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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 AB5-type metal hydride to serve the society 

as energy material. Parent AB5-type alloy (LaNi5/MmNi5) 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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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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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. “I want to build a billion tiny factories, models of each 

other, which are manufacturing simultaneously. The principles of physics, as far as I 

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 

precipitation, sol-gel synthesis, laser 

ablation, pyrolysis, mechanochemical 

method etc. 

Electromagnetic 

interference, wound 

dressings etc. 

Metal Oxides Combustion method, chemical 

precipitation, sol-gel synthesis, laser 

ablation, pyrolysis, mechanochemical 

method etc. 

Humidity sensors, Gas 

sensors, Water and strain 

repellent textiles etc. 

Carbonnanotubes Chemical vapor deposition, carbon arc 

discharge, laser ablation 

Antistatic materials, carbon 

nanotube enhanced plastic 

etc. 

Carbon Fullerenes Generated arc using two carbon 

electrodes in a neon or helium 

atmosphere 

Lubricants, catalysts, 

targeted drug delivery, 

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 ‘TGreen 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 SumioIijima. 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. QUANTUM 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 3.4 per cent. 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 nanoparticle (carrying the therapeutic drugs) goes through the signal generated 

by the first type of nanoparticle. 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 nanoparticles. 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 (CNTs) 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. 
 

Keywords: nanomaterials, synthesis, properties, societal applications 
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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. 

 

 

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 Nd3+ 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 (2Ɵ) 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
2–) are 

produced, which oxidizes dyes into CO2 and H2O along with anions such as nitrates, 

phosphates, and chlorides [49]. Sharma et al. developed g–C3N4–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–C3N4 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 [52]. 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 CO2 to 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 (FAPbBr3 NPs) for piezoelectric applications and 

excellent results were obtained when combined with poly (vinylidene fluoride) (PVDF) 

polymer (FAPbBr3 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 μA cm−2 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(N2H4), ascorbic acid (AA), bisphenol A(BPA), malachite green (MG), nitrite 

(NO2
- ), sulphite (SO3

2- ), 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 nanomaterial 

to detect H2 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 

(Fe3O4)) 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, nanoparticles 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 nanoparticles (SPIOs) 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.  
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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 nanomaterials 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]. 

 

 

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 (OI), radionuclide imaging (RI), and ultrasound imaging 

(UI) 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]. 

 

 

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 μm 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 (RI) uses radioactive rays for detection and imaging. The 

two main types of RI 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 (OI) 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 OI 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 nanoparticle 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. 
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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 18th century, which further improved in the 19th century (Table-2) [1]. At the end of 

19th 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 

17th century 

Prehistoric age 

Middle age 

 

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

Zn, As, Bi, Sb, P 

18th century 

The first half 

The latter half 

 

Co, Ni, Pt 

Mn, W, Ti, Mo, Cr, U, Zr, Y, H, N,O, Cl, Te, Be 

19th century 

The first half 

 

 

The latter 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, I, Br 

Rb, Ce, Tl, In, Ga, Yb, Sc, Sm, Ho, Tm, Gd, Ge, Pr, 

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

20th 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 20th 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 (4th 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 20th 

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 𝜋- 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 20th 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, [NaW21Sb29O86] [NH4]17 and K12H2[P2W12O48]. 

24H2O 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 CXCR4 

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(I) interferes with the 

biochemistry of Mg (II) which is of similar size. Li(I) 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(I) complexes administered to rheumatoid arthritis patients via ingestion or injection. 

Inherent in acid-base chemistry of Au(I), 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)3 

Silicate 

Antacid 

Antidiarrhoeal 

As Salvarsan, Melarsen,  

Tryparsamide 

Arsphenamine 

Trisinol (Arsino trioxide) 

Antimicrobial 

Syphilis 

Acute Promyceliocytic leukemia 

(APL) 

Au Gold(I) thiolates 

Auranofin 

Au(I) diphosphine 

complexes 

Antitumor 

Rheumatoid arthritis 

Antiviral 

B Boric acid Antifungal 

Ba Barium sulphate X-ray contrast 
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Element Compounds Applications 

Bi Bismuth subsalicylate, colloidal 

bismuth citrate, ranitidine bismuth 

citrate 

Antacid, antiulcer 

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 

Sodium nitroprusside 

Fe (III) desferrioxamine chelates 

Iron deficiency-anaemia 

Vasodilator 

Antimicrobial 

Ga Ga(NO3)2 Hypercalcemia of malignancy 

Gd Gdmetallotexaphyrins MRI contrast agent 

PDT, Radiopharmaceuticals 

Ge Ge-132 Bacteria, Cancers 

Hg Mercurochrome Antiseptic 

I I2 

Na131I 

Antiseptic 

Diagnosis of Thyroid 

Li Li2CO3 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(III)complexes Lung metastatic tumour 

Os Osmium tetroxide  

Osmium carbohydrate polymers 

Fingerprint detection  

Antiarthritic 

Sb Pentostam,N-

methylglucamineantimonate 

Antileishmanial 

Si Al2(OH)4Si2O5 Antidiarrhoeal 

Se Sulphate 

Ebselen:  

(2-phenyl-1,2-benzisoselenazol-

3(2H)-one) 

Phenylaminoalkylselenide 

Selenazofurin 

Selenotifen 

Antidandruff 

Synthetic antioxidant  

Antiinflammatory,  

Neuroprotective agent 

Antihypertensive 

Antineoplastic & antiviral 

Antiallergic 

Sn Tin (IV) ethyl etiopurpurin 

Fluorides 

PDT 

Anticaries 

Tc 99mTc (V) pro yleneamineoxime Diagnostic imaging 

Ti Titanocene dichloride,  Anticancer 
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Element Compounds Applications 

bis(β-diketonato)Ti(IV)  

W Polyoxometallates Anti-HIV  

Zn Polaprezinc 

Zinc complexes  

Zinc complexes  

Zinc-thioallixinN-methyl  

Zinc-dithiocarbamate 

Zinc-acetate  

Stomach ulcer  

Diabetes mellitus  

UV-induced dermatitis  

Metabolic syndromes  

Diabetes 

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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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  
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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 blending i.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/film 

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 ~103-106 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. 

 

 

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 (NH2) group at C-

2 positions. The chemical properties of chitosan (CS) are as follows: (i) amino (NH2) 

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. 

 

 

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=O) 

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 Tg 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, Tg is directly associated with 

the movement of polymer chains segment and hence dielectric relaxation behavior of 

the polymeric system. Glass transition temperature, Tg 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 

Complimentary Contributor Copy



Impact of Polymeric Materials on Society … 67 

materials. (iii) Good mechanical strength as well as mechanical flexibility (iv) Film 

forming availity (v) Mouldability into different shapes and size.  

 

 

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,  is applied voltage and the current induced is 

, the complex impedance (Z) can be calculated by using the 

expression[3]: 

 

            (1) 

 

where Vo and Io are the voltage and the current amplitudes, respectively and  

is the angular frequency; f is the test signal frequency, is the phase difference 

between V(t) 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, ε*() 

expressed as: 

 

ɛ*                (2) 

 

where ɛ′ is dielectric constant associated with charge storage properties of the 

dielectric/polymeric material and ɛ′′ is the dielectric loss which is a measure of energy 

losses. The real and imaginary parts of dielectric permittivity i.e., ′ and ɛ′′ are 

calculated as follows; 

 

 and               (3) 

 

where C is capacitance,  (=2f) 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 (tan) 

expressed as; 

 

tan  =
′

"                (4) 
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The relaxation time (τ) is expressed as; 

 

                (5) 

 

where fr is the dielectric relaxation peak frequency estimated from Figure 4. Dielectric 

relaxation peak frequency, fr(Hz) must satisfy the Arrhenius type behaviour expressed 

as; 

 

𝑓𝑟 = 𝑓𝑜exp
−Ea

𝑘𝑇
               (6) 

 

where f0 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, ɛ*; 

 

            (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 

σ~ 10-3 S cm-1 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. 

 

 

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 (LiBF4), lithium per chlorate (LiClO4), methyl 

sulphate sodium salt (MeSO4Na), sodium iodide (NaI), 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 10-5-10-6 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-NaI-IL were prepared using 

conventional solution casting method. The materials such as chitosan (CS), poly(vinyl) 

pyrrolidone (PVP), polyethylene glycol-200(PEG-200), Ionic liquid: 1-ethyl-

3methylimidazolium methyl sulphate [EMIM][MeSO4] and salt NaI-sodium iodide have 

been used to prepare PE films.  

 

 

9. IONIC LIQUID 
 

Ionic 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 NaI, NaCl, KCl, 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 100oC 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. Ionic Conductivity Study 

 

The polymeric film was cut into desired shape and sandwiched between two 

blocking electrodes of 1 cm2 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, ? ?dcof the sample can be calculated by using the 

expression: 

 

                (8) 

 

where‘𝑡’ is thickness of the sample and ‘A’ is the electrode-electrolyte contact area. Rb 

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 30oC 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, dc value was estimated from Cole-Cole plot and it is found to be 

3.0310-4 S/cm at 30oC. Figure 7 (b) shows the temperature dependent dc 

conductivity prepared PE film. Here, at low temperature ( ) i.e., below Tg, the 

linear relationship between dc conductivity. The temperature dependent electrical 

conductivity can be explained by Arrhenius equation [24] as follows: 

 

? ?dc =? ?o exp  (
−Ea

kBT
)             (9) 

 

where σo is pre-exponential factor, Ea is the activation energy and kBis 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 ( , the pattern of logdcvs 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 30oC and (b) 

log dc 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. 

 

 

Figure 8. (a) AC conductivity spectra of prepared PE film at different temperatures (30-60oC) 

and (b) variation of loss tangent (tan) 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: 

 

             (10) 

 

where, σdc, A, s, and  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 . 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) Ion 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 (  within a material and corresponding 

electrical displacement vector, ; 

 

              (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. 

 

 

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 (Tan) Analysis  

 

Dielectric loss tangent, tan 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,  and frequency of peak ( ) is related as: . 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 decreases, the capacitive component ( ) 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 

as: M∗ = M′ + jM", where the real part of electric modulus, and the 

imaginary part of electric modulus:  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. Ions 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. 

 

 

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 
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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 0D (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., O3 or HNO3 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). 

 

 

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 H2O 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 HNO3 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. 

 

 

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 C60 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 π–π 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 MoS2 and WS2 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–MoS2 

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 MoS2 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.  

 

 

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 

MoS2 following the decomposition of thiourea, nucleation and epitaxial growth thus 

providing single layer formation of 2.5 nm sized uniform MoS2. 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–π*, 200 and 270 nm for the 

π–π* transition of C=O 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 sp2 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 MX2 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 25ºC 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- →H2             (1) 

 

Anode (OER) H2O→2H++1/2 O2 + 2e-            (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 MoS2 

atomic layers using chemical bath deposition. Thereafter the MoS2 layers are annealed 

for 1 h at 450 ºC under Sulphur environment to increase the crystalinity of layers. The 

prepared MoS2 layer display QD nature due to the nucleation growth of MoS2 crystal. 

The Au/MoS2-QD electrocatalyst shows exceptional performance, displaying a Tafel 

slope of 94 mV decade-1 of exchange current density 0.191 mA cm-2. 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]Cl–

based 1 wt% aq electrolyte displays smaller Tafel slope 60 mV dec-1 and lower onset 

potential 210 mV due to the more active edge sites in ultra-small MoS2 nanoparticles 

of increased surface area. Now days TiO2 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 MoS2 via close interface for hydrogen 

evolution. Additionally, surface plasmon resonance (SPR) of MoS2 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. 

 

 

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 ºC 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-1 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. NiCo2S4 nanowires are prepared on GQDs/NiCo2S4 

and Ni foam arrays hydrothermally at 120 ºC 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-1. 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–1. Furthermore, the specific capacitance of GQDs/NiCo2S4 

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 μWhcm–2. 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 MoS2 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–Ion 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., LiCoO2 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 LiC6 

through intercalating reversibly. The intercalation of Li into graphite takes place 

following first–order phase transition in stages such as LiC24, 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. VO2 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–1 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 

TiO2 is fabricated embedded with GQDs resulting exceptional rate capability and high 

specific capacity of 160.1 mA h g–1 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 MoS2 as the 

anode consequences to a high reversible capacity of 1290 mA h g–1 [24]. Though MoS2 

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 Ion 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 Å). 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–1 compared to 1165 mAh g–1). 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–1. 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–1 at current density 0.05 A g–1. 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 ºC 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 mA h g–1 at a 

rate of 5 C, and after 200 cycles; the superior capacity retention of 101 mA h g–1 at a 

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 TiO2 nanocomposites 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 TiO2 (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–1) [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 TiO2 
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 π 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 π 

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., P3HT, 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 MoS2 is larger than graphene results the construction of the Schottky barrier 

and the opposite polarity of graphene and MoS2 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 MoS2, therefore the electrons of MoSe2 tended to 

move downward to MoS2, 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 MoS2 bandgap did not match the long wavelengths 

range, decoration with HgTe onto MoS2 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-

QDs 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.  

 

 

ACKNOWLEDGMENTS 
 

Dr. MadhuTiwari is thankful to Dr. P. N. Dongre, Principal, K. N. Govt. P. G. 

College, Gyanpur and the faculty members of department of Chemistry for their 

support. 

 

 

REFERENCES 
 

[1] Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S. 

V., Grigorieva, I. V. and Firsov, A. A.(2004). Electric field effect in atomically thin 

carbon films. Science, 306:666-669. 

[2] Liu, Y., Dong, X. and Chen, P. (2012). Biological and chemical sensors based on 

graphene materials. Chem. Soc. Rev, 41: 2283-2307. 

[3] Wang, X., Sun, G., Routh, P., Kim, D. H., Huang, W. and Chen, P. (2014)., 

Heteroatom-doped graphene materials: syntheses, properties and applications, 

Chem. Soc. Rev., 43: 7067-7098. 

[4] Xu, M., Liang, T., Shi, M. and Chen, H. (2013). Graphene-like two-dimensional 

materials. Chem. Rev., 113: 3766-3798. 

[5] Tan, C. and Zhang, H. (2015). Two-dimensional transition metal 

dichalcogenidenanosheet-based composites.Chem. Soc. Rev., 44: 2713-2731. 

[6] Pan, D., Guo, L., Zhang, J., Xi, C., Xue, Q., Huang, H., Li, J., Zhang, Z., Yu, W. 

and Chen, Z. (2012). Cutting sp2 clusters in graphene sheets into colloidal 

graphene quantum dots with strong green fluorescence. J. Mater. Chem., 22: 

3314-3318. 

[7] Tan, X., Li, Y., Li, X., Zhou, S., Fan, L. and Yang, S. (2015). Electrochemical 

synthesis of small-sized red fluorescent graphene quantum dots as a bioimaging 

platform. Chem. Commun., 51: 2544-2546. 

[8] Qiao, Z. A., Wang, Y., Gao, Y., Li, H., Dai, T., Liu, Y. and Huo, Q. (2010). 

Commercially activated carbon as the source for producing multicolor 

photoluminescent carbon dots by chemical oxidation. Chem. Commun., 46: 

8812-8814. 

Complimentary Contributor Copy



Carbon and Transition Metal Two Dimensional Quantum Dots 97 

[9] Zhuo, S., Shao, M. and Lee, S. T. (2012). Upconversion and downconversion 

fluorescent graphene quantum dots: ultrasonic preparation and photocatalysis, 

ACS Nano, 6, 1059-1064. 

[10] Shen, J., Zhu, Y., Yang, X. and Li, C. (2012), Graphene quantum dots: emergent 

nanolights for bioimaging, sensors, catalysis and photovoltaic devices, Chem. 

Commun., 48: 3686-3699. 

[11] Yan, X., Cui, X. and Li, L. S. (2010). Synthesis of large, stable colloidal graphene 

quantum dots with tunable size. J. Am. Chem. Soc., 132: 5944-5945. 

[12] Ha, H. D., Han, D. J., Choi, J. S., Park, M. and Seo, T. S. (2014). Dual role of 

blue luminescent MoS2 quantum dots in fluorescence resonance energy transfer 

phenomenon. Small, 10: 3858-3862. 

[13] Gopalakrishnan, D., Damien, D. and Shaijumon, M. M. (2014). MoS2 quantum 

dot-interspersed exfoliated MoS2nanosheets. ACS Nano, 8: 5297-5303. 

[14] Li, B. L., Chen, L. X., Zou, H. L., Lei, J. L., Luo, H. Q. and Li, N. B. (2014). 

Electrochemically induced Fenton reaction of few-layer MoS2nanosheets: 

preparation of luminescent quantum dots via a transition of nanoporous 

morphology. Nanoscale, 6: 9831-9838. 

[15] Huang, H., Du, C., Shi, H., Feng, X., Li, J., Tan, Y. and Song, W. (2015). Water-

soluble monolayer molybdenum disulfide quantum dots with upconversion 

fluorescence. Part. Part. Syst. Charact., 32: 72-79. 

[16] Sk, M. A., Ananthanarayanan, A., Huang, L., Lim, K. H. and Chen, P. (2014). 

Revealing the tunable photoluminescence properties of graphene quantum dots. 

J. Mater. Chem. C, 2: 6954-6960. 

[17] Sun, H., Zhao, A., Gao, N., Li, K., Ren, J. and Qu, X. (2015). Deciphering a 

nanocarbon-based artificial peroxidase: chemical identification of the catalytically 

active and substrate-binding sites on graphene quantum dots. Angew. Chem. Int. 

Ed., 54: 7176-7180. 

[18] Loh, G., Pandey, R., Yap, Y. K. and Karna, S. P. (2015), MoS2 quantum dot: 

effects of passivation, additional layer, and h-BN substrate on its stability and 

electronic properties. J. Phys. Chem. C, 119: 1565-1574. 

[19] Vikraman, D., Akbar, K., Hussain, S., Yoo, G., Jang, J. Y., Chun, S. H., Jung, J. 

and Hui, J. P. (2017). Direct synthesis of thickness-tunable MoS2 quantum dot 

thin layers: optical, structural and electrical properties and their application to 

hydrogen evolution. Nano Energy, 35: 101-114. 

[20] Wang, Q., Huang, J., Sun, H., Ng, Y. H., Zhang, K. Q. and Lai, Y. (2018). MoS2 

quantum dots@ TiO2 nanotube Arrays: an extended-spectrum-driven 

photocatalyst for solar hydrogen evolution. Chem Sus Chem, 11: 1708-1721. 

[21] Mohanty, B., Ghorbani-Asl, M., Kretschmer, S., Ghosh, A., Guha, P., Panda, S. 

K., Jena, B., Krasheninnikov, A. V. and Jena, B. K. (2018). MoS2 quantum dots 

as efficient catalyst materials for the oxygen evolution reaction. ACS Catal., 8: 

1683-1689. 

[22] Ganganboina, A. B., DuttaChowdhury, A. and Doong, R. (2017). New avenue for 

appendage of graphene quantum dots on halloysite nanotubes as anode 

Complimentary Contributor Copy



Madhu Tiwari 98 

materials for high performance supercapacitors. ACS Sustain. Chem. Eng., 5: 

4930-4940. 

[23] Liu, W. W., Feng, Y. Q., Yan, X. B., Chen, J. T. and Xue, Q. J. (2013). Superior 

micro-supercapacitors based on graphene quantum dots. Adv. Funct. Mater., 23: 

4111-4122. 

[24] Zhang, W., Xu, T., Liu, Z., Wu, N. L. and Wei, M. (2018), Hierarchical TiO2- x 

imbedded with graphene quantum dots for high-performance lithium storage., 

Chem. Commun., 54: 1413-1416. 

[25] Xu, G., Yang, L., Wei, X., Ding, J., Zhong, J. and Chu, P. K. (2016), MoS2-

Quantum-Dot-Interspersed Li4Ti5O12nanosheets with enhanced performance for 

Li-and Na-ion Batteries., Adv. Funct. Mater., 26: 3349-3358. 

[26] Zhuo, S., Shao, M. and Lee, S. T. (2012). Upconversion and downconversion 

fluorescent graphene quantum dots: ultrasonic preparation and photocatalysis. 

ACS Nano, 6: 1059-1064. 

[27] Nguyen, D. A., Oh, H. M., Duong, N. T., Bang, S., Yoon, S. J. and Jeong, M. S. 

(2018). Highly enhanced photoresponsivity of a monolayer WSe2photodetector 

with nitrogendopedgraphene quantum dots. ACS Appl. Mater. Interfaces, 10: 

10322-10329. 

 

 

 

 

Complimentary Contributor Copy



In: Versatile Solicitations of Materials Science … ISBN: 978-1-53619-763-1 

Editors: Mridula Tripathi, Arti Srivastava et al. © 2021 Nova Science Publishers, Inc. 

 

 

 

 

 

 

Chapter 7  
 

 

 

NANOMATERIALS AS INTRINSIC ENZYME  

MIMETIC CATALYSTS 
 

 

Vinita* 

Department of Chemistry, Deen Dayal Upadhyaya Gorakhpur University, 

Gorakhpur, UP, Indıa 

 

 

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, nanomaterials 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 H2O2 by utilizing the hydrogen 

peroxide and silver nanowire [61-63]. 

 

2.1.3. Platinum Nanomaterials 

Platinum nanoparticles 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 MoS2, CuS, FeS, WS2, 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 Fe2+ or Fe3+. 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 

Complimentary Contributor Copy



Vinita 104 

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, nanozymes 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, Fe3O4 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, CeO2 nanoparticles as SOD mirrors show brilliant catalytic activity 

attributable to the redox coupling somewhere in the range of Ce3+and Ce4+.[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 21st 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 sp2 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 sp2 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 (2s2px
12py

12pz
1) form strong in-plane sp2 bond consisting of 

a honeycomb structure and a fourth electron known as π electron spreads out over top 

or bottom of the layer. These π 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 cm2V-1s-1 [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-1K-1, ~25 times greater than silicon [14], graphene has the highest surface area of 

2630 m2g-1, 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 (~109 A/cm2) 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 

Properties 

Electron mobility-10000 

to 50000 cm2V-1s-1 

Electronic devices[7,22], 

supercapacitors [23], Li-ion 

Battery [24], energy[25] 

2. Mechanical 

Properties 

Young’s modulus-1TPa, 

Intrinsic strength-130 

Gpa 

Actuators [21], tissue 

engineering [26] 

3. Thermal 

Properties 

Thermal conductivity-

5000 Wm-1K-1 

Thermal interface materials 

[27] 

4. Chemical 

Properties 

Support for anchoring 

various chemical 

functionalities or with 

molecules 

environmental sensors[28] 

5. Optical 

Properties 

Transparency ~97% photo detectors [29] 

6. Magnetic 

properties 

long spin diffusion 

length (~ 4μm) at room 

temperature 

Spintronics [30] 

Other properties 

7. Reinforcing 

agent 

Due to extraordinary 

electrical, thermal, 

mechanical properties 

Composites with metal [31] 

and polymer [17,20, 21], 

electromagnetic 

interference shielding [32] 

8. Catalyst Graphene can be used 

as catalysts materials 

[33] 

9. Asbullet proof 

materials 

 [34] 

 

 

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 

It is 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 25000C 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 sp2 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 

AgCl/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. 

 

 

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 

 

S.N. 
Working 

electrode (WE) 

Counter 

electrode (CE) 

Reference 

electrode 

(RE) 

Electrolyte 
Properties of 

end product 

1 HOPG -- Ag/AgCl 0.1 mol/L 

Na2SO4 (aq.) 

