effective, defect free and in less time
consuming way. There are many synthesis methods to prepare graphene and its
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derivatives through physical/chemical methods which are broadly categorized into top
down and bottom up approaches. The abundantly available graphite is made of
stacked layers of graphene sheets. These sheets are held together by van der Waals
forces. By means of exfoliation/cleavage/chemical energy, one can break or loosen
these bonds and separate individual graphene sheets. There are various methods for

producing graphene.

Table 1. The important properties of graphene nanosheets

and related applications

S.No. Properties Description Related applications
1. Electrical Electron mobility-10000 | Electronic devices[7,22],
Properties to 50000 cm?V-'s™! supercapacitors [23], Li-ion
Battery [24], energy[25]
2. Mechanical Young’s modulus-1TPa, | Actuators [21], tissue
Properties Intrinsic strength-130 engineering [26]
Gpa
3. Thermal Thermal conductivity- Thermal interface materials
Properties 5000 Wm K- [27]
4. Chemical Support for anchoring environmental sensors[28]
Properties various chemical
functionalities or with
molecules
5. Optical Transparency ~97% photo detectors [29]
Properties
6. Magnetic long spin diffusion Spintronics [30]
properties length (~ 4pum) at room
temperature
Other properties
7. Reinforcing Due to extraordinary Composites with metal [31]
agent electrical, thermal, and polymer [17,20, 21],
mechanical properties electromagnetic
interference shielding [32]
8. Catalyst Graphene can be used [33]
as catalysts materials
9. Asbullet proof [34]
materials
2.2.1. Micromechanical Cleavage of Highly Oriented Pyrolytic
Graphite (HOPG)

The scotch tape technique is the first ever method to obtain graphene from
graphite [10]. The as- obtained graphene prepared in this way is of very high quality
and contains negligible amount of defects, however the yield is very poor. It involves
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the repeated pealing of graphite layers with the help of scotch tape, after pealing the
layers are deposited on silicon wafer and studied for further characterizations. This
type of graphene contains negligible or very less amount of defects and were used to
study the various properties of graphene.

2.2.2. Arc Discharge Method

Itis one of the oldest methods to synthesize carbon nanomaterials. It was first used
for fullerenes synthesis in 1990 by Krastchmer and Hoffman [35]. For the synthesis of
graphene, the set up consists of pure graphite rods as cathode and anode electrodes
fitted in a water cooled reactor, in inert atmosphere. Current in discharge is of the order
of 100-150A. The commonly used inert gases are hydrogen, ammonia, argon, argon-
hydrogen mixture, helium and helium-hydrogen. At the end of the arc discharge
process, black color soot deposited on cathode and on chamber walls is collected for
further characterization and applications. Awasthi et al. did a study of various argon
gas pressures to synthesize single walled carbon nanotubes from arc discharge
method [36].

2.2.3. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is one the most popular method for the synthesis
of graphene of high quality and large area graphene. Chemical vapor deposition is a
technique of thin film deposition on substrates from vapor species through chemical
reaction. One of the highly popular techniques of graphene growth is thermal
decomposition of Si on the (0001) surface plane of single crystal of 6H-SiC [37]. The
graphitic structure formation requires 2500°C without catalysts, which is too high. So
the introduction of catalysts is required to lower the energy barriers. Catalysts also
provide support for the graphitic structure formation. Copper and Nickel are most
common catalyst support for the formation of graphene [38].

2.2.4. Physical Exfoliation of Graphite

This method of ball milling is generally used to reduce the size of bulk material in
nano forms. It consists of a milling chamber whose inside walls are made of
anticorrosion material such as rubber/polymer lining and manganese steel. The balls
are made of stainless steel, ceramics or rubber. It is the process of splitting a layered
material into atomically thin sheets. Graphite layers can be exfoliated by ball milling a
mixture of graphite and chemically inert water soluble inorganic salts. Some
researchers produced graphene sheets by wet ball milling of graphite in melamine [39].
This technique is known as wet ball mill and gained recent interest in large scale
production of graphene from graphite in different medium.

2.2.5. Chemical/Thermal Exfoliation of Graphite Oxide

Graphite oxide (GO) is a compound of carbon, oxygen and hydrogen in variable
ratios. GO obtained by treating graphite with strong oxidizers. Thermally reduced
graphene from GO, produced from graphite using various chemical oxidation routes,
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has attracted considerable attention because of its high yield and lowering the cost.
However thermal reduction of GO is a complex multistep phenomenon, and can also
significantly affect the graphene lattice and introduce a number of defects because in
chemical reduction, individual GO sheets are chemically reduced by a strong chemical
base. Hummer's method involves treatment of graphite with potassium permanganate
and sulfuric acid [40]. GO possess layer structure like graphite with increased/irregular
spacing. Reduced graphene oxide (rGO) is a single layer of graphite oxide which has
been obtained by complete exfoliation of graphite oxide after removing the various
functional groups present on graphite oxide lattice by reducing it in presence of strong
reducing agents, or by simple sonication.

2.2.6. Solvent Assisted Exfoliation

Liquid phase exfoliation gained vast attention in the synthesis of graphitic materials
recently because of its reduced cost and simple experimentation procedures. With the
help of ultrasonication some draw backs e.g., high temperature, pressure and long
reactions were made easy whereby graphite can be directly exfoliated to graphene
layers. In this method, graphite is being dispersed in a liquid medium containing a
suitable ionic liquid by sonication. A suitable surfactant can be added in order to
prevent restacking of graphene sheets in the solutions. The word suitable refers to
those surfactants or solvents which have comparable surface energy along with that
of graphite. SDBS, NMP are some common surfactant used for the purpose. Lotya et
al. exfoliated graphite in water surfactant solutions and produced suspended
graphene. Transmission electron microscopy showed the dispersed phase to consist
of small graphitic flakes. More than 40% of these flakes had <5 layers with ~3% of
flakes consisted of monolayers [41].

2.3. Electrochemical Exfoliation of Graphite

Various synthesis methods described above produce different types of graphene
and their derivatives in terms of their structure and properties, which can be used in
various types of applications according to their utility. However, these methods have
their own set of advantages and disadvantages. They can be time consuming, use of
high temperature requires more power consumption, strong acid treatment affects the
honeycomb lattice, disrupts the sp? bonding and can affect various properties of
graphene. By using electrochemical method, one can obtain desired graphene flakes
in minutes under suitable experimental conditions. Recently electrochemical methods
have been demonstrated by a number of research groups to produce graphene flakes
in milligram and gram quantities. There is still a need to develop a method in which we
can tune the structure of graphene just by choosing raw materials, and also can vary
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number of layers in graphene by making simple modification in the process. The added
advantage with any of the other synthesis methods should also include its cost
effectiveness and environmental friendly nature. A simple electrochemical set up
avoids sophisticated instrumentation/handling, and can be finished even in minutes to
hrs and gives better yield/quality of the end product. The electrochemical exfoliation of
graphite has recently gained sufficient attention due to its ease of process, cost
effectiveness; green and environmental friendly nature and it can be operated under
ambient conditions.There are also some reviews available in which the authors
elaborated studies about the synthesis of graphene sheets through electrochemical
exfoliation method which have been done in past years [42, 43]. The typical
experimental set up for electrochemical exfoliation consists of an electrochemical cell
which comprises of solvent with supporting electrolyte, electrodes, and a dc power
supply or a potentiostat. The selection of suitable solvent and electrolyte is an
important and tedious task as the end product structure quality yield depends on it.
The solvent should be able to dissolve high concentration of electrolyte, it should be
stable during oxidation/reduction reaction in the electrochemical cell, and the
electrolyte should be chemically and electrochemically inert in the experiment [44]. The
experimental arrangement for the electrochemical set up can be divided in two types,
(i) two electrode system, in which one positive and one negative electrode are
immersed in a suitable electrolyte and connected through a power supply. (ii) Three
electrodes system in which a WE, CE and RE are immersed in an electrolyte solution
and connected through a power supply. The WE is the electrode where exfoliation
reaction takes place. WE carries out the electrochemical event of interest e.g.,
exfoliation in the case of graphene synthesis. The types of WE can be varied from
experiment to experiment. The purpose of counter electrode is to complete the
electrical circuit. Current is recorded as electron flows between the WE and CE. The
reference electrode is used as a reference point against which the potential of other
electrodes can be measured in an electrochemical cell. Some commonly used RE are
saturated calomel electrode (SCE), standard hydrogen electrode (SHE), and the
AgClI/Ag electrode [44].For the production of graphene sheets through electrochemical
exfoliation contains following experimental arrangements- (i) a graphite working
electrode (commonly used graphite electrode are, natural graphite fill rods, sheets or
highly oriented pyrolytic graphite (HOPG)), (ii) a standard RE, depending upon the
electrolyte, (iii) A CE(can be platinum wire, foil, or sometimes graphite rods to increase
the yield), (iv) An aqueous or non-aqueous electrolyte, (v) DC power supply or a
potentiostat. The schematic set up for the above system shown in Figure 1 (a). Figure
1 (b) shows the reaction vessel after the complete exfoliation of graphite electrode.
The processes involved in exfoliation experiment are anodic oxidation and cathodic
oxidation, in non-aqueous solvents and in aqueous acidic electrolytes [42].
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When the electrochemical exfoliation is performed under suitable electrolyte and
operational conditions, intercalation of cations/anions from the electrolyte into graphite
electrode results in the structural expansion of graphite layers. The WE/graphite
electrodes swells and corrodes after complete intercalation, a black precipitate
gradually appears at the bottom of the reaction vessel, which can be collected by
filtering. After washing several times to completely remove the contaminated species
due to electrolyte it is taken for further characterization and applications. One
disadvantage of graphene flakes synthesized by this method is that the graphene
sheets often re-aggregate. This problem can be overcome by adding surfactants either
in the electrolyte while performing the electrochemical reaction or after the completion
of reaction during cleaning and ultra-sonication process. Several research groups
have synthesized graphene from graphite through electrochemical exfoliation in
different electrolyte medium [45-47].

Su et al. [45] prepared high quality and large area graphene sheets by
electrochemical exfoliation of natural graphite flakes in sulphuric acid as electrolyte
medium. Hui-Lin Guo and co-workers synthesized high quality GNS in large quantity
via electrochemical reduction of exfoliated graphite oxide precursor at cathodic
potentials [48]. Singh et al. have produced high quality GNS from pencil by
electrochemical exfoliation in ionic liquid medium by following non-aqueous route [49].
We have synthesized graphenenanosheets (GNS) through commercially available
pencil lead, these GNS were used to prepare composites with polyaniline on ITO
coated PET substrate. Table 2 shows the various efforts on synthesis of graphene
through electrochemical exfoliation of graphite.

Power (a) (h]-_____

Supply

o Caunter
Electrode

| Working
Electrode

Refarence
Electirade

Eeaction
vessel

Electrolyie
= Solution

Figure 1. (a) Schematic diagram of electrochemical exfoliation set up, (b) Reaction vessel
after the complete exfoliation of graphite electrode.
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3. CHARACTERIZATION

In order to exploit the unique properties of any materials, characterizing the
synthesized materials is of crucial importance. Morphology, texture, surface chemistry,
and other properties of graphene, are important to study their suitable applications
according to their structure and properties.

Scanning electron microscopy is a powerful technique which permits the
characterization of materials and surfaces on a local scale.Recently transmission
electron microscopy has achieved a unique distinction, for the characterization of
different nano-structured materials. Both these techniques are used to study the
surface morphology, number of layers, thickness, and extent of defect, vacancy and
dislocations. Figure 2(a-f) shows the scanning electron microscope images of pencil
graphite and as-synthesized GNS from 8V to 12V, respectively [50].

I-V characteristics of the GNS-PANI composite device shows a decrease in band
gap of PANI from 2.8 eV to 6.9 meV at 15 wt% loading of GNS in PANI SEM and
Raman spectroscopy show good dispersion of GNS and interfacial interaction with the
GNS-PANI composite by a significant shift in the G peak at 15 wt% GNS-PANI, further
confirming the formation of the composite at 15 wt% [50].

Table 2. Methodology used for synthesis of graphene
via electrochemical route

Reference
Working Counter Properties of
SN. electrode (WE) | electrode (CE) ele((;::;de Electrolyte end product
1 HOPG -- Ag/AgCl 0.1 mol/L Tri layer
Naz=S0s4 (aq.) graphene [52]
2 Graphite rod Graphite rod -- 10mL IL2 and 1.1nm thick
10mL IL3 flakes [53]

3 Graphite plate Pt foil Saturated | 96% H2SO4 Few layer
calomel graphene [54]
electrode
(SCE)

4 Graphite rod Platinum foil Platinum 0.1M SDS High quality
wire monolayers

1.0nm thick [49]

5 Pencil Pt spiral Pt 10mL IL' Monolayers 0.8
and 1.3nm thick
(55]

HOPG- Highly oriented pyrolytic graphite

IL"-triethylsulfonium bis (trifluromethylsulfonyl) imide ionic liquid
IL2-1-octyl-3-methyl-imidazolium hexafluorophosphate
IL3-1-methyl-3-butylimidazolium tetrafluoroborate
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Figure 2. Scanning electron microscopic images of (a) pencil graphene, and exfoliated GNS at
different voltages (b) 8 V, (¢) 9V, (d) 10V, (e) 11 V, and (f) 12 V. (Awasthi et al. [50], with
permission from Elsevier).

In the continuation of various efforts for the synthesis of graphene from graphite,
we have also synthesized bi layer graphene in non-aqueous electrolyte. The
transmission electron micrographs of graphene prepared in this way is shown in Figure
3 (a-c). Figure 3 (a) shows a crumpled graphene sheet, while in Figure 3 (b) a
transparent, large area graphene sheet is visible. Figure 3 (c) shows the high
resolution TEM image of bilayer graphene, marked by arrows. The work is in progress
and the further results will be discussed and described.

AFM is used to measure thickness, surface roughness and size distribution of
graphene sheets in the sample. X ray diffraction is one of the most prominent
techniques used for unraveling the structure as well as the phase of the materials in
bulk and in thin film forms. XRD is used to identify crystallinity, atomic arrangement
and crystal size of as-synthesized graphene. Raman spectroscopy possesses many
advantages for materials characterization. The development of Raman spectroscopy
has made it possible to look at very small quantities of materials and it is nondestructive
technique
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Figure 3. (a-c) Transmission electron micrographs of graphene sheets synthesized by
electrochemical exfoliation of graphite in non-aqueous solvents.

Raman spectroscopy is particularly well suited to molecular morphology
characterization of carbon materials. Graphene and other carbon nanomaterials have
uniqgue Raman spectra, making it an essential analytical technique for graphene
characterization [55]. Fourier transform infrared spectroscopy (FTIR) is a powerful tool
for identifying types of chemical bonds in a molecule by producing an infrared
absorption spectrum that is like a molecular fingerprint. The peak at 1559 cm™ in FTIR
spectrum is due to C=C bond present in the ring structure [36]. It also gives the
information about the various functional groups on graphene surface. XPS is another
important technique to analyze the relative amount of carbon oxygen and other groups
in graphene materials. BET surface area analysis is an advanced technique employed
to determine the specific surface area and pore size distribution of graphene and its
derivatives [56].

CONCLUSION

Two dimensional graphene has attracted lots of attention worldwide due to its
excellent properties which is being used for the development of many useful
applications from nano-electronics to energy storage. Preparation of high quality
graphene materials in a cost effective manner and on the desired scale is essential for
many applications. Graphene has also given us a new branch of 2D layered materials.
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The determination of the unique features offered by graphene and other 2D materials
is of critical importance in the design and development of truly novel constructs of
enhanced or previously unattainable functionality.
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ABSTRACT

Solar energy is one of the best sources of the energy generator device for the
next generation. We have a lot of energy transformation sources on the earth for
the energy requirement of a human being like coal, petroleum, fossil fuel,
compressed natural gas, liquid petroleum gas, biogas, etc. In which solar cell is
the best for us because of the environmental free energy generator source? Now
a day’s Perovskite solar cells have flying enhancement in the efficiency which is
very important for the photovoltaic industry but perovskite degradation is a major
problem for viable and sustainable commercialization. We discussed degradation
of perovskite due to moisture, oxygen, light and heat. Perovskite material has
emerged as an attractive strategy to efficiently convert light into electricity. We are
using organic-inorganic-halide CHsNHsPbls as a heart of solar cells with the device
structure: FTO/Compact TiO2/Mesoporous TiOz/Perovskite/Spiro-MeOTAD/Au.