Tri layer 

graphene [52] 

2 Graphite rod Graphite rod -- 10mL IL2 and 

10mL IL3 

1.1nm thick 

flakes [53] 

3 Graphite plate Pt foil Saturated 

calomel 

electrode 

(SCE) 

96% H2SO4 Few layer 

graphene [54] 

4 Graphite rod Platinum foil Platinum 

wire 

0.1M SDS High quality 

monolayers 

1.0nm thick [49] 

5 Pencil Pt spiral Pt 10mL IL1 Monolayers 0.8 

and 1.3nm thick 

[55] 

HOPG- Highly oriented pyrolytic graphite 

IL1-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, (c) 9 V, (d) 10 V, (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 

unique 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-1 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 CH3NH3PbI3 as a heart of solar cells with the device 
structure: FTO/Compact TiO2/Mesoporous TiO2/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, 
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etc. generate a huge amount of the carbon-dioxide (CO2), carbon mono-oxide (CO), 

which is not environment-friendly resources because it creates global warming on the 

earth and harmful for the Ozone (O3) 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 I-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 CH3NH3PbI3 

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 cm2 

v-1 s-1), and holes (12.5-65 cm2v-1s-1), long carrier diffusion length (100 nm to 1 μm), 

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 TiO2/perovskite/spiroMeOTAD/Au. Where 

FTO stands for fluorine-doped tin oxide, c-TiO2 stands for compact TiO2 (work as a 

hole blocking layer), mesoporousTiO2 (size of the grain 5-40 μm), 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 I-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. 

 

• Light absorption by the photovoltaic material and generate electrons and holes 

or excitons. 

• Opposite types of charge carrier’s separation. 

• 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/μc-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, I 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: TiO2, 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 CH3NH3PbI3 is a semiconducting pigment 

with a direct bandgap of 1.55 eV with absorption coefficient as high as 104-105 cm-1, 

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 (CH3NH3PbI3) as the heart of 

a solar cell which works as a photovoltaic material [8]. The energy band gap of 

CH3NH3PbI3 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 c-TiO2 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 μm - 1.5 μm with the individual layer thickness 

are glass (200 nm), FTO (400 nm), TiO2 (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 HCl. 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 TiCl4 (1 ml) in 100 ml 

D. I. water and put TiO2 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 PbI2 (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 PbI2 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 CH3NH3PbI3 material has been studied by the I-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 O2 flow in the chamber in which device testing has 

been recorded. 

Now again if we increase humidity by sending humid O2 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. 

 

 

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

 

Figure 3. I-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 O2 into the setup 

chamber, I-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 CH3NH3PbI3 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 

 

CH3NH3PbI3 → CH3NH3I + PbI2 
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Perovskite material recovery chemical equation 

 

CH3NH3I + PbI2 → CH3NH3PbI3 

 

 

CONCLUSION 
 

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

for the 21th 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 AB5, 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 AB5-type 
metal hydride to serve the society as energy material. The parent AB5-type alloy 
has certain fix hydrogenation properties, which are not satisfactory for all the 
application point of view.Therefore the parent AB5-type alloy (LaNi5/MmNi5) 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 AB5-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, AB5-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. First is 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 H2/kg Kg H2/m3 

Bulk storage (102 to 104 m3 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 m3 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 m3 geometric volume) 

Pressurized gas cylinder 0.05 15 

Metal hydride 0.02 55 

Liquid hydrogen tank 0.09-0.13 50-60 

 

 

2. AB5-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, AB5, AB2/A2B and AB. Among all these, AB5-type metal hydride is 

known for its easy activation and ambient operating condition. Here only recent studies 

on AB5-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 La0.25Ce0.52Nd0.17Pr0.06–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 La0.25Ce0.52Nd0.17Pr0.06. 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 

La0.25Ce0.52Nd0.17Pr0.06Ni4.7Sn0.3 intermetallic was obtained.  

Nano-structured LaNi5 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 LaNi5 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 LaNi5 caused a larger energy 

barrier for the hydrogen sorption reactions of the long-time ball milled samples. 

In another work, LaNi5 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 

Complimentary Contributor Copy



AB5-Type Metal Hydrides to Serve the Society as Energy Material 143 

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 %. 

MmNi5−xAlx intermetallics (Mm = mischmetal = La0.25Ce0.52Nd0.17Pr0.06) 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 AB5 Alloy 

 

AB5-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 AB5-type 

alloys with the varieties of substitution done in this alloy. The representative alloy 

among AB5-type hydrogen storage materials corresponds to LaNi5. Another cost 

effective version namely MmNi5 (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 LaNi5 and MmNi5 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 LaNi5 and MmNi5 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(Ni3.8Al1.0Mn0.2)x(x = 0.94, 0.96, 0.98, 1.0) hydrogen 

storage alloys [12]. In LaNi3.8Al1.2−xMnx (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 LaNi3.8Al1.2−xMnx 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 AB5 

compounds [14]. Isotherms have been measured at different temperatures on LaxNd1-

xNi5 (x  0.2) and LaxCe1-xNi5 (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 MmNi5-

type hydrogen storage alloys Mm0.9Ca0.1Ni4.9−xFexAl0.1 (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 

Mm0.9Ca0.1Ni4.9−xFexAl0.1 (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 

LaNi3.8Al1.0Mn0.2 alloy. In another work the effect of partial substitution of Ce by La in 

Ce1-xLaxNi3Cr2 (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 La0.78Ce0.22Ni3.73Mn0.30Al0.17FexCo0.8-x (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.It 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 LaNi5 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 CaNi5, to find its effect on structural and hydrogen storage properties of CaNi5 
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[20]. The substitution increases the unit cell volume of CaNi5 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 ΔH and ΔS 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 

LaNi5−xSnx and H2 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 (LaNi4.7Sn0.2Cu0.1) 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 AB5–type alloys (LaNi5 

and LaNi4.5Co0.5) 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 LaNi4.75Fe0.25 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 La2 (Ni, Co, Mg, M)10 

(Mg modified LaNi5-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 LaNi5−xSnx alloys with H2 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 LaNi5−xAlx (x=0.3 and 

0.4) and it was observed that ΔH depends on the experimental temperature range. 

It was shown that introduction of Sn in LaNi5−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 (LaNi4.73Sn0.27) and in the presence of H2-Co mixture 

absorption kinetics is stronger at lower temperatures [31]. H2 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 MmNi5−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 PCIs the Zhou’s and Smoothed model was used [33].  

Series of SmNi5−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 AB5-type La-Ni-Co alloys La (Ni1−xCox) 5 (x=0, 0.1, 

0.2, 0.3)) by electro-deoxydation method by sintering on 12000C for 2 hours. For the 

formation of LaNi5 the main La-Ni-Co phase was La2NiO4.Al substitution at Ni in AB5-

type La0.78Ce0.22Ni3.95-xCo0.65Mn0.3Si0.1Alx (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 H2 capacity and 

absorption rate of LaNi4.25Al0.75 alloy by resistance against poisoning of the alloy [37].  

The reversibility reaction and activation of the AB5-type metal hydride, non-iron 

LaNi3.55Mn0.4Al0.3Co0.75 and iron containing LaNi3.55Mn0.4Al0.3Co0.2Fe0.55 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 LaNi3.8Al1.2−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 LaNi5 nanoparticles on carbon (nano LaNi5/C) were synthesized 

through a precipitation-reduction method. Carbon-supported LaNi5 nanoparticles have 

much smaller particle size (26±8nm) as compared to unsupported LaNi5 nanoparticles 

(214±75nm) (nano LaNi5) prepared by the same method and bulk LaNi5 (35±17μm). It 

has been found that in LaNi5 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 AB5-type hydrides the parent alloy corresponds to LaNi5 

[41]. Investigations on a set of MmNi5−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 LaNi5 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 LaNi5 [44]. 
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Multi-element LaNi5 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 LaNi5 is more dependent on 

degree of activation of samples rather than hydrogen absorption state [46].In the study 

of Al substitution in CeNi5 (CeNi5-xAlx) the largest amount of hydrogen concentration 

has been found for the composition of CeNi4Al [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 LaNi3.6Mn0.3Al0.4Co0.7 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 MmNi4.6Al0.4, LaNi4.75Al0.25 and LaNi5 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 LaNi5 towards ternary compositions changes alloy 

hydrogen storage properties and influence the resistance to hydrogen contamination. 

Thermodynamic properties of ternary alloys LaNi4.75M0.25 were investigated with ab 

initio methods and synthesized in order to select the composition with hydrogen 

sorption properties not worse than LaNi5 [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 LaNi4.75Ag0.25 and LaNi4.75Pb0.25 showed favorable stability 

and H2 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 

 

• High hydrogen carrying(storage) capacity 

• Low temperature of dissociation (<100°C) 

• High kinetics of hydrogen uptake and discharge 

• Low heats of formation and decomposition 

• Abundant availability at low cost of alloy 

• Low hysteresis 

• Light weight 

• Flat and extended plateau pressure isotherms 

• Stable towards oxygen and moisture (poisoning resistance) 

• Reversibility of reaction 

• Ease of activation 

• Safety 

• Physical stability 

• Thermal conductivity etc. 

 

 

 

 

Complimentary Contributor Copy



AB5-Type Metal Hydrides to Serve the Society as Energy Material 149 

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 H2 storage 

containers and H2 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 H2 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 H₂ and a metal alloy forming a metal hydride (including 

the back-reaction) can be employed in various technical applications:  

 

• Hydrogen storage (stationary, mobile, portable) 

(A) Static storage units 

(B) Fuel for motor vehicles 

• Hydrogen purification and separation  

• Hydrogen separation from gas mixtures (e.g., H₂-CH₄) 

• Thermo chemical devices: 

Hydrogen compressors, Thermoboosters, Heat storage, Heat pumps, 

Thermochemico-mechanical actuators 

• Electrochemical applications (e.g., battery electrodes) 

• Electronic applications (e.g., sensors) 

• Optical applications (e.g., switchable mirrors) 

• Isotope separation 

• Hydrogen getters 

• Hydrogen compression 

• Heat storage 

• Heat pumps and refrigerators 

(A) Mechanically operated 

(B) Thermal driven, temperature gradient 

(C) Thermally driven refrigerators 

• Heat engine 

• Temperature sensor and actuator 

• Liquid hydrogen applications 

• Catalyst 

• Batteries and electrochemical catalyst 
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CONCLUSION 
 

In conclusion it can be said that AB5-type alloys are promising hydrogen storage 

material, which can be used for many applications. Many researches have been 

performed on AB5-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 AB5 alloy. The substitution at ‘B’ site is more common in comparison to ‘A’ site. 

The most common substitution at ‘A’ site in parent LaNi5 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 AB5 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 H2 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 sp2 carbon atoms based on simple geometrical principles 

having fascinating physical and chemical properties. The well known fullerenes 

available these days include C60, C70, C76 and C84, however the most popular in fullerene 

family is C60 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.  
 

 

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 Iijima [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 µm 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 N2, O2, CO, CO2, NH3 

and CH4 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 sp2 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 0D 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 particles 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 C18) 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]. 

 

 

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 LiPF6 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 C60 and C70 can be hydrogenated via different methods. Hydrogenated 

fullerenes particularly C70Hx 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. 
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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 CO2 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 H2 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 into 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 (TiO2, 

Fe2O3, 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(II), Pb(II), 

Cr(VI), Cd(II), and As(III)/(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(III). 

Au NPs-Al2O3 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 nanoparticles 

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 O2 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 O2
.¯ superoxide radical anion [E° 

(O2/O2
.¯) = 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 CO2 and H2O. 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 (MWCNTs), 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. Ionic group promotes the kinetics of interfacial charge 

transport with well-defined charge separation within photosensitizer [34]. 

 

 

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 Fe3O4 and 

Fe2O3 of 5.99 mg g-1. 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(III) and As (V) by 

the CNTs-base iron oxides were 24.05 mgg-1 and 47.41 mgg-1, 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, π–

π 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 TiO2 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 Fe3O4 nanoparticles for fast and selective adsorption of industrial 

pollutant Congo red dye.  

 

  
(a)    (b) 

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 Fe3O4 

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 

CO2 and H2O. 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 × 10−5 M at room temperature (30°C).  
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(a) 

 
(b) 

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 TiO2 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 TiO2 nanotubes in TNNs was 9 

wt%, resulting in 0.886 V of open circuit potential (VOC) 25.5mA/cm2 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/cm2 without nanotubes to 25.5 mA/cm2 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 TiO2 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/FTO) cell. The composite 

structure is attributed to rapid electron transfer at the counter electrode caused by π–

π 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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(a)      (b) 

Figure 4. (a) Schematic diagram of dye-sensitized solar cell with MWCNT-g-PSSNa as 
counter electrode (electro-catalyst). (b) Absorption of TiO2 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 TiO2 

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 TiO2 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 TiO2 under plasmonic wavelength illumination is attributed to the 

enhanced charge injection of plasmonically excited electrons from metal NPs into TiO2. 

 

 

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. 

Π-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-C3N4 shows the highest H2 evolution rate of 10.105 

molh-1, which is about 11.7 folds higher than that of pure g-C3N4. 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-1 

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-C3N3/rGO 

nanostructures with enhanced visible light harvesting capacity for the degradation of 

4-nitrophenol. The photocatalytic degradation efficiency depends on the band 

structure and valence band edge potential of photocatalyst. The oxidation power of VB 

(photocatalyst) varies with narrowing the band gap as a function of r-GO. The r-GO 

collects the photo generated electrons, thereby reducing the chance of recombination. 

The best photocatalytic activity of g-C3N4/r-GO-2.5% was observed due to positive 

shifting of VB potential and enhanced degradation capacity [40]. 
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10.2. Effect of Coating and Caping Over the Surface of Nanoparticle 

 

The photocatalytic degradation involves an electron transfer process coupled with 

a redox reaction. Organic and inorganic materials coated surface can extend their light 

absorption in the visible region and their stability against photo-corrosion. Such 

materials could emerge as excellent photocatalysts for the elimination of pollutants 

from aqueous media using solar energy [29]. Coating prevents structural and surface 

degradation of photocatalyst and improves the life time of active sites. Surface capping 

can reduce the photocatalytic activity due to development of screen on the surface of 

nanoparticle and thus, delaying the photocatalytic reaction. However, the polymeric 

capping shells allow the photocatalyst nanoparticles to diffuse in water and make 

effective contact with dye molecules. Caping improves the absorbency of nanoparticle. 

The degradation efficiency can be calculated from following equation.  

 

Degradation (%) = 
𝐶0−𝐶

𝐶0
 × 100 =  

𝐴0−𝐴

𝐴0
 × 100 

 

The rate constant of the dye decolourisation reaction was determined using the 

Langmuir–Hinshelwood equation: 

 

Degradation rate constant (kobs) = 
2.303

𝑡
𝑙𝑜𝑔10

𝐴0

𝐴
 

 

Where A0, A, and C0, C are the absorbance and concentration of pollutant when 

the reaction time is 0 and t and kobs is the apparent reaction rate constant. 

Capped nanoparticle exhibited greater photocatalytic activity as compared to 

uncapped nanoparticle [41]. Electron affinity is a major parameter for photocatalytic 

degradation of reactive textile dyes as the ionic nature or the presence of lone pair 

electrons in the polymeric chain backbone acts as chelating agent to stabilize the 

nanoparticles [42]. Bonding of capping agents to nanoparticles is necessary to provide 

chemical passivation that prevent from agglomeration and improve the surface states 

and stability. Soltani et al. [41] synthesized polyvinyl pyrrolidone (PVP)-capped ZnS 

and CdS nanoparticles for photo degradation of Methylene blue. The physical mixture 

of 20% PVP-ZnS with PVP-CdS nanoparticle exhibited 81% photo degradation 

efficiency of methylene blue after 360 min. 

 

 

10.3. Synergistic Influence of Porosity, Conducting Polymer  

and Metal Nanoparticle 

 

The amalgamation of semiconducting metal nanoparticle into conjugated polymer 

can complement the spectral absorption range of the polymers as well as facilitates 

enhanced charge separation due to interfacial interaction. Ghosh et al. [15, 43] 

demonstrated that the Au/PEDOT nanohybrids exhibits 13-fold enhancements in 
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photocurrent compared to Poly (3, 4-ethylenedioxythiophene (PEDOT) nanofibers 

under visible light. The photo-induced electron transfer from PEDOT nanofibers to Au 

NPs at the hybrid interface may occur via a continuous extension of conjugation from 

polymeric moiety due to closer proximity of the Au NPs which enhance the charge 

separation. The polymeric hybrid materials having porous structures favor the 

dispersion of the nanophotocatalysts and the percolation of water [44]. Porous 

structures can enhance the interaction between polymeric nanomaterials and water 

molecules and promote the charge transfer in different dimension. Podasca et al. [45] 

prepared a composite film containing ZnO (6–13 nm)-Ag (2–6 nm) NPs and about 3% 

polypyrrole exhibited a maximum degradation efficiency of 99% for Rhodamine B 

within 120 min with rate constant k = 2.96 × 10−2 min−1 under visible light irradiation. 

Feizpoor et al. [3] developed a ternary system of photocatalyst TiO2/CDs/ (polyaniline) 

PANi(20%) for the degradation of Rhodamine B and degradation rate was found to be 

481× 10-4 min-1 which is significantly 36.5 fold higher than TiO2 alone. The improved 

efficiency is due to reduced recombination loss at the interface. Yang et al. [46] 

developed a novel photocatalyst (1% PPy/Ag-TiO2) for the decomposition of gaseous 

acetone under visible light irradiation. PPyAg-TiO2 exhibited much higher 

photocatalytic activity and its rate constant (k) value was 0.087 min−1 which was 9.66, 

times greater than that of TiO2 activity. 

 

 

10.4. Effect of π – Conjugation, Side Chain and Chain Length Over 

Photocatalytic Redox Reaction 

 

Photocatalytic redox reaction proceeds through effective charge transport from 

photocatalyst. The conjugation extends visible light gathering and side substituent 

works as carrier transfer bridge [47]. The π-conjugation along the polymer backbone 

enables them with unique photogenerated charge carrier separation and transport 

properties, which is critical to trigger photo redox reactions [48]. Photogenerated 

electrons and holes are utilized for the reduction and oxidation of water. Oxygen and 

water are prime source of highly reactive free radicals. Photoexcited electron can be 

stabilized by tuning the energy gap of photocatalyst [49]. The energy level alignments 

of the polymer photocatalyst and the redox potential of water must be well matched. 

Hydrophilic side chain pulls water for interfacial contact with polymer backbone. Planar 

unit (fluorine and pyrene) can be introduced into polymer chain to extend conjugation 

degree and charge transfer efficiency. The electron push–pull interaction in the donor-

acceptor type polymer backbone could facilitate charge separation in the 

photocatalytic process. Side-chains aid the degree of polymer swelling and also extend 

the (charge separation) photo excited electron lifetime.  
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CONCLUSION 
 

Native nanomaterials play important role due to size dependent properties. The 

functionalized nanoparticle has enhanced activity because it has more active sites over 

the surface of functional group. The functionalization of the material surface includes 

grafting of well-defined molecules to change the surface reactivity towards specific 

chemical species. Functionalized nanomaterials exhibited good storage capacity. 

Nanomaterials ignite its scope to enhance the photo physical process. The selective 

tuning and active functional group enhances the activity and efficiency of 

nanomaterials. The solar cells, adsorption and degradation for the toxic pollutants from 

large volumes of aqueous solutions are covered through novel nanomaterials. 

Functionalizing material with specific chemicals responsible for targeting contaminant 

molecules of interest can aid in enhancing the selectivity and efficiency of the material. 
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ABSTRACT 
 

Carbon-based materials are group of materials in which carbon forms covalent 
bonds with other carbon atoms or with other elements (metal or non-metal) that 
leads to the formation of variety of materials. Carbon-based materials when coated 
on electrode surfaces, lead to the enhancement of electroactive surface area, 
electron transport properties, and promote adsorption of molecules which are 
advantageous for the electrochemical sensors. Depending on their hybridization 
(sp, sp2, and sp3) and geometrical structure (0D, 1D, 2D, and 3D), carbon-based 
materials exist in multiforms like carbon nanodiamonds, fullerenes, graphene, 
carbon nanotubes, carbon nanodots, and carbon nanofibers. The functionalization 
of carbon-based materials is another important factor for selective sensing which 
leads to the change in the surface chemistry that optimizes the interaction of the 
carbon surface with the exterior domain. Numerous recent electrochemical 
sensors have been reported on the functionalization of carbon-based materials. 
Mesoporous carbon nitride (MCN) is another emerging class of carbon material 
having exchangeable N-H groups which makes it a potential material for sensing 
applications. The suitability of carbon materials (including MCN) in sensors is 
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further supported by their biocompatibility, high stability, tunable electronic 
structure, and cost-effective synthesis. In addition to the above advantages, 
carbon materials are liable for easy chemical modification through heteroatom 
doping or adsorption of metal and/or organic species for analyte sensing. In this 
chapter, the role of the functionalization of carbon-based materials and their 
exploitation in electrochemical sensing will be clarified.  

 

Keywords: carbon-based materials, covalent functionalization, non-covalent 

functionalization, electrochemical sensor 

 

 

1. INTRODUCTION 

 

Electrochemical sensors are economical, sensitive, simple to construct, and easy 

to operate [1]. The changes in electrochemical parameters that occur at the electrode 

interface have been utilized for the detection of chemical and biological target analytes. 

It is well-known that the electrode material is the key to the construction of effective 

sensing platforms to detect various target analytes. Recent advancements in the field 

of nanoscience and nanotechnology made significant improvements in the 

development of electrode materials and subsequent fabrication of electrochemical 

sensors [1]. Carbon nanomaterials have set down their feet in scientific research with 

the first investigation of fullerene in the mid-eighties [2, 3]. Since then, worldwide 

research in this field has exponentially increased for a variety of applications. Carbon-

based materials have revolutionized the field of electrochemical sensing due to their 

wide potential window, low cost, favorable electron transfer kinetics, and high chemical 

stability [2, 3]. They exhibit a large surface-to-volume ratio and high specific surface 

area. The characteristics of nanomaterials depend upon their size, shape, dimension, 

and composition which can be tuned by altering any of these factors [2]. Nonaka et al. 

have changed the dimensionality of 2D graphene into 3D crumpled graphene and 

decorated it with manganese ferrite resulting in the MnFe2O4 material. They have 

utilized an aerosol-assisted capillary compression process to synthesize MnFe2O4 and 

used the material for the electrochemical sensing of hydrogen peroxide [4]. Similarly, 

there have been various methods to modify the surface of carbon-based materials 

which may add specific properties to detect specific analytes. Indeed, carbon-based 

materials show heterogeneity in their morphology and physicochemical properties. In 

this chapter, a broad overview of carbon-based materials (mainly nanodiamonds 

(NDs), fullerenes, graphene, carbon nanotubes (CNTs), and carbon nitrides) and the 

effect of their functionalization on the fabrication of electrochemical sensors are 

considered [5]. Functionalization strategies are broadly classified into two ways, 

covalent or non-covalent functionalization. 

Apart from NDs, other materials have an extended network of sp2 hybridized 

carbon. Fullerenes have a high degree of curvature due to which they have strained 

C-C bonds which can be released by covalent functionalization [5]. Graphene has 2D 

layered structure, stacked over one another by strong van der Waals interaction. Its 
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functionalization requires harsh conditions while non-covalent functionalization 

requires simple equilibration as it mainly exploits π-π interactions [5]. CNTs have less 

curvature as compared to fullerenes and the covalent functionalization can be 

achieved by mild acid treatments while non-covalent functionalization requires simple 

equilibration or sometimes rigorous ultrasonication [5]. In the case of carbon nitride, 

non-covalent functionalization is more common than covalent functionalization. Non-

covalent functionalization includes surface adsorption of active species [6]. In this 

chapter, various functionalization techniques used for carbon-based materials and 

their importance in the areas of electroanalysis and electrochemical sensing are 

covered.  

 

 

2. CARBON-BASED MATERIALS 
 

Carbon is present everywhere and it can form single or multiple (double or triple) 

covalent bonds with other carbon atoms or other elements resulting in a vast variety 

of materials [2, 7]. The carbon-based materials may exist in the form of NDs, fullerenes, 

graphene, CNTs, carbon nanodots, carbon nanofibers, carbon nitride, and many more 

depending upon their hybridization (sp, sp2, and sp3) and dimension (0D, 1D, 2D, and 

3D) [8]. 

 

 

2.1. Nanodiamonds (NDs) 

 

Diamonds are the hardest known material where the carbons are sp3 hybridized 

[9]. The nanoscopic version of diamonds, also known as nanodiamonds (NDs) are 

enriched with the properties of diamonds and nanomaterials [9] which were discovered 

in the USSR during the detonation of carbon-based explosives in the 1960s [9, 10]. 

Apart from the detonation, NDs can also be synthesized by chemical vapor deposition 

(CVD), high-pressure high-temperature, hydrothermal, and electrochemical methods 

[9-11]. The synthetic route determines the shape, size, and surface chemistry of the 

resulting NDs [8, 9]. NDs have a large surface area with a particle size around 4 nm 

and possess sp3 core diamond structure and sp2 surface carbon ending with functional 

groups like carboxylic acid, acid anhydride, epoxide, and hydroxyl groups [8, 9, 12] 

which can be utilized for further functionalization [12]. Functionalization can increase 

the surface area and detection limit that can be harnessed in the field of 

electrochemical sensing [12]. The macroscopic (hydrophilicity and colloidal stability) 

and microscopic (reactivity) properties of NDs can be regulated by controlling the 

functionalization of the NDs surface [13]. They exhibit excellent hardness, thermal 

conductivity, and least toxicity [2]. Due to the rich surface chemistry of the NDs, they 

can be grafted with a variety of molecules and the resulting material can be exploited 

in biomedicine, drug delivery, sensor development, and energy storage [12]. Grafting 

Complimentary Contributor Copy



Mamta Yadav et al. 196 

of the NDs surface has been utilized advantageously in the field of electrochemical 

sensing towards the detection of glucose [14, 15] catechol [16], urea [17], etc. [12, 18].  

 

 

2.2. Fullerene 

 

Fullerenes are 0D carbon-based materials discovered in 1985 [2, 7, 19]. They 

possess a hollow spherical structure composed of carbon clusters (Cn, n >20) and the 

most common is C60 [2]. C60 is a highly symmetrical spherical molecule with 60 carbon 

atoms covalently bonded to other carbon atoms with sp2 hybridization. It is composed 

of 12 pentagons and 20 hexagons with a diameter of 0.7 nm [2, 7]. C60 can be easily 

grafted for electrochemical applications exploiting their rich π electron hollow carbon 

structure with a fast electron-accepting ability to accelerate the electron transfer [20]. 

Fullerenes have been attracted by the researchers for the modification of the electrode 

surface due to their chemical stability, metallic impurity-free nature, and reliable 

electrocatalytic response [21]. Fullerene itself was used for the electrode modification 

and successfully utilized for the determination of carbamazepine by Kalanur et al. [22]. 

A suspension of fullerene was coated onto a glassy carbon electrode surface and after 

drying the fullerene was electrochemically reduced and used for the carbamazepine 

determination [22]. Due to their efficient encapsulating properties through van der 

Waals and other interactions, they are widely employed in drug delivery [7]. The 

functionalization (like –OH, –COOH, –OCH3) of the fullerenes enhances their solubility 

in the polar solvents and paves the way for further functionalization [23] and 

consecutively improves its applicability in the electrochemical, medical, and 

pharmaceutical fields [7].  

 

 

2.3. Graphene 

 

Graphene is a 2D thinnest and strongest material, composed of single-layered sp2 

carbons arranged in a honeycomb-like structure [2]. Graphene is considered as the 

basic unit for other carbon allotropes, for example, when the graphene sheets are 

wrapped up they form 0D fullerene, when they are rolled up they form 1D CNTs, and 

when they are stacked together they form 3D graphite [2]. Graphene was first 

investigated by a theoretical physicist, Wallace in 1947 [2] and later explored by Geim 

and Novoselove in 2004. Graphene has exceptional mechanical, thermal, physical, 

and chemical properties and finds immense applications in the field of sensors, 

supercapacitors, biotechnology, batteries, etc. Large surface area and high charge 

mobility in the layers of graphene make this material extremely important in the field of 

sensors [2]. Pristine graphene has exceptional electrical conductivity, however, has 

poor solubility in the aqueous medium and therefore it has been modified to graphene 

oxide (GO) and reduced graphene oxide (rGO) [19]. GO is the oxygen counterpart of  
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a single-layer graphene sheet. The basal plane of GO has hydroxyl and epoxy groups 

whereas the carboxyl group is present at the edges [8]. These oxygen-containing 

functional groups provide hydrophilicity to the graphene layers and increase their 

dispersion in water. Concurrently, such functionalization inhibits the electrical 

conductivity. To regain its electrical conductivity, GO is generally reduced again to 

synthesize rGO [19]. Suspension of GO is stable for a longer time which is exploited 

in the preparation of nanocomposites by combining them with biomolecules, 

nanoparticles, and polymers [7]. Graphene is considered to be a very promising 

material in the fabrication of sensors and biosensors since its 2D structure facilitates 

the immobilization of molecules and nanoparticles [7, 24]. Functionalized GO has been 

used for the electrochemical sensing of various biomolecules like methylmalonic acid 

[25], dopamine [26], hydrogen peroxide [27], and many more [28, 29].  

 

 

2.4. Carbon Nanotubes (CNTs) 

 

CNTs are one of the allotropic modifications of carbon, composed of a 

concentrically rolled-up structure of graphene sheets in a tubular shape with a high 

degree of aspect ratio [8]. These are 1D nanostructured materials solely made up of 

sp2 carbon atoms with variable length, diameter, and layers [30, 31]. Depending upon 

the number of layers, CNTs can be classified into two classes, single-walled carbon 

nanotubes (SWCNTs) (if only one sheet is rolled up to form the tube) and multi-walled 

carbon nanotubes (MWCNTs) (formed when more than one sheet are concentrically 

arranged) [2]. SWCNTs possess a diameter of 1-3 nm and a few µm of length, while 

MWCNTs possess a diameter of 5-25 nm and a length around 10 µm. Due to their 

extraordinary and fascinating properties like high conductivity, mechanical strength, 

chemical, thermal, and structural stability, they have been widely used [2] in 

electrochemical sensing applications. CNTs are extensively employed in those 

applications owing to their large surface area resulting in the high adsorption capacity 

and significant change in the reactivity upon coupling with an analyte [8]. The main 

techniques for the synthesis of CNTs are chemical vapor deposition (CVD) and the 

laser ablation method [7]. The poor dispersion of CNTs is the biggest barrier for their 

wider applications and therefore, functionalization of CNTs becomes important to 

increase their dispersibility and to decrease their agglomeration caused due to van der 

Waals interaction [8]. Functionalization (covalent or non-covalent) modifies the 

interaction of CNTs with other entities [31] and improves their utility in the field of 

sensing. Functionalized CNTs have been used in the electrochemical sensors for a 

variety of analytes like uric acid, peroxide, o-nitrophenol [34], p-nitrophenol [32], 

glucose [33], and many more [34-38]. 
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2.5. Carbon Nitride 

 

Graphitic carbon nitrides are fascinating 2D materials having an economic 

synthetic route, tunable band structure, and surprisingly-high thermal and chemical 

stabilities [39]. These materials are unreactive towards common organic solvents, 

water, and moderately strong acids and bases. The high durability of carbon nitride 

materials is the result of strong van der Waals forces between the adjacent layers [39]. 

Physicochemical properties of carbon nitride can be altered easily by varying the 

precursors with different nitrogen contents and choosing different synthetic routes. 

Several exiting reports using carbon nitride materials have been reported in the field 

of chemical sensors and biosensors. Having a bandgap in the semiconducting region 

(2.7 eV), carbon nitrides have great potential to harvest sunlight and the majority of 

the reports on carbon nitride include photochemical applications [40]. Carbon nitrides 

and functionalized carbon nitrides are used for the target analyte determination with 

the aid of fluorescence, chemiluminescence, electrochemiluminescence, 

photoelectrochemical, and electrochemical techniques [40, 41]. Electrochemical 

sensors based on carbon nitrides are relatively less explored. In spite of the significant 

number of findings using carbon nitride materials, carbon nitrides still face some 

limitations due to their low surface area. In order to increase the specific surface area 

of the carbon nitride, Vinu et al., for the first time introduced porosity into it [41]. Porous 

carbon nitrides with high specific surface area show enhanced response towards 

electrochemical applications. Porosity may increase the electrochemical response in 

several ways, for example, porous materials may provide sufficient space for the 

homogeneous distribution of the adsorbed materials which decreases the chances of 

aggregation and provides better exposer of active sites to the analyte. Pores provide 

more convenient charge transfer and increase the loading amount of the active 

catalyst. The functionalization of carbon nitride has been extensively explored by 

several groups [39-42]. In this case also, the functionalization may be broadly 

classified into two parts, covalent and non-covalent functionalizations. 

 

 

3. FUNCTIONALIZATION EFFECT ON ELECTROCHEMICAL SENSING 
 

The functionalization process is an important step to tailor the carbon-based 

materials’ surface according to the needs. One of the important features of 

functionalization is the change in surface chemistry, enabling the interaction of different 

species at the molecular level [8]. The main drawback of using carbon-based materials 

is their dispersibility in a polar solvent. The van der Waals interaction leads to 

agglomeration of the carbon-based materials, due to which the functionalization 

becomes very important. Surface functionalization enables us to graft the surface by 

well-defined molecules or materials that lead to its use in the specific area of interest 

[8]. It also enhances the electrochemical property which can be advantageously 

exploited in the field of sensing, supercapacitors, fuel cells, etc. [8]. The recently 
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described functionalization of individual carbon materials (NDs, fullerenes, graphene, 

CNTs, and carbon nitride) and the advantages of functionalization are discussed 

below. Figure 1 shows different functional groups derived/introduced on the carbon 

materials and target analytes successfully determined using the functionalized carbon 

materials. 

 

 

Figure 1. Functional groups derived/introduced on the carbon materials and target analytes 
successfully determined using the functionalized carbon materials.  

 

3.1. Covalent Functionalization 

 

As the name suggests, covalent functionalizations involve the surface tailoring 

through the covalent bonding of a specific molecule with the carbon present at the 

surface of carbon nanomaterials. During the functionalization, certain sp2 hybridized 

carbons are changed to sp3 [2, 42] hybridized carbons. Covalent integration of 

molecules on the NDs surface is mainly used for drug delivery purposes [8]. It includes 

the surface functionalization via hydroxyl, carboxyl, or amine groups [8]. Basiuk et al. 

[43] have prepared amine-functionalized NDs utilizing a solvent-free approach. For 

this, they thermally activated the carboxyl groups present on the surface of NDs. They 

have prepared a variety of amine-functionalized NDs by the same procedure using 

different amines like 1,12-diaminododecane, 1,5-diaminonaphthalene, poly(ethylene 

glycol) diamine, and polyethylenimine. Covalently modified NDs for the fabrication of 

an electrochemical biosensor has been reported by Camargo et al. [16]. They coupled 

the surface of NDs with potato starch, and then the composite was covalently modified 
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using tyrosinase enzyme for the detection of catechol [16]. Similarly, a urea biosensor 

has been developed by functionalizing NDs by polyaniline and adhering urease 

enzyme on its surface using ethyl(dimethylaminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide. EDC helps to form the amide bond between the amine group of 

the composite and the carboxylic group of the urease enzyme [17]. Figure 2 shows the 

fabrication of the electrode surface using NDs and its application in urea sensing [17]. 

Electro-polymerization has been utilized to graft the surface of NDs with L-aspartic 

acid to make an efficient sensor for the quantitative assay of L-ascorbic acid [12]. The 

main problem associated with covalent functionalization is the decrease in enzyme 

activity [15].  
 

 

Figure 2. Schematic representation of step-wise functionalization polyaniline (a) and 
polyaniline-graphitized nanodiamond composite (b). This figure is reproduced with permission 
from reference [17]. 

Another class of carbon that can be utilized for sensing applications is fullerene. 

The first functionalization of fullerene was achieved with cyclodextrin to increase its 

dispersibility in water and was utilized to generate reactive oxygen species [8]. 

Treatment of fullerene with strong acid at elevated temperature leads to the inclusion 

of carboxyl and hydroxyl groups making the surface hydrophilic [8]. Zhou et al. 

demonstrated the covalent grafting of fullerene with ordered mesoporous carbon 

(OMC-C60) for the electrochemical oxidation of the reduced form of nicotinamide 

adenine dinucleotide (NADH) [44]. The amperometry response and calibration curve 

for the determination of NADH are shown in Figure 3. A non-enzymatic electrochemical 

sensor was prepared for the determination of peroxide and nitrite by functionalizing the 
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fullerene surface with Zn-porphyrin using the flexible methylene linkage [45]. This 

sensor provided high sensitivity and high stability towards the target analytes 

determination [45]. Fullerene was further used for the functionalization of other carbon 

materials like CNTs (reported by Mazloum-Ardakani et al. [46]) and the resulting 

materials were used for the sensing of a neurotransmitter precursor, levodopa together 

with acetaminophen. 

 

 

Figure 3. Amperometric response (A) for the glassy carbon electrodes modified with OMC-C60 
(a), ordered mesoporous carbon (b), CNTs (c), and C60 (d), and bare glassy carbon (e) with 
the addition of 0.1 mM NADH and the calibration curves (B) for the determination of NADH. 
This figure is reproduced with permission from reference [44]. 

Graphene was chemically oxidized via Hummer’s method that enables further 

functionalization. Electrochemical sensing of lead was done using GO-imi-(CH2)2-NH2 

material which was prepared by covalently grafting GO surface by imidazolium 

molecule and further functionalizing it with 2-chloroethyl amine hydrochloride, which 

introduces amine group that leads to high sensitive lead determination [29]. The 

scheme for the synthesis of Ni-doped FeS2 on rGO (Ni-FeS2/rGO) is shown in Figure 

4 which is used for the sensing of hydrogen peroxide [27]. In another study, the 

Hummers method was used to synthesize GO which was then simultaneously 

subjected to its reduction and TiO2 nanoparticles growth at its layers. This 

nanocomposite was used for the preparation of an electrochemical sensor which is 

very sensitive and demonstrates a low detection limit for the determination of rifampicin 

[28].  

CNTs can be purified by treating them with strong acids. This process removes the 

amorphous carbon and also results in the acid functionalization of CNTs [8, 31]. During 

the acid treatment, CNTs undergo oxidation and [8, 31] this process opens up the tube 

ends and functionalize mostly with carboxylic acid groups [31]. These carboxylic 

groups can further be reacted with thionyl chloride (SOCl2) and amine (for example, 

alkyl-aryl amine 4-dodcecyl-aniline [31], octadecylamine [31], and ethylenediamine 

[47]) to synthesize amine-functionalized CNTs. Quantification of polyphenols was 

done by covalently grafting the CNTs by polytyrosine. This functionalization was 
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achieved by treating the oxidized SWCNTs with thionyl chloride followed by the 

covalent attachment of poly-L-tyrosine [34]. The obtained SWCNTs-Polytyr was then 

coated on the surface of a glassy carbon electrode and used for the determination of 

gallic acid [34]. 

 

 

Figure 4. The synthetic route for the preparation of Ni-FeS2/rGO. This figure is reproduced 
with permission from reference [27]. 

Another sensor was prepared by Pang et al. [32] in which the surface of pre-treated 

MWCNTs was functionalized with amine using 3-(aminopropyl)triethoxysilane. This 

amine-MWCNTs was further allowed to react with ferrocene carboxylic acid using N-

hydroxysuccinimide and 1-ethyl-3-(3-dimethylamino propyl) carbodiimide. This 

treatment resulted in the ferrocene functionalized MWCNTs (Fc-MWNTs), which was 

utilized for the determination of o- and p-nitrophenols. The whole process is shown 

schematically in Figure 5 [32]. Simultaneous determination of guanine, adenine, and 

8-hydroxy-2'-deoxyguanosine was done by Gutierrez et al. [35] in which SWCNTs 

surface was covalently grafted with lysine. 

Covalent functionalization of carbon nitride involves the creation of a covalent bond 

among the carbon nitride and foreign species. The position of foreign species could be 

in the sheet plane or at the sheet surface. Herein, certain important varieties of 

functionalization and their effect on the behavior of carbon nitride are covered. 

Protonation of carbon nitride surface is one of the convenient approaches for surface 

modification. Protonation provides significant changes in properties, more active 

substitution sites, and enhanced redox properties. Several research groups used 

proton functionalization of the carbon nitride and reported motivating sensing 

properties [40]. Capilli et al. described an interesting approach to modify carbon nitride 

by amine functionalization [48]. Wang et al. [49] reported carboxyl functionalized 

graphitic carbon nitride for sensing carcinoembryonic antigen via. 

photoelectrochemical approach. Lv et al. demonstrated the use of hydroxyl 

functionalized graphitic carbon nitride for the [50] detection of copper, where the 
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hydroxyl group plays a vital role in the detection process [50]. Rajkumar et al. [51] have 

synthesized sulfur-doped graphitic carbon nitride nanosheets (S-GCN) as a metal-free 

catalyst for the electrochemical determination of 4-nitrophenol. The synthetic route and 

key results are schematically shown in Figure 6 [51]. Carbon nitrides doped with metal 

and nonmetals (other than C and N) are also explored extensively for electrochemical 

sensing. 

 

 

Figure 5. Schematic synthetic route for the preparation of Fc-MWNTs (A) and the fabrication 
of Fc-MWNTs coated glassy carbon electrode (B) with typical responses. This figure is 
reproduced with permission from reference [32]. 

 

Figure 6. Schematic presentation showing the synthesis of S-GCN and its use in the sensing 
of 4-nitrophenol. This figure is reproduced with permission from reference [51].  
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3.2. Non-Covalent Functionalization 

 

Non-covalent functionalization involves π-π interaction, van der Waals interaction, 

and hydrogen bonding [42]. Non-covalent functionalization can be achieved by a 

simple approach [13, 42]. The non-covalent functionalization of NDs was achieved by 

grafting neoglycoproteins on the surface of the NDs and exploited for the hepatocytes 

sensing via carbohydrate receptors [52]. Non-covalent functionalization of NDs with 

macrocyclic molecules like porphyrin has been achieved by sonicating the mixture of 

NDs and tetrakis(p-carboxyphenyl)porphyrin in acetonitrile for 2 h [53]. 

Supramolecular assembly of fullerene with porphyrin has been demonstrated as an 

efficient material for certain photoinduced electron transfer reactions. A composite 

based on the non-covalent interaction of fullerene with porphyrin-diazocine-porphyrin 

was prepared by Zhang et al. for the dopamine assay [54]. Graphene has a 2D 

extended conjugation suitable for non-covalent functionalization. One of the non-

covalent functionalizations of graphene with gold nanoparticles is achieved using 

polyoxyethylene sorbitol anhydride monolaurate (TWEEN 20). Lu et al. initially 

functionalized the GO surface by sonicating it with TWEEN 20 for 30 min. The resulting 

composite material (TWEEN/GO) was re-dispersed in auric chloride solution 

containing NaOH. A mild shaking of the mixture yielded graphene grafted with gold 

nanoparticles. This material was used for the determination of hydrazine and 4-

nitrophenol [55]. Pyrene functionalized molecules have the advantages of π-π stacking 

onto graphene surfaces. Han et al. synthesized non-covalently functionalized 

graphene with pyrene and exploited it for the determination of Concanavalin A [56]. 

There are various reports available regarding the non-covalent functionalization of 

CNTs with π-π interaction without disrupting the conjugation of the side walls. For such 

functionalization, CNTs are simply equilibrated with the particular species for a certain 

period to get it adsorbed on the surface (usually through π-π interaction). Using a 

similar procedure, substituted cobalt porphyrin complex immobilized CNTs were 

reported which rely on the π-π interaction between the porphyrin moiety and CNTs. 

The stable catalytic response exhibited by the material can be advantageously utilized 

in fuel cell applications [30]. Functionalized CNTs play a vital role in the preparation of 

selective electrochemical sensors for specific analytes. Zhu and group have reported 

non-covalently functionalized SWCNTs with β-cyclodextrin bridged by 3,4,9,10-

perylene tetracarboxylic acid for the selective determination of 9-anthracenecarboxylic 

acid which is widely used in the fields of dyes and insecticides [57]. Similarly, a 

peroxide sensor has been prepared by non-covalently grafting the surface of oxidized 

CNTs by cytochrome c. Mixing the acid-treated MWCNTs with cytochrome c followed 

by sonication for 5 min and subsequent centrifugation yielded the required material. 

The obtained material has been successfully employed to detect peroxide [58]. In a 

similar procedure, Gutierrez et al. has fabricated an electrochemical sensor for the 

ultrasensitive detection of uric acid. In this case, MWCNTs were mixed with poly-L-

argininehydrochloride and sonicated for 5 min to get MWCNTs-Polyarg dispersion, 
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which was centrifuged, collected, and dried. This composite was coated on the surface 

of a glassy carbon electrode to obtain an electrochemical sensor for uric acid [59].  

 

Table 1. Some recent reports of carbon-based materials  

on electrochemical sensing 

 
S. No. Key carbon 

material 

Type of 

Functionalization and 

nature of the interaction 

Electrode/material Analyte sensed  Ref. 

1 NDs Covalent, Azure A 

electrochemically 

grafted on NDs 

AA/DNDs/SPAuE NADH  64 

2 NDs and 

carbon 

nanofibers 

Non-covalent, 

electropolymerized 

composite 

AOx/P(L-

Asp)/ND-

CNF/GCE 

L-ascorbic acid  65 

3 NDs - NDs-GCE Hydroquinone and 

catechol  

66 

4 NDs - NDs-GCE Pyrazinamide  67 

5 NDs Non-covalent composite GCE/WS2/DNPs Sunset yellow and 

quinoline yellow  

68 

6 NDs - NDs-SPE Dopamine and uric 

acid  

69 

7 Fullerene Covalent, composite ERC60NRs–Ph–

NH–GCE 

Ethylparaben 70 

8 Fullerene Non-covalent, 

electrochemically 

prepared composite 

CuNPs-

NiNPs@reduced-

fullerene-C60 

Vitamin D3 71 

9 Fullerene Non-covalent, 

Electropolimerized 

composite 

CE-Fullerene-

PPy-PPyCOOH 

Dopamine  72 

10 Fullerene Non-covalent, 

electrochemically 

prepared composite 

AC60/PdNPs 

modified SPE 

Dopamine  73 

11 Fullerene Non-covalent, composite Pt/C60/PGE Catechol and 

hydroquinone  

74 

12 Fullerene and 

nitrogen-doped 

graphene oxide 

Non-covalent, composite Au-C60/NGS Mycobacterium 

tuberculosis IS6110 

fragment  

75 

13 Graphene - Graphene-GCE Hydroquinone and 

catechol  

66 

14 Graphene 

oxide 

Non-covalent, composite SnS2/GO/β-CD 

modified SPE 

Melatonin  76 

15 Graphene 

oxide 

Non-covalent, composite TiO2/ErGO Allura Red  77 

16 Graphene Covalent and Non-

covalent, composite 

COx/GONPs/PG 

electrode 

Cytochrome C  78 

17 Graphene Covalent and Non-

covalent, composite 

Gr/MOF-GCE Arsenic(III)  79 

18 Graphene Covalent and Non-

covalent, composite 

MoS2-

TiO2/rGO/SPE 

Paracetamol 80 

19 MWCNTs Non-covalent, composite ZnO/MWCNTs/G

C 

Epinephrin 81 

20 MWCNTs Covalent and Non-

covalent, composite 

AuNBP/MWCNTs Dopamine  82 
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Table 1. (Continued) 

 
S. No. Key carbon 

material 

Type of 

Functionalization and 

nature of the interaction 

Electrode/material Analyte sensed  Ref. 