Keywords: perovskite solar cell, fossil fuel, diffusion length, energy band gap,
efficiency

1. INTRODUCTION

Now a day’s requirement of energy for the human being is increasing due to the
continuous growth of the world population and the development of new energy
consumed technology. We have limited energy generation sources on the earth, many
of energy sources create pollution like burning of petrol or diesel kerosene oil, coal,

* Corresponding Author's Email: rajeshkumarshukla_100@yahoo.co.in.

Complimentary Contributor Copy



132 R. K. Shukla and Amrit K. Mishra

etc. generate a huge amount of the carbon-dioxide (COz2), carbon mono-oxide (CO),
which is not environment-friendly resources because it creates global warming on the
earth and harmful for the Ozone (Os) layer. So we need to focus on environmentally
friendly resources like wind energy consumption, biogas enhancement, solar cell, etc.
The generation of electrical energy by solar cells is a very effective area of research
and technology, which can solve the worldwide energy consumption problem. Solar
energy generation is an environment-friendly methodology for the researcher,
scientists and professor’s to do great achievements in this area. A modern solar cell is
an electronic device of semiconductor material; it converts a fraction of the energy
contained in sunlight directly into electrical energy at the voltage and current levels
determined by the properties of semiconductors, solar cell design and fabrication
techniques, and incident light. A background covering such areas is needed to gain a
understanding of how solar cells work and to be in a position to design and build energy
conversion systems using solar cells: the nature of solar radiation; semiconductor
physics; quantum mechanics; energy storage techniques; optics; heat flow in solids;
nature of elemental compound, single crystal, polycrystalline and amorphous
semiconductors; semiconductor device. Manufacturing techniques; and economics of
energy flow. It is not physically possible to cover all these areas in-depth, in a single
work. In writing this chapter, we have attempted to create a survey text. This chapter
explores several important background areas and then outlines the principle of
operation of solar cells considering their design and construction. A solar cell is
performed in the general sense and for some specific examples [1, 2]. These examples
select semiconductor, junction types, and optical orientation and fabrication
techniques and then describe solar cell design and areas of future research and
development, in both general and specific fashion. The 1.51 eV energy bandgap is in
the perovskite material which is great for power conversion efficiency. We are studying
the degradation of perovskite solar cell device in the presence of UV light and white
light, for a clear understanding of degradation we are measuring |-V characteristics
and dielectric properties under various conditions. The schematic energy level diagram
shows that electron-hole transport in the tuneable energy band of the intermediate
layer of the device. Due to high light absorption, photovoltaic and diffusion length
properties of perovskite is the most appropriate material for solar cell application.
Organometallic perovskite solar cells have shown great promising for next-generation
thin-film solar cells. Solar cell devices made of organometallic halide perovskite
material have reached an efficiency of more than 21%. Perovskite materials are the
most appropriate for energy harvesting technology; we are using perovskite materials
as the heart of solar cells because perovskite material has good photovoltaic
properties. The absorption of light and diffusion length is also a major factor to select
material for energy harvesting. The direct bandgap of the perovskite CHsNHsPbls
material is 1.55 eV which is good for the power conversion efficiency of the solar cells.
Perovskite material has a high absorption coefficient, high mobility of electron (7.5 cm?
v’ s™), and holes (12.5-65 cm?v''s™), long carrier diffusion length (100 nm to 1 um),
and large grain size. Due to the large grain size of the perovskite material hysteresis
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effect reduces. In this work, we are analyzing a complete perovskite solar cell with the
device structure: FTO/c-TiO2/Mesoporous TiOz/perovskite/spiroMeOTAD/Au. Where
FTO stands for fluorine-doped tin oxide, c-TiO2 stands for compact TiO2 (work as a
hole blocking layer), mesoporousTiO: (size of the grain 5-40 um), perovskite works as
a heart of the solar cells, spiroMeOTAD works as a hole transporting layer and finally
Au is used for the electrode of the typical solar cell’s.

This chapter is a comprehensive (and concise) survey of the elements. This
creates an “energy crisis.” It is dedicated to showing limited Nature for discussion of
currently used energy sources and various “non-conventional” energy sources
proposed for the future: Biological, wind, wave and solar. It has three points as its main
objective. To create: (1) that our traditional energy sources will be exhausted nothing
in the distant future, (2) that solar power is capable managing humanity’s energy needs
for foresight future, and (3) that photovoltaic energy conversion is a major candidate
treat mankind with its essential energy.

1.1. What Is a Solar cell?

The device which converts photonic energy into electrical energy generation based
on photovoltaic effect is known as a solar cell. The conversion of optical energy into
electrical energy is a physical and chemical phenomenon. A solar cell generates
energy because the |-V curve exists in the fourth coordinate product of I*V gives a
negative value which is negative power that means power generation.

The operation of the solar cell is based on the three main parts.

o Light absorption by the photovoltaic material and generate electrons and holes
or excitons.

e Opposite types of charge carrier's separation.

e Separate charge carrier’s extraction to an external circuit by applying external
voltage.

1.2. Types of Solar cell

Solar cell is different types such as Amorphous silicon solar cell (a-Si), Biohybrid
solar cell, Cadmium telluride solar cell (CdTe), Concentrated PV Cell (CVP and
HCVP), Copper indium gallium selenide solar cells, Crystalline silicon solar cell, Float-
zone silicon, A dye-sensitized solar cell (DSSC), Gallium arsenide germanium solar
cell (GaAs), Hybrid solar cell, Luminescent solar concentrator cell (LSC), Micromorph
(tandem-cell using a-Si/uc-Si), A Monocrystalline solar cell (mono-Si), A multi-junction
solar cell (MJ), Nanocrystal solar cell, An organic solar cell (OPV), Perovskite solar
cell, Photo-electro-chemical cell (PEC), Plasmonic solar cell, A polycrystalline solar
cell (multi-Si), Quantum dot solar cell, Solid-state solar cell, A thin-film solar cell
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(TFSC), Wafer solar cell, or wafer-based solar cell crystalline, Non concentrated
heterogeneous PV cell.

In all types of the solar cell, | have worked on the perovskite solar cell now a day’s
which is frequently used in the energy harvesting materials for Solar cell applications.
The typical perovskite solar cells [3-7] made of three parts, light absorber (converting
incidents photon to electron and holes), charge carrier collector materials (capturing
the carriers - electrons and holes: TiOz, ZnO, Spiro-MeOTAD), and metal contacts
(transferring the carriers to the circuit Ag, Au). The perovskite material has high
charge-carrier mobility, high carrier diffusion length (it means that the light generated
electrons and holes can move large enough distances to be extracted as current,
instead of losing their energy as heat with the cell), high values of open-circuit voltage
(Voc = 0.6-1.1 volt) typically obtained and CHsNHsPbls is a semiconducting pigment
with a direct bandgap of 1.55 eV with absorption coefficient as high as 10%-10° cm™,
good light absorber in the whole visible solar emission spectrum, the weak binding
energy of excitons produced by light absorption around 0.03 eV (most of the excitons
dissociate rapidly into electrons and holes at room temperature and recombination
time hundreds of nanoseconds. We are using perovskite (CHsNHsPbls) as the heart of
a solar cell which works as a photovoltaic material [8]. The energy band gap of
CHsNHsPbls is 1.55 eV which is suitable for energy harvesting in the visible region,
with the help of bandgap engineering, we are selecting materials for the fabrication of
a perovskite solar cell device. We are selecting layers as FTO/c-TiO2/M-
TiO2/Perovskite/Spiro-MeOTAD [9]. Where ¢-TiOz stands for the compact layer, the M-
TiO2 layer stands for mesoporous, which is used as the hole blocking layer and the
Spiro-MeOTAD layer is used as hole transporting material. The total average thickness
of typical perovskite solar cells is 1.1 um - 1.5 um with the individual layer thickness
are glass (200 nm), FTO (400 nm), TiOz (30-90 nm), perovskite (250-450 nm), HTM
(150-250 nm) and Au (60-120 nm) [10].

2. MATERIAL AND METHODS

The solar cell fabrication technique is done by a spin coating method. The
schematic diagram of the fabricated Perovskite solar cell is shown in Figure 1. We are
using patterned fluorine-doped tin oxide substrates (FTO) etched by Zn metal powder
and dilute hydrochloric acid. The cleaning of etched FTO is done by sequential
sonication technique into the soap solution, deionized water, and isopropanol for 15
min each. And next, coat TiO2 (hole blocking layer) on it by using spin coating method
with 5000 rpm for 45 sec and heated at 450°C for 25 minutes, which is prepared by
the mixture of 0.5 ml Ti (IV) isopropoxide (Sigma Aldrich), 7.25 ml of ethanol and 75
microliters of concentrated HCI. A TiO2 Mesoporous layer is made by using a dilute
solution of Dyesol 18 N-RT paste (1:3.5 w/w in ethanol) at 4000 rpm for 30 seconds
and heated at 500°C for 30 minutes and the film thickness to be formed 360 nm. For
the perovskite deposition, TiO2 films were transformed into the glove box. The
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perovskite layer was deposited and after that First, we take 2M TiCls (1 ml) in 100 ml
D. I. water and put TiO:z film’s into the solution and heat at 80°C in the oven. After that,
the film is wash with water, ethanol and dry Ar gas, and then heated at 500°C for 30
minutes and again we take 1M Pblz (462 mg) solution in DMF (1 ml) and steering at
40°C up-to dissolve, after that spin-coated at 6000 rpm for 5 sec. Heated for 25 min at
70°C on a hot plate, drop into MAI (8 mg/ml) in isopropanol after that dip the Pblz film
into the above solution for 15 min, and then washed with isopropanol and then heated
at 70°C for 15 min and the deposition of Spiro-MeOTAD Layer Deposition. First, we
take 100 ml of Spiro-MeOTAD in 1 ml chlorobenzene 28.5 microliters of TBP (Tursary
butyl pyridine) + Li salt solution (17.5 microliters) using spin coater at 4000 rpm for 30
sec and finally gold deposition on Spiro-MeOTAD layer by the thermal evaporator [11-
13].

3. RESULTS AND DISCUSSION

In the perovskite solar cell stability is still challenging so for the clear understanding
of the degradation of CHsNHsPbls material has been studied by the |-V hysteresis [14]
at a different level of humidity under the UV light and dark condition. In Figure 2, we
can observe that under UVLED at RH 17% perovskite shows good diode behavior
when humidity decrease by the Oz flow in the chamber in which device testing has
been recorded.

Now again if we increase humidity by sending humid Oz into the chamber humidity
level increases up to RH 50%, so we found there is degradation occurs in the device
because of perovskite solar cell loses diode behavior and there is a shifting of I-V
hysteresis that is called electric field degradation.

Contact layer
HTM Hole transporting material

Photovoltaic laver

Hole
Blocking

layer

Fluonne-doped tin oxide

Figure 1. The schematic diagram of the fabricated Perovskite solar cell.
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Figure 2. |-V characteristics of the under the UVLED at the different levels of the humidity.
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Figure 3. |-V characteristics of the under the dark condition at the different levels of the
humidity.

So we conclude that for UVLED perovskite solar cell is still recoverable up to RH
50% because if we further decrease humidity by sending dry O:z into the setup
chamber, |-V hysteresis shifted to the original hysteresis at RH 17%. Figure 3 shows
I-V hysteresis of the perovskite solar cell at the different level of humidity under the
dark condition we found that diode behavior of the device at RH 68% and RH 82% are
still existing which indicate that in the dark condition perovskite material stability exist
up to the high level of humidity. That means degradation in the CHsNHsPbls occurs
due to the UV light as well as humidity. So degradation [15] and recovery of the
perovskite material can be express by using a chemical equation which is given below.

Perovskite material Degradation chemical equation

CHsNHsPbls = CHsNHal + Pbl2
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Perovskite material recovery chemical equation

CHsNHal + Pbl2 > CHsNHsPbls

CONCLUSION

In this chapter, we have explained the importance of solar energy enhancement

for the 21" Century. With the help of solar energy, we can solve the global energy
consumption problem. We are working on the perovskite solar cell, now a day’s which
is the most efficient material for the energy harvesting material. We found that
perovskite is good for the energy harvesting device but it is degradable. So the
degradation study has been studied with I-V hysteresis under UVLED and dark
condition. We found that perovskite is recoverable at a high value of humidity under
the dark condition and under UVLED it is still recoverable up to RH 50%. So for
industrialization, we can sandwich perovskite with Si, which enhances the stability of
the device.
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ABSTRACT

For safe storage with higher density, solid hydrogen storage modes are
preferred over gaseous and liquid modes. Solid state materials have range of
variety, available for hydrogen storage; like metal hydride, alanates, borohydrides
and carbon based materials such as, fullerenes, graphene, carbon nanotubules,
etc. Metal hydrides can be further categorized into ABs, AB2/A2B and AB types.
Metal hydrides have large applications as stationary storage of hydrogen, fuel bed
for vehicles in transportation sector, Nickel-metal hydride battery, heat engine,
heat pump, compressor, separator for purification of hydrogen and many more. A
metal hydride is characterized by hydrogenation properties of hydrogen storage
capacity, activation process, p-c isotherms, operating temperature-pressure, heat
of formation, kinetics and cyclic stability. Therefore, to cater the need of a particular
application, specific metal hydride is developed with well define hydrogenation
characteristics. Present communication deals with the development in ABs-type
metal hydride to serve the society as energy material. The parent ABs-type alloy
has certain fix hydrogenation properties, which are not satisfactory for all the
application point of view.Therefore the parent ABs-type alloy (LaNis/MmNis) is
needed to be tailored for improved hydrogenation properties. For tailoring, either
another element is substituted at the site of ‘A’ or/and ‘B’ or a different synthesis
route is followed.In present chapter, various types of modifications done in the
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parent ABs-type alloy to develop more applicable version of energy materials are
discussed by focusing on their properties and applications studied recently in last
decade.

Keywords: metal hydrides, ABs-type, synthesis, substitution, hydrogenation
properties, applications

1. INTRODUCTION

Development is a key factor in economy of any country. It affects human lifestyle
with ease of work related to habitation, communication and production. Every aspect
of the development is directly based on energy consumption. Among various non-
conventional renewable energy options, Hydrogen energy has efficiency to cater long
term energy demand of clean energy. Hydrogen is produced from water and after
combustion it again converts into the water. Hence, it is completely non-polluting. The
major source of hydrogen, that is water, covers 75% of earth, hence abundant
availability. Cost comparison of hydrogen with other renewable energy sources is clear
that even though the popularity of solar energy is high, the energy conversion
efficiency is less than 30% and its overall energy power is very low compared to
hydrogen energy [1]. Among various options of non-conventional energy sources,
hydrogen energy can fulfill the demand of clean energy for long time.

Hence, hydrogen plays an important role for future energy market with suitable
properties and compatibility with nature. To harness hydrogen energy in real practical
life, one has to focus on some technical aspects related to the hydrogen as:

1. Firstis the production of hydrogen from its core element at low cost with high
efficiency. So cost effective production may present the hydrogen as future
fuel.

2. Second is the storage of hydrogen in safe and high density mode, so that
society can use it efficiently in practical life.

The technologies for the storage of fossil fuel as petroleum, natural gas, LPG have
been stabilized; but for hydrogen, yet not well-defined storage technology has been
described. Generally gaseous storage mode using heavy cylinders are in practice,
which requires large volume for storage. This type of storage has weight penalty and
also risky due to being compressed at high pressure. Hence the storage of hydrogen
in cylinders is not viable. The other process is to liquefy hydrogen that is storage in
liquid mode. But the technology used to store hydrogen in liquid form is cryogenics,
which is very complex. Hydrogen in liquid form needs cryogenic compression at -240
degree centigrade under very high pressure of 69 mega Pascal, which is stored in fiber
reinforced Kevlar cylinder. The liquid hydrogen has advantage of volumetric high
density in comparison to gaseous storage. So it is viable for specific use. This type of
liquefaction is very expensive [2]. One more drawback is the ortho-para conversion,
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which affects the economics of transoceanic shipping of hydrogen in liquid form in
tankers. It critically affects the shipping economics of liquid hydrogen by decreasing
loading limit at higher ortho concentration and also minimizes the total supply chain
cost [3].