21 CNTs Covalent and Non-

covalent, composite 

GIF-65@ 

CNTs/GCE 

Ascorbic acid  83 

22 SWCNTs Non-covalent, 

Electropolymerization 

dimericquinoidbru

cine/SWNTs-

modified GC 

electrode 

Hydroxylamine  84 

23 Carbon nitride Non-covalent, composite Carbon nitride 

/graphite 

nanocomposite 

Oxalic acid  -63 

24 Carbon nitride Non-covalent, composite g-C3N4/PANI/CdO Epinephrine, 

paracetamol, 

mefenamic acid, and 

ciprofloxacin 

85 

25 Carbon nitride Covalent, composite Na,O-g-C3N4 Hydrogen peroxide 

sensing 

86 

26 Carbon nitride Non-covalent, composite Cu2O/g-C3N4 8-hydroxy-2′-

deoxyguanosine 

sensing 

87 

AA/DNDs/SPAuE = Azure A chloride modified detonation nanodiamonds screen printed gold electrodes; 

AOx/P(L-Asp)/NDs-CNF/GCE = ascorbate oxidase immobilized onto poly(L-aspartic acid) film fabricated on 

carbon nanofiber and nanodiamonds modified glassy carbon electrode; NDs-GCE = Nanodiamonds 

modified glassy carbon electrode; GCE/WS2/DNPs = Tungsten disulphide-diamond nanoparticles modified 

glassy carbon electrode; NDs-SPE = nanodiamonds screen printed electrode; ERC60NRs–Ph–NH–GCE = 

electrochemically reduced fullerene nanorod modified glassy carbon electrode; CuNPs-NiNPs@reduced-

fullerene-C60 = copper‐nickel bimetallic nanoparticles nanocomposite at reduced fullerene modified glassy 

carbon electrode; CE-Fullerene-PPy-PPyCOOH = carbon screen printed fullerene-pyrrole-pyrrole-3-

carboxylic acid electrode; AC60/PdNPs modified SPE = Palladium nanoparticles decorated on activated 

fullerene modified screen printed carbon electrode; Pt/C60/PGE = platinum nanoparticles and fullerene 

pyrolytic graphite electrode; Au-C60/NGS = gold and C60 nanoparticles decorated nitrogen-doped graphene 

sheet; SnS2/GO/β-CD modified SPE = tin disulfide nanoflakes, graphene oxide, and β-cyclodextrin ternary 

nanocomposite decorated on the screen-printed electrode; TiO2/ErGO = Titania/electro-reduced graphene 

oxide; COx/GONPs/PG = cytochrome c oxidase and graphene oxide nanoparticles modified pencil graphite; 

Gr/MOF-GCE = graphene oxide and zinc based metal-organic framework modified glassy carbon electrode; 

MoS2-TiO2/rGO/SPE = molybdenum disulphide, titanium dioxide, and reduced graphene oxide (rGO) 

nanocomposite modified screen printed electrode; ZnO/MWCNTs/GC = zinc oxide nanoparticle and multi-

walled carbon nanotubes modified glassy carbon electrode; AuNBP/MWCNTs = gold 

nanobipyramidandmulti-walled carbon nanotube; GIF-65@ CNTs/GCE = metal-organic frameworks@ 

carbon nanotubes; S-g-C3N4= sulfur doped graphitic carbon nitride; Na-CN-300= sodium doped graphitic 

carbon nitride; g-C3N4/Fe3O4= graphitic carbon nitride iron oxide composite; g-C3N4/PANI/CdO= 

nanocomposites of graphitic carbon nitride, polyaniline and cadmium oxide; NiS/S-g-C3N4 = Nickel sulfide-

incorporated sulfur-doped graphitic carbon nitride; Na,O-g-C3N4= sodium and oxygen co-doped graphitic 

carbon nitride; Cu2O/g-C3N4= cuprous oxide supported on graphitic carbon nitride nanosheets. 

 

Many interesting surface modifications are reported for graphitic carbon nitride and 

a few are exemplified in this section. Metal complex adsorption on the carbon nitride 

surface is a simple and convenient approach for non-covalent functionalization, though 

other methods are also available. Nitrogen present in the carbon nitride sheets 

provides strong interaction between the metal center and the sheet, preventing 

demetallation and providing extra stability to the adsorbed species [6]. 
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Ethylenediaminetetraacetic acid incorporated carbon nitride was used for the detection 

of ultra-trace amounts of lead (Pb (II)) in water samples [60]. Copper phthalocyanine 

modified carbon nitride as a photoelectrochemical sensor for the determination of 

dopamine in blood samples is also reported recently [61]. Zhang et al. reported a 

composite of GO and carbon nitride for the simultaneous determination of ascorbic 

acid, dopamine, and uric acid [62]. Alizadeh et al. reported nanocomposites of carbon 

nitride with graphite for the sensitive determination of oxalic acid in biological samples 

[63]. Several other recent reports on the carbon-based materials modified electrodes 

and their applications in the field of electrochemical sensing are summarized in Table 

1. 

 

 

CONCLUSION 
 

The main focus of this chapter is the functionalization of a variety of carbon-based 

materials and their importance in the field of electrochemical sensing. The 

functionalization of the carbon-based material is of immense importance because of 

their hydrophobicity and agglomerative behavior. It is focused mainly on NDs, 

fullerenes, graphene, CNTs, and carbon nitrides due to their vast use in the field of 

sensing. In this chapter, it is shown that the tailoring of the surface of the carbon-based 

materials imparts certain additional properties to the resulting materials that can be 

utilized for the selective and efficient sensing of specific analytes. The functionalization 

can be achieved via covalent and non-covalent routes. The latter one includes mainly 

the π-π interaction (between the carbon material and the adhering molecule) and van 

der Waals interaction while the former route has the covalent linkage between the 

carbon material and the adhering molecule. These functionalized materials are used 

as electrode materials to increase the selectivity and sensitivity of the resulting 

electrochemical sensors.  
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ABSTRACT 
 

The fuel cells and water electrolyzers are two main technologies which can 
resolve currently energy and environmental pollution issues. Fuel cell as advanced 
technology has thoroughly and widely studies in recent past as per its advantage 
over other parallel technologies like solar cell, battery, etc. Among different kind of 
fuel cell direct methanol fuel cell (DMFC) is most promising due to lower 
operational temperature, less hazards emission, higher energy conversion 
efficiencyand easy transport of liquid fuels. In DMFC two electrode reaction takes 
place, one is electro-oxidation of methanol at anode and the other is reduction of 
oxygen at the cathode. However, DMFC is facing many technical issue such as, 
platinum (Pt) used as electrocatalyst which is costly and easily deactivated by 
intermediate species formed during methanol electro-oxidation and methanol 
crossover from anodic to cathodic compartment which reduces efficiency of 
DMFC, sluggish kinetics of oxygen reduction reaction at cathode. In order to 
reduce the cost and improve the performance of DMFC, Pt free electrocatalyst 
supported on novel material graphenenanosheet (GNS) has been widely used. 
GNS has gained attention due to its excellent flexibility, high surface area and 
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superior electrical and mechanical properties. The present chapter describes the 
different synthesis method of GNS and recent progress of Pt-free GNS supported 
electrocatalysts in the field of DMFC. 

 

Keywords: graphene nanosheet, direct methanol fuel cell, methanol oxidation 

reaction, electrocatalyst, oxygen reduction reaction 

 

 

1. INTRODUCTION 
 

Due to gradual increase in the energy demand around the world, the continued 

depletion of fossil fuels and rise of greenhouse gases, energy engineers encourage to 

focus on the renewable energy to reduce the energy crisis and reduce harmful 

greenhouse gases such as SOx, NOx and carbon dioxide. Among the renewable 

resources, fuel cell can provide alternative and greener energy with almost zero 

emissions [1]. A fuel cell is a device that converts the chemical energy of a fuel 

(hydrogen, natural gases, methanol, ethanol, gasoline, etc.) and an oxidant (air or 

oxygen) into electric energy. Among different kinds of fuel cells, polymer electrolyte 

membrane fuel cells (PEMFCs) and direct alcohol fuel cells (DAFCs) particularly direct 

methanol fuel cells (DFMCs) are most promising [2, 3]. DMFCs are akin to PEMFCs 

with the main difference being that DMFCs oxidize methanol on the anode to produce 

protons while PEMFCs oxidize hydrogen to produce protons. In DMFCs, methanol 

aqueous solution is fed to the anode compartment, wherein methanol is oxidized to 

produce CO2 releasing simultaneously proton and electron [2, 3]. Both proton and 

electron are transported to the cathode, the former through the electrolyte and latter 

through an external circuit. At the cathode, oxygen reacts with proton and electron 

producing water. In DMFCs, there is no need of reforming of methanol; it can be 

directly fed to the cell. A block diagram of a single fuel cell is shown in Figure 1. 

The reaction occurs in DMFCs are as follows: 

Anode reaction:  

 

 CH3OH + H2O → CO2 + 6H+ + 6e (E°1 = 0.02 V vs. SHE)  (1) 

 

Cathode reaction:  

 

 3/2O2 + 6H+ + 6e-→ 3H2O (E°2 = 1.23 V vs. SHE )  (2) 

 

Overall cell reaction:  

 

 CH3OH + 3/2O2→ CO2 + 2H2O (E°cell = 1.21 V vs. SHE)  (3) 

 

The theoretical potentials of both the cells (DMFCs and PEMFCs) are nearly equal 

and looking at logistical issues, DMFCs appears to have many advantages over  
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hydrogen fed- PEMFCs and lithium ion batteries. The theoretical specific energy 

density of methanol (≈20 MJ/kg) is an order of magnitude higher than lithium ion 

battery systems (≈ 2 MJ/kg) [3, 4] and DMFCs are in early stages of commercialization 

for applications that compete with lithium ion batteries. Methanol has a significantly 

lower energy density than hydrogen based on mass, but the volumetric energy density 

of methanol is higher than that of gaseous hydrogen [3, 4]. Since,methanol is a liquid 

it can be easily transported, stored in lightweight plastic tanks, whereas hydrogen is a 

gas so, it has to be kept in high-pressure cylinders or hydride beds. This gives DMFC 

systems an even larger advantage when the storage efficiency of the fuel (kg of 

fuel/total kg of storage system + fuel) is also considered in the calculation[5]. 

Methanol is mainly produced from natural gas feed stock and consequently, its use 

leads to high greenhouse gas emission. It is also fairly abundant in supply. If DMFCs 

could provide performance high enough to be considered for vehicular transportation, 

the cost of converting existing infrastructure to distribute methanol would be 

significantly lower than trying to build a system to store and distribute hydrogen gas. 

Thus, on paper it would seem like DMFCs are the natural choice over PEMFCs. 

DMFCs not only provide clean energy but also offer good commercial viability (e.g., 

Ballard and Smart Fuel Cells) [2]. A large number of successful applications of DMFCs 

like passenger vehicles, generators, chargers and other portable and hand held 

devices including mobile phones and laptops are currently commercially available [6]. 

World famous companies such as Nippon electric company (NEC), Toshiba, Hitachi, 

Samsung and Motorola have developed and demonstrated the use of mobile phones 

and laptop powered by a DMFCs. 

However, successful commercialization of DMFCs could not be made so far. This 

is because of the following major difficulties in the process of commercialization. 

 

 Pt is used as an electrocatalyst both for methanol electrooxidation and oxygen 

reduction reaction (ORR) which is costly and has limited abundance in nature 

 Pt is poisoned by intermediate species, particularly CO, formed during the 

methanol oxidation reaction (MOR) 

 Methanol crossover from the anodic compartment through membrane to the 

cathodic compartment. In presence of methanol in the cathodic compartment, 

the Pt cathode gets depolarized during the cell operation. 

 

To reduce the cost and improve efficiency of DMFCs the research work are mainly 

being carried out in the following directions: 

 

 Preparation of Pt and Pt-based alloys/composites in highly dispersed form on 

high surface area carbon support.  
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Figure 1. Block diagram of a fuel cell. 

 Development of low cost and efficient Pt free anode catalysts which are more 

tolerant to CO poisoning. 

 Development of methanol tolerant cathode materials.  

 

Recently, the increased interests are shown towards the use of GNS as catalyst 

support material for electrochemical devices because it is low cost and has 

considerably higher specific surface area as well as conductivity in comparison to other 

carbon supports. GNS is an allotrope of carbon, whose structure is one-atom-thick 

planar sheets of sp2 bonded carbon atoms that are densely packed in a 2D honeycomb 

crystal lattice. It possess high specific surface area (~ 2630 m2g-1) [7], excellent 

electronic mobility (~2,50,000 cm2V-1s-1) [7], exceptional thermal conductivity (~5,000 

Wm-1K-1) [7] super mechanical properties with theoretical Young’s modulus of 1TPa 

[7], which enable it a promising material for use in electrochemical devices, such as 

fuel cells [8-10], supercapacitors [10-13], batteries [12-13], sensors [14-15], etc. In this 

chapter Pt free GNS supported electrocatalysts for direct methanol fuel cells have 

been discussed.  

 

 

2. USE OF GNS BASED ELECTROCATALYSTS IN DIRECT METHANOL 

FUEL CELLS 
 

2.1. For Methanol Electrooxidation 

 

Three paths are known for the methanol oxidation in DMFCs: (i) the complete 

oxidation through CO2 pathway, (ii) the complete oxidation through formaldehyde 

pathway and (iii) the complete oxidation through formic acid pathways [16]. These 

mechanisms are schematically represented in Figure 2. 

To increase the overall efficiency significantly, it is to favor the complete oxidation 

of methanol to CO2 (avoiding the formation of aldehyde and formic acid).  
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Figure 2. Schematic representation of mechanisms for methanol oxidation. 

A complete methanol electrooxidation is a 6e- process and main steps involved in 

MOR are as follow: 

 

 Pt + CH3OHads→ Pt-(CO)ads +4H+ +4e- (4) 

 

 Pt + H2O → Pt-(OH)ads + H+ +e-(in acid medium)   (5) 

 

or 

 

 Pt + OH-→ Pt-(OH)ads +e-(in alkaline medium)  (6) 

 

 Pt-(CO)ads + Pt-(OH)ads→ 2Pt + CO2 +H+ + e-  (7) 

 

Over all reaction 

 

 CH3OH + H2O → CO2 + 6H+ + 6e-  (8) 

 

or 

 

 CH3OH + OH-→ CO2 + 5 H++ 6e-  (9) 

 

Irreversible adsorption of methanol occurs in the range of 0.05-0.50 V vs. S.H.E. 

and COads species are responsible for poisoning of the electrode [17]. The removal of 

COads from the electrode surface requires the presence of atomic oxygen derived from 

dissociation of water (low pH) or OH- (high pH). Surface oxides on Pt electrode begin 

to be formed at potential of 0.7 V vs. S.H.E., which is too high for an efficient 

performance of the cell and hence sluggish kinetics for MOR. 
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Figure 3. Cyclic Voltmagram (CV) of electro-oxidation of methanol of Pt/C catalyst. 

In particular, till now no known anode catalyst based on platinum has 

demonstrated the capacity to produce acceptable power densities in either of DAFCs. 

Notable efforts are therefore being carried out to design new catalytic structures for 

DMFC anodes that do not contain platinum or contain tiny amounts of this rare metal 

and, most of all, are able to oxidize primary and secondary alcohols with fast kinetics 

and tolerable deactivation. Within this context, Pd is emerging as an attractive 

replacement for Pt in DMFCs. Pd is more abundant in nature and less expensive than 

Pt but cost-associated issues are not the main driving force behind the increasing 

interest in Pd, the real attraction for Pd-based electrocatalysts is originated by the fact 

that, unlike Pt-based electrocatalysts, they can be highly active for the oxidation of a 

large variety of substrates in alkaline environment wherein non-noble metals are 

sufficiently stable for electrochemical applications. The electrocatalytic activity of 

catalysts are compared by recording cyclic voltamograms (CVs). Typical CV of Pt/C 

catalyst are shown in Figure 3. The two oxidation peaks observed respectively in the 

positive (I) and the negative (II) going scans are the characteristic of the methanol 

electrooxidation. It is observed that on the positive going scan, the oxidation current 

increases progressively with potential, attains optimum and declines rapidly thereafter. 

The decrease in current has been attributed to the formation the Pd(II) oxide surface 

film as a result of oxidation of Pd, which strongly inhibits the methanol oxidation. The 

previously formed Pd (II) oxide under anodic condition gets reduced to active Pd metal 

under cathodic condition and the methanol oxidation starts again [8, 9]. The catalyst 

with higher current at lower potential in forward scan is better for MOR. 

In literature Pd supported on GNS has been reported. For example, Ng et al. [18] 

synthesized Pd-guanine-GNS nanocomposite (Pd/rGOG) by one-pot microwave 

assisted method and reported that as-synthesized Pd/rGOG exhibits significant 

enhanced MOR (183% improvement), good durability, and higher stability in alkaline 

medium than its counterpart without guanine. Kumar et al. [19] synthesized Pd20-

xAux/Nitrogen dope GNS (NG180) (x wt% = 0, 5, 10 and 15) by simple hydrothermal 

one-pot polyol method, involving simultaneous reduction of both Pd and Au. 

Investigation have shown that among these catalyst Pd10Au10/NG180 catalyst has 

highest peak current density for MOR and is 1.5 times highly efficient compared to 
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Pd20/NG180 with an enhanced shift in the onset potential by 140 mV to lower 

overpotentials. Yang et al. [20] prepared ultrafine Pd NPs immobilized on 3D boron 

and nitrogen-codoped GNS aerogels (Pd/BNGNS) via a self-assembly process and 

found that as prepared catalyst exhibits large electrochemical active surface areas, 

high peak current densities, and reliable long-term stability toward methanol oxidation 

reactions, which are apparently superior to those of conventional Pd/carbon black 

(Pd/C) and Pd/undoped GNS (Pd/G) catalysts. Hsieh et al. [21] synthesized bimetallic 

PdRh nanoparticles with different atomic ratios on GNS and investigated as 

electrocatalyst for the MOR in alkaline medium. They reported the synergetic effect for 

better catalytic activity of catalyst and catalyst with a Pd:Rh ratio of 3:1 displayed the 

best performance. Zhang et al. [22] prepared Pd nanoparticles (NPs) supported on N 

and S dual-doped GNS (NS-GNS) by incorporation of N and S atoms into GNS by a 

thermal treatment, followed by the controlled growth of Pd NPs by a solvothermal 

method and reported that Pd/NS-GNS hybrid exhibits outstanding electrocatalytic 

performance toward methanol electrooxidation than those of Pd/Vulcan XC-72R and 

Pd/undoped GNS catalysts under similar condition. Kiyani et al. [23] preared Pd-

Co/nitrogen doped GNS by polyol reduction method and found that Pd-Co/NGNS has 

better electrocatalytic activity than Pd/NGNS toward MOR in alkaline media and is 

more stable than commercial Pt/C for MOR. Yang et al. [24] prepared Pd/PdO 

nanoparticles supported on porous GNS (PGNS) by a gas-liquid interfacial plasma 

method using Pd(NO3)2 2H2O as precursor. Result have shown that as prepared 

catalyst shows better activity than that on oxidation carbon nanotubes support for 

methanol oxidation. In addition, catalysts show better electrochemical stability than 

that of commercial Pd/C catalyst. Enhance catalytic activity of Pd by combination with 

second metal are explain by synergistic effect in which methanol adsorbed on the Pd 

active site and OH species adsorbed on the second metal which helps in the removal 

of poisonous intermediate species formed during methanol oxidation reaction. Further 

the presence of functional group on the surface of GNS help in removal of poisonous 

species and on doping with N, S atom further increases defect on GNS which further 

improve its electron transfer property. 

Pd free GNS supported catalysts also reported in literature. Sarwar [1] prepared 

Ni-Co/GNS (Ni:Co, molar ratio = 1:1, 2:1, 4:1) by solution phase synthesis and reported 

that the increasing concentration of nickel nanoparticles enhanced electro-catalytic 

activity towards methanol electroxidation in alkaline medium and Ni:Co with 4:1 molar 

ratio supported on GNS shows better activity among these catalyst. Sarkar et al. [10] 

prepared Ni nanoparticles supported on polypyrrole-GNS (Ni/PPy/GNS) 

nanocomposite by simply mixing PPy/GNS and NiCl2.6H2O at pH 10.5 and their 

electro-catalytic activity was investigated by cyclic voltammetry and 

chronoamperometry in 1M methanol in alkaline medium. As prepared nanocomposite 

showed higher anodic current density and lower onset potential for methanol 

electrooxidation. The improved electrocatalytical activity of prepared catalyst has been 

attributed to the synergistic effect of Ni nanoparticles, GNS and PPy. Narayanan and 

Bernaurdshaw [25] prepared GNS supported NiCo2O4 (NiCo2O4/GNS) hybrid material 
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by hydrothermal synthesis followed by calcination and reported their catalytic activity 

towards methanol electrooxidation in alkaline medium. As prepared catalyst showed 

greater electrocatalytic activity during methanol oxidation which was 3.11 folds higher 

than the commercial Pt/C. This electrode also maintained its remarkable catalytic 

stability even after consecutive 500 cycles, which was ~50 times higher than that of 

the commercial Pt/C. Formation of mixed-valence cations of Ni2+ and Co3+ from the 

octahedral sites and high electron-transfer conductivity of GNS is attributed to the 

enhancement in electrocatalytic activity. Sheikh-Mohseniand co-worker [26] prepared 

electrochemically Ni–Co nanoparticles on GNS carbon paste electrode (Ni–

Co/GNS/CPE), and investigated as electro-catalyst for methanol oxidation in alkaline 

medium. Result have shown that the presence of Ni–Co/GNS in the structure of 

electrocatalyst greatly enhance the electrocatalytic oxidation of methanol. The anodic 

peak potential of methanol oxidation was decreased to 0.65 V vs. saturated calomel 

electrode and also its current is greatly enhanced. Kang et al. [27] prepared Rh 

supported on GNS (Rh/GNS) by a one-pot hydrothermal approach and reported that 

as compared to the commercial Pt/C catalyst, the prepared catalyst shows excellent 

MOR activity in alkaline media and 3.6-times mass activity. Also, the Rh/GNS also 

showed better tolerance against CO poisoning species. 

 

 

2.2. Oxygen Reduction Reaction 

 

The oxygen electrode is highly irreversible in aqueous electrolyte and takes place 

at a high positive potential (E°=1.23 V vs. SHE) in acid medium. At this potential, most 

of the metal electrodes will undergo dissolution, only noble metals and their alloys are 

stable. Both noble and non-noble metal based electrocatalysts have been investigated 

for ORR. As ORR proceeds via both 4e- as well as 2e- pathway as shown in Figure 4. 

 

 

Figure 4.Schematic representation of oxygen reduction reaction in acid as well as  

alkaline medium. 