The solid state storage of hydrogen in special materials (solid) is a new idea. The
solid state storage mode has higher energy density in comparison to gaseous and
liquid mode [4]. Solid state storage modes are stable and technically advantageous
over liquid and gaseous storage. The density of hydrogen per unit volume is greater in
solid storage. It is also safe and reliable for every sector with indefinite storage and
released capacity.

Thus solid state hydrogen storage mode is technically and economically perfect
for storage system. Some solid storage modes are metal hydrides, carbon nanotubes,
fullerenes, graphene, active carbon, alanates, borohydrides, glass micro spheres and
zeolites.

Many applications like Ni-MH cells, transport vehicles, heat pumps etc are using
solid state hydrogen storage technology due to its advantage over liquid and gaseous
storage on the level of volumetric efficiency [6]. Metal hydrides are primarily
characterized by its wt% hydrogen storage capacity, operating temperature and
pressure. A comparison of various storage modes of hydrogen in terms of energy
density is shown in Table 1.1.

Table 1.1.Energy density of different storage modes of hydrogen

Hydrogen storage types and densities [4].

| Kg Ha/kg | Kg Ho/m?
Bulk storage (102 to 10* m® geometric volume)
Underground storage 5-10
Pressurized gas storage (above ground) 0.01-0.014 2-16
Metal hydride 0.013-0.015 50-55
Liquid hydrogen ~1 65-69
Stationary storage in small amount (1 to 100 m® geometric volume)
Pressurized gas cylinder 0.012 ~15
Metal hydride 0.012-0.014 50-53
Liquid hydrogen tank 0.15-0.50 ~65
Storage in vehicle tanks (0.1 to 0.5 m® geometric volume)
Pressurized gas cylinder 0.05 15
Metal hydride 0.02 55
Liquid hydrogen tank 0.09-0.13 50-60

2. ABs-TYPE HYDROGEN STORAGE MATERIALS

Among major three options of hydrogen storage, i.e., gaseous, liquid and solid, the
most promising storage mode is solid state hydrogen storage mode. Metal hydrides
represent one class of hydrogen storage material, which store hydrogen in solid mode.
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There are many other material classes also to store hydrogen in solid mode. A large
number of studies and experimental works have been done to synthesize low-cost
metal hydrides with low absorption/desorption temperatures, high gravimetric and
volumetric hydrogen storage densities and good resistance to oxidation. Alloys must
have the properties of good reversibility, cyclic efficiency, rapid kinetics and reactivity
together with moderate thermodynamic stability [7]. Metal hydrides can be categorized
into many types as, ABs, AB2/A2B and AB. Among all these, ABs-type metal hydride is
known for its easy activation and ambient operating condition. Here only recent studies
on ABs-type metal hydride will be presented.

2.1. Synthesis Process

In last decade a new synthesis technique, namely ball-milling/mechanical alloying
has come forward together with conventional arc/induction melting. Several reports
are available on preparing alloy with mechanical alloying route to tailor the
hydrogenation properties of alloys prepared through conventional means.

The mechanical alloying of a Lao.2sCeos2Ndo.17Pro.os—Ni—Sn mixture was studied by
X-ray diffraction, Scanning Electron Microscopy, Energy Dispersive Spectroscopy and
Differential Scanning Calorimetry by Hurtado et al. [8]. Four stages were identified and
characterized. Initial stage was observed at integrated milling times (tm) between 0
and 30 h, dominated by fracture of the larger particles. Intermediate stage was
observed between 30 and 50 h having both fracture and cold welding process. At this
stage, compositional changes were detected due to solid—solid reaction. Ni and Sn
particles were alloyed in the larger particles of Lao.2sCeos2Ndo.17Procs. The Final stage
was observed between 50 and 70 h with the cycle of fracture and cold welding. At final
stage steady state was reached and no further changes in chemical composition were
observed. At completion stage, only refinement was observed and
Lao.25Ceo.52Ndo.17Pro.0sNis7Sno.s intermetallic was obtained.

Nano-structured LaNis hydrogen storage material was prepared through ball-
milling. It was analyzed using differential scanning calorimetry (DSC) and x-ray
photoelectron spectroscopy (XPS) [9]. DSC results indicated a partial elimination of
defects at 500°C in a more efficient way for the short-time ball-milled powders
compared to the long-time ball-milled ones. XPS results showed almost no change in
the core-level electronic structure for La and Ni of LaNis in the bulk and the nano-
structured forms. Structural studies suggested that the reduced unit-cell volume and
the enhanced atomic disorder in the nano-structured LaNis caused a larger energy
barrier for the hydrogen sorption reactions of the long-time ball milled samples.

In another work, LaNis was obtained from raw materials by low energy mechanical
alloying. Annealing improved the hydriding properties of as-milled intermetallic.
Pressure-composition isotherms showed flat plateaus when annealing temperature
was 600°C, which is at least 300°C lower than the synthesis and annealing
temperature of standard equilibrium methods. Thus low energy mechanical alloying
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with annealing at low temperature reduced the number of intermediate stages needed
for fabrication of the intermetallic. Hydriding properties of this recycled material were
studied in the temperature range of 25-90°C. From these results, Talaganis et
al.[10]proposed a one-stage hydrogen thermal compression scheme working between
25°C (absorption) and 90°C (desorption) with a compression ratio of 2.5 and a useful
capacity of 1.0 mass %.

MmNis_xAlx intermetallics (Mm = mischmetal = Lao.2sCeo.52Ndo.17Pro.06) with x = 0.5
and 1, were synthesized by low energy reactive alloying [11]. The optimization was
correlated to the structural parameters obtained on the structure. From these results,
an improvement on the milling time-annealing process was proposed.

2.2. Substitutions in Parent ABs Alloy

ABs-type storage alloys are easily activated at ambient temperature condition.
Because of this property, it is widely used in research work for future hydrogen storage
concepts. Vast researches have been done on hydrogenation behavior of ABs-type
alloys with the varieties of substitution done in this alloy. The representative alloy
among ABs-type hydrogen storage materials corresponds to LaNis. Another cost
effective version namely MmNis (Mm = misch metal, a mixture of rare earth elements)
has also good properties for transport technologies due to its ability to react with
hydrogen at moderate pressures and temperatures. As already discussed in earlier
section, that each metal hydride is characterized by specific hydrogenation properties,
like activation behavior, absorption-desorption plateau pressure, hydrogen storage
capacity, operating temperature, kinetics, heat of formation and cyclic stability. Hence
to deploy the same alloy in every application is not possible. Every application needs
an alloy with a particular set of properties. For this, parent alloys LaNisand MmNis need
to be tailored. Tailoring can be done by substitution of suitable element at ‘A’ or/and
‘B’ site of parent alloy. Tailoring can also be achieved by choosing different synthesis
route. Many investigations have been done to study new materials in this context to
improve the hydrogenation behavior of parent LaNis and MmNis alloy. Some of them
are being discussed here.

Crystal structure, activation performance, hydrogen absorption/desorption
properties and cycle life were investigated to examine the effect of non-stoichiometry
on these properties for the La(Nis.sAl1.oMno2)x(x = 0.94, 0.96, 0.98, 1.0) hydrogen
storage alloys [12]. In LaNissAlioxMnx (x = 0.2, 0.4, 0.6) hydrogen storage alloys,
effects of the Mn substitution on microstructures and hydrogen absorption/desorption
properties were explored [13]. The pressure-composition (PC) isotherms and
absorption kinetics were measured using the volumetric method in 433 K< T <473 K
temperature range. XRD analyses showed that, the lattice parameter ‘a’ was
decreased, ‘c’ increased and the unit cell volume ‘V’ reduced with the increase of the
Mn content in the LaNissAli.2xMnx alloys. It was found that the hydrogen storage
capacity was enhanced and the absorption/desorption plateau pressure was increased
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with the increase in Mn content. With the Mn content x and the lattice parameter a, the
absorption/desorption plateau pressure of the alloys was linearly changed, while the
increase of c/a ratio, linearly increased the hydrogen storage capacity. The slope factor
Sf was closely correlated with the strain of the lattice in the alloys.

The plateau pressure of hydride forming materials (such as metal hydrides)
depends markedly on the operating temperature following the Van’t Hoff relationships.
It is necessary to select hydrogen storage materials by considering the thermal
environment of the hydride tank for practical applications. The thermodynamic
properties (absorption-desorption plateau pressure) of metal hydrides can be tailored
to some extend by substituting with foreign metals on different crystallographic sites.
In this work, Ngameni et al. reported on the hydriding kinetics of substituted ABs
compounds [14]. Isotherms have been measured at different temperatures on LaxNd-
«Nis (x ~ 0.2) and LaxCe1xNis (x ~ 0.3) compounds. Use of such substituted compounds
for application in auxiliary power units was discussed. Srivastava et al. [15]
investigated on synthesis, characterization and hydrogenation behavior of the MmNis-
type hydrogen storage alloys Mmo.sCao.iNis.o_xFexAlo.1 (x = 0, 0.1, 0.2 and 0.3). All the
alloys were synthesized by radio frequency induction melting following the composite
pellet route. The hydrogenation behavior is monitored by means of activation curves,
absorption—desorption pressure-composition isotherms, hysteresis factors and
desorption kinetic curves. The substitution of iron at the place of nickel in the alloys
Mmo.sCao.1Niso_xFexAlo1 (x = 0, 0.1, 0.2 and 0.3) gave an increase in the hydrogen
storage capacity as 1.82, 1.90, 2.2 and 1.95 wt% corresponding to x = 0, 0.1, 0.2 and
0.3 respectively.

Li et al. [16] have investigated the effect of long-term hydrogen
absorption/desorption cycling up to 3500 cycles on the hydrogen storage properties of
LaNis.sAl1.oMno2 alloy. In another work the effect of partial substitution of Ce by La in
CeixLaxNisCrz (x =0.2, 0.4, 0.6, 0.8, 1) hydrogen storage alloy has been systematically
investigated, synthesized by arc melting method [17]. A systematic study was
performed on the effect of the iron content on the structural and electrochemical
characteristics of the Lao.7sCeo.22Nis.7sMno.s0Alo.17FexCoosx (x = 0, 0.2, 0.5, 0.8)
hydrogen storage alloys in the temperature range of 20-60°C [18]. The discharge
capacity and high rate dischargeability deteriorates with increase in Fe content and
temperature. The difference among the four alloys almost disappears with increase in
temperature.lt was shown that the dissolution of Ni, Mn and Al can be suppressed
significantly in virtue of the sacrifice of Fe content, leading to a good relative anti-
corrosion ability of high-Fe alloy, and consequently, excellent cycling stability, charge
retention and other high-temperature performance was obtained.

Multi-substituted LaNis alloys prepared by annealing, activating, and cycling were
investigated systematically using synchrotron radiation X-ray diffraction (XRD),
extended X-ray absorption fine structure spectroscopy (EXAFS), and X-ray
photoelectron spectroscopy to clarify the evolution of the structural properties of the
alloys [19]. Chumphongphan et al. [20] have investigated the substitution of Al and Mo
for Ni in CaNis, to find its effect on structural and hydrogen storage properties of CaNis
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[20]. The substitution increases the unit cell volume of CaNis phase, reduces the
hydrogen storage capacity and lowers the plateau pressure. Whereas, Mo substitution
slows down the hydrogen sorption kinetics, Al substitution improves the hydrogen
sorption kinetics and cyclic stability.

PCT characteristics of some Ti, Mm (Mish metal) and La based hydrides have
been studied and the AH and AS have been estimated. It was shown that the reaction
enthalpies during hydriding and dehydridng processes were function of hydrogen
storage capacity and was represented as polynomial equation of degree of the order
3 [21]. In a separate study dynamic volumetric measurements on the interaction of
LaNis-xSnx and Hz have been performed, which resulted in the decrease in reaction
pressure from 250 to 8 kPa with increase in Sn concentration from 0 to 0.5 at the
temperature of 300 K [22].

Paschoalino et al. investigated the reaction of BH4 oxidation on La-Ni based
hydrogen storage system (LaNis7Sno2Cuo1) and showed that during the alloy
discharge in presence of BH4™ continuous hydriding takes place [23].

In another work the hydrogen sorption isotherms for two ABs—type alloys (LaNis
and LaNissCoos) were measured using gravimetric techniques and nonlinear
regression was performed to fit model on experimental data [24].

A model was proposed to predict the topography of the gas absorbed molecules
and to fit on hydrogen adsorption isotherm of LaNis7sFeo2s alloy at 303K and 313K
having strong correlation with experimental curves. It was found that density of
hydrogen receptor site, number of molecule per site and hydrogen adsorption energy
affect the adsorption process [25].

Matysik et al. [26] have found that Mendeleev number M and chemical scale
affects the binary metal hydride stability. The metal hydrides with only one hydrogen
atom (H=1) and M from 0 to 21 exhibit adequate stability for practical applications and
large variations in stability is noted for M from 53 to 102. It was reported that in gas
phase hydrogen absorption and electrochemical performance of Laz (Ni, Co, Mg, M)1o
(Mg modified LaNis-based alloy), Al doping increases the hydrogen concentration,
while Co substitution decreases the hydrogen concentration slightly [27]. Blanco et al.
[28] studied the reaction kinetics of LaNis-xSnx alloys with Hz for range of composition,
temperatures and pressures and compared their experimental data with four different
kinetic expressions.

Sharma and Kumar [29] worked on the effect of narrow and wide temperature
range on thermodynamic properties of La-based metal hydrides LaNis-xAlx (x=0.3 and
0.4) and it was observed that AH depends on the experimental temperature range.

It was shown that introduction of Sn in LaNis-xSnx alloys suppresses the formation
of defects and improves the cycling resistance. Higher stability has been noted for the
Sn-containing alloy [30]. It was also observed that stationary state comes after 10
cycles for Sn containing alloy (LaNis7sSno.27) and in the presence of H2-Co mixture
absorption kinetics is stronger at lower temperatures [31]. Hz trapping mechanism at
metal vacancies was studied by Xing et al. [32] and they have found that hydrogen
prefers those vacancies which are coupled with high pre-existing charge interstitials.
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At maximum hydrogen capacity dominant charge donors changes from nearest
neighbor to next nearest neighbor. Other study reports on the static and dynamic PC-
isotherm of MmNis-xAlx (x=0, 0.3, 0.5 and 0.8) hydrides and demonstrate that the
increase of Al content increases the heat of formation (enthalpy) but decreases the
value of plateau pressure and maximum hydrogen storage capacity. For this simulation
of PCls the Zhou’s and Smoothed model was used [33].

Series of SmNis-xAlx (x=0.25, 0.5, 0.75, 1, 1.5, 2, 2.5) hydrogen systems were
prepared through melting corresponding to stoichiometric mixtures of samarium, nickel
and aluminum in an arc furnace under argon and it was found that the hexagonal
structure of P6/mmm space group was retained for all considered values of x [34].

Anik et al. [35] synthesized the ABs-type La-Ni-Co alloys La (Ni1-xCox) 5 (x=0, 0.1,
0.2, 0.3)) by electro-deoxydation method by sintering on 1200°C for 2 hours. For the
formation of LaNis the main La-Ni-Co phase was La=NiOa4.Al substitution at Ni in ABs-
type Lao.7sCeo.22Nis.95-xC00.6sMno.3Sio.1Alx (x=0-0.4) alloys shows improvement in anti-
corrosion ability at higher temperature. It also creates excellent cyclic stability and
storage property. The self-sacrifice of Al has started the process of suppression of
dissociation of La, Ce, Ni, Co, Mn and Si [36]. Palladium nanospheres and fluorinated
layer as new surface structure (net mosaic) has enhanced the H: capacity and
absorption rate of LaNis2sAlo.7s alloy by resistance against poisoning of the alloy [37].