In general, ORR occurs mainly through two pathways in which one is the 4-electron 

reduction of O2 to H2O in acidic media or OH− in basic media whereas the other is the 

2-electron reduction of O2 to H2O2 in acidic media or HO2
− in basic media. The 
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thermodynamic reaction potentials for each pathway are listed in Figure 4. As for 

kinetic ORR sequences, these are more complex and involve many intermediate and 

elementary steps (electron transfer or chemical reactions) that are dependent on the 

nature of the catalyst and electrolyte. In alkaline electrolytes, ORR can occur through 

associative or dissociative mechanisms [28, 29]. For the associative mechanism in 

alkaline media, ORR begins with the associative adsorption of O2 and the overall 

reaction mechanism can be summarized as follows (*represents a surface free site on 

the catalyst): 

 

 O2 +∗ = O2(ads)  (10) 

 

 O2(ads) + H2O + e−→ OOH(ads) + OH−  (11) 

 

 OOH(ads) + e−→ O(ads) + OH−  (12) 

 

 O(ads) + H2O +e−→ OH(ads) + OH−  (13) 

 

 OH(ads) + e −→ OH− + ∗  (14) 

 

Here, four electrons in total are accepted by O2, resulting in 4 OH− ions being 

produced to complete a 4-electron ORR. Alternatively, if OOH(ads) accepts an 

electron, desorption may occur in which peroxide ions are formed and leave the 

catalytic site, resulting in the termination of the reaction chain and 2-electron ORR as 

represented in the following equation: 

 

 OOH(ads) + e −→ OOH− + ∗  (15) 

 

As for the dissociative mechanism in alkaline media, this reaction is simpler in 

which instead of going through Reactions (10) to (12), O2 adsorbed on free sites 

directly dissociates into two O(ads), also consuming four electrons and completing a 

4-electron ORR as represented in the following equations 

 

 1/2 O2 + ∗→O(ads)  (16) 

 

As for acidic electrolytes, a similar reaction mechanism occurs in which in the 

presence of protons, the reaction route will change to: 

 

 O2(ads) + H + + e−→ OOH(ads)  (11’) 

 

 OOH(ads) + H + + e−→ O(ads) + H2O  (12’) 

 

 O(ads) + H + + e− → OH(ads)  (13’) 

 

 OH(ads) + H + + e−→ H2O + ∗  (14’) 
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Here, four protons and four electrons are consumed and O2 is completely reduced 

into two H2O. In addition, Reaction (15) will also change to reaction (15): 

 

 OOH(ads) + H + + e−→ H2O2
+  (15’) 

 

And based on these mechanisms, it is clear that the improvement of kinetics and 

the reduction in overpotentials for ORR in both acidic and alkaline media involve 

avoiding the production of H2O2 or HO2
− for more efficient 4-electron pathways. And 

as mentioned above, suitable electrocatalysts can effectively influence reaction 

mechanisms and guide ORR through more efficient pathways. 

Linear Sweep Voltammetry (LSV) carried out to measure the ORR in O2 saturated 

acidic or alkaline medium. As oxygen has lower solubility in water, which further 

reduced by the addition of acid or alkali, so most of the analysis carried out in 0.1 M 

KOH (0.5 M acid). KOH preferred over NaOH due to its high specific conductance. The 

LSV graph (Figuer 5) shows three distinct region viz. kinetic control (>0.950 V vs. 

RHE), mixed kinetic diffusion control (0.950–0.80 vs. RHE) and diffusion control 

regions (<0.80 V vs. RHE). Mixed region is taken for evaluation of the kinetic 

information. At more negative potentials (<0.80 V), the mass transport-limited current 

becomes significant where a dependence of disk current density (j) upon rotation rate 

is observed. With increasing the rotation rate, the limiting current increased due to an 

increase in the oxygen diffusion rate from bulk to the electrode surface.The kinetic 

study for ORR has been made by Rotating disc electrode (RDE) analysis recorded at 

different rotations, the graph thus obtained shown in Figure 6 (i).  

 

 

Figure 5.ORR graph for different composites in Linear sweep voltammograms in O2-saturated 

1 M KOH; scan rate = 2 mV s-1; rotation = 1600 rpm and at 25°C.  
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Figure 6. Linear sweep voltammograms of Pd-5wt%MnCo2O4/GNS at varying rotations in O2-

saturated 1 M KOH; scan rate = 2 mV s-1; catalyst loading = 0.60 (i.e., Pd = 0.24) mg cm-2 (i) 

and at 25°C. and corresponding K-L plot (1/j versus 1/1/2) plots at constant potentials (ii). 

In mixed region, the disk current density (j) measured at a potential that is the 

contribution of both processes, diffusion and kinetic- controlled ones. The three current 

densities, the observed (or disk) (j), kinetic (jk) and mass transport (mainly diffusion) 

(jd) follow the Koutecky−Levich (K-L) equation as follows [30]: 

 

 
1 1 1

k dj j j
= +   (17) 

 

 
1
2

1 1 1

kj j Bw

= +   (18) 

 

Where ω is the electrode rotation in revolutions per minute (rpm) and B is the 

Levich constant given by 

 

 

2 2

2 1
3 6

1 1

0.2 O O

B
nFC D n

-=   (19) 

 

Where j, is the measured current density, jk and jd are the kinetic and diffusional 

current densities, ω is the angular velocity, n is transferred electron number, F is the 

Faraday constant (96,485 C mol-1), CO2 is the bulk concentration of O2, ν is the 

kinematic viscosity of the electrolyte, and DO2 is diffusion coefficient of O2. 

Thus, B-value can be estimated theoretically using the standard data and it can 

also be determined by constructing linear K-L plot (j-1 vs. ω-1/2) at varying potentials 

(Figure 6 (ii)) and measuring their slope consequently, the number of electron 

transferred per O2 molecule reduced can be found. 
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To construct the Tafel plot, the kinetic current was determined using the relation,  

 

 d
k

d

j j
j

j j

´=
-

  (20) 

 

The jk values were noted at varying potentials and at a constant electrode rotation, 

1600 rpm. jd/(jd – j) is the mass-transport correction term. jd value was noted from the 

LSV curve determined at 1600 rpm for each hybrid catalyst. 

As attempt have been made to look after the Pt free electrode materials with 

efficient electrocatalytic activity, so brief overview of some composites developed in 

recent past for ORR catalyst mentioned here. 

 

2.2.1. Pd and Pd Based Hybrid Materials 

It has been found that in acidic media, Pd has a superior ORR activity than any 

other noble metals, except for Pt, but Pd is more sensitive to anion adsorption than Pt 

due to stronger interaction between the Pd surface and anion (Cl-, ClO4
-, SO4

--,etc.) 

[31, 32]. While in alkaline media Pd exhibits higher ORR activity than in acidic solution 

due to decrease in the anion poisoning effect in alkaline solution. Several studies have 

shown that the ORR activity of Pd/C in alkaline solution is comparable to that of Pt/C 

[31, 32]. On Pd the ORR takes place in the same manner as on Pt however, it has 

lesser ORR activity and poorer stability than Pt, particularly at high cathodic potentials 

[33]. To improve the activity and stability, a number of alloys of Pd with transition metals 

such as Co, Ni, Fe, Cu, Ag, Mo, etc. have been prepared and investigated. According 

to Fernandez et al. [34], the ORR on bimetallic electrocatalysts proceeds through a 

mechanism wherein one metal breaks the O-O bond of molecular oxygen and the other 

one acts to reduce the resulting adsorbed atomic oxygen as given below: 

 

 2M + O2→ 2MO  (21) 

 

 2MO + 4H+ + 4e-→ 2M + 2H2O  (22) 

 

Incorporation of more active metals (eg. Co) into Pd simplifies the dissociative 

adsorption of O2 forming adsorbed oxygen atoms (Oads). The latter (Oads) atoms then 

migrate from the Co site to Pd site where the electroreduction reaction occurs with less 

polarization. Liu et al. [35] investigated the impact of GNS substrate-Pd nanoparticle 

interaction on the O, OH, and OOH adsorption that is directly related to the 

electrocatalytic performance of these composites for ORR by first principles based 

calculations. Doping the single vacancy GNS with B or N will tune the average d-band 

center and also the activity of the composite toward O, OH, and OOH adsorption. The 

adsorption energies of O, OH, and OOH is reduced from −4.78, −4.38, and −1.56 eV 

on the freestanding Pd13 nanoparticle to −4.57, −2.66, and −1.39 eV on Pd13/single 

vacancy GNS composites, showing that the defective GNS substrate will not only 

stabilize the Pd NPs but also reduce the adsorption energies of the O-containing 
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species to the Pd particle, and so as the poisoning of the ORR active sites. Carrera-

Cerritos et al. [36] synthesized Pd supported on GNS by polyol reduction method. Pd 

nanocatalyst displayed the enhanced ORR activity when supported on GNS in 

comparison to carbon black. The ORR activity followed the order 

Pt/C>Pt/GNS>Pd/GNS>Pd/C. In the case of Pd, the Tafel slopes were 65 mV/decade 

and 71 mV/decade at higher potentials. Fuel cell performance in the case Pd/GNS was 

2.2 times higher than that with Pd/C in presence of 1M CH3OH fed to the anode. It has 

been observed that the Pd-Fe-Mo catalyst optimized with 7.5:1.5:1.0 atomic ratio and 

500 °C of the annealing temperature shows 32.18 mA mg−1 PGM (PGM: platinum 

group metal) of the kinetic current density at 0.9 V for ORR, which is comparable to 

that of commercial Pt/C catalyst [37]. The current density is demoted to 6.20 mA mg−1 

PGM after 3000 cycling of cyclic voltammetry, nevertheless it is greatly enhanced 

value compared to other non-platinum catalysts. In actual application to PEMFCs, the 

20% Pd-Fe-Mo catalyst dispersed on carbon exhibited a high performance of 506 mA 

cm−2 at 0.6 V. The results suggested that the Pd-Fe-Mo catalyst can be a good 

candidate for non-platinum ORR catalysts. Singh et al. [38] find that Pd-Co/GNS 

catalyst as methanol tolerant cathode materials for ORR in 0.5 M H2SO4 at 25°C.on 

comparison with corresponding MWCNT supported composites it is found that GNS 

shows better activity for ORR.The GNS supported Spinel oxides, cobaltites (Co3O4, 

MnCo2O4 and NiCo2O4) and manganites (Mn3O4, CoMn2O4, FeMn2O4 and CuMn2O4) 

substituted Pd based catalysts showed appreciable ORR activity as well as stability in 

0.1 M KOH, specially 40wt%Pd-5wt%MnCo2O4/GNS [9,30]. 

 

2.2.2. Transition Metal Mixed Oxide-Based Composites 

Liang et al. [39] synthesized the catalytic activity of Co3O4 nanoparticles supported 

on GNS towards ORR and OER in an alkaline solution (KOH). The ORR activity was 

observed to enhance on nitrogen doping of GNS and that the Co3O4/N-GNS electrode 

the similar ORR activity similar to Pt but superior stability. Physical mixtures of Co3O4 

and GNS, free Co3O4 nanoparticle (size ~ 4-8 nm) or GNS exhibited very poor ORR 

activities while Co3O4/N-GNS showed enhanced activity with the onset potential of 

~0.88 V vs. RHE and the Tafel slope of 42 mV/decade (in 0.1M KOH). The RRDE 

study indicated only ~ 6% yield of HO2
- and 4 - electron pathway mechanism. The 

results showed the synergistic effect of Co3O4 and GNS in the hybrid on the ORR 

reactivity. Durability test (10000-25000 sec.) showed little decay in the ORR activity in 

the case of Co3O4/N-GNS while that Pt/C (50 wt% Pt on Vulcan XC72) and Pd/C (10 

wt%Pd on activated carbon) underwent respectively 30% and 20% decay in the ORR 

activity. In 1M KOH, Co3O4/N-GNS produced the lowest Tafel slope of 37 mV/decade 

among the spinel oxide ever reported. Such a low Tafel slope for ORR on spinel oxides 

are scarce in literature. 

Liang et al. [40] studied GNS supported composites MnCo2O4/N-GNS and 

Co3O4/N-GNS by two steps solvothermal method and investigated their catalytic 

activity toward both ORR and OER in 1M KOH. The ORR onset and peak potentials 

for MnCo2O4/N-GNS and Co3O4/N-GNS were 0.95 & 0.88 and 0.93 & 0.86 V vs. RHE 
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respectively. While in the case of 20wt%Pt/C peak potential is on 0.90 V vs. RHE. The 

RRDE study exhibited 4 e- path for ORR with Tafel slope of 36 mV/decade on 

MnCo2O4/GNS. The stability test for 20000 sec showed only 3.5% decay in current 

density in the case of MnCo2O4/N-GNS while it was 25% and 33% in case of binary 

physical mixtures of MnCo2O4 with N-GNS and Pt/C. BET measurements showed that 

Mn doping increases the electrochemically active surface area of the hybrid. 

Tetragonal spinel showed lower intrinsic ORR activity than the cubic phase. Wu et al. 

[41] reported Fe3O4 supported on N-doped GNS aerogel (Fe3O4/N-GAs) as efficient 

electrocatalysts for the ORR in 0.1M KOH. As compared to carbon supported oxide 

(Fe3O4/N-CB), Fe3O4/N-GAs exhibited a more positive onset potential (-0.19V vs. 

Ag/AgCl), higher cathodic current density (-2.56 mA/cm2), lower H2O2 yield, and higher 

electron transfer number (3.72-3.95). The durability test showed ~79.3% current 

retention in the case of Fe3O4/N-GAs while only ~61.0% current retention in the case 

of Pt/C. The higher ORR activity of Fe3O4/N-GAs can be attributed to the effect of 

macropores on the diffusion rate of the electrolyte. 

 

2.2.3. Transition Metal Macrocycles 

Transition metal macrocycles (TMMC) are another type of fuel cell catalyst which 

have been extensively investigated as a potential substitute of Pt for ORR catalysis. 

The molecules of TMMC are having square planar structure with the metal ion 

symmetrically surrounded by 4N atoms. These N atoms are from each member of ring 

systems, which in turn are connected by C atoms (Porphyrins) or N atoms 

(Phthalocyanins). It is noteworthy that these TMMC are inert to MOR, while show 

reasonable activity and remarkable selectivity towards ORR. They can catalyze a 

direct 4e- reduction of O2 to H2O [42]. One of the major drawbacks of this kind of 

catalysts is their low stability in acidic medium however, heat treatment considerably 

improves the ORR activity and stability. 

 

 

3. CONCLUSION 
 

As an alternative of conventional energy resources fuel cell stands as a one of the 

best sustainable option. Among the different types of fuel cell, DMFCs are heavily 

researched fuel cells, due to their excellent features, such as high energy density, easy 

fuel storage and ambient operating conditions. Pt-based alloys and composites 

dispersed on high surface area carbon materials are considered as the best catalysts 

for electrocatalysis of both the reactions (MOR & ORR). However, Pt is pretty costly 

and its electrode surface is poisoned by the methanol oxidation intermediate, i.e., CO 

molecule. The latter chemical species in fact, gets adsorbed at the active Pt sites and, 

thereby, reduces the rate of adsorption and hence the oxidation of methanol molecule. 

Further, the use of Pt as the cathode material also adversely affecting the cell 

efficiency because of methanol crossover. GNS is a recently discovered 2D one atom 

thick planar sheet of sp2-bonded carbon atoms possesses high surface area (~ 2630 
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m2g-1) and high electronic conductivity (~15000 cm2V-1s-1). GNS is considered as very 

potential support material to obtain better dispersion and enhanced electrocatalytic 

properties of fuel cell catalysts. So, from discussion of the present chapter, it can be 

concluded in nutshell that Pt-free GNS supported various metals and transition metal 

oxides provided an alternate and efficient electrode materials that would not only 

reduce the cost but also help in commercializing this environment friendly technology.  
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ABSTRACT 
 

The development of a clean, renewable and sustainable energy production is 
the main demand of the society nowadays. The issue of the production and 
application of renewable and clean energy can be solved by using advanced 
materials technology. The two-dimensional (2D) nanomaterials are gaining 
enormous attention forutilisation in energy harvesting applications because of their 
unique and tunable properties such as high flexibility, high active surface area, and 
extraordinary mechanical properties usinglow cost synthesis processes. The 
variety of 2D nanomaterials such as transition metal carbide nanosheets, transition 
metal dichalcogenides, nanosheets, black-phosphorus nanosheets, 2D nitrides, 
2D carbonitrides, layered double hydroxides, metal-organic framework 
nanosheets, 2D alloys, 2D quasicrystals, and other 2D nanomaterials have been 
investigated in the area of energy harvesting extensively over the last decade.In 
this chapter, the synthesis of 2D materials for energy harvesting from production 
to storage has been summarized.  
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1. INTRODUCTION 

 

Over the past two decades nanomaterials have attracted major attention due to 

their fascinating properties and wide range of potential applications [1-3]. 

Nanomaterials are typically defined as materials that have at least one dimension in 

the range of 1-100 nm [4]. There are two categories of nanomaterials: organic (mostly 

carbon allotropes) and inorganic nanomaterials (iron, silver, gold, boron nitride 

nanosheets, molybdenum disulphide, and tungsten disulphide) [5]. The nanomaterials 

have completely different properties than the bulk parent materials; these properties 

include high surface area, conductivity, mechanical strength, and transparency [6-8]. 

Nanotechnology is expanding in academic research as well as moving into industry in 

recent years and subsequently has very high multifunctional demands [9,10]. 

Versatility is essential for real practical application of materials and nanomaterials are 

versatile materials with properties such as elasticity, transparency, and high 

conductivity, which are often required simultaneously [11]. Nanomaterials can meet 

such demands and have the potential to stimulate new technologies for today and 

tomorrow. Nanoscienceand technology is a multidisciplinary field, encompassing 

physics, chemistry, engineering, and biology. With the discovery of nanomaterials with 

zero-dimensional caged carbon molecule, the buckminsterfullerene (fullerene with the 

chemical formula C60) in 1985 and the one-dimensional single-walled carbon nanotube 

in 1991, nanotechnology attracted a great deal of attention [12-15]. In 2004, a new low 

dimensional nanomaterial was discovered with a single sheet of carbon atoms called 

graphene and it was the first two-dimensional monolayer crystal [16]. Graphene is rich 

in exceptional physical and chemical properties, offering potential for fundamental 

research and exciting applications [17-19]. Just after six years of the discovery 

ofgraphene, in 2010 Andre Geim and KostyaNovoselov were awarded the Nobel Prize 

in physics for innovative experiments regarding the 2D nanomaterial. There is no doubt 

that the nanomaterial age is upon us, but how soon these materials will meet the 

consumer market will depend upon scalable and reliable ways to prepare these 2D 

nanomaterialsof high quality. The 2D nanomaterials can be synthesized by different 

methods; however liquid phase exfoliation of layered crystals in solvents offers a way 

to produce billions of these nanosheets, in a small volume of solvent [20-22]. It will 

also allow cost-effective processing option that offers a multitude of advantages like 

spray-deposition or straightforward composite formation, and this preparation 

technique has also recently been deemed universal. It was shown that ultrasonication 

in specific solvents can be extended to a range of inorganic layered crystals, each with 

its own diverse, exotic properties. The motivation of this chapter was to explore and 

understand synthesis processes of 2D nanomaterials specifically so that more 

applications of these materials can be realised for energy applications.  
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Figure 1. The schematic diagram of 0D, 1D, 2D and 3D materials. 

 

2. NANOSTRUCTURES 
 

When the size or dimension of a material is continuously reduced from a large or 

macroscopic size (3D), such as a metre or a centimetre, to a very small size, the 

properties remain the same at first, and then small changes begin to occur, until finally 

when the size drops to nm range, dramatic changes in properties can occur [23]. If one 

dimension is reduced to the nano range while the other two dimensions remain large, 

then we obtain a structure known as 2D nanomaterials. If two dimensions are so 

reduced and one remains large, the resulting structure is referred to as a quantum wire 

(1D). The extreme case of this process of size reduction in which all three dimensions 

reach the low nanometer range is called a quantum dot (0D). The word quantum is 

associated with these three types of nanostructures because the changes in properties 

arise from the quantum-mechanical nature of physics in the domain of the ultrasmall 

[24]. The schematic diagram of 0D, 1D, 2D and 3D materials have been shown in 

Figure 1. One approach to the preparation of a nanostructure, called the bottom-up 

approach, is to collect, consolidate, and fashion individual atoms and molecules into 

the structure. This came out by a sequence of chemical reactions controlled by 

catalysts, for example, in biology, catalysts called enzymes assemble amino acids to 
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construct living tissue that forms and supports the organs of the body.The opposite 

approach in the preparation of nanostructures is called the top-down method, which 

starts with a large-scale object or pattern and gradually reduces its dimension or 

dimensions e.g., lithography technique which shines radiation through a template on 

to a surface coated with a radiation-sensitive resist; the resist is then removed and the 

surface is chemically treated to produce the nanostructure. 

3. SYNTHESIS OF TWO DIMENSIONAL MATERIALS

Since 400 Common Era, people have been harnessing properties of layered 

materials. Layered materials are those crystals which form strong in-plane chemical 

bonds but weak out-of-plane van der Waals interaction. These kinds of materials can 

allow people to exfoliate into so-called nanosheets which are less than one nanometre 

thick. When one dimension is of nanorange, while the other two are large, then this is 

2-D nanostructure.

Exfoliation is the process that changes the pristine bulky materials to nano-scale

thin sheets. After exfoliation, the nanosheets will not retain all the original properties of 

the pristine bulky crystal. However, some new properties will occur that are very 

different from the bulky one, which make the nanosheets so unique for 

applications.There are many kinds of layered materials as shown in Figure 2. One of 

the simplest and most common is the graphene and hexagonal boron nitride. 

Transition metal halides such as TiCl2, transition metal oxides such as MoO3, TiO2 and 

metal double hydroxides such as Mg6Al2(OH)16 also represent diverse layered 

structures, clays, layered silicates and other layered minerals are the members of the 

layered materials family [25]. Nowadays, some of the most popular layered materials 

are the transition metal dichalcogenides, such as, MoS2, WS2 [26]. After graphene, 

Transition metal dichalcogenides have attracted many research interests due to their 

unique electrochemical and mechanical properties [27]. After exfoliation, the 

accessible surface area of the material will dramatically increase, so it can be used as 

surface-active or catalytic chemical. Recently, another effect of exfoliation has been 

reported that the band gap of the transition metal dichalcogenide will change after the 

exfoliation, this allows electronic response to be chosen as well [28].  

As for the exfoliation of layered materials, graphite was exfoliated by mechanical 

force such as scotch tape method [16]. These mechanical forces can obtain high 

quality graphene which has outstanding properties; however, low yield and production 

rate limited their applications. After some great research works, people developed 

some exfoliation methods that were done in the solution which can give us large 

quantities of high-quality and sizable few-layer or monolayer materials [20]. The 

earliest liquid-phase method of exfoliation is the chemical oxidation of graphite. Natural 

graphite was treated with oxidizers such as sulphuric acid and potassium 

permanganate. This oxidation will add hydroxyl and epoxide groups to the basal plane 

of graphite which makes the graphite become hydrophilic. Then water intercalation or 
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ultrasonication can be used to yield large scale monolayer graphene oxide which is 

stable in solution. Afterwards the thin graphene oxide can be easily reduced chemically 

in the liquid-phase, but will no longer be stable and aggregates unless polymer or 

surfactant stabilizers are present. However, although graphene oxide can be reduced 

to grapheme easily, the structural defects will remain and will lower the quality which 

will narrow its applications [29]. 

 

 

Figure 2. Different kinds of layered materials. 

Recently, a new method has been developed as to exfoliate layered materials 

using ultrasonic waves in solvent. These kinds of powerful ultrasonic beams can 

generate cavitation bubbles that can collapse into high-energy jets which can break 

the van der Waals interaction between the layers of the materials so as to produce 

single layer materials. Graphite, hexagonal boron nitride, transition metal 

dichalcogenides and some of transition metal oxides can be exfoliated by this method. 

On the other hand, due to the power of the ultrasonic waves, the size of single layer 

flakes is relatively small and cannot be controlled [30].  

Another liquid-phase method of exfoliation of layered materials is called 

intercalation. Because of the weak van der Waals interaction between the layers, 

layered materials can strongly absorb the small molecules into the space between 
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layers. This introduced another method of exfoliation of layered materials called 

intercalation, which has been widely applied in the exfoliation of graphite and transition 

metal dichalcogenides [31]. The intercalation of molecules will enlarge the space 

between sheets and weaken the interlayer adhesion so as to reduce the energy of 

exfoliation. Some intercalation species such as IBr can transfer the charge to the layers 

resulting in the reduction of interlayer binding. Further treatment such as low-power 

ultrasonication or thermal shock will be applied to exfoliate the intercalated layered 

materials. Intercalation can give high quality materials, but has some drawbacks such 

as sensitivity to the ambient conditions. For the transition metal oxides and clays, ion 

exchange has become a developed method of exfoliation [31]. Since these kinds of 

layered materials contain some exchangeable interlayer of cationic ions. Those ions 

can be exchanged for protons by soaking in acidic solutions. The protons can be 

exchanged for bulk organic ions leading to substantial swelling. Then low-power 

ultrasonication is applied to exfoliate the materials into nanosheets [33]. Among the 

methods that have been developed to exfoliate layered material, liquid phase 

exfoliation is most common [34]. 

 

 

Figure 3. The different possible applications of 2D nanomaterials. 

 

4. APPLICATIONS OF 2D NANOMATERIAL 
 

Graphene is extensively used in fabricating sensors, solar cells, flexible 

electronics, electrically conductive composites, and also as thermal management 

material in electronic circuits. Moreover, the high surface area of graphene is also 

relevant for various applications such as catalysis, oil absorption, electrodes for super-

capacitors, and batteries, energy storage applications. Graphene is also used as 

nanofiller in polymer to make polymer nanocomposite. The incorporation of graphene 

(with very low filler content) makes the insulating polymer to electrically conductive 
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nanocomposite. The direct band gap of MoS2 nanosheets can be potentially used in 

transistors, light-emitting diodes, solar cells, and field-effect transistors (FET), ultra-

high strength nanocomposites. WS2 is a potential semiconducting material for solar 

energy conversion and also extensively used as electrode in lithium batteries, shock 

absorbers, and hydrogen storage. The hBN is an electrical insulator and is widely used 

material for gate dielectrics in capacitors.The different possible applications of 2D 

nanomaterials have been illustrated in Figure 3. 

 

 

5. 2D MATERIALS FOR ENERGY (HYDROGEN) 

PRODUCTION AND STORAGE 
 

Hydrogen generation using water provides the possibility towards low cost 

harnessing of renewable energy. However, suitable electrode materials are required. 

The Pt-based catalysts are a great promise for clean and sustainable energy 

production through efficient electrocatalyststowards hydrogen evolution reaction 

(HER) with low overpotential. In this processes, hydrogen can be generated from water 

through electrochemical splitting at the cathode, while oxygen is evolved at the anode 

in the oxygen evolution reaction (OER). The HER is one of the most important 

reactions in the electrochemistry which involves the process of protons from the 

electrolyte solution combining with the electrons at the electrode to form hydrogen, i.e., 

fuel of the future.The Gibbs free energy of the atomic hydrogen adsorbed on the 

catalyst materials (ΔGH) should be close to zero for good HER according to the 

theoretical calculations [35]. In general, the 2D nanomaterials have active sites with 

high surface area; therefore 2D nanomaterials are expected as a promising electrode 

material for HER. In the case of 2D MoS2 nanomaterials, ΔGH is only +0.08 eV and 

shows high performance HER activity [36]. In the case of 2D WS2 nanomaterials, the 

edge length with high surface-to-volume ratio reveals the active site for high 

performance HER [37]. As a result of the rapid developments achieved in their 

synthesis, the mono and few-layer 2D nanomaterials, especially, the 2D transition 

metal dichalcogenidenanomaterials (MoS2, WS2, MoSe2, WSe2, MoTe2) and their 

analogues have been widely investigated as HER electrocatalysts of high performance 

[38].  

Most of the 2D nanomaterials including graphene work as catalysts for improving 

the hydrogen storage properties, like absorption-desorption kinetics, storage capacity, 

and the thermodynamics of the several hydrogen storage materials [39]. The 2D 

nanomaterials are also very useful materials to improve the cyclic stability, through 

obstruction of the hydrogen storage material agglomeration after several cycles of 

absorption-desorption. It should be remembered that 2D nanomaterials have several 

excellent properties, such as high mechanical strength, large surface area, zero band 

gaps, ballistic conduction, etc., which make them prominent candidates as templates 

along with effective catalytic action. There are some studies which explore the 

templated effect of the 2D nanomaterials so that the agglomeration of metal based 
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catalysts can be avoided [17]. In a recent study, the role of few-layer 

graphenenanosheets on enhancing the hydrogen sorption properties of MgH2 has 

been demonstrated [40]. The another type of 2D materiasl (MXene) has shown a 

higher hydrogen adsorption capacity up to 8.6 wt% and this materials can fullfill the 

gravimetric hydrogen storage target as set by the United States Department of Energy 

(U.S. DOE) in 2015. Hydrogen storage performance was also estimated in several 2D 

materials and their composites. 

 

 

CONCLUSION 
 

Moving on from the bulk, the 2D nanomaterials have become a new class of 

nanomaterials for emerging applications. Extensive progress has been made in the 

research area of 2D nanomaterials, from the fundamental studies to the development 

of next generation technology in the past decade. This great stride has transformed 

the unique role of dimensionality in determining the intrinsic properties as well as the 

wide potential applications of nanomaterials in the area of energy harvesting. In this 

chapter, we summarized the recent progress in the area of 2D materials for potential 

application of energy harvesting. The extraordinary properties, due to monolayer 

structural uniqueness, have been explored for a variety of applications. Extensive 

exploration in the field of 2D nanomaterials also brings new challenges in the area of 

synthesis, production yield, quality production and production rate. The physical, 

chemical, and electronic properties of 2D nanomaterials are highly dependent on their 

structural features and suitable for energy harvesting application. 
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ABSTRACT 
 

Hybrid materials have become one of the fastest growing new material classes 
at the edge of technological innovations. These are products which are composed 
of two or more different types of components in one polymeric matrix. Recently, 
hybrid materials have been receiving increased attention by researchers due to 
their unique properties and superior performance compared to that of conventional 
inorganic and organic polymeric flocculants. The field of hybrid organic-inorganic 
materials has reached a stage of perfection that is beginning to materialize as 
extraordinary new developments. Unique possibilities to generate novel material 
properties by synergetic combination of inorganic and organic components on the 
molecular scale makes this materials class interesting for application oriented 
research of chemists, physicists, and materials scientists. These materials have 
been used in a wide variety of applications, including energy-storage, 
electrocatalysis, harnessing of electrochromic and photoelectrochromic properties, 
application in display devices, photovoltaics, and novel energy-conversion 
systems. The enhanced recognition and control of the chemistry, processing and 
microstructure of these versatile nanocomposite systems announces a new 
landscape of opportunities in in the context of increasingly complex chemistry and 
materials. 
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1. INTRODUCTION 

 

The study of hybrid organic-inorganic materials is a recent but very fruitful and 

productive endeavour. In addition to the early interest in structural hybrid materials, 

many recent efforts have been done on the design of functional hybrid materials which 

harness the chemical activity of their components. Hybrid materials represent one of 

the fastest growing new material classes at the edge of technological innovations. 

Unique possibilities to create novel material properties by synergetic combination of 

inorganic and organic components on the molecular scale makes this materials class 

interesting for application-oriented research of chemists, physicists, and materials 

scientists. Hybrid organic-inorganic materials in general represent the natural interface 

between two worlds of chemistry each with very significant contributions to the field of 

materials science, and each with characteristic properties that result in distinct 

advantages and limitations. An ancient material, which is the old dye Maya blue, closer 

to the term hybrid material, is a mixture of a clay mineral and the organic dye indigo 

that exhibits remarkable high stability which indigo alone does not [1, 2]. This material 

old dye Maya blue is often mentioned when it comes to the beginning of the history of 

hybrid materials [3]. 

Hybrid materials [4] have also been developed in recent years for the coagulation 

and flocculation purposes for solid-liquid separation in waste water treatment including 

sludge dewatering for industries such as pulp and paper processing, pharmaceutical, 

cosmetics, food, mineral processing, metal working, textile and so on [5-7]. Hybrid 

materials exhibit superior performance than that of individual components [8, 9] due to 

the synergetic effect of hybrid components in one material. Furthermore, it is also 

evident that it is beneficial to combine different materials on the macroscopic scale. In 

materials science, sometimes macroscopic composites are already described as 

hybrid materials [10]. Therefore, hybrid materials can be considered as artificial 

systems developed in chemistry and materials science laboratories. In this chapter an 

attempt has been made to explore the basic concepts and applications of hybrid 

materials. 

 

 

2. APPLICATIONS 
 

Hybrid organic-inorganic materials can be functionalized in a number of ways and 

therefore have found numerous applications in various fields. One of the most common 

applications is their use as coating materials, particularly in the electronic industry [11]. 

Optimum functionalizations have been employed to obtain scratch resistance as a 

primary characteristic in such materials [12-14]. Some of the properties of hybrid 

materials such as high degree of transparency and mechanical flexibility define their 

uses in optoelectronic devices [15]. The widespread applications of hybrid materials in 

integrated circuit systems are already well known. Some of the specific types of such 

hybrid materials and their applications are as follows: 
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2.1. Bio Nanocomposites 

 

These biohybrid materials are combinations of inorganic solids and natural 

polymers and exhibit a variety of functional properties for different applications. One of 

the primary aims of researchers in this field has been to mimic the amazing 

characteristics of naturally occurring nanocomposites. Specific types of bio 

nanocomposites have found numerous applications in tissue regeneration, bone 

repair, facilitation of cell proliferation and drug delivery [16-18]. Another field full of 

possibilities is the replacement of petroleum derived synthetic polymers with bio-

polymers [19-20]. Since these hybrid materials are easily decomposed by micro-

organisms, they are sustainable for the environment and they also find potential 

applications in food industry, agriculture, as biomedicine and bioplastics. The 

introduction of specific functional groups can cause these materials to exhibit excellent 

catalytic actions as well [21-22].  

 

 

2.2. Mesoporous Hybrid Materials 

 

Specific functionalizations of thin films of mesoporous silica phases have 

widespread technical applications [23-24]. There have been successful efforts to 

create solid state acids that could be alternatives to heterogeneous acid catalysts [25]. 

Similar functionalizations have been employed for the synthesis of mesoporous silica 

materials based heterogeneous base catalysts [26]. Mesoporous silica based hybrids 

have found extensive applications as oxidative catalysts, chiral catalysts, which involve 

functionalization with alkaloids, amino alcohols, etc. [27-28]. In a study reported by 

Motorina et al., [29], a SBA-15 phase functionalized with a cinchona derivative was 

employed for the asymmetric Sharpless dihydroxylation of olefins and excellent 

enantioselectivities were obtained.  

Since the pore size of mesoporous silica hybrid materials is suitable for 

accommodation of small enzymes and proteins, they have also been applied for 

enzyme immobilization and biocatalysts. In an excellent study, amino- and carboxy-

functionalized SBA-15 phases were used for immobilization of enzyme 

organophosphorus hydrolase by Lei et al., [30]. The authors were able to achieve 

double the activity of immobilized enzyme compared to that in the free state. 

 

 

2.3. Nanocomposite Based Gas Sensors 

 

Organic-Inorganic hybrid materials are extensively in use as smart materials for 

gas sensing [31]. Other than gas sensors, specifically functionalized nanocomposites 

have been in use as microwave absorbers, shielding materials, polarizers, etc. [32-

33]. Efforts are being made by several research groups for proper tailoring of structural 

modifications of these nanocomposites to make them ideal candidates for gas 
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adsorption and detection. Suitably designed nanocomposites have been utilized for 

detection of VOCs, H2, CO, CO2, NH3, etc. A PANI-MWCNT hybrid nanocomposite 

was prepared by Li et al., [34] for sensing of hydrocarbon vapors. For detection of NH3 

and HCl, a fabricated carbon nanofiber hybrid material was prepared by Jang et al., 

[35]. For H2S gas sensing, PPy/γ-Fe2O3nanocomposites were prepared by Geng et al., 

[36]. Apart from gas detection, various different kinds of nanostructures have also been 

utilized for humidity measurements [37]. 

 

 

2.4. Applications in Coagulation of Waste Water 

 

Amongst all types of hybrid materials, organic-inorganic hybrids have been most 

extensively used for waste water coagulation and flocculation purposes. Some specific 

examples such as PDMDAAC has been found very effective in waste water treatment 

since it can effectively remove pollutants from waste water and can reduce the amount 

of CHCl3 formed during treatment of waste water [38-39]. 

 

 

2.5. Sol Gel Derived Hybrid Materials  

 

These class of hybrid materials have many applications as sensors, storage 

media, insulators and catalysts [40-41]. Magnetic hybrid nanocomposite materials are 

widely being used for various different applications. One of the most emerging area of 

interest in this field is the designing of multi-component bio-active materials by 

incorporation of polysaccharides as biopolymers in nanocomposite synthesis. Various 

kinds of composite materials have been synthesized using Gum acacia [42], Chitosan 

[43], Chitin [44], Carageenan [45], Alginate [46], Cellulose [47] etc. 

 

 

2.6. Nano Diamond Hybrid Materials 

 

Diamond based bioactive hybrid scaffolds can be used for cartilage tissue 

engineering and for other applications in biomedicine [48]. Nanodiamonds have 

already been in use as polishing systems, lubricants, grinding, electroplating, magnetic 

recordings, coatings and catalysts. In some studies, by the covalent rare-earth 

complex functionalization of nanodiamonds, luminescent hybrid materials have been 

prepared [49]. 

 

 

2.7. Carbon Nanotubes 

 

Carbon nanotubes are extremely popular among material scientists and have been 

utilized for a range of different purposes such as field emitters, quantum wires, organic 
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synthesis catalysts, photocatalysts, diodes, filed emission displays, supercapacitors, 

electrodes, biosensors and many more [50-51]. The unique properties of carbon 

nanotubes make them an excellent choice for many applications in different areas. 

Recently, studies have been going on for improvement in the energy storage 

properties of carbon nanotube hybrid materials by specific functionalization, specially 

association with oxides. Jin et al., reported a supercapacitor based on carbon 

nanotube supported MnO2 [52]. Similarly, Zhao et al., [53] have synthesized a 

supercapacitor based CNT supported Fe2O3. CNTs have also been used as an 

alternative to graphite anode in lithium-ion batteries to improve their performance [54]. 

The CNT supported oxides have been used for electroanalysis purposes as well and 

thus find uses in electrochemical sensors [55]. 

 

 

CONCLUSION 
 

Organic-inorganic hybrid materials continue to be one of the most attractive 

materials since they combine the advantageous characteristics, variability and other 

property profiles of both organic and inorganic components. Although the general idea 

behind the synthesis of such hybrids is the enhancing of material properties, 

sometimes the results are highly exciting with the inclusion of some new characteristic 

in the hybrid. These materials are a huge topic of interest not only in the research field, 

but for several industrial applications as well. During the course of last few years, 

research on advanced methods of synthesis for hybrid materials has been garnering 

a lot of attention and is highly promising. Continued interest in this field will open up a 

plethora of applications of hybrid materials in various different areas such as 

mechanics, environment, medicine, targeted drug delivery, organic reactions, 

coatings, catalysts, sensors, waste water treatment, etc. Extensive amount of attention 

is also being paid on the structural control methods and nanostructured hybrids have 

become a widely researched concept. 
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ABSTRACT 
 

Synthesis of novel bio-active heterocyclic molecules has attracted 
considerable attention due to their potential pharmaceutical and medicinal 
applications. Traditionally, these molecules have been synthesized by multi-step 
procedure using toxic and expensive catalysts and reagents. Moreover, tedious 
purification of reaction products in each step, use of volatile and hazardous organic 
solvents and lower isolated yields are the major limitations of the reported 
methods. Very recently, metal oxide nanoparticles (NPs) have been widely applied 
as catalysts in organic synthesis because of their dual Lewis acid and Lewis base 
nature and red-ox properties on the surface. Among others, ZrO2 NPs have 
fascinated much attention in material science due to their specific optical and 
electrical properties. These nano-materials have also found applications in organic 
transformations. In this book chapter, applications of ZrO2 NPs in the synthesis 
leading to construction of bioactive molecules have been discussed. 
 

Keywords: heterocyclic molecules, nanomaterials, metal oxide nanoparticles 
 

 

1. INTRODUCTION 
 

Recently, heterogeneous nano-catalysis have attracted much interest due to their 

unique properties of large and reactive surface areas, capable of tuning selectivity of 
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product formation, ability to perform the reaction under milder conditions. In addition 

to these, simple isolation of the particles after the reaction and reuse of the materials 

after reactions another major advantage of nanocatalysis [1]. The nanomaterials have 

offered advantages of both homogeneous and heterogeneous catalysis due to their 

small sizes, high reactivity and recyclability [2]. 

Among other nanoparticles, metal oxide nanoparticles (NPs) have been widely 

applied as catalysts because of their dual Lewis acid and Lewis base nature and red-

ox properties on the surface [3]. Among other metal oxide nanoparticles, zirconia is a 

very important ceramic material. This material has been applied in several 

technologies, for examples, fuel cell electrolytes [4], high-performance transformation-

toughened structural engineering ceramic [5], catalysts [6], buffer layers for 

superconductor growth [7], oxygen sensor [8], damage resistant optical coatings [9], 

and gate dielectric [10]. Structurally, zirconia is present mainly three different 

crystalline forms, namely, cubic, tetragonal, and monoclinic polymorphs. Several 

methods have been investigated reported for the synthesis of zirconia nanoparticles, 

which include the sol-gel process [11], spray pyrolysis [12], mechanochemical 

processing [13], salt-assisted aerosol decompositions [14], carbon nanotube 

templated method [15], and emulsion precipitation [16].  

Nanostructured ZrO2 materials have found wide applications [17] in the material 

science due to their unique and interesting optical and electrical properties. This is due 

to their high band gap of ~ 5eV. In catalysis, ZrO2 NPs were mostly used as the solid 

support [17-18] or as photocatalysts [19-20]. 

On the other hand, over past decades, development of protocols for the one-pot 

multi-component reactions (MCRs) has attracted considerable attention in the context 

of green chemistry. The MCR permits rapid access to combinatorial libraries of 

complex biologically active scaffolds [21]. The one-pot MCR protocol offers several 

advantages over multi-step protocol such as higher isolated yields of desired final 

products, minimize use of solvents in purification, cost effect, selective formation of 

products and environmentally benign protocol. In this chapter, green synthesis of 

biomolecules using reusable ZrO2 nanoparticles via one-pot multi-component 

approach has been discussed. 

 

 

2. APPLICATIONS OF ZRO2 NANOPATICLES  

IN SYNTHESIS BIOACTIVE ORGANIC SCAFFOLDS 
 

Traditionally, ZrO2 nanopaticles have been used as a support for active catalysts. 

However, these particles have also shown dual Lewis acid and Lewis base properties 

due to presence of Zr4+ and surface hydroxyl groups. Thus, behave as solid acid-base 

catalyst. Recently, ZrO2 nanopaticles were applied as active catalyst for the useful 

organic synthesis. In the next section, applications of ZrO2 NPs in multicomponent 

organic reactions leaing to synthesis of biomolecules have been discussed.  
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2.1. Synthesis of Benzylpyrazolyl Coumarin Derivatives 

 

3-Benzylsubstituted 4-hydroxycoumarin derivatives have been found in many 

natural products and exhibit various biological activities such as warfarin, 

phenprocoumene, coumatetralyl, carbochromen, bromadialone offering antibacterial, 

anti-HIV [22], antiviral [23], anticoagulant [24], antioxidant [25] and anticancer activities 

[26]. Thus, integrated biological properties can be obtained from a single nucleus 

which contains 3-benzylsubstituted coumarin and pyrazolone moieties. As a 

consequence, synthesis of molecular scaffolds comprising both the moities will be 

beneficial form the biological point of view. 

Banerjee and co-workers [27] have been developed and efficient and green one-

pot multi-component protocol for the synthesis of benzylpyrazolyl coumarin derivatives 

by the reactions of ethyl acetoacetate, phenyl hydrazine, benzaldehyde, 4-

hydroxycoumarin using tetragonal ZrO2 nanoparticles as a reusable catalyst. The 

reactions were performed in aqueous ethanol under refluxing conditions (Scheme 1). 

The tetragonal ZrO2 NPs were found to more active compared to monoclinic ZrO2 

nanoparticles. This could possibly due to the higher Lewis acidic properties of 

tetragonal ZrO2 NPs. Later on, the in-silico binding affinity of benzylpyrazolyl coumarin 

derivatives to cyclooxygenase-II has been demonstrated [28]. 

 

 

2.2. Synthesis of pyrano[2,3-c]pyrazole Derivatives 

 

On the other hand, synthesis of pyrano[2,3-c]pyrazole derivatives are important as 

these molecules have potential applications in pharmaceutics and several methods 

have been reported in the literature for the synthesis of above molecules [29]. 

However, most of the reported methods used acidic and basic catalysts and are not 

reusable.  

To overcome the limitations of reported methods, Banerjee and his group have 

developed a facile one-pot multicomponent protocol [27] for the synthesis of 

biologically active pyrano[2,3-c]-pyrazole derivatives at room temperature using ZrO2 

NPs as reusable catalyst (Scheme 2). The authors have prepared both tetragonal and 

monoclinic ZrO2 NPs by sol-gel method and tetragonal ZrO2 found to be more reactive 

than monoclinic one. The catalyst, nano-ZrO2 was recovered after the reactions and 

recycled for the subsequent runs. 

 

 

Scheme 1. 
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Scheme 2. 

 

2.3. Synthesis of Bioactive Chromene Derivatives 

 

Banerjee et al., [30] have synthesized 2-aminochromene, dihydropyrano[3,2-

c]chromene, and chromeno[4,3-b]chromene by the reactions of aryl aldehydes, 

dimedone, 4-hydroxycoumarin in the presence of catalytic amount of fluorescent 

tetragonal ZrO2 nanoparticles. All the reactions were fast (35-55 min.) high yielding 

(89-95%) and reactions were performed at 80 oC in aqueous medium (Scheme 3).  

On the other hand, when a mixture of dimedone, aromatic aldehydes, and 4-

hydroxy coumarin was treated with t-ZrO2 nanoparticles in water at 80 oC, 

dihydropyrano[3,2-c] chromene derivatives were obtained in excellent yields within 

short reaction time (30 min.) [30] (Scheme 4). 

 

 

Scheme 3.  

 

Scheme 4. 
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2.4. Synthesis of Highly Substituted Pyridine Derivatives 

 

Banerjee and his group [31] have reported a facile synthetic protocol to synthesize 

a number of ethyl 5-cyano-2-methyl-4-aryl-6-(arylamino)nicotinate by the four 

component reactions of aromatic aldehydes, malonitrile, aromatic amines and ethyl 

acetoacetate using tetragonal nano-ZrO2 as reusable catalyst (Scheme 5). They have 

studied the stability and recyclability of the catalyst. The ZrO2 nanoparticles were 

stable during reaction and apparently no leaching of Zr-content was observed. The 

ZrO2 nanoparticles were reused for eight times. The morphology and crystalline nature 

of the catalyst remained same even after 8th cycles. 

 

 

2.5. Synthesis of Bio-Active 2-Pyrolidinone Derivatives 

 

The bio-active, 2-pyrolidinone moieties namely, ethyl 4-hydroxy-2-(4-nitroaryl)-5-

oxo-1-aryl-2,5-dihydro-1H-pyrrole-3-carboxylate derivatives have also been 

synthesized by Banerjee et al., using tetragonal nano-ZrO2 as catalyst at room 

temperature (Scheme 6) [31]. 

 

 

Scheme 5. 

 

Scheme 6. 

 

2.6. Synthesis of pyrido[d]pyrimidine Derivatives 

 

Abdolmohammadi et al., [32] have reported synthesis of pyrido[d]pyrimidine 

derivatives by the reactions of aromatic aldehydes, malonitrile, 4/6-aminouracil using 

ZrO2 NPs under solvent free conditions. The higher isolated yields (86-97%), shorter 

reaction time (2 h) and solvent-free reaction conditions are the major advantages of 

the protocol (Scheme 7). 
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2.7. Synthesis of BOC-ester Derivatives 

 

Gawande et al., [33] have prepared Mgo-ZrO2 NPs for the protection of alcohols 

(aliphatic and aromatic) and phenols under solvent free conditions. The protocol was 

very simple, efficient and green in nature (Scheme 8). 