The reversibility reaction and activation of the ABs-type metal hydride, non-iron
LaNisssMno.4Alo.3C0075 and iron containing LaNisssMno.4Alo.sCoo2Feoss alloys were
studied and better properties were observed for iron free alloy rather than iron
containing alloy [38].

A practical method was developed to calculate the enthalpy and entropy changes
in hydrogenation and dehydrogenation processes using LaNis.sAl1.2-xMnxH (x=0.2, 0.4,
0.6) hydrides and showed that all phonon vibrations contribute to vibrational
enthalpies, whereas vibrational entropies are mainly dominated by low-frequency
phonon vibrations [39].

Highly dispersed LaNis nanoparticles on carbon (nano LaNis/C) were synthesized
through a precipitation-reduction method. Carbon-supported LaNis nanoparticles have
much smaller particle size (26:8nm) as compared to unsupported LaNis nanoparticles
(214+75nm) (nano LaNis) prepared by the same method and bulk LaNis (35+17um). It
has been found that in LaNis particle size reduction significantly altered the hydrogen
storage properties. It has also enhanced the kinetics and the stabilization of hydride
phase [40]. In the family of ABs-type hydrides the parent alloy corresponds to LaNis
[41]. Investigations on a set of MmNis-xAlx materials exploring different concentration
of Ni and Al content (x=0.15,0.20,0.25), resulted in specific working conditions of
these materials for possible employment in transportation [42]. Al improves the cyclic
stability of alloys and it has been found that LaNis lattice structure is stabilized with
Al of larger atomic radius [43]. Al has been found to reduce subsequently the
absorption/desorption pressure, it is seen that Bi substitution decreases the hydrogen
storage capacity of LaNis [44].
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Multi-element LaNis phase of La-Ni-Fe-V-Mn alloys have been studied by kunce et
al. [45]. After hydrogen absorption by hydride particle, volume expansion of the order
of 25% takes place. In this process, inter particle friction is main opposition character
when particles tries to accommodate container geometry. When the particle size is
correlated to flowability, it is found that flowability of LaNis is more dependent on
degree of activation of samples rather than hydrogen absorption state [46].In the study
of Al substitution in CeNis (CeNisxAlx) the largest amount of hydrogen concentration
has been found for the composition of CeNisAl [47].

A monolayer model treated by statistical physics by means of the grand canonical
ensemble has been developed, describing P-C-T isotherms for absorption of hydrogen
by LaNis.sMno.sAlo.4Coo7 alloy [48]. This model presented a high correlation with the
experimental results. Hydrogen storage capacity was analyzed by considering
hydrogen absorption test rig depending on some reactor design parameters. These
reactor design parameters are; metal hydride particle size, inlet radius of the tank,
hydrogen inlet pressure, having fins at the tank, coolant temperature, general
convective heat transfer coefficient and wall thickness of the tank [49]. COMSOL
Multiphysics 5.1 software was used with specified design parameters of the hydrogen
storage system to obtain some approaches in the large scale. Three different metal
hydrides MmNis6Alo4, LaNis7sAlo2s and LaNis were selected to study above
parameters. Some parameters like amount of the hydrogen mass stored in the tank,
the time durations with variations in the equilibrium pressure and temperature
distribution inside the tank of the system were optimized.

Modification of compounds like LaNis towards ternary compositions changes alloy
hydrogen storage properties and influence the resistance to hydrogen contamination.
Thermodynamic properties of ternary alloys LaNis7sMo.2s were investigated with ab
initio methods and synthesized in order to select the composition with hydrogen
sorption properties not worse than LaNis [50]. The specific volume change, surface
segregation energy and change of the hydride formation enthalpy were calculated for
34 elements (M: Al, Ag, Au, B, Bi, Ca, Cd, Cr, Cu,Fe, Ge, Ga,In, Ir, K, Mg, Mo, Mn, Nb,
Pb, Pd, Pt, Rh, Ru, Sb, Sn, Ti, V, W, Y, Zn, Zr) substituting Ni. Five ternary compounds
were synthesized and analyzed with respect to crystal structure and hydrogen sorption
properties. Compounds like LaNis7sAgo.2s and LaNis.7sPbo.2s showed favorable stability
and Hz sorption thermodynamics. The substituting elements segregating toward the
surface were expected to be catalytically active for hydrogen contamination gasses.

Hydrogen storage within a metal hydride involves exothermic reaction during
hydrogen absorption and endothermic processes for desorption. After repeated
absorption processes, the thermal conductivity of the powdered metal hydride is
extremely low compared to its bulk phase. Low heat conduction through the metal
hydride powder makes the hydrogen charging slow; thus, appropriate thermal
management is necessary to achieve the fast charging time with the maximum energy
density. A thermal design of a portable hydrogen storage system with volume of 300-
mL have been proposed by Kim et al. through balancing the internal and external
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thermal resistances [51]. They employed a copper-mesh structure inside the vessel
for enhancing the effective thermal conductivity of metal hydride powder (i.e., reducing
the internal thermal resistance). On the other hand, a compact fan was used by them
for enhancing the forced convection heat transfer from the vessel (i.e., reducing the
external thermal resistance). The proposed thermal design was confirmed by actual
hydrogen-charging experiments that showed 73.5% reduction of the charging time.

3. PROPERTIES OF MATERIALS FOR APPLICATIONS

When the hydrogen to the metal (H/M) ratio is high for any hydride it is said to have
high hydrogen storage capacity. A low desorption temperature (near the room
temperature) is desirable so that hydrogen can be easily recovered when needed.
Another important criterion is the heat of dissolution which is sufficient even in the case
of volatile hydrides. When metal hydride is used as an energy hydration media, the
decomposition heat must be supplied from the waste heat of the converter with which
it is coupled. The relative importance of other properties depends to some extent on
the specific application. For example, in stationary storage application, weight is not
an important parameter, whereas light weight hydrides are suitable for automotive
hydrogen fuel storage applications (energy carriers).However, optimizing all these
properties simultaneously is a difficult task.

In order to serve as a practical energy or hydrogen storage medium, a metal
hydride must satisfy a number of criteria

e High hydrogen carrying(storage) capacity

e Low temperature of dissociation (<100°C)

¢ High kinetics of hydrogen uptake and discharge
e Low heats of formation and decomposition

e Abundant availability at low cost of alloy

o Low hysteresis

e Light weight

¢ Flat and extended plateau pressure isotherms
e Stable towards oxygen and moisture (poisoning resistance)
¢ Reversibility of reaction

e Ease of activation

o Safety

e Physical stability

e Thermal conductivity etc.
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4. SPECIFIC APPLICATIONS OF HYDROGEN STORAGE MATERIALS

The purpose of this section is to provide a comprehensive list of the actual and
potential applications of intemetallic hydrides. The versatility of intermetallic has led to
an extraordinary diversity of potential applications. This ranges from H: storage
containers and Hz compressors, which use low-grade heat, to advance thermodynamic
and thermo chemical devices that are already commercially available. The applications
cover the time span from the present-day industrial hydrogen sector to the proposed
future “hydrogen economy” where Hz will serve as a synthetic fuel and energy carrier.
In this section, an attempt is made to broadly underline the spectrum of specific
intermetallic hydride application. The applications of metal hydrides are in various
engineering sectors such as Ni-MH cell, thermal systems, actuation and sensing,
processing, semiconductors, biomimetics and biomedical etc. Metal hydrides are more
effective in neutron moderation when it is compared to conventional ones in nuclear
power plants [52].

The reaction of gaseous H, and a metal alloy forming a metal hydride (including
the back-reaction) can be employed in various technical applications:

e Hydrogen storage (stationary, mobile, portable)
(A) Static storage units
(B) Fuel for motor vehicles
e Hydrogen purification and separation
e Hydrogen separation from gas mixtures (e.g., H,-CH,)
e Thermo chemical devices:
Hydrogen compressors, Thermoboosters, Heat storage, Heat pumps,
Thermochemico-mechanical actuators
e Electrochemical applications (e.g., battery electrodes)
e Electronic applications (e.g., sensors)
e Optical applications (e.g., switchable mirrors)
e Isotope separation
e Hydrogen getters
e Hydrogen compression
e Heat storage
e Heat pumps and refrigerators
(A) Mechanically operated
(B) Thermal driven, temperature gradient
(C) Thermally driven refrigerators
e Heat engine
e Temperature sensor and actuator
e Liquid hydrogen applications
e (Catalyst
o Batteries and electrochemical catalyst
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CONCLUSION

In conclusion it can be said that ABs-type alloys are promising hydrogen storage
material, which can be used for many applications. Many researches have been
performed on ABs-type alloys to tailor the properties with respect to the parent alloy for
deployment as better candidate for application point of view. The technique of
mechanical alloying or milling through ball-mill, results in the synthesis of nano-
structured alloy with different hydrogenation properties. The annealing of as-
synthesized nano-structured alloy may further improve the hydrogenation
characteristics of as-milled alloy. The time of ball-milling has direct effect on the
microstructure of the as-milled alloy. On the other hand, comparatively more studies
have been performed on the substitution of other elements at ‘A’ and/or ‘B’ sites of
parent ABs alloy. The substitution at ‘B’ site is more common in comparison to ‘A’ site.
The most common substitution at ‘A’ site in parent LaNis alloy is Ce, Ca, and use of
Mm instead of La. There is more choice of substitution at ‘B’ site with a single, double
or multi-element substitution. The common elements are Al, Mn, Co, Fe, Sn, Si, Mo
etc. Each element is responsible for different role in the alloy. Whereas, Al decreases
the plateau pressure and storage capacity, Fe increases the same. Fe, Mn and Co
improves the stability of alloy in electrochemical reaction. Si and Sn are known to
enhance the cyclic stability. Nowadays, the use of multi-element composition is more
common for optimizing the hydrogenation characteristics. Thus, multi-element
composition of ABs alloy may serve better to the society as energy material with
suitability in many applications.
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ABSTRACT

The carbon-based nanomaterials are getting profound attention these days
due to their key role in providing a foundation for addressing many fundamental
challenges such as energy security, global warming, human health, environment
etc. due to their outstanding physical, chemical, thermal and electronic properties.
The carbon allotropes including fullerenes, activated carbon, carbon nanotubes
and graphene constitute a new class of nanomaterials whose properties differ
significantly from other forms of carbon as graphite and diamond. The outstanding
physical and electronic characteristics of these materials make them suitable
candidates for a wide range of applications, such as supercapacitors, high-energy
batteries, efficient solar cells and room temperature hydrogen-storage. Due to
recent developments in its use in energy harvesting and storage systems,
graphene and its derivatives are attracting increasing interest from both the
scientific community and industries due to their superior electrical and thermal
conductivity, transparency, rigidity, high charge carrier stability, interesting
transport phenomena and a large electrochemical window. The possible use of
carbon-based nanomaterials as a substitute of traditional materials for different
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applications in several energy generation and storage systems are presented in
this chapter.

Keywords: carbon based nanomaterials, fullerenes, supercapacitors, solar cell,
graphene, activated carbon

1. INTRODUCTION

Because of an unprecedented population growth and rapid technological
development along with the limited supply of fossil fuels (coal, oil and natural gas), the
world is struggling for an energy crisis ahead [1, 2]. The need to meet the tremendous
demand for energy in future has led to growing research interests in the use of
renewable and clean energy sources. Carbon is one of the most plentiful and
indispensable resource found on earth. Carbon-based graphite, charcoal and carbon
black material are used in writing, drawing and painting since long times. These
materials are also suggested as an excellent tool in alternative source of energy
harvesting and storage applications due to the presence of their diverse allotropes
forming from amorphous carbon, graphite and diamond to newly discovered and
synthesized conjugated materials specifically fullerenes, activated carbon, carbon
nanotubes (CNT), graphene and graphene oxide (GO) having exceptional properties
and ease of processing [3-5]. Carbon based nanomaterials (CBN’s) are getting an
increased remarkable attention these days from both the scientific community and
industry for their unique combination of chemical, physical, thermal, optical,
mechanical and electronic properties such as excellent heat conductivity, superb
electrical conductivity, better chemical stability, advanced optical properties,
outstanding mechanical strength, tunable porosity and a high surface area to volume
ratio etc. Each member of carbon family with distinct dimensionalities such as 0D
fullerenes and carbon nano-dots, 1D carbon nanotubes (CNT) and graphene nano-
ribbons, 2D graphene and graphene oxides, and 3D nano-diamonds have been found
to exhibit inimitable characteristics. Today, they are widely being used for several
scientific and technological applications in a variety of areas such as electronics,
optoelectronics, biomedical field, pharmaceutical industry, cosmetic industry, energy
and environment etc. [6-9] The global demand for clean energy is predicted to get
double by 2050, drawing our serious attention to double the energy supply ahead of
us [10]. Because of their incredible properties, CBN's are believed to be most suitable
and promising energy storage materials to solve the energy crisis ahead of time.
Excellent carbon-based electrode materials for electrochemical supercapacitors are
known to provide high specific surface area with the wide pore size distribution on it.
They also attribute to an exciting combination of their excellent properties including
their wider availability, inexpensive, non-toxic behavior, excellent thermal and
electrical conductivity, magical chemical and thermal stability etc. [11, 12]. There is
also tremendous interest worldwide in the possible use of CNT’s in hydrogen-storage
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these days because these materials are capable of storing large quantities of hydrogen
under ideal conditions required for emerging vehicles powered by fuel cells [13, 14].
Many researchers have employed fullerenes and single walled CNT’s hybrid assembly
combinations for energy conversion devices because of their specific electrical and
electronic properties and relatively high surface area to volume ratio [15, 16]. Due to
the easiness of accepting and transporting high mobility electrons by spherical shaped
fullerene molecule, they are founding an important role in improving power conversion
efficiency of organic photovoltaic devices [17, 18].

CNT's outstanding physical and electronic properties have made them excellent
candidates in a wide range of applications including the manufacturing of cathode ray
lighting elements, flat panel displays, microelectrode fabrication, high-energy batteries,
and room temperature Hz storage etc. [13] Due to the recent developments in its use
in energy harvesting and storage systems, graphene has recently attracted increasing
interest from both the scientific community and industry [19, 20]. Graphene exhibits a
high electrical and thermal conductivity, superior transparency, rigidity, high mobility of
the charge carriers, interesting transport phenomena such as the fractional quantum
Hall effect and a large electrochemical window [21, 22]. For its applications in energy
storage and generation systems, these features have made graphene especially
advantageous. Graphene is also used to manufacture small-scale gas sensors for
monitoring the environment [23, 24]. This chapter will present the peculiar properties
of various CBN’s such as fullerenes, activated carbon, carbon nanotubes, graphene
and its derivatives, together with their specific applications, especially electrochemical
storage.

2. CARBON ALLOTROPIES

Carbon allotropies are materials of particular interest in various scientific and
technological applications. These days, conjugated carbon-based nanomaterials,
especially fullerenes, activated carbon, carbon nanotubes, graphene and its
derivatives, are gaining traction for various applications in energy generation and
storage devices. Figure 1.1 shows the structures of some of the selected allotropes of
carbon. The following is a description of these nanostructured CBN’s:

2.1. Fullerenes/Buckyball

The first fullerene discovered by Harold W. Kroto and Richard E. Smalley [25] in
1985 has provided exciting insights into carbon nanostructures based research. It is
an architecture built from sp? carbon atoms based on simple geometrical principles
having fascinating physical and chemical properties. The well known fullerenes
available these days include Ceo, C70, C76 and Css, however the most popular in fullerene
family is Ceo which consists of 60 carbon atoms consisting of 12 pentagonal and two
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hexagonal faces structure [26]. These are spherical molecules and the only known
allotrope of carbon soluble in various organic solvents at room temperature.

Bucky ball also known as
Buckmmsterfullerene

Figure 1.1. Structure of Some Selected Allotropies of Carbon.