 

 

2.8. Synthesis of pyrano[1,2-a]triazole-1,3-done Derivatives 

 

Anaraki-Ardakani and Heidari-Rakati [34] have used ZrO2 NPs for the one-pot 

green synthesis of pyrano[1,2-a]triazole-1,3-done derivatives by the reactions of 

aromatic aldehydes, malonitrile and 4-phenylurazole (Scheme 9). 

 

 

Scheme 7. 

 

Scheme 8. 

 

Scheme 9. 

 

2.9. Knoevenagel Condensation Reaction 

 

Makooti et al., [35] have prepared pure non-monoclinic zirconia nanoparticles by 

hydrolytic thermal decomposition of zirconyl chloride octahydrate in presence of 

oleylamine and oleic acid. The pure tetragonal ZrO2 NPs were used for the 
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Knoevenagel condensation reactions between aromatic aldehydes and malonitrile 

(Scheme 10). 

 

 

2.10. Synthesis of Heterocylic Compounds  

via Condensation Reaction 

 

Jafarpur et al., [36] have demonstrated synthesis of 20-40 nm sized ZrO2 NPs by 

sol-gel method (polymerizing-complexing) and applied as reusable catalyst for the 

condensation reactions of 1,2-diamins with dicarbonyl compounds leading to the 

synthesis of heterocyclic compounds (Scheme 11). 

 

 

Scheme 10. 

 

Scheme 11. 

 

CONCLUSION 
 

In conclusion, in the chapter, details applications of ZrO2 NPs in the synthesis of 

bio-active molecular scaffolds have been presented. The tetragonal ZrO2 NPs were 

found to be more active compared to monoclinic NPs. This is due to higher Lewis acidic 

properties of tetragonal ZrO2 NPs. Moreover, these NPs were very stable in the 

reactions and reused for many times without change in catalytic performance. Finally, 

this chapter will be beneficial for the material scientist as well as synthetic organic 

chemists.  
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ABSTRACT 
 

Bauxite residue (Red mud) is an industrial waste byproduct of Alumina 
industry. It is very toxic and highly alkaline in nature and contains heavy metal 
oxides and variety of minor trace elements. Its disposal is the paramount 
environmental issue in Alumina refining processes and responsible for 
contamination of nearby forest soil, difficult to establish vegetation on red mud 
dumping sites. The bioremediation of Red Mud only seems to be a realistically 
convenient and suitable way for environmentally safe disposal of this toxic alkaline 
industrial waste residue. In an Indian Council of Forestry Research and Education, 
Dehradun sponsored research project, the bioremediation of red mud was carried 
out through Cyanobacteria and other bio-amendments. For study, M/s Hindalco 
Industries Ltd. (HINDALCo), India, was selected for study as it is the only 
Aluminium production industry functioning in Sonbhadra, Uttar Pradesh. Red Mud 
sample was analyzed for its physico-chemical characteristics. For Bioremediation 
studies, four Cyanobacteria species viz. Oscillatoria sp., Lyngbya sp., Phormidium 
sp. and Microcystis sp. were selected. These four Cyanobacteria species were 
subsequently cultured and propagated on liquid Blue Green Algae culturing 
medium BG-11 with different amendments of Red mud. Based on these, the 
physical growth of these Cyanobacteria in Red mud amended medium and their 
effect on physico-chemical characteristics of red mud, the promising 
cyanobacterial species were selected for bioremediation. Bioremediation through 
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biomining/bioleaching and nano particles is also discussed for reducing the 
environmental risk of red mud.  

 

Keywords: bioremediation, cyanobacteria, reclamation, nanotechnology, bauxite 

residue 

 

 

1. INTRODUCTION 
 

To meet the ever-growing demand of materials, the natural resources are being 

exploited to the fullest extent. As a result of which there is depletion of these valuable 

resources as well as accumulation of different types of wastes. Bauxite Residue, also 

known as Red Mud, is one such waste produced during alumina extraction from 

bauxite ore with concentrated NaOH at elevated temperature in the Bayer’s process. 

Red mud composition varies depending on raw material composition [1]. 

Aluminium is the most abundantly available metal and the third most plentiful 

element (8%) of the earth. The economic ore of Aluminium is bauxite, Al2O3.xH2O, 

which is always associated with silica, iron oxide; titanium dioxide and few others minor 

and traces impurities [2]. To produce primary Aluminium, the Aluminium compounds 

in the bauxite are first dissolved chemically, using caustic soda, in alumina refinery 

using the Bayer process. This produces Aluminium oxide and a waste product Bauxite 

Residue (Red mud), which is a slurry containing natural substances originally present 

in the Bauxite - i.e., the ore residues with a residual amount of alkali and left over from 

the process. The high concentration of iron compounds gives the waste product its 

characteristic red colour. The amount of red mud produced depends on the Aluminium 

content of the bauxite. Bauxite ores with a high Aluminium content result in lower ore 

residues than bauxite ores with a lower Aluminium content. Red mud is highly alkaline 

in nature and contains oxides and salts of six major oxides of Fe, Al, Ti, Si, Na, Ca, 

and a variety of minor trace elements. Red mud is then disposed of at a special holding 

site. By maximizing the separation of the caustic soda from the ore residues, one 

achieves the optimal conditions for disposal. Around 1.5–2.5 tons of red mud is 

generated per ton of alumina produced, depending on the bauxite source and alumina 

extraction efficiencies. The disposal of red mud is big problem and hazardous [3-5]. 

 

 

1.1. Dumping of Bauxtie Residue 

 

Due to its large volume, high pH, high caustic soda content and high iron oxide 

content, Red mud disposal remains an issue of great importance with environmental 

implications in the alumina industry. Red mud till today is disposed off from the plant 

in two conventional ways depending upon the facilities available and surrounding 

conditions either in form of slurries (with 15−40% solids) which is disposed off to 

nearby pools made for this purpose where slurry is left open for sun drying. The other 
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way is after drying in the form of heaps or impoundment reservoirs in nearby areas. 

Conventional disposal methods have revolved around the construction of clay-lined 

dams or dykes, into which the red mud slurry is simply pumped and allowed to dry 

naturally [6]. The design and construction of such residue impoundments has varied 

considerably over the years [7], with disposal practices generally dependent upon the 

nature of the immediate environment. It was noted that the operation of these 

conventional disposal areas was simple and inexpensive, however the potential impact 

on the surrounding groundwater and environment, and difficulties associated with 

surface rehabilitation, forced significant changes in disposal practices. This led to the 

construction of doubly sealed impoundments, incorporating a polymeric membrane as 

well as clay lining, and drained lakes, having a drainage network incorporated in the 

lining material, have subsequently seen widespread use. Drained disposal systems 

have been found to reduce the threat of the residue to the environment, while also 

increasing storage capacity as a result of better residue consolidation [8]. The problem 

associated with the Red mud storage is leakage of alkaline compounds into the ground 

water, over flow of caustic from red mud pond during rainy season, dusting of dry 

surfaces during summer season, which contaminate the surrounding environment and 

interfere in rehabilitation efforts [3-5, 9-12]. Moreover its disposal requires large areas 

of land which become abandoned and exposed to wind and water erosion. Three major 

problems are associated with the disposal of red mud that are space, cost of disposal 

and pollution hazards which has become more acute with increasing amount of red 

mud. As an alternative, dry disposal of Red mud, involving enhanced dewatering and 

evaporative drying, has also been found to further decrease environmental risks and 

lower overall disposal costs [13].  

For disposal, initially, the residue is washed, to extract as much valuable caustic 

soda and dissolved alumina as possible. The caustic soda is recycled back into the 

digestion process, reducing production costs and in turn lowering the alkalinity of the 

residue. The pH level of the residue is generally up to 13 or higher in some cases, due 

to the presence of alkaline sodium compounds, such as sodium carbonate and sodium 

hydroxide. 

Like most ores and soils, bauxite can contain trace quantities of metals such as 

arsenic, beryllium, cadmium, chromium, lead, manganese, mercury, nickel and 

naturally-occurring radioactive materials, such as thorium and uranium. Most of these 

trace elements remain with the Red mud after extraction of the alumina. After washing 

the Red mud is contained in special facilities known as Bauxite Residue Disposal 

Areas (BRDA) or Residue Storage Areas (RSA). 

 

 

1.2. Bauxite Residue Disposal Areas (BRDA) 

 

The type of disposal employed by alumina refineries varies across the world, 

depending on factors such as land availability, technology availability, climatic & 

geographic conditions, logistics and regulatory requirements [14]. Companies are 
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required to ensure that BRDAs comply with the respective environmental standards. 

Modern BRDA guidelines will include both general and location-specific design criteria 

such as soil conditions, earthquake risk, long term stability and management of storm 

events. Careful monitoring ensures structural integrity is maintained. 

 

 

1.3. Dry Disposal 

 

After being washed, the Red mud is filtered to produce a dry cake (> 65% solids). 

Drum filters have been used since the 1930s but there is now increasing use of press 

filters capable of achieving 70 to 75% solids. The dry Red mud material is carried by 

truck or conveyor to the storage site and stored without further treatment. 

This method minimizes the land area required for storage and the risk of leakage 

to groundwater. Rehabilitation and closure costs are greatly reduced and the material 

is in a more readily usable form. For sites with a constrained space this approach can 

often present the best option. 

 

 

1.4. Mud/Dry Stacking or “Sloped Deposition” 

 

The Red mud is thickened to a high density slurry (48-55% solids or higher), 

deposited and allowed to consolidate and dry before successive layers deposit. This 

forms a slope on the deposit, allowing rainwater to run off and minimizing liquid stored 

in the disposal area; lowering risk of leakage and improving structural integrity. 

The water reclaimed from the surface is pumped back to the plant to recover and 

recycle the soluble sodium salts. Dry stacked red mud is often “under-drained” to 

improve the consolidation of the residue and recover further water for re-use in the 

refinery. The combination of dry stacking and a well drained deposits leads to a very 

stable deposit of red mud. 

 

 

1.5. Lagooning/Ponding 

 

The red mud is pumped into land based ponds where naturally impervious layers 

or sealants, minimize seepage. The red mud is typically deposited as dilute slurry, with 

the solids settling and consolidating over time and the surface water collected for return 

to the refining process. The design, construction and operation of these storage dams 

follow guidelines as set out in individual countries and undergo regular maintenance 

checks. 
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1.6. Sea Water Discharge 

 

In some countries an early method of bauxite residue (red mud) disposal was to 

transfer the material via pipeline to deep sea locations following treatment to reduce 

caustic soda levels. No new refineries have been built using this method since 1970. 

 

 

1.7. Environmental Risks Associated with Red Mud Disposal  

and Utilization 

 

The main environmental risks associated with bauxite residue are related to high 

pH and alkalinity and minor and trace amounts of heavy metals and radionuclides. 

Establishment of vegetation on these bauxite residue dumping sites is imperative for 

reducing the environmental risk [15]. Very high pH, very fine in structure, high content 

of oxides of iron and other metals and deficient in soil nutrients make Bauxite residue 

(red mud) dumping sites, a poor substrate to re-vegetate [16]. 

Irrespective to the mode of disposal, red mud is cause of environmental hazards 

to the surroundings. The environmental chemistry and toxicity of Aluminium in red mud 

may be significant under such alkaline conditions. Red mud of similar composition may 

create different types of pollution under different environmental conditions. The 

conditions are available sunshine, annual rain fall, average temperature, wind velocity, 

soil permeability and so on for the land disposal while for the sea disposal it depends 

on specific zone, length of inlet pipe, depth at that point, variety of fish culture and 

under currents, if any. For utilizing red mud as a soil conditioner, amelioration of red 

mud disposal sites is essential [17].  

 

 

1.8. Remediation of Bauxite Residue Pond 

 

A review on uses of red mud was discussed by Ning et al. (2019) [18]. It was stated 

that based on resource, economic, and environmental benefits, the development of 

new technologies and new processes with market competitiveness, environmental 

protection, and ecological balance should be the prerequisite for the low-energy, low-

pollution, low-cost, and high-efficiency comprehensive utilization of Red Mud [18]. 

Three step remediation of Landscape, after the bauxite Residue (Red Mud) disaster in 

Hungary, was conducted by Gyuricza et al. (2012) [19]. The three-step plan included: 

(1) the key element of habitat revitalization to recover the soil biological activity and 

the prevention of the dusting out of the red sludge; (2) after the application of compost-

turf mixture to the soil (1st remediation step), annual plants were sown on the area (2nd 

remediation step), which ensures the quick cover of the soil with vegetation and 

organic matter replacement; and (3) creating an short rotation coppice plantation (3rd 

remediation step).  
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Andrew et al. (2018) [20] stated that Rehabilitation of bauxite residue disposal 

areas (BRDA) is therefore often costly and resource/infrastructure intensive and 

associated with its remediation. Data is presented from three neighboring plots of 

bauxite residue that was deposited 20 years ago. One plot was amended 16 years ago 

with process sand, organic matter, gypsum, and seeded (fully treated), another plot 

was amended 16 years ago with process sand, organic matter, and seeded (partially 

treated), and a third plot was left untreated. These surface treatments lower alkalinity 

and salinity, and thus produce a substrate more suitable for biological colonisation 

from seeding. The reduction of pH leads to much lower Al, As and V mobility in the 

actively treated residue and the beneficial effects of treatment extend passively 20−30 

cm below the depth of the original amendment. These positive rehabilitation effects 

are maintained after 2 decades due to the presence of an active and resilient biological 

community. This treatment may provide a lower cost solution to BRDA end of use 

closure plans and orphaned BRDA rehabilitation. 

The bio-remediation of red mud seems to be the realistically convenient steps for 

the disposal of this industrial residue. Bioremediation is a low cost and environmental 

friendly technique which uses plants and microbes to clean up moderately 

contaminated areas, lessening metal mobility and bioavailability. The present Chapter 

is focused on the effect of different Blue green algae/ bioinoculants on the phytotoxicity 

of the red mud, its bioremediation and selection of promising Blue green 

algae/bioinoculants for bio-remediation of red mud. 

 

 

2. METHODOLOGY 
 

2.1. Site Survey and Sample Collection 

 

M/s Hindalco Industries Ltd. (HINDALCo), India, was selected for study as it is the 

only Aluminium production industry functioning in the State of Uttar Pradesh, India. 

The Company is situated at Renukoot, Sonbhadra District, and Uttar Pradesh. 

Hindalco was visited for surveying Red Mud production site with permission of 

HINDALCo authorities. HINDALCo dumps Red Mud after carrying out a drying 

process, called Dry Stacking of Red Mud. Triplicate samples of Red mud were 

collected from HINDALCo and mixed thoroughly for physico chemical analysis. The 

Red mud sample was analyzed for pH, EC, Organic Carbon and Nitrogen.  

 

 

2.2. Selection of Promising Cyanobacteria for Bioremediation  

of Red Mud 

 

Four cyanobacteria viz. Oscillatoria sp., Lyngbya sp., Phormadium sp. and 

Microcystis sp. were selected for the study and cultured and propagated on liquid 
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BG11 medium [21]. These cyanobacteria were reported as dominating species of 

industrial effluents and tolerant to pollution [21-23]. 

 

 

2.3. To Study the Promising Cyanobacteria on Red Mud Amedments 

with Different Treatments in Nursery Conditions 

 

Experiment was laid out in trays for studying the effect of Cyanobacteria viz.: 

Lyngbya, Phormidium, Oscillatoria and Microcystis sps on red mud amendments with 

different treatments in nursery conditions for selection of promising Cyanobacteria for 

further studies. Effect on red mud was studied with different bio-amendments. 

Cyanobacterial growth was observed on red mud with different amendments. 

Treatments were Control 1 (Red mud), Control 2 (Red mud mixed with normal soil in 

1:1 amended with Bone Meal bio-source of phosphorus), Red mud mixed with normal 

soil and Bone Meal inoculated with Phormidium, Red mud mixed with normal soil and 

Bone Meal inoculated with Oscillatoria, Red mud mixed with normal soil and Bone 

Meal inoculated with Lyngbya, Red mud mixed with normal soil and Bone Meal 

inoculated with Microcystis. Soil pH, EC, Organic matter and nitrogen was monitored 

as indicators of bioremediation. 

 

 

3. RESULTS 
 

3.1. Site Description and Red Mud Characteristics 

 

]HINDALCo, India, was selected for the study as it is the only Aluminium production 

industry functioning in Uttar Pradesh, India. The company was established in 1958, 

HINDALCo commissioned its aluminium production at Renukoot in Sonbhadra District 

of Eastern U.P. in 1962. HINDALCo‘s Alumina Plant employs the conventional Bayer’s 

process for Aluminium extraction. Initially it was commissioned with capacity of 40,000 

MTPA which was increased to 700,000 MTPA. The Company has been inducting new 

technology from time to time and the most recent initiative in this regard is the adoption 

of Alusuisse Precipitation Technology for energy efficiency and capacity 

enhancement. The major raw materials for the Alumina Plant are Bauxite, Steam and 

Caustic Soda. Bauxite is procured from the Company’s Mines in Jharkhand and 

Chhatisgarh, as well as through market purchases and requirement of steam is met 

through Cogeneration plant at Renukoot. HINDALCo dumps Red Mud after carrying 

out a drying process, called Dry Stacking of Red Mud [24]. Red mud is dried through 

Drum Filter Unit and finally disposed to dumping site. In HINDALCo average red mud 

Disposal is 3200-3500 Dry MT/ Day. Red Mud is highly alkaline in nature having a very 

high pH in the range of 10.5 – 13 due to the presence of Sodium Hydroxide (NaOH) 

and Sodium Carbonate (Na2CO3). These compounds are expressed in terms of Na2O. 

The composition of Red Mud sample, provided by the HINDALCo Industries, 

Complimentary Contributor Copy



Kumud Dubey and K. P. Dubey 274 

Renukoot, Sonebhadra, Uttar Pradesh, India, has been depicted in (Figure-3.1.1).The 

pH and EC, Organic carbon and Nitrogen were depicted in Figure 3.1.2 and 3.1.3. 

 

 

Figure 3.1.1. The composition of Red Mud sample. 

 

Figure 3.1.2. pH and EC of Red Mud. 

 

Figure 3.1.3. Organic Carbon and Nitrogen of Red Mud. 

 

3.2. Selection of Promising Cyanobacteria for Bioremediation  

of Red Mud 

 

Experiment was laid out in trays for studying the effect of Cyanobacteria viz: 

Lyngbya, Phormidium, Oscillatoria and Microcystis sps on red mud amendments with 

different treatments in nursery conditions for selection of promising Cyanobacteria for 
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further studies. Effect on red mud was studied with different bio-amendments. 

Cyanobacterial growth was observed on red mud with different amendments with 

ocular observations. Growth wise the Phormidium and Oscillatoria had given plus three 

(+3), Lyngbya plus two(+2) and for Microcystis plus one (+1). The Soil pH, EC, Organic 

carbon and nitrogen was observed after 45 days and depicted in following Figure 3.2.1 

a, b, c and d: 

Based on these, the physical growth of these Cyanobacteria in Red mud amended 

medium and their effect on physico-chemical characteristics of red mud, the promising 

cyanobacterial species were selected for bioremediation. Two cyanobacterial species 

viz. Phormidium and Oscillatoria were identified promising for bioremediation of red 

mud. They improve the red mud by reducing its pH, increasing organic carbon, 

nitrogen content, and reducing its toxicity by reducing its heavy metals. 

 

 
(a)      (b) 

 
(c)      (d) 

Figure 3.2.1. Effect of Cyanobacterial inoculation on Characteristics of Red mud with different 

treatments (a) pH, (b) Electrical Conductivity, (c) Organic Carbon and (d) Nitrogen.  

As cyanobacteria are considered as an important group of micro-organisms having 

ability to carry out both photosynthesis as well as nitrogen fixation non-symbiotically, 

they may be applied to remediate bauxite residue. It has the added bonus of being 

photosynthesizers, which supply organic carbon at a rapid rate and self propagating, 

once inoculated. They also act as an important tool for ensuring assimilation of carbon 

and its sequestration concomitantly [22]. These form a mat or crust like structures on 

soil surface, which are not only resistant to metals and metalloids but also remove 

these harmful substances from the environment. These Cyanobacterial mats are an 

ideal system for bioremediation of mine wastes that are significantly hazardous to 
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human health [23, 25]. Cyanobacteria have also been reported as agents for 

bioremediation of alkali soils due to their ability to secrete organic acids and immobilize 

sodium in the biomass [26-32]. Cyanobacteria have also been found to remove harmful 

metals from the environment through their biosorption to extracellular polysaccharides 

and their intracellular accumulation involving metal sequestering metallothionin 

proteins. This Cyanobacterium remediate by both adsorbing and taking up metal ions 

[33]. Phormidium can adsorb heavy trace metals [34- 35]. Biosorption of Zinc was 

reported by Oscillatoria sp. [36]. The Phormidium and Oscillatoria cyanobacterial 

morphotypes have been used for bioremediating the sites contaminated with 

petroleum products [37]. The cyanobacterial crusts may help in surface soil 

stabilization, increasing water infiltration and reducing wind and water erosion. These 

findings too, strongly support the principle that Cyanobacteria may play a major role in 

detoxifying Red Mud by immobilizing heavy metals, establishment of crust on Red Mud 

dumps thereby reducing the environmental risks due to water and wind erosion and 

enriching its nutrient status in an environmentally sustainably way. 

 

 

3.3. Biominig and Bioleaching for Bioremediation 

 

Biomining is the process of using microorganisms (microbes) to extract metals 

from rock ores or mine waste. This techniques may also be used to remove toxic metal 

contaminants from the bauxite residue dumping sites. For example, The Iron may be 

removed/ recovered from bauxite residue by exploiting the metabolism of iron reducing 

microorganisms like Desulfuromonas palmitatis [38-39]. The green microalgae like 

Desmodesmus quadricauda, Chlamydomonas reinhardtii, etc. and fungi like 

Penicillium tricolor and Aspergillus niger may be used to remove lanthanides and other 

metals from Bauxite residue through intracellular accumulation [40]. Bio-mining 

techniques are generally less energy-intensive and less polluting. Through Biomining 

or bioleaching, in situ bioremediation of bauxite residue storage ponds may be done. 

Establishment of the microbial ecology of the waste is essential, and acid-forming 

capabilities of indigenous microorganisms need to be ascertained. Native 

microorganisms producing organic acids may be used to neutralize red mud alkalinity 

[41]. Bio-mining/Bioleaching techniques are generally less energy-intensive and less 

polluting. 

 

 

3.4. Application of Nanotechnology 

 

Recent days, nanotechnology has also shown promising potential to promote 

sustainable remediation of contaminated soils. It may play an important role regarding 

the fate, mobility and toxicity of soil pollutants and are essential part of different biotic 

and abiotic remediation strategies. Nano material may be applied for bioremediation, 

which will not only have less toxic effect on microorganisms, but will also improve the 
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microbial activity of the specific waste and toxic material which will reduce the overall 

time consumption as well as reduce the overall cost [42]. Plant Noaea 

mucronata belonging to Chenopodiaceae is good accumulator of heavy metals like 

Pb, Zn, Cu, and Ni. Likewise Reseda lutea is good accumulator of Fe. The 

bioaccumulation ability of nano-particles prepared from these plants may be used for 

removing these metals from the industrial waste like red mud and reduce its toxicity 

[43]. These nano-particles not only directly catalyze degradation of waste and toxic 

materials, but also it also helps enhance the efficiency of microorganisms in 

degradation of waste and toxic materials [44]. Recent day’s nanotechnology is being 

used for making it suitable for its utilization. For example nano-SiO2 has been produced 

for enhancing its strength as binder [45]. 

 

 

4. CONCLUSION 
 

Bauxite residue (Red Mud) is a high volume byproduct of alumina manufacture 

which is commonly disposed of in purpose-built bauxite residue dumping areas 

(BRDAs). Bauxite residue is highly alkaline and has elevated concentrations of Na, Al, 

and other trace and heavy metals. Neutralized red mud from the aluminum plant which 

after drying and treated with cyanobacteria and covered with soil may provide a 

medium on which plants may grow. This method provides an environmentally less 

hazardous and much more acceptable disposal approach with a smaller risk of 

ecological accidents. 