Buckminster fullerenes or Buckyballs are composed of carbon of varying size and
have the peculiar characteristics which are required in fabricating electrodes for
batteries and supercapacitors. Cylindrical fullerenes referred as buckytubes or
nanotubes also have an incredibly high surface area, strong electrical and thermal
conductivity and linear geometry which make the electrolyte very open to their surface.
Buckytubes have been shown to have the highest reversible potential for use in lithium-
ion batteries (LIB’s) [27, 28]. In addition, buckytubes are proving to be outstanding
materials for making supercapacitors electrodes and fuel cell components [29, 30].
Very high tensile strength and toughness characteristics exhibited by buckytubes may
be promising for its use as durable hybrid composite components in fuel cells deployed
in transport applications [31, 32].

2.2. Carbon Nanotubes

Since the discovery of carbon nanotubes in 1991 by Sumio lijima [7], they are
attracting very promising interest in several scientific and technological applications
due to their unique properties. It has a tubular structure in which every carbon atom is
connected with three other surrounding carbon atoms. CNT’s are known to exist in
three different ways as armchair, zigzag and chiral depending upon the way of folding
of graphene sheet into a tube. They can be thought of as a seamless closed ended
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coaxial hollow cylinders made up of rolling a single or multiple graphene sheets known
as single walled nanotubes (SWNT’s) or multiple-walled nanotubes (MWNT’s)
respectively. MWNT’s are essentially an arrangement of several concentric cylinders
made up of carbon atoms with an outer diameter lying in the range 5-30 nm, length in
the range 0.1-10 um and intertube distance of about 0.34 nm order [33]. The extremely
high electrical and thermal conductivity, large length to diameter ratio and greater field
enhancement factor at scanning tunnelling microscope probe tip surface makes CNT’s
ideal for fabricating electron field emitters, solar cells, lithium ion batteries, hydrogen-
storage cells, transistors, and cathode ray tubes etc. [34-36]. CNT’s are reported to
possess a very high tensile strength of 200 GPa and a high mechanical strength with
Young’s modulus around 1000 GPa [37]. CNT’s are found as potential materials for
gas sensors due to their high structural porosity and specific surface area. It has been
reported that CNT’s are very sensitive to various gases such as Nz, Oz, CO, CO2, NHs
and CHs and volatile organic compounds [38, 39]. The adsorption of these gaseous
molecules either donates or accepts electrons from CNT’s giving rise to the change in
its electrical properties.

2.3. Activated Carbon (AC)

Activated carbon, also called activated charcoal, is also a very useful
carbonaceous material which can be distinguished from elemental carbon by the
oxidation of carbon atoms found on its outer and inner surface [40]. It is being used
since long for the purification of water, gas, gold, metal extraction, sewage treatment,
gas masks and respirators, compressed air filters and medicines. AC is a type of
carbon known for its high degree of porosity, a tunable surface that contains functional
groups and a very high adsorption or chemical reaction surface region. The porous
structure of AC differs from graphite as it consists of randomly positioned layers of
carbon planes which are formed during its activation [41]. AC is known since long time
in the form of powder, granules, pallets, cloths and felts [42]. However, AC in the form
of nano-fibers is gaining a great momentum due to its high specific surface area
enhancing its adsorption ability. Their pore characteristics including its total pore,
micropore and mesopore volume offer several added advantages for applications. The
pore size distribution can be modified by several activation procedures such as
chemical, physical or both and/or using proper precursors.

AC finds several unique advantageous properties for their use in energy
applications such as the requirement of constrained space in electrode materials and
its great porosity for supercapacitors and solid-state hydrogen-storage [43, 44]. Its
abundance, high porosity, better chemical and thermal stability, ease of processability
and low structure density are the few desirable properties to exploit it for various energy
harvesting applications. They are still very popularly being used for demanding
potential energy applications in the fabrication of supercapacitors, Li-ion batteries and
hydrogen-storage materials [44-46].
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2.4. Graphene and Its Derivatives

Graphene is also a form of carbon offering potential to utilize carbon atoms in its
structure to give rise to outstanding properties. This peculiar carbon allotrope was
discovered by Andre Geim and Konstantin Novoselov in 2004 and they were awarded
the Nobel Prize in Physics in 2010 for this fascinating discovery. It is attracting growing
interest since its inception from both scientific community and industries due to the
recent advancements that have led this material as a most explored carbon allotrope.
Graphene is exciting and promising youngest carbon allotropy and made up of a thin
2D planar sheet of sp? bonded carbon atoms. It is produced either as a single sheet of
graphene or small stacks of multilayer highly crystalline graphene sheets called
platelets. Both of these structures have remarkable properties such as large specific
surface area, zero bandgap structure, band tuning ability, high optical transmittance,
superior stiffness, high strength, outstanding thermal and electrical conductivity,
electronic transport properties, chemical and thermal inertness [48]. Therefore, it fulfils
the necessary requirements of its use not only as supercapacitor electrode material
but also other alternate energy storage and generation devices such as solar cells,
flexible displays, batteries and hydrogen-storage and gas sensors. Amongst all carbon
allotropies available today, graphene is the thinnest and strongest material of the
carbon family today. It is also claimed to be the mother of all CBN’s due to its most
amazing properties. Due to its maximum stretchability, graphene has the potential of
easily converting into OD fullerenes, 1D CNT’s and 3D graphite and considered as a
fundamental building block of all dimensional carbon materials. The relatively higher
ion and electron mobility for transport and fast response timings exhibited by graphene
than activated carbons makes it very attractive candidates for developing
supercapacitors electrodes with attractive combinations of high power and high energy
densities. The electrons in a graphene sheet behave as massless patrticles like light
photons. It also opens its use in various exciting electric/electronics/optoelectronics
applications such as development of ultrafast computers, replacement of silicon chip,
electro-optic devices, infrared detectors, high electron mobility transistors, flexible
electromechanical actuators and display devices [48, 49]. Graphene derivatives such
as oxidized graphene, hydrogenated graphene, graphone, graphyne, graphdiyne,
fluorographene, functionalized graphene nanocomposites, various non-metal, metal,
polymer, organic molecules, and semiconductor doped graphene’s are also gaining
sharp attention as novel materials to meet out growing global challenges in terms of
energy storage devices and also environmental pollutants sensing applications [50,
51].

Recently another ring shaped allotrope of carbon consisting of 18 carbon atoms
joined by alternating single and triple bonds (Cyclo[18]carbon or Cis) has also been
discovered which is the smallest electron acceptor from a range of donor molecules
[52, 53]. The high reactivity of this cyclocarbon may be useful to create other carbon
rich materials for their potential uses in electronics and energy storage devices of the
future.
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3. CARBON NANOMATERIALS OF ENERGY
STORAGE AND GENERATION

The various uses of CBN'’s for energy storage and generation devices are as
following:

3.1. CBN’s in Fabrication of Supercapacitors Electrodes

A supercapacitor is an energy storing device whose storage capacity lies between
that of a rechargeable battery and electrolytic capacitor [54]. They, also known as
electrochemical capacitors or ultracapacitors, are becoming very popular these days
because of their simple principle of operation, fast charging and long cycle life along
with their wider use in consumer electronics, memory backup systems, industrial
power and energy management [55, 56]. Supercapacitors can be described to be
made up of two electrodes soaked in an electrolyte separated by an ultrathin insulator
film between them. The structure of a typical supercapacitor is shown in Figure 2. The
electrodes employed in traditional supercapacitors are normally made up of AC. When
the electrodes are charged, the electrolyte ions move towards the electrodes and
formation of electric double layers on it takes place. The potential difference across
the electrodes is adjusted just above the threshold value for the electrochemical
reactions to start and give rise to the formation of electric double layers on the
electrode surface. The major drawback of AC is the presence of inaccessible
micropores on its surface which can lower its electrochemical performance [57].
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Figure 2. The Structure of a Typical Supercapacitor.
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Therefore, it is essential to develop the right material for supercapacitor electrode
to supplement uninterrupted energy. The most important factors dictating the selection
of CBN’s for supercapacitors electrodes are its high surface area with well
interconnected pore structures and controlled pore size matching with the ions of
electrolyte used. The supercapacitors are an attractive alternate energy storage
solution for high power applications as a replacement of batteries. The supercapacitor
can be charged in three different ways: (i) the formation of electrochemical double
layer on the electrodes (ii) the pseudo capacitance formed by fast and reversible
surface redox process and (iii) hybrid electrochemical capacitance resulting both from
electrochemical double layer and redox reaction to store the charges.

The major advantage of replacing rechargeable batteries by supercapacitors in
various electronic applications is its high-power capacity, fast charging rates at high
power density, everlasting perpetual life [58]. The supercapacitors suffer from the
problem of relatively low energy density. Increasing its energy density is an exigent
issue and a major hindrance to elaborate its marketability. CNT’s has the potential to
provide solution to this problem because of very their outstanding electrical and
thermal conductivity and high surface area. The active surface area in CNT’s mostly
lies outside of the nanotubes along with the interstitial spaces between them [59].
SWNT’s are currently very expensive for commercial applications because of its poor
solubility in most of the common solvents and therefore its processability is
cumbersome and expensive. The additional dispersive agents added to process it limit
the performance of the electrodes made up of CNT’s. Thin graphene sheets are
emerging as promising materials for supercapacitors, photovoltaic devices, hydrogen-
storage and LIB’s and flexible electronics. Single graphene sheets as well platelets
have remarkable properties both for energy harvesting and storage devices [60].
Graphene based supercapacitors store energy by nanoscopic charge separation
between the electrode and electrolyte [61]. They are capable of storing much more
energy as compared to conventional dielectric capacitors. Like CNT’s, graphene also
suffer from the same processing difficulty as the additives are requires keeping its
individual form aggregating in the solution.

Supercapacitors have also been prepared through screen printing on various
substrates such as cloths, plastics and papers etc. thereby facilitating the possibility of
fabricating flexible electronic devices [62, 63]. These printed solid-state
supercapacitors have a great potential for storing energy in several energy harvesting
applications. Supercapacitors electrodes made from graphene-based aerogel have
been developed recently using 3D-printing technique [64]. AC’s derived from
packaging waste have been used for fabricating a 3D printed supercapacitor for the
first time [65]. Supercapacitors made from screen printed AC/Ag hybrid electrode
material are reported to exhibit its better performance that AC based supercapacitors
[66]. It is believed that these supercapacitors could be recharged so quickly than that
of LIB’s making them as suitable alternative for powering electric vehicles.
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Supercapacitors are proving to be superior alternative to batteries in terms of long-
term operation and the cyclability requirement of an energy storage device.

3.2. Carbon Based Photovoltaic Devices

Because of the potential to tackle both the safe energy and clean environment
issues, photovoltaics has come up as an emerging applications area of CBN'’s in the
recent years. Organic photovoltaics (OPV’S) and perovskite thin films solar cells are
attracting great attention due to their light weight, elasticity and economical production.
The outstanding mechanical flexibility, chemical stability and elemental abundance of
these carbon nanomaterials offer a unique opportunity for exploiting them in various
photovoltaic applications [67, 68]. The fullerenes being the first carbon nanostructures
isolated experimentally are relatively less utilized than CNT’s and graphene derivatives
as photoactive components in solar cells. However, it is proving to be most effective
electron acceptor and transport materials in organic photovoltaic devices.

Graphene-based solar cells being produced today are not very different from the
traditional inorganic/silicon solar cells except that some of the constituents of the cell
are substituted with graphene, graphene derivatives or graphene nano-composites.
The operational efficiency of these solar cells can be enhanced by either using number
of graphene platelets or a doped functionalized graphene-based materials. Gold
particles doped of graphene layers have been reported to improve the efficiency of the
solar cell drastically [69]. Graphene based solar cells are found to be so elastic that
they are capable of bending relatively much more than pure indium tin oxide
electrodes-based devices [70]. Both graphene and CNT’s hybridized with quantum
dots have been exploited for fabricating functional solar cells in which fast electron
transfer from quantum dot to graphene takes place. Multi junction solar cells, also
known as tandem solar cells have been studied theoretically to reach much higher
solar energy conversion efficiency as compared with single solar cell [70]. Graphene
films exhibiting very high optical transparency and low resistance along with its
excellent electrical, outstanding mechanical and thermal properties are used as
transparent window electrodes in inorganic solar cells and help in electron-hole
separation and transport. Various multilayer electrodes using graphene doped with
gold, copper and PMMA in various compositions have been fabricated to yield very
significant outstanding results. Graphene oxide nanoribbons, copper neutralized
graphene, graphene-CdS based hybrid material etc. have also shown promising
options in heterojunction solar cells. Graphene nanostructures have also been
exploited for size-dependent bandgap and large optical absorption in graphene
Schottky junction GaAs solar cells [71]. There seems to be tremendous progress into
CBN’s being utilized for various photovoltaic applications especially graphene-based
solar cells.
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3.3. Carbon Based Nanomaterials for Li-ion Batteries

Li-ion batteries are excellent power devices being used in all modern portable
electronic devices. Among all rechargeable battery systems available at present, LIB’s
offer attractive properties such as superior and highest energy density to weight ratio,
long lifespan, low pollution and superior performance over its other battery
counterparts as lead-acid, Ni-Cd and nickel-metal hydride battery systems. The
electrochemical performance of a LIB’s is determined by the properties of its cathode,
anode and electrolyte. A LIB normally contains a cathode made of lithiated transition
metal oxide, anode of silicon and LiPFe as an electrolyte in carbonate based organic
solvents. Silicon has been reported to suffer from huge volumetric changes during the
lithiation and delithiation processes. Fulfilling the societal expectation and demand for
inexpensive, long lasting, lighter, and thinner Li-ion battery have necessitated
advanced research for exploring materials with better properties for both the electrodes
and electrolyte. Efforts are being made continuously to improve its performance by
exploiting various electrodes and electrolyte materials to upgrade battery capacity,
cycle life, charge discharge rates and highest degree of safety. Carbon based
electrodes are very promising candidates as anodes for LIB’s due to their excellent
conductivity, good endurance, high current collection efficiency, charge/discharge at
high power, biocompatibility and low cost.

The fullerenes offer a significant potential to achieve a high degree of lithium
intercalation. It has been reported in the literature that the most stable form of
fullerenes Ceo and Czo can be hydrogenated via different methods. Hydrogenated
fullerenes particularly C7oHx has been found as an excellent anode material for LIB’s
[72]. Nitrogen doped fullerenes and its derivatives have also been studied for its
potential use as anode for LIB’s and cathode catalysts for hydrogen fuel cells [73].
CNT’s are also proving to be an attractive and promising anode materials for LIB’s due
to their unique outstanding properties. In order to accommodate most of the volumetric
changes in semiconducting silicon anode, to make anode most robust and improving
high charge/discharge rates of Li-ion battery, conductive additives as CNT’s are
utilized. The low density of carbon atom and its typical structure allows the imbedding
of Li-ion not only inside the tube but also between the gap. It has been found that the
conjugation of silicon with CNT’s improves the performance of the battery drastically
[74]. The potential suitability of MWNT’s have also been studied as anode materials in
LIB’s using different combinations of Li, Co, Ni, Mn and Fe cathode materials.

The graphene LIB’s are quickly emerging more favorable than their carbon
predecessors due to the increased electrode density, faster cycle time with improved
batteries lifespan. The energy storage capacity of LIB’s can be significantly increased
with anode made from folded graphene. Graphene is used in these batteries to
enhance cathode conductor performance. The 2D graphene sheet and platelets
exhibit very interesting properties including its excellent electrical and thermal
conductivity, high flexibility, high strength and especially low weight. Just like LIB’s,
graphene batteries have also been developed using two conductive plates coated with
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graphene immersed in an electrolyte solution. These solid-state batteries are capable
of storing much more energy, supporting very high currents and super fast recharge
than that of LIB’s. 3D printed graphene batteries using graphene ink have also been
developed. Thus, graphene battery seems to be the first choice of meeting energy
demand crisis ahead and battery of the future [75].

3.4. Hydrogen-Storage in Carbon Based Nanomaterials

Hydrogen being the simplest and most abundant element is the universe has the
potential to meet the energy demands as an efficient alternative fuel with growing
futuristic needs ahead. Due to its ability to possess high specific energy and
regenerative nature, it is an eco friendly and clean energy carrier. There are many
ways to store hydrogen in different materials; however, the most economical and
safest way is via its absorption or adsorption or both on solid materials surface. The
estimation of hydrogen-storage in materials is mainly governed by two parameters the
gravimetric density (GD) and volumetric density (VD). Being light and compact is an
essential and necessary requirement for a hydrogen-storage device. Several CBN’s
like AC, fullerenes, CNT’s, AC fibers, carbon nano-fibers, carbon nano-horns and
graphene have been examined for their hydrogen-storage capacity in the literature [76,
77]. Two important processes namely physisorption and chemisorption are
responsible for the storage of hydrogen in the CBN’s. Carbon materials as compared
to various metal hydrides used for hydrogen-storage offers several advantages such
as its low atomic mass and micro-porous behavior. The adsorption of hydrogen
molecules at its surface takes place mainly by Van der Waals forces. The hydrogen
intake capacities of CNT’s depend on its structure, geometry, structural defects,
operating pressure, temperature, pre-treatments and doping. Both SWNT and
MWNT’s have been investigated extensively for their hydrogen-storage capacities.
Their hydrogen-storage capability has been found to be highly dependent on both
temperature and pressure. CNT’s have also been exploited with other hydrogen-
storage material as hybrid materials for hydrogen-storage. Metal nanoparticles (Pd,
Ni) decorated MWNT’s has been found to enhance its hydrogen-storage capacity due
to spill over mechanism of metal nanoparticles around CNT’s [76]. Functionalization of
CNT’s by adding atoms and molecules is reported to result in higher hydrogen-storage
capacity [77]. CNT’s are essentially termed as one of the promising nanostructures for
storing hydrogen both on its inner and outer surfaces.

Graphene’s are also becoming very popular for their promising applications in
efficient hydrogen-storage due to its exceptionally large surface area, porous nature,
lightweight, inexpensive, robust, and chemically stable and ease of chemical
functionalization. Several theoretical studies have depicted graphene as a promising
material for hydrogen-storage both in terms of gravimetric and volumetric densities. It
has been reported for a single graphene sheet to have hydrogen uptake capacity of
8.3% on both surfaces with chemisorption. Both the strain and curvature in graphene
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sheets have been found to influence its adsorption capacity. Researchers have
reported decorated graphene for hydrogen-storage [78]. Layer spaced graphene
sheets have also been reported to uptake large quantities of hydrogen [79] in the
interlayer spacing as well as on the exposed surfaces. Hydrogen binding energy on
graphene surface is found to dependent on graphene curvature [80]. Functionalized
graphene is chemically modified graphene attaching various functional groups like
hydroxyl, carboxyl, carbonyl containing oxygen, nitrogen, sulphur, phosphorus, boron
etc. on its surface [81-83]. The increased surface area helps in accumulating or
promoting adsorption of more number of hydrogen molecules in the inner layers. It is
expected that metal hydride and graphene hybrid materials may lead some drastic
improvement in their hydrogen-storage capacity.

CONCLUSION

CBN'’s represent very attractive materials in many energy harvesting and storage
applications due to their abundance along with its excellent chemical, thermal,
electrical and mechanical properties and possibility of tailoring its structure to meet the
requirements of  specific applications.  High-performance  carbon-based
supercapacitors and hydrogen-based fuel cells are coming up as a promising
electrochemical system for potential energy and power storage applications as
alternative solutions of efficient and clean energy. Hydrogen-storage ability of CBN’s
is attributed to its high surface area, pore size, volume and its distribution. Graphene
presents several new and exciting features for magical energy storage devices such
as smaller supercapacitors, completely flexible and even rollable energy storage
devices, transparent batteries and fast charging devices. Despite the tremendous
growth in research on exploiting the CBN's for different energy generation and storage,
much more attention is required to reduce the cost of graphene-based devices for both
hydrogen-storage and graphene-based batteries. Today, the greatest potential and
need is to develop and define an effective carbonaceous material that could provide
substantially higher capacity in LIB’s systems than the carbon materials currently used
and replace them with efficient graphene-based batteries. A very exciting and
increasingly evolving area of the future is graphene-based photovoltaics.

REFERENCES

[11 Kaberger T (2018). Progress of renewable electricity replacing fossil fuels, Global
Energy Inter. 1: 48-52.

[2] Gielen D, Boshell F, Saygin D, Bazilian MD, Wagner N and Gorini R (2019), The
role of renewable energy in the global energy transformation, Energy Strategy
Reviews 24, 38-50.

Complimentary Contributor Copy



(3]
(4]
(5]
(6]

(7]
(8]
(9]

(10]

(1]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

Carbon Based Nanomaterials for Energy Applications 167

Delgado JL et al. (2009), Fullerene dimers (Ceo/C70) for energy harvesting,
Chemistry A European Journal, 15 (48), 13474-482.

Mondal K et al. (2019), Carbon nanostructures for energy and sensing
applications, Hindawi J. Nanotechnology, 1454327, 1-3.

Gogotsi Y. (2015), Not just graphene: The wonderful world of carbon and related
nanomaterials, MRS Bulletin 40, 1110-1121.

Wang H, Liang X, Wang J, Jiao S and Xue D (2020), Multifunctional inorganic
nanomaterials for energy applications, Nanoscale 12, 14-42.

lijima S. (1991), Helical microtubules of graphitic carbon, Nature, 354, 56-58.
Giubileo F, Bartolomeo AD, Lemmo L, Luongo G and Urban F. (2018), Field
emission from carbon nanostructures, Applied Sciences 8, 526-47.

Saito S and Tomita | (2020), Topological carbon allotropes: Knotted molecules,
carbon-nanochain, chainmails, and Hopfene, Materials Research Express 7,
056301, 1-19.

Shrestha P. (2020), Global energy use projected to nearly double by 2050,
Energy Live news, www.energylivenews.com.

Justino da Silva R et al. (2020), Supercapacitors based on (carbon
nanostructure)/PEDOT/(eggshell membrane) electrodes, J. Electroanalytical
Chemistry, 856, 113658, 1-9.

Yu Z, Tetard L, Zhai L and Thomas J (2015), Supercapacitor electrode materials:
nanostructures from 0 to 3 dimensions, Energy and Environmental Science 8,
702-30.

Mohan M, Sharma VK, Kumar EA and Gayathri V (2019), Hydrogen-storage in
carbon materials- A review, Energy Storage 1, 1-74.

Zhao T et al. (2017), Hydrogen-storage capacity of single-walled carbon
nanotube prepared by a modified arc discharge, Fuller. Nanotubes Carbon
Nanostruct. 25, 355-358.

Shen Y and Nakanishi T (2014), Fullerene assemblies towards photo-energy
conversions, Physical Chemistry Chemical Physics 16, 7199-7204.

Durbin DJ, Allan NL and Jugroot CM (2016), Molecular hydrogen-storage in
fullerenes-A dispersion corrected density functional theory, Inter. J. Hydrogen
Energy, 41, 13116-130.

Zhang J, Tan HS and Yan H (2018), Material insights and challenges for non-
fullerene organic solar cells based on small molecular acceptors, Nature Energy
3, 720-731.

Speller EM et al. (2019). From fullerene to non-fullerene acceptors: prospects
and challenges in the stability of organic solar cells, Journal of Materials
Chemistry A, 41, 2019, 23361-77.

Ye M, Zhang Z, Zhao Y and Qu L (2018), Graphene platforms for smart energy
generation and storage, Joule 2, 245-268.

Xuan Y et al. (2020), Graphene/semiconductor heterostructure wireless energy
harvester through hot electron excitation, AAAS Research, 3850389, 1-8.

Complimentary Contributor Copy



168
[21]
(22]
(23]
[24]

(25]
(26]

[27]

(28]

(29]

(30]

[31]

(32]
(33]
(34]
[35]

(36]

[37]

(38]

Rajesh Kumar Dwivedi, Esha Dwivedi and Raghav Dwivedi

Novoselov KS et al. (2007), Room-temperature quantum Hall effect in graphene,
Science 315 (5817), 1379-1379.

Bolotin KI, Ghahari F and Kim P (2009), Observation of the fractional quantum
Hall effect in graphene Nature 462, 196-199.

Buckley DJ et al. (2020), Frontiers of graphene and 2D material-based gas
sensors for environmental monitoring, 2D Materials 7, 032002.

Demon SZN et al. (2020), Graphene-based materials in gas sensor applications:
A Review, Sensors and Materials 32, 759-777.

Kroto HW et al. (1985), Ceo: Buckminsterfullerene, Nature 318, 162-163.
Nimibofa A, Newton EA, Cyprain AY and Donbebe W (2018), Fullerenes:
Synthesis and applications, J. Materials Science Res. 7 (3), 22-36.

Teprovich Jr. JA et al. (2019), Hydrogenated C60 as High-Capacity Stable Anode
Materials for Li lon Batteries, ACS Appl. Energy Mater. 2, 6453-60.
Changsheng S et al. (2017), Functionalized fullerenes for highly efficient lithium
ion storage: Structure-property-performance correlation with energy implications,
Nano Energy 40, 1-29.

Bairi P et al. (2019), Mesoporous carbon cubes derived from fullerene crystals
as a high rate performance electrode material for supercapacitors, J. of Mater.
Chem. A 2013, 1-3.

Bae J. (2018), Recent advances on multi-dimensional nanocarbons for
superapacitors: A review, Journal of Electrochemical Science and Technology 9
(4), 251-259.

Rambabu G, Bhat SD and Figueiredo FML. (2019), Carbon nanocomposite
membrane electrolytes for direct methanol fuel cells—A concise review,
Nanomaterials 9, 1292, 1-30.

Kulvelis YV et al. (2020), Composite proton-conducting membranes with
nanodiamonds, Fullerenes, Nanotubes and Carbon Nanostructures 28,140-146.
Ebbesen TW and Ajayan PM (1992), Large-scale synthesis of carbon nanotubes,
Nature 358, 220.

Zhu W et al. (1999), Large current density from carbon nanotube field emitters,
Applied Physics Letters 75, 873.

Gao B et al. (1999), Electrochemical intercalation of single-walled carbon
nanotubes with lithium, Chemical Physics Letters 307, 153-57.

Venkataraman A, Amadi EV, Chen Y and Papdopoulos C (2019), Carbon
nanotube assembly and integration for applications, Nanoscale Res. Lett. 14
(220), 1-47.

Yakobson Bl and Avouris P, Mechanical properties of carbon nanotubes, in
Dresselhaus MS, Dresselhaus G and Avouris P (Eds.): Carbon Nanotubes:
Synthesis, structure, properties and applications, 2001, Springer, 287-327.
Zaporotskova |V, Boroznina NP, Parrkhomenko YN and Kozhitov LV (2016),
Carbon nanotubes: Sensor properties. A review, Modern Electronic Materials 2
(4), 2016, 95-105.

Complimentary Contributor Copy



[39]

[40]
[41]

[42]

[43]

[44]

[45]
[46]
[47]

(48]

[49]
[50]

[51]

[52]
[53]
[54]
[55]

[56]

Carbon Based Nanomaterials for Energy Applications 169

Varghese OK et al. (2001), Gas sensing characteristics of multi-wall carbon
nanotubes, Sensors and Actuators (B) 81, 2001, 32-41.

Mattson JS and Mark HB, Activated carbon, Marcel Dekker, (1971), New York.
Kwiatkowski JF (Ed), Activated carbon: Classifications, properties and
applications, 2011, Nova Science Publishers, Incorporated, 125-168.

Al-Qodah Z and Shawabkah R (2009), Production and characterization of
granular activated carbon from activated sludge, Braz. J. Chem. Eng. 26 (1),
2009, 127-36.

Herde ZD, Dharmasena R, Draper GL, Sumansekera G and Satyavolu J. (2018),
Production of high surface area activated carbon for energy storage applications,
AIP Conference Proceedings 1992 (1), 020004-1-020004-5.

Sevilla M and Mokaya R (2014), Energy storage applications of activated
carbons: Supercapacitors and hydrogen-storage, Energy and Environmental
Science 7, 1250, 1-31.

Javaid A. (2017), Activated carbon fiber for energy storage, Activated Carbon
Fiber and Textiles, 281-303, doi.org/10.1016/B978-0-08-100660-3.00011-0.
Ghorbani H, Tavanai H and Morshed M (2014), Fabrication of activated carbon
nanoparticles from PAN precursor, J. Analytical and Appl. Pyrolysis 110, 12-17.
Lu G, Yu K, Wen Z and Chen J (2013), Semiconducting graphene: Converting
graphene from semimetal to semiconductor, Nanoscale 5, 1353-68.

Meng X (2019), Recent progress of graphene as cathode materials in lithium ion
batteries, IOP Conf. Series: Earth and Environmental Science 300, 042039, 1-
10.

Tozzini V and Pellegrini V (2013), Prospects for hydrogen-storage in graphene,
Physical Chemistry Chemical Physics, 15, 80-89.

Dideikin A and Vul AY. (2019), Graphene oxide and derivatives: The place in
graphene family, Frontiers in Phys. 6, 149, 1-23.

Tahir AA et al. (2016), The application of graphene and its derivatives in energy
conversion, storage, environmental and bio-sensing devices, The Chemical
Record, 16 (3), 1591-1634.

Stasyuk AJ, Stasyuk OA, Sola M and Voityuk AA (2020), Cyclo[18]carbon: the
smallest all-carbon electron acceptor, Chemical Communications 56, 352-355.
Kaiser K et al. (2019), An sp-hybridized molecular carbon allotrope,
cyclo[18]carbon, Science 365, 1299-1301.

Raza W et al. (2018), Recent advancements in supercapacitor technology, Nano
Energy 52, 441-73.

Libich J et al. (2018), Supercapacitors: Properties and applications, J. Energy
Storage 17, 224-227.

Prasad GG et al. (2019), Supercapacitor technology and its applications: a
review, IOP Conference Series: Materials Science and Engineering 561, 012105,
1-12.

Complimentary Contributor Copy



170

[57]

(58]

[59]

(60]
(61]
[62]

(63]

(64]

(65]

[66]

[67]
[68]
[69]
[70]

[71]

[72]
(73]

(74]

Rajesh Kumar Dwivedi, Esha Dwivedi and Raghav Dwivedi

Lee HM, An KH, Park SJ and Kim BJ (2019), Mesopore-Rich activated carbons
for electrical double-layer capacitors by optimal activation condition,
Nanomaterials 9, 608, 1-13.

Gidwani M, Bagwani A and Rohra N (2014), Supercapacitors: The near future of
batteries, International J. Engineering Inventions 4, 22-27.

Aval LF, Ghoranneviss M and Pour GB (2018), High performance
supercapacitors based on the carbon nanotubes, graphene and graphite
nanoparticles electrodes, Heliyon 4 (11), e00862.

Bai L et al. (2020), Graphene for energy storage and conversion: Synthesis and
Interdisciplinary Applications, Electrochemical Energy Reviews 3, 395-430.

Ke Q and Wang J (2016), Graphene-based materials for supercapacitor
electrodes — A review, J. of Materiomics 2 (1), 37-54.

Wei D et al. (2011), Properties of graphene inks stabilized by different functional
groups, Nanotechnology 22, 245702.

Zhang Y, Wang Y, Cheng T, Yao LQ, Li X, Lai WY and Huang W (2019), Printed
supercapacitors: materials, printing and applications, Chemical Society Reviews
48, 3229, 1-36.

Mao J, locozzia, Huang J, Meng K, Lai Y and Lin Z (2018), Graphene aerogels
for efficient energy storage and conversion, Energy and Environmental Science
11, 772-799.

Idress M et al. (2020), 3D printed supercapacitor using porous carbon derived
from packaging waste, Additive Manufacturing 36, 101525.

Alam A, Saeed G and Lim S (2020), Screen-printed activated carbon/silver
nanocomposite electrode material for a high performance supercapacitor,
Materials Lett. 273, 127933.

Zhang Z, Wei L and Li Y (2015), Carbon nanomaterials for photovoltaic process,
Nano Energy 15, 490-522.

Bernardi M et al. (2012), Nanocarbon-based photovoltaics, ACS Nano 6, 8896-
8903.

Umeyama T and Imahori H. (2019), Isomer Effects of Fullerene Derivatives on
Organic Photovoltaics and Perovskite Solar Cells, Acc. Chem. Res. 52, 2046-55.
Using graphene based solar cells for solar applications, 2017,
www.azonano.com.

Luceno-Sanchez, Diez-Pascual AM and Capilla RP. (2019), Materials for
photovoltaics: State of art and recent developments, Int. J. Molecular Sciences
20, 976, 1-42.

Pistoia G (ed), Lithium-lon Batteries: Advances and Applications, 2014, Elsevier
Publisher.

Teprovich Jr. JA et al. (2019), Hydrogenated C60 as high-capacity stable anode
materials for Li ion batteries, ACS Appl. Energy Mater. 2(9), 6453- 6460.

Ikonen T et al. (2020), Conjugation with carbon nanotubes improves the
performance of mesoporous silicon as Li-ion battery anode, Scientific Reports
10, 5589, 1-9.

Complimentary Contributor Copy



[75]
[76]

[77]

(78]

[79]

(80]
(81]
(82]

(83]

Carbon Based Nanomaterials for Energy Applications 171

Al-Saedi S, Haider AJ, Naje AN and Bassil N. (2020), Improvement of Li-ion
batteries energy storage by graphene additive, Energy Reports 6 (3), 64-71.
Han M et al. (2015), The enhanced hydrogen-storage of micro-nanostructured
hybrids of Mg(BHa)2 carbon nanotubes, Nanoscale 7, 18305-311.

Ernould B et al. (2017), Electroactive polymer/carbon nanotubes hybrid materials
for energy storage synthesized via a “grafting to” approach, RSC Advances 7,
17301-310.

Jin Z et al. (2011), Nano-engineered spacing in graphene sheets for hydrogen-
storage, Chem. of Mats. 23 (4), 923-25.

Cocchi C, Prezzi D, Ruini A, Caldas MJ and Molinari E. (2012), Optical
Excitations and Field Enhancement in Short Graphene Nanoribbons, J. Phys.
Chem. C 116, 17328-335.

Goler S et al. (2013), Influence of graphene curvature on hydrogen adsorption:
Towards hydrogen-storage device, J. Phys. Chem. C 117 (12), 11506-513.

Jain V and Kandasubramanian B. (2019), Functionalized graphene materials for
hydrogen-storage, J. Mater. Sci. 55 (1), 1-39.

lonita M (2017), Graphene and functionalized graphene: Extraordinary prospects
for nanobiocomposite materials, Composite Part B: Engineering 12, 34-57.
Dehghanzad B et al. (2016), Synthesis and characterization of graphene and
functionalized graphene via chemical and thermal treatment methods, RSC
Advances 6, 2016, 3578-85.

Complimentary Contributor Copy



Complimentary Contributor Copy



In: Versatile Solicitations of Materials Science ... ISBN: 978-1-53619-763-1
Editors: Mridula Tripathi, Arti Srivastava etal. © 2021 Nova Science Publishers, Inc.

Chapter 12

FUNCTIONALIZED NANOMATERIALS
BASED EFFICIENT PHOTOCATALYST
FOR RENEWABLE ENERGY
AND SUSTAINABLE ENVIRONMENT

Sunil Kumar’?’

and Pankaj Kumar Chaurasia’®
'Department of Chemistry, L.N.T. College
(A Constituent Unit of B.R.A.Bihar University) Muzaffarpur,
Bihar, India
?Department of Chemistry, R.B.B.M. College
(A Constituent Unit of B.R.A. Bihar University) Muzaffarpur,
Bihar, India
3PG Department of Chemistry, L.S. College
(A Constituent Unit of B.R.A. Bihar University) Muzaffarpur,
Bihar, India

ABSTRACT

Pollutants present in water are increasingly becoming an important public
health issue. Photocatalytic efficiency depends on the number of active sites
present on the surface of nanomaterials. Nanomaterials act as efficient adsorbent
as well as effective photocatalyst because of surface conduction phenomenon.
Functionalization promotes charge separation within nanomaterials. The future
sustainable development of society relies on alternative energy sources that are
renewable and environmentally friendly. The property of materials depends on size
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and dimensions. Size of nanomaterials lies in the range of 1-100 nm. It can be
designed as electrode (anode and cathode) for device fabrication. Quantum
confinement displays the suitability of nanomaterials. Society requires energy for
various activities along with industrial growth. Conductive group can improve the
charge transport properties of nanomaterials. The present chapter is a review on
the current status of photoactive nanomaterials (Photocatalyst) used in such
environmental technologies. Removal of contaminants from polluted water has
become a major environmental concern. The nanomaterial’s surface has strong
affinity to adsorb the heavy metals. Nanomaterials can be functionalized or grafted
with functional groups that can target specific molecules of interest (pollutants) for
efficient remediation. High surface-volume ratio makes nanomaterials useful in
various sectors. Nanomaterials can convert solar energy into electrical energy and
phtocatalytic degradation causes production of chemical energy and electrical
energy. The photo degradation efficiency depends on the interaction between the
pollutant and the catalytic surface.

Keywords: nanomaterials, surface functionalization, active sites, quantum
confinement, solar energy, photo activity, adsorption capacity, redox activity, photo
degradation

1. INTRODUCTION

Solar light as an inexpensive, non-polluting, abundant and clean energy source is
undoubtedly a strategy that will aid in reducing our fossil fuel dependency as well as
reducing anthropogenic CO2z emissions, leading to sustainability of social life on the
earth. Highly efficient adsorbents exhibit fast kinetics and better adsorption capacity
[1]. TiO2 works as efficient photocatalyst to remove environmental pollution and to
generate Hz from water under sunlight irradiation [2]. Nanomaterials present enhanced
reactivity and thus, better effectiveness when compared to their bulkier counterparts
due to their higher surface-to-volume ratio [3]. Charge diffusion length and charge
separation within nanomaterials are major factors which decide efficiency of the photo
electrode. Degradation is defined as the gradual decomposition of substances
(pollutants) into other substances and dye degradation is detected easily by the
decolourisation of the natural dye color. Photo-generated charge carriers may
recombine during the migration process, leading to the decrease of the photocatalytic
activity [4]. The effective photocatalysts for pollutant’'s degradation require appropriate
band gap, strong oxidative ability and high stability in water solution system. The
functionalized nanoparticles (NPs) have good physical properties, anti-corrosion, and
anti-agglomeration [5]. NPs can be coated with organic (monomer and polymer) and
inorganic (metal and oxides) layers [6, 7]. Among the metals, gold and silica are well
explored to be coated on NPs to induce high stability and conductive environment for
subsequent functionalization. The functionalization always works as chemical and
physical filter for suspended particulates over the surface of particle [8]. The
introduction of doping is to control the type and concentration of the charge carriers
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[9]. With the application of nanomaterials, photovoltaic solar cells are increasing their
efficiency while reducing the production costs of electricity and manufacturing [10].
Combining silver nanowires, titanium dioxide nanoparticles and a polymer that absorbs
infrared light to make a solar cell that is about 70% transparent to visible light, is
allowing it to be used in windows. Energy storage devices composed of nanomaterials
provide a large specific surface area. Large surface area is good for the accessibility
of electrolyte, which is beneficial to the fast charge/discharge for Li-ion batteries.
Semiconductor nanoparticles applied in a low temperature printing process results in
low cost solar cells. Quantum dots (1-10 nm) are attractive for solar cell applications
due to their ability to enhance light absorption via multiple energy levels and extend
the absorption edge info the infrared range [11]. Using light absorbing nanowires
embedded in a flexible polymer film is another method being developed to produce
low cost flexible solar panels. The quantum efficiency of a photo catalyst is also
affected by the transfer rate of photo generated electrons and holes [12]. Lack of
environmental sustainability is a vital and growing problem due to the issues like
climate change, pollution, and disturbances associated with biodiversity. Therefore,
clean energy and environmental applications often demand the development of novel
nanomaterials that can provide shortest reaction pathways for the enhancement of
reaction kinetics [13]. Understanding the physicochemical, structural, microstructural,
surface, and interface properties of nanomaterials is vital for achieving the required
efficiency, cycle life, and sustainability in various technological applications [1, 7].
Nanomaterials with specific size and shape such as nanotubes, nanofibers/
nanowires, nanocones, nanocomposites, nanorods, nanoislands, nanoparticles,
nanospheres, and nanoshells to provide unique properties can be synthesized by
tuning the process conditions [14, 15]. Nanomaterialshaving high surface-to-volume
ratio, cover a variety of shapes of nanoparticles, nanorods, nonporous framework, and
so on. One can also easily tune the optical and charge transfer properties by changing
the size of semiconductor nanomaterials [11, 16]. The chemical properties such as
catalytic activity can also be remarkably changed with increased surface atoms of
nanocatalysts [17]. The major objective of this special issue is to bring out the salient
research paradigms of nanomaterials and their potential impacts on clean energy
generation, storage, utilization, waste heat recovery, environmental detoxification, and
disinfection and advocate the process sustainability [18]. Nano metal oxides (TiOsz,
Fe20s, and ZnO) are very strong decoloring agents used for photo catalytic
degradation of organic pollutants. It plays an effective role in the treatment of waste
water effluents [19]. These promising applications of metal oxides characterized as
charge transport in electronic structure stimulate its light absorption properties and
make it possible to be utilized as photo catalyst as well as sensor [20]. Photon energy
greater than the band gap, excites the catalyst and generates electrons and holes.
Organic pollutants get adsorbed on the catalyst surface via lattice oxygen at the
surface [21]. Electrocatalysis is a phenomenon by which redox reaction is governed at
the interface of solar cell. Nano materials exhibited its role as electron hole pair
separator and maintain the device reversibility, cycle life and efficiency. Many metals
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are essential nutrients in trace amounts, but become significant threats to
environmental and human health at high concentrations. Heavy metals [Hg(ll), Pb(ll),
Cr(VI1), Cd(Il), and As(lll)/(V)] are non-biodegradable and can accumulate in the
environment and living organisms [19]. Oxidation and reduction play significant roles
in the interactions between heavy metal ions and functionalized carbon-based [22]
nanomaterials with redox capacity, especially during the removal of Cr(VI) and As(lll).
Au NPs-Al20s composite adsorbent is used for Hg removal from drinking water. A high
loading capacity of 4.065 g/g Au NPs can be obtained, and this good performance was
attributed to Au-Hg amalgam and the formation of amorphous Hg layer over the Au
NP surface. Methylene Blue (MB) is a heterocyclic aromatic compound and hazardous
in nature [23]. The composite with carbon materials favors the separation of the photo-
generated electron—hole pairs by the formation of heterojunctions at the carbon/metal
oxide interface, promoting faster photocatalytic reaction rates. The presence of oxygen
surface groups on carbon nanotube (CNT) can act as anchoring sites for TiO2 and
favor the dispersion of CNT. The harmful effect of the existence of this dye in waste
water may cover the burns effect of eye, nausea, vomiting and diarrhea, and etc. It
may be poisonous if it is inhaled and in contact with skin. Therefore, society requires
clean, green and renewable energy. The green environment provides pure oxygen and
reduces pollutions. Thus, nanomaterials are core area of research and development.
The recombination of the electrons and the holes must be prevented as far as possible
if a photo catalyzed reaction want to be favored [24]. Photo-degradation system
proceeds through photogenerated electrons which could react with electron acceptors
(O2) existed in the system [25]. Porous materials offer an enlarged active interface
during the catalytic process due to their large surface area. Conjugated microporous
polymers (CMP) NPs exhibited high stability during the photo degradation reaction
[26]. Thus, in the presence of air or oxygen, irradiated semiconductor nanopatrticles
are capable of destroying many organic contaminants. Therefore, the need to
construct sustainable adsorbents that are economical and offer both high removal
rates and high adsorption capacities is urgent to the present scenario. Thus,
nanomaterials have a capacity to clean the environment for sustainable development
of society.

2. NANO Size DEPENDENT SELECTIVE ADSORBENT
AND ITS PHOTOCATALYTIC INTEGRATION

Catalysts play a very important role in the chemical industries. Photocatalytic
activity directly depends on the structure of the catalyst. Reaction rate or activity of
catalyst depends on the ease by which the catalyst is creating electron-hole pair.
Larger surface area contains higher number of active sites increasing the probability
of reaction to take place. Nanoparticle catalysts can be easily separated and recycled.
The catalytic activity is expressed as a function of number of active sites, size and
porous diameter. Nano-catalysts improve the selectivity of the reactions by allowing
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reaction at a lower temperature, reducing the occurrence of side reactions, higher
recycling rates and recovery of energy consumption. Renewable energy development
requires highly efficient nanostructured materials. Surface absorption enhances the
catalytic efficiency. Catalysis can be controlled by tuning the optical and charge
transfer properties with size of semiconductor nanomaterials. Photocatalyst acts as
redox active center. Photocatalytic reactions are due to utilization of conduction band
electron or valence band hole of a photo catalyst. Light harvesting depends on size of
particle of photocatalyst. The efficient charge separation can increase the life time of
the charge carrier and inhibit the recombination of electron-hole pairs which will
enhance the efficiency of the interfacial charge transfer and stability to adsorbed
substrates, and thus increase the number of carriers adsorbed by contaminant [18].
High fraction of coordinated unsaturated surface sites promotes rapid degradation.

3. CHARGE SEPARATION: INTERFACIAL MECHANISM
AND CRITERIA OF PHOTOCATALYTIC ACTIVITY

Photocatalytic process requires photon energy for photoexcitation which is
dependent on the optical gap of the photocatalyst. Photocatalysis involves the
absorption of light by the nanomaterials and generation of electron—hole pairs in the
CB and VB. The second step involves the charge separation and migration of charge
carriers to the surface. Photoexcited electrons react with Oz molecule to form
superoxide anion that participates in the redox reaction involved in the degradation of
the pollutants [27]. The major criterion for the photocatalytic degradation of organic
compound is that the redox potential of the OH /OH- (OH = OH- + e'; E° = -2.8V)
couple lies within the band gap of the semiconductor. Hydroxyl radical that comes from
the oxidation of adsorbed water or adsorbed OH is the primary oxidant that can
degrade pollutants. The photogenerated electrons on the surface of adsorbent can
react with dissolved oxygen in water to form oxidizing Oz superoxide radical anion [E°
(0O2/02) = 0.33V]. The presence of oxygen can prevent the re-combination of hole-
electron pairs [28]. In the degradation of organic compounds, the final products of the
reaction among others are COz and H20. Superoxide radical anion is the main radical
responsible for the degradation of organic pollutant and their mineralization [29]. It is
very important to strengthen the interfacial interaction between Carbon dots or polymer
dots and TiO2 (Ti-O-C). The strong interaction can accelerate the electron transfer on
the interface, hence improve the photocatalytic activity [12]. Figure 1 indicates
schematic generation of photoexcited electrons and free radicals which can interact
with pollutants to degrade into simple and nontoxic molecules [30].
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Figure 1. Charge separation and free radical generation under light irradiation. Adopted
from ref. [30].

4. SURFACE FUNCTIONALIZATION AND ENGINEERING
OF NANOMATERIALS

Surface functionalization essentially involves attaching functional groups onto
nanoparticles surface [6]. Surface stabilizer improves the efficiency and capacity
causing enhancement of degradation rate of contaminants. Polar groups improve the
wettability of the material with water. Doping or chemical functionalization has proven
to be effective in tuning the electronic band structure and optical band gap of the photo
electrode materials, and thus, their photo activities. Carbon-based nanomaterials have
great potential for use in water treatment, and should be designed to obtain suitable
structures and properties. Carbon nanoparticle has good relative stability in both acidic
and basic media, high specific surface area and good electric conductivity. Good
conductivity and short diffusion length can be obtained within material through
functionalization. The grafting strategy provides chemical anchoring between polymer
chains and multi-walled carbon nanotubes (MWCNTSs), with the extra advantage of
favoring charge transfer and collection due the intimate contact between the two
materials [31, 32]. The oxygen content can influence the adsorption capacity of CNTs.
The edge/basal plane can be functionalized with —-NH2 and —-COOH. Multi- wall carbon
nanotube can be functionalized with water soluble ionic styrene based polymer. Photo
degradation efficiency can be improved through appropriate functional group or charge
[33]. Functionalized nanomaterial exhibited different physical properties i.e., electrical
conductivity, surface morphology and charge transport properties [6]. The water-
soluble conjugated polyelectrolyte greatly enhances the photocatalytic performance
over that of their non-dissolved precursor conjugated polymer.

Scheme 1 represents Poly (styrene-4-sodiumsulfonate) (PSSNa) grafted CNTs
which can be used as counter electrode to drive photocatalysis during illumination of
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dye sensitized solar cell. lonic group promotes the kinetics of interfacial charge
transport with well-defined charge separation within photosensitizer [34].

: 0 <L
~ TENMPO/ ; ~L Fac]
v NS 0eK S0, 05 YON D 125°C, sh 1 ‘r,? f-“,} MWCONT
[ —_— i \ - . -—--—--—:—--—-ﬁ-
@rC.An S Q 120°C, 24h "
503“3

SO,Na SO.Na

Scheme 1. Poly (styrene-4-sodiumsulfonate) (PSSNa) grafted multiwall carbon nanotube
MWCNT (MWCNT-g-PSSNa). Copyright permission from ref. [34].

5. ROLE OF ELECTRON TRAP, CHROMOPHORES
AND FUNCTIONAL GROUP OVER SURFACE OF NANOMATERIALS

Photo degradation efficiency is directly related to stability of photogenerated
electron over trapping sites present on the adsorbent. The properties of nanomaterials
are not only size dependent, but also structure dependent [35]. The surfaces of carbon
nanomaterials always contain some functional groups, which play an important role in
the adsorption process. Thus, many studies have been performed to further increase
the abundance of pre-existing functional groups (such as COOH and OH) or graft other
functional groups (such as NH2 and SH) onto the surface of carbon nanomaterials as
a way to enhance their adsorptive capacities. Iron oxide NPs have commonly been
used to remove aqueous As (arsenic) with an adsorptive capacity for mixed FesO4 and
Fe203 of 5.99 mg g'. Because this capacity was a bit low, carbon materials with
oxygen-containing groups were then induced to support the iron oxides and improve
their adsorptive capacity. The maximum adsorptive capacities of As(lll) and As (V) by
the CNTs-base iron oxides were 24.05 mgg™ and 47.41 mgg™, respectively. Graphene
oxide obtained from the oxidation and exfoliation of graphite contains functional
groups, such as ~COOH, —CO and -OH, which can be utilized as the anchoring sites
to bind metal cations by both electrostatic and/or coordinated interactions. The
adsorption capacity of graphene depends on the nature of the adsorption sites (e.g.,
presence of defects and surface oxygenated groups) and pore structure of the
graphene aggregates, as well as the pH of the aquatic environments. Binding capacity
depends on nature of chromospheres. The chromospheres may be electron
withdrawing or electron donating. The surface electron density of nanomaterial can be
altered through proper functionalization.
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6. LIGHT HARVESTING CAPACITY AND PHOTO DEGRADATION
OF DYES FROM WASTEWATER

Dye extracted from wastewater can be deposited over nanomaterials and same
can be used as light harvesting materials. The light harvesting capacity depends on
the chemical structure, composition and concentration of dye. The nature of side chain
or group affects the adsorption capacity over nanomaterials. The light adsorption
efficiency enhances with polar group present on the surface of dye. The dyes
containing more sulfonic substituents are less reactive in the photocatalytic process,
while hydroxyl group intensifies the electron resonance in molecule and the
degradation rate of dye. As CNTs (carbon nanotubes) are carbonaceous
nanomaterials, the adsorption mechanism between the chemical functional group of
dyes and the CNT adsorbent is expected to be influenced by hydrophobic effects, n—
n bonds, and hydrogen bonds, covalent and electrostatic interactions [21]. The dyes
adsorbed over nanomaterials, can be used as photo sensitizer in solar device. On
other hand, adsorbed dye can be degraded photo catalytically over the surface of TiO2
nanomaterials. Methylene blue dye can be degraded in the presence of TiO2
photocatalyst. Figure 2a indicates structure of methylene blue dye [23]. The presence
of the more powerful electron withdrawing sulfonic group on a dye molecule makes it
less sensitive to oxidation (degradation). Photocatalytic degradation rate of monoazo
dyes is higher than that of dyes with anthraquinone structure. Ti nanomaterials such
as TiOz2 and TiO2 thin films have been used for degradation of atrazine and
organochlorine pesticides. The high surface area assures the high adsorption of
organic pollutants on the surface of graphene-based nanomaterials. Furthermore, the
high dispersion of metal oxides on graphene nano sheets and graphene as electron
transfer channels makes the degradation process to occur efficiently on these
graphene-based nanomaterials. Chatterjee et al. [1] explored a multi carboxylate
organic ligand, 1, 2, 4, 5-Benzentetracarboxylic acid (BTCA) for surface
functionalization of FesO4 nanopatrticles for fast and selective adsorption of industrial
pollutant Congo red dye.
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Figure 2. (a) Structure of methylene blue (ionic dye). (b) Structure of 1, 2, 4, 5-
Benzenetetracarboxylic acid (BTCA). Copyright permission from ref. [1] and [23].
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BTCA group, containing four carboxylate groups at 1, 2, 4 and 5- positions of the
benzene ring as functionalization agent, is expected to significantly improve the
adsorption capacity for selective dyes with better recyclability as strong anchorage
through multiple chelation leading better recyclability. The BTCA functionalized FesO4
exhibited high adsorption capacity (630mg/g) for congo red dye. Figure 2b depicts the
structure of BTCA [1]. The photocatalytic reaction often occurs at the surface of
nanomaterials. Surface group can attract target material through H-bonding and
enhances the rate of degradation.

7. PHOTOINDUCED CHARGE RETENTION CAPACITY
AND MECHANISM OF PHOTO CATALYTIC DEGRADATION

The efficiency of photocatalytic degradation is closely affected by the band
structure of the semiconducting nanomaterials. Functionalization can alter the band
structure of native nanoparticle and thus, promote photoexcited electron towards
target reaction surface sites. Photoexcitation threshold energy is reduced and thus,
enhances the solar energy conversion capability. Semiconductor nanomaterial
absorbs greater energy than its band gap energy which leads to the excitation of
electrons from the valence band to the conduction band, subsequently producing
electrons and holes. The valence band holes react with the water molecules and
hydroxide ions to form hydroxyl radicals whereas the electron reacts with oxygen
molecules and form superoxide radicals. These free radicals are powerful oxidizers of
organic dye (Methylene blue) which can attack organic dyes and degrade them into
CO:2z and Hz0. pH plays an important role in the photo catalytic study, as it controls the
reactions during the degradation of dyes or organic compounds and beside this
generation of hydroxyl radicals also depends on the pH of the solution. The
introduction of tailored pyridinic functionalities as N-containing edge-type group over
CNT mimics generates effective photocatalysts for the oxygen reduction reaction
(ORR) in an alkaline environment [14]. Figure 3(a) demonstrates that the adsorbed
dye over the surface of photocatalyst works as photosensitizer [2].

Under the illumination of light, dye undergoes photoexcitation result in injection of
excited electron into CB of photocatalyst leaving behind a hole in the HOMO. The
excited and injected electron is scavenged by oxygen molecule. Thus, dye obtains a
cation radical and same time photocatalyst excites its valence electron leaving behind
a hole which oxidizes hydroxyl anion leading to production of reactive free radicals.
The free radicals can interact with radical state of cationic dye and degrade it. Figure
3(b) depicts schematic degradation of Congo red dye [11]. Alshehri et al. [11]
demonstrated that the photo degradation efficiency depends on the dye concentration.
The maximum efficiency for dye (Congo red) degradation was observed at a pH of 4
with 15 mg Fe nanoparticles. A degradation rate of 96.1% was achieved at a dye
concentration of 1 x 107° M at room temperature (30°C).
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Figure 3. (a) Adsorption, photosensitization and degradation (decolourisation) of dye over the
surface of nanomaterials. (b) Structure of Congo red and scheme of the photocatalytic
mechanism of the Fe nanoparticles under UV light irradiation. Copyright permission from ref.
[2, 11].

8. ROLE OF QUANTUM CONFINEMENT WITHIN NANOMATERIALS
AS A PHOTOVOLTAIC ENHANCEMENT

The energy transfers play a fundamental role in energy conversions and energy
harvesting. Photo catalyst immobilizes the photosensitizer through adsorption
phenomenon. Photosensitizer injects its photoexcited electron into conduction band of
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photocatalyst. Quantum confinement adjusts the energy levels of nanomaterials.
Interfacial charge transport is due to energy difference. Narrow band gap colloidal
quantum dots (CQDs) can create multiple excitons when a single photon having
energy much higher than its band gap is absorbed by the CQDs. At the same time, by
changing the size of the CQDs one can realize tuning its absorption spectra. The
CQDs can be functionalized with conductive carbon nanotube to enhance absorption
profile [7] and can be used as photo active layer. The surface functionalized single wall
carbon nanotube (SWCNT) can be used as p-type dopants [36] for photo active layer.
The presence of oxygen functionalities can cause the band gap to vary according to
the degree of oxidation. GO is a p-doped semiconductor, because electron-
withdrawing oxygen functionalities reduce electron density on graphene. Perovskite
incorporated with TiO2 nanoparticle/nanotube-based solar cells harvest more sunlight
with the content of the nanotubes and thus, enhanced the carrier charge generation
and conduction. However, a large amount of TiOz nanotubes did not result in improved
energy conversion efficiency because of high levels of recombination and low electron
density in the active layer [37]. The optimal content of TiOz nanotubes in TNNs was 9
wit%, resulting in 0.886 V of open circuit potential (Voc) 25.5mA/cm? of photocurrent
density (Jsc) 67.9% of fill factor (FF) and 15.335% of photovoltaic conversion efficiency
(PCE) More interestingly, TiO2/Nanotube containing cells showed a substantial
increase in Jsc, from 23.9 mA/cm? without nanotubes to 25.5 mA/cm? with 9 wt %
nanotubes. The oxygen containing functional groups on CNTs can enhance the
electro-catalytic activity for the reduction of the redox electrolyte. Thus, solar energy
conversion can be facilitated through proper choice of electrocatalyst and its
integration. Figure 4(a) shows schematic diagram for photo voltaic device [34].
MWCNT-g-PSSNa grafted nanostructure was employed as thin film counter electrode
for dye sensitized solar cell and electro catalytic activity towards electrolyte was
sensitized. The TiO2z nanoparticle acts as photocatalyst for dye sensitized solar cell.
Solar energy can be converted into electrical energy and chemical energy.
Photocatalytic degradation involves conversion of solar energy into chemical energy
as well as electrical energy through interfacial redox reaction over the surface of
nanomaterials. The water-soluble polyelectrolyte grafted MWCNT based counter
electrode in DSSCs achieved 7.03% efficiency, which was slightly lower than that
(8.3%) of the reference platinated tin doped fluorine oxide (Pt/FTQO) cell. The composite
structure is attributed to rapid electron transfer at the counter electrode caused by n—
n conjugation between the MWCNTs and PSSNa. Functionalization can enhance the
number of CNT sites that interact with electrolyte. Photosensitization involves
interfacial transfer of photoexcited electron towards photocatalyst leading to the
conversion of solar energy into electrical energy. Functionalized photocatalyst plays
an effective role as charge separator over the activated surface of photosensitizer.
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Figure 4. (a) Schematic diagram of dye-sensitized solar cell with MWCNT-g-PSSNa as
counter electrode (electro-catalyst). (b) Absorption of TiOz2 and Au NP-TiO2 composite
solutions (plasmonic enhancement). Copyright permission from ref. [34, 38].

9. PLASMONIC INFLUENCE FOR EXTRACTION
OF PHOTO EXCITED ELECTRON

TiO2 nanoparticle acts as electron transport layer. UV-generated electrons in TiOz
were reported to fill the electron traps with enhanced photoconductivity [38]. Here, the
transferred plasmonically excited electrons from Au NPs to TiO2 can achieve trap filling
in the TiOz2 layer, leading to reduced effective extraction barrier, decreased resistance
and charge recombination, which can enhance the electron extraction [38]. Figure 4(b)
shows UV —visible spectra of gold nanoparticle functionalized titanium dioxide (Au NP-
TiO2) composite can be photoexcited at a plasmonic wavelength (560-600 nm) far
longer than the originally necessary UV light (<400 nm) for non functionalized TiO2
[38]. The experimental and theoretical results show that the improved charge
extraction in TiOz2 under plasmonic wavelength illumination is attributed to the
enhanced charge injection of plasmonically excited electrons from metal NPs into TiO».

10. FACTORS INFLUENCING PHOTOCATALYSIS

10.1. Influence of Doped and Cross Linked/Grafted Nanostructures

Doping increases surface defects on the surface of photocatalyst and hence,
enhances the kinetics of photocatalytic activity. The degradation rate can be enhanced
by reducing the electron hole recombination rate, preventing the particle
agglomeration and increasing the adsorption capacity. Intermolecular charge transfer
can be realized by physically doping nanocarbon materials with electron acceptor(s)
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or donor(s). A polar dopant is required to enhance the electron attraction forces for
complete electrons—holes separation [24]. Due to fast charge conduction, carbon
nanomaterials exhibited efficient redox activity for organic pollutants. Photocatalytic
activity can be improved by doping or cross linking of carbon nanostructures. This
facilitates smooth electrical conduction and reduces the chance of recombination
leading to enhancement of solar energy conversion. The photo generated electrons
are scavenged due to synergistic effect of doped or cross linked surface. Nitrogen
doped nanostructures improve photocatalysis by facilitating charge separation
between photogenerated electrons and holes. Doping material works as co-adsorbent.
M-conjugated structures create fast electron transfer and promote the separation of
electron—hole pairs on the photocatalyst surface. Cross linking can reduce the
unwanted defects on the surface, thereby increases the chance of light absorption.
Enhanced pollutant adsorption on the surface of carbon nanostructures is an additional
advantage, which accelerates the photocatalytic degradation of adsorbed pollutants
[39]. Doping improves adsorption or retention capacity of photocatalyst. Carbon
nanotube serves both an adsorbent and a visible light photocatalyst. It can act as
effective electron transfer unit on account of its high electron storage capacity and high
electrical conductivity. Doping stabilizes the charge separation by trapping electrons,
thereby hindering electron hole recombination by tailoring the band gap and
sensitization density. The excess doping may act as a recombination center, or cover
the active sites on the adsorbents and thereby, reduce the efficiency of charge
separation. Therefore, it is a balance between the active trapping sites and trapped
parts favoring the inhibition of the recombination of electron—hole pairs leading to
enhancement of separation capacity for efficient interfacial charge transfer. Ge et al.
[25] reported that 1.0wt% Ag/g-CsN4 shows the highest Hz evolution rate of 10.105
molh™, which is about 11.7 folds higher than that of pure g-CsN4. Omer et al. [18]
developed ZnO sensitized nitrogen doped CQDs for photocatalytic degradation of
methylene blue and observed that the nanocomposites of ZnO-CDs enhanced the
photo degradation efficiency (95% for 100 min) comparing to the pure ZnO in the UV
region (365 nm). The high efficiency is probably due to the role of CDs which stabilizes
photo excited electron. Sampaio et al. [39] prepared N-CNT/ZnO for degradation of
phenol. Highest photocatalytic activity was observed for the composite prepared with
N-doped carbon nanotubes (N-CNT), with kapp (apparent rate constant) = 0.260 min™
and a 100% phenol degradation achieved in 20 min. Nitrogen doping can induce the
generation of free electrons on the carbon materials surface that can be transferred
from its surface to adsorbed oxygen. Li et al. [40] developed cross-linked g-CsNs/rGO
nanostructures with enhanced