Cyanobacteria in combination with microbes involved in bio-mining, bioleaching 

removes its toxicity and improve its fertility by increasing organic matter and nitrogen 

content of Red Mud. The establishment of cyanobacterial crust shall also be helpful in 

reducing environmental risks due to water and wind erosion. The above mentioned 

microbes in combination with nanotechnology may provide a sustainable technology 

for the remediation of red mud. Nanotechnology may also be combined for making its 

utilization in construction. 
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ABSTRACT 
 

Now-a-days water pollution has become a serious problem throughout the 
world. Toxic pollutants coming out from various sources pollute water and 
deteriorate water quality. Through out the world major part of the population, 
especially in the developing countries, does not have access to the pure water 
leading to various life threatening diseases. Researchers are utilizing 
nanotechnology front line innovation field to create fantastic new items useful in 
almost every field of life. In recent years, metal nanocomposites and hybrid 
nanomaterials have attracted the attention of scientists and technologists in water 
purification due to improved processability, large surface area, stability, tunable 
properties, and cost effectiveness. These materials show fast decontamination 
ability with high selectivity to remove various pollutants. Even the traces of 
contaminants pollute water making it unfit for human consumption. 
Nanocomposites are solid materials having multiple phases in which at least one 
of the phases has a nanoscale structure. Nanocomposites have numerous 
applications. Generally, in nanocomposite the properties of organic and inorganic 
structural units give a material with composite properties while in hybrid material 
new properties other than those of the constituent materials may also emerge due 
to intimate mixing. In the hybrid material an additional degree of freedom is 
obtained which in the new material may lead to the emergence of new properties 
like sorption, conductivity, magnetic and catalytic or the mechanical properties. 
Due to their extremely large surface area and the high potential to combine rapidly 
with majority of particles, nanocomposites and nanohybrids are the ideal 
candidates for decontamination of the polluted water having a variety of pollutants. 
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Thus these materials may contribute in a big way in modifying the future water 
related technologies.  
 

Keywords: nanocomposites, nanotechnology, hybrid nanomaterial, adsorbent, water 

purification 

 

 

1. INTRODUCTION 

 

Being the need of modern society, the technological advances are growing at a 

faster rate. On the one hand industrialization of society has fulfilled the demand of 

human beings but on the other hand it has greatly increased the challenges for 

environment. Anthropogenic activities, include mining operations, industrialization and 

the use of metals and metal-containing compounds for domestic and agricultural 

purposes which are the main sources of water pollution [1]. Release of toxic chemicals 

by the industries contaminates air, water and the soil. Water pollution is a great 

environmental concern globally as the concentration of toxic pollutants in the water 

bodies is many times higher compared to the designated limits established by the 

world health organization (WHO) and environmental protection agency (EPA) and 

moreover it is assumed to get worse over coming decades. Many organic and 

inorganic pollutants are the major contaminants in the aqueous environment [2], and 

continuous exposure of human beings with polluted water leads to high-risk health 

problems. Particularly in developing countries, industrial effluents containing pollutants 

like heavy metals, inorganic anions, and organic pollutants are discharged directly or 

indirectly into the environment. Heavy metals are non-biodegradable, tend to 

accumulate in living organisms, and are carcinogenic. Toxic heavy metals that are of 

particular concern in the treatment of industrial wastewaters include lead, arsenic, 

chromium, copper, nickel, mercury, cadmium, zinc, and arsenic which are found as 

anions (i.e., arsenate AsO4
3-, arsenite AsO3

3-, etc.). It has been proven that these 

heavy metals have detrimental effects on the ecosystem [3-4]. Organic dyes which 

have become other sources of pollution of surface water are extensively used in 

industries like leather, textile, paper, printing, etc. More than 15% of the dye used in 

industries is wasted and released as the untreated effluent. Removal of organic dyes 

faces a huge challenge due to its aromatic structure and its non-biodegradable origin. 

The largest class of synthetic dyes include azo dyes which are highly toxic and 

carcinogenic for human beings as well as aquatic organisms due to the presence of 

nitrogen double bonds (-N=N). Removal of toxic azo dyes from the effluent is 

necessary before their discharge into the water streams [5-6]. Along with these 

pollutants pathogenic contamination of water resulting in water borne diseases is also 

a worldwide problem especially in the developing countries. Hence, water is one of the 

major routes through which these pollutants and radionuclides may enter the human 

body through the consumption of polluted water. 

Revolution in the field of nanotechnology has reached many fields and its 

applications have great potential to be utilized in wastewater treatment. The unique 
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properties incorporated in nanomaterials consist of fabrication of nanoparticles of 

desired shape and size with increased surface area and stability which enable 

nanotechnologies for removal of contaminations along with better resource recovery 

[7]. Nanoparticles showing size and shape-dependent properties are interesting for 

applications in biosensing and catalysts to optics, antimicrobial activity, computer 

transistors, electrometers, chemical sensors, and wireless electronic logic and 

memory schemes. Of the various processes available for the synthesis of 

nanoparticles, the biosynthetic process plays a very important role in nanotechnology 

as it is cost-effective, eco-friendly, and is a better alternative to chemical and physical 

methods. Moreover, chemical methods employ toxic chemicals, additives, or capping 

agents and non-polar solvents in the synthesis procedure and thus are not suitable for 

their application in clinical and biomedical fields. Therefore, the need for the 

development of a clean, reliable, biocompatible, benign, and eco-friendly process to 

synthesize nanoparticles forced many researchers to develop green chemistry and 

bioprocesses [8-9]. 

A composite could be a combination of two or more diverse materials having 

multiple phases in which at least one of the phases has a nanoscale 

structure.Nanocomposites have numerous applications. Generally, in nanocomposite 

the properties of organic and inorganic structural units give a material with composite 

properties. Nanocomposites are now commonly employed to enhance useful 

properties of the standard polymeric membrane materials employed in water treatment 

processes. Different materials and methods have been put forward for the 

developments in the use of polymeric nanocomposite membranes for purifying water; 

amongst those that show the greatest potential so far are the thin-film nanocomposite 

(TFN), electrospun polymeric nanofibrous membranes, carbon nanotubes, metal and 

metal oxides, graphene and graphene oxide, and zwitterionic materials. Effectiveness 

of metal and metal oxide nanocomposites have been evaluated to offer resistance to 

fouling and the performance of the membranes. Researchers are interested to 

understand in a better way that how nanomaterials can be used in a number of ways, 

such as nanofiltration, micro-filtration, reverse osmosis, and membrane distillation. 

Bassyouni et al. in a review has covered the preparation, characteristics, and 

applications of thin-film composite (TFC) and thin film nanocomposite (TFN) 

membranes, electrospun polymeric nanofibrous membranes, molecular dynamics 

(MD) simulations of graphene oxide applications in desalination and the interactions 

of various contaminants with several types of polymeric nanomaterials including metal, 

metal oxides like Fe, Si, Zr, Al, Ti, Ag etc, based nanocomposite membranes for water 

desalination technologies [10]. 

Xingsheng et al. synthesized CuO-ZnOnanocomposite using a bio-templated 

method from biowaste-eggshell membranes. Results showed that morphology and 

structure of composite preserved the original structural characteristics of egg shell 

membrane with interlaced network coated by small inorganic nanoparticles and 

showed excellent adsorption, catalysis and antibacterial activities [11].  
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Hybrid nanomaterials have also been widely used for applications in materials 

science, biomedicine, tissue engineering, sensors, energy, catalysis, and 

environmental science due to their unique physical, chemical, and electronic 

properties. Graphene-based hybrid nanomaterials exhibited higher surface area and 

special porous structure, making them excellent candidates for practical applications 

in water purification. Sharma et al. described the synthesis of carbon and iron-based 

nanomaterials, graphene-carbon nanotubes-iron oxides, which can remove pollutants 

and inactivate viruses and bacteria efficiently in water. Removal of metals (e.g., Cu, 

Pb, Cr(VI), and As) and organics (e.g., dyes and oil) by graphene-based 

nanostructures as well as the inactivation of Gram-positive and Gram-negative 

bacterial species (e.g., Escherichia coli and Staphylococcus aureus) has been 

reported [12]. Morshed et al. prepared titania-loaded cellulose-based functional hybrid 

nanomaterial for photocatalytic degradation of toxic aromatic dye (methylene blue) in 

water [13]. On the other hand, a new mesoporous hybrid nanomaterial comprising of 

gelatin/SiO2/TiO2 was synthesized via the sol-gel method by Jamwal et al. It has a high 

surface area of 675.92 m2/g, pore volume 0.795 nm, and average pore size of 4.7 nm. 

The material was used for the purification of water containing Hg2+ [14]. 

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. Metal 

nanocomposites include transition metal/oxide/sulfide nanocomposite and hybrid 

nanomaterials include carbon/silicon-based nanocomposite. There is to some extent 

an overlap between inorganic nanomaterials and organic polymer-supported 

nanomaterials i.e., when organic polymers are applied to support inorganic 

nanoparticles cores as nanocomposites. It can be concluded that the metal 

nanocomposite and hybrid nanomaterials might be considered as effective materials 

for the purification of water from industrial wastewater containing heavy metals, 

inorganic anions organic contaminants, and microorganisms. 

 

 

2. SYNTHESIS OF NANOCOMPOSITES AND THEIR APPLICATIONS 
 

Incorporation of nanoparticles into the polymer network or the synthesis of 

nanocomposite can be done in various ways, such as solution intercalation, melt 

intercalation, and in-situ polymerization [15-16]. The processing conditions, such as 

the alteration of the filler particles and compatibilizer agents used, play an important 

role in obtaining a nanocomposite with proper dispersion of the nanoparticles in melt 

intercalation. This method is useful for the synthesis of a polyolefin nanocomposite, 

but for an adsorption process this method may result in degradation and the side 

reactions if the polymer possesses functional groups due to the temperature and the 

shear forces during the mixing phase.Use of support in strengthening the physico-

chemical properties of Nanomaterialsin wastewater treatment is shown in figure 1. In 

addition, intercalation in a solution requires the polymer to be solubilized and the 

nanoparticles to be dispersed in an acceptable solvent. Interaction of the polymer with 
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nanoparticles increases on agitating the mixture resulting the filler's dispersion and 

distribution, and then the polymer nanocomposite is obtained by the removal of the 

solvent. Due to the milder conditions compared to melting intercalation, this strategy 

seems to be more appropriate to obtain a nanocomposite; however, this technique 

(together with melt intercalation) does not allow the reticulated polymer to be obtained 

that provides stabilization in the sorption phase for the composite. Compared to other 

methods, the in-situ polymerization method has many benefits since it facilitates the 

production of thermoplastics and thermoset polymer nanocomposites. In addition, in-

situ polymerization offers greater versatility in synthesis, allowing, among other things, 

the modification of nanoparticles on the surface with compounds that favor the 

dispersion or functionalization of the surface to start reactions during polymerization. 

In addition, higher dispersion of the nanoparticles can be achieved through this 

technique and the formation of a crosslinked polymer hosting the nanoparticles in the 

polymeric network can be enabled [15]. Organic-inorganic hybrid materials consist of 

two elements, organic and inorganic, which are combined at the molecular level with 

each other. These are either homogeneous systems obtained from miscible organic 

and inorganic components and monomers, or heterogeneous systems generally 

known as nanocomposites, in which at least one of the components has a dimension 

in the nanometer range. These can be divided into two categories; In the first category 

organic and inorganic components are weakly joined by hydrogen bonding, van der 

Waals, π-π or weak electrostatic forces. In the second category organic and inorganic 

components are joined by strong covalent or coordinative bonds with each other [17]. 

Sun et al. [18] reported that the solvothermal synthesis of magnetite/reduced 

graphene oxide (MRGO) nanocomposites for decontamination of water polluted with 

dyes. These MRGO nanocomposites show excellent efficiency to remove Rhodamine 

B and Malachite Green from the industrial waste water and from the lake water. 

Additional benefit is the rapid separation of nanocomposite from aqueous solution by 

applying an external magnetic field. Bagheri et al. [19] sonochemically synthesized 

nanocomposite of Au-Fe3O4 loaded on activated carbon (Au-Fe3O4NPs-AC). In this 

firstly the pepared Fe3O4 nanoparticles were loaded on activated carbon and the 

resulting solid was added to the solution containing gold nanoparticles. The prepared 

Au-Fe3O4NPs-AC nanocomposite was used for the removal of Disulfide blue (DSB) 

and Rhodamine123 (R123) dyes from contaminated wate. Core–shell magnetic hollow 

Fe3O4 nanoparticles (MNPs) coated with polystyrene were fabricated by Chen et al. in 

a two-step process which can efficiently separate oils from water surface under a 

magnetic field [20]. Orooji et al. firstly reported a procedure to prepare GZMO/ZnO 

NCs by a sol-gel auto-combustion method utilizing the grape syrup and coffee as fuel. 

Prepared nanocomposites (GZMO/ZnO NCs) showed wide applications on 

photocatalytic behavior of degradation of various pollutants such as Erythrosine, 

Methyl Violet (MV), Eriochrome black T (EBT), and Methylene Blue (MB) dyes from 

polluted water [21]. Synthesis of polyvinyl alcohol/polyacrylic acid/MXene fiber 

membrane nanocomposite (PVA/PAA/MXene@PdNPs) by electrospinning method 

reported by Yin et al. showed high catalytic potential for waste-water treated nitro 
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compound degradation. A simple method for the preparation of TiO2@C core@shell 

(TC) nanocomposites by a single alkoxide precursor and their application for solar 

water treatment has been reported [22].  

 

 

Figure 1. Use of support in strengthening the physico-chemical properties of Nanomaterials 
(NMs) in wastewater treatment (WWT). CNTs; Carbon Nanotubes, TDS; Total Dissolves 
Solids, BOD; Biochemical Oxygen Demand, and COD; Chemical Oxygen Demand. 

A novel flexible nanocellulose MOF composite material was synthesized by Ashour 

et al. 2020 in aqueous media by a novel and straightforward in-situ one-pot green 

method. The material consisted of MOF particles immobilized onto bacterial cellulose 

(BC) nanofibers. This combination produced a shapeable, low-cost, chemically inert 

and scalable product that was used as an efficient adsorbent for the removal of arsenic 

As(III), and Rhodamine B from aqueous medium [23]. Saifeldin M. Siddeeg 

synthesized graphene oxide-based titanium nanocomposite immobilized on 1-ethyl-3-

methylimidazolium tetrafluoroborate [EMIM-BF4] ionic liquid. The synthesized 

nanocomposite was found to be an efficient active material for the removal of heavy 

metal ions (Cd2+ and Pb2+) from the contaminated water [24]. 

 

 

3. HYBRID NANOMATERIALS AND THEIR APPLICATIONS 
 

The unique properties such as particle size, surface area, phase composition of 

hybrid nanomaterials make them versatile materials which have various applications 

towards environmental purification. 

 

 

3.1. Chalcogenide-Based Hybrid Nanomaterials 
 

Metal chalcogenides found in abundance on the earth. Various transition metal 

chalcogenides (selenides and sulfides) have been used as effective catalysts for the 
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degradation of hazardous pollutants. Initially the metal chalcogenides of ZnS and CdS 

were the most studied materials for the efficient degradation of toxic pollutants and for 

photovoltaic devices. However, later on many shortcomings were noticed like 

unstability and photocorrosion of CdS and wide band gap energy of ZnS hybrid 

materials with these single sulfides were developed either by coupling or by the 

incorporation of coating materials. Dichalcogenides of Transition metal and sulfides of 

other heavy metals like MoS2, Bi2S3, and ZnS have been widely explored for the 

photocatalytic mineralization of water contaminants [25]. These transition metal 

dichalcogenides have indicated amazing advancement in the synthesis of hybrid 

nanocomposite for decontamination of wastewater. Doping of binary dicalcogenides 

with transition metals increases the degradation efficiency of dyes e.g., doping of ZnS 

nanopowder with iron showed the best result of photocatalytic degradation of 

methylene blue (MB) [26]. 

 

 

3.2. Iron Oxide-Based Hybrid Nanomaterials 
 

Separation of catalysts from treated solutions is time consuming and expensive. 

Thus, scientists tried to find out photocatalysts that can be separated under the 

influence of an external magnetic field. Iron oxide-based hybrid nanomaterials such as 

hydroxides, zeolites, and pillared clays have been widely examined for their 

applications in environment and remediation processes. Generation of hydroxyl 

radicals by the Fenton-like process and reaction parameters are responsible for the 

catalytic efficiency of these magnetic hybrids. Performance of hybrid photocatalysts 

may be retained by incorporating magnetic particles into semiconductor 

photocatalysts. 

 

 

3.3. Colloidal-Based Hybrid Nanomaterials 
 

Colloidal nanoparticles are microscopic substances. The properties of these hybrid 

materials can be controlled by their shape, composition, and size. Enhanced properties 

of these particles may be used in for getting desired properties in solution chemistry, 

biology, electrooptics, medical diagnostics etc. Haldar et al. synthesized Au-Cd 

Sepentapods colloidal-hybrid nanomaterials by chemical method and showed their 

increased photocatalytic efficiency [27]. Splitting of water and hydrogen production 

was investigated by Jones et al. with the help of colloidal-based hybrids like CdS-Pt 

as well as TiO2-Au and CdS-Au nanomaterials[28]. 

 

 

3.4. Molybdate-Based Ternary Hybrid Nanomaterials 
 

Combinations of molybdates to form ternary hybrid photocatalysts and plasmonic 

metal-based ternary molybdates, bismuth-based ternary molybdates, and transition 
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metal-based ternary molybdates have been studied extensively. Doping of plasmonic 

metals with heterojunctions of ternary tungstates and molybdates enhances 

photocatalytic degradation of organic compounds. The coupling of silver and bismuth 

molybdates Ag2MoO4/Bi2MoO6 heterojunctions show enhanced photocatalytic 

efficiency. Hybrid composites of molybdates (sulfides and oxides) with supports and 

cocatalysts such as graphene oxide, reduced graphene oxide, and noncarbon 

adsorbents have been studied. The improved photocatalytic degradation of dyes has 

been observed by coupling molybdenum oxide along with reduced graphene oxide 

and magnetite [29]. 

 

 

3.5. Vanadate-Based Hybrid Nanomaterials 

 

Recent research has shown that noble metal loading, such as silver and copper 

and cocatalyst binding, can increase the photocatalytic efficiency of the vanadates by 

constructing a heterojunction structure of vanadates. The development of silver 

metavanadate ternary hybrids has shown very high absorption in visible light, leading 

to improved pollutant degradation efficiency [30]. 

 

 

3.6. Ferrite-Based Hybrid Nanomaterials 

 

Various synthesis techniques such as microwave-assisted, hydrothermal, sol-gel, 

sonochemical, and solid-state reactions are available for the preparation of ferrite-

based ternary hybrids nanomaterials. These hybrid photocatalysts have enhanced 

properties that allow their use in the remediation of the environment. They are 

conveniently isolated from the suspension of the reaction due to the magnetic 

properties of ferrites. Hybrid ternary ferrites are prepared either by doping with 

transition metals or coupling with other binary or ternary metals [31]. In order to form 

high-performance hybrid photocatalysts, metal ferrites can be mixed with graphitic 

carbon nitride and multi-walled carbon nanotubes (MWCNTs) [32]. 

 

 

4. ORGANIC/INORGANICHYBRIDNANOMATERIALS 
 

Hybrid nanomaterials for both organic and inorganic nanomaterials combinations 

are referred to as organic-inorganic HNMs. Organic moieties are carbonaceous and 

polymeric materials, while antimicrobial agents such as ZnO and AgNPs have potential 

applications for pathogen removal from water. Human exposure, cost, and 

environmental toxicity are the problems related with inorganic materials which can be 

solved by the use of TiO2, silica, and Ag organic supports. These organic supports are 

cost-effective and can provide potential remediation of wastewater, particularly in 

developing countries. 
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4.1. Activated Carbon Supported HNMs 

 

TiO2 supported activated carbon hybrid nanomaterials is another form of HNM with 

properties of both adsorption and photocatalysis. The high popularity of these 

supportive hybrid materials is triggered by the synergistic effect of adsorption and 

photocatalysis. For TiO2 applications, these hybrid nanomaterials provide the 

successful mass transfer. The main features of HNMs are improved photocatalytic 

degradation, simple separation along with low deactivation. Compared to simple TiO2, 

these characteristics make these materials durable and flexible HNMs. The 

comparison of operative conditions between bare TiO2 and TiO2 supported by 

activated carbon results in the removal of methylene blue (MB) by 25 percent and 100 

percent in 1h and 3h, respectively [33].To extend the light response region of 

photocatalytic materials, sulfur and carbon may be used that can narrow the band gap 

to less than 3.2 eV. Creation of trap sites between the conduction band gap (CB) and 

the valence band (VB) results in the narrowing of the band gap. Even at low energy 

the presence of trap sites results in the generation of electron/hole pairs [34]. 

 

 

4.2. Graphene-Supported HNMs 

 

Just a single atom thick graphite layer is known as grapheme which has potential 

uses in environmental protection. The chemical oxidation-reduction, mechanical 

peeling, and conversion of carbon. Because of the large surface area, chemical 

oxidation-reduction, mechanical peeling, and converting of carbon nanotubes are 

typical methods of graphene synthesis. For the adsorption of contaminants such as 

surfactants, dyes, heavy metals, pesticides, etc., graphene (G) and reduced graphene 

oxide (rGO) have been used. The results show that GO and rGO had optimum 

adsorption potential for nano ionic surfactants (TX-100) in a comparative analysis 

between GO, rGO, and other adsorptive materials [35]. Greater adsorption of 

tetracycline can be achieved by the electrostatic properties of graphene-based hybrid 

nanomaterials (GHNMs). For instance, the successful adsorptive removal of 

tetracycline, graphene, and carbon nanotubes (CNTs), both common carbon 

nanomaterials, were used [36]. 

 

 

4.3. Fly Ash Supported HNMs 

 

Aluminosilicate-rich byproducts known as fly ash (FA) are produced by coal-firing 

power plants. Fly ash coating with TiO2 of anatase crystal is capable to remove NO 

[37]. While by increasing TiO2 contents to 25% Visa and Duta showed higher 

adsorption of copper and cadmium ions [38]. Modification of TiO2-loaded fly ash with 

H2O2 increases efficiency of MB degradation [39]. 
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4.4. Some Other Supports Used 

 

In addition to all the above-mentioned adsorbents used for the synthesis of 

supported HNMs, the other low-cost adsorbents have been used for wastewater 

treatment such as biomass and agricultural waste products. Use of activated carbon 

as adsorbent is costly, forms a lot of sludge and has a long reaction time [40].  

 

Table 1. Hybrid nanomaterials based on various solid support  

and their applications in WWT 

 
Support Hybrid 

nanomaterials 

Synthesis 

approach 

Application Reusability Ref. 

Graphene GO-CuFe2O4 Hydrothermal Arsenic removal No change in up to 

nine cycles 

[45] 

Sawdust EDTA-modified 

sawdust 

nanocomposites 

loaded with 

Fe3O4 

Synthesis 

through green 

biogenic 

process 

Dye adsorption 

(brilliant green) and 

methylene blue 

64% and 80% 

adsorption for MB 

and BG after five 

cycles 

[46] 

CNTs Multilayer CNTs 

composite 

membrane 

 Oily WWT  [47] 

Alumina-CNT 

membrane 

 Removal of Cadmium   [48] 

Reduced 

grapheme 

oxide (rGO) 

Bi2Fe4O9/rGO Facile one-step 

hydrothermal 

method 

Methyl violet (MV) 

removal 

 [49] 

MnFe2O4-

reduced 

graphene Oxide 

Chemical 

deposition 

Organic dyes 

(methylene 

blue,methyl orange, 

methyl 

violet,rhodamine B, 

and orange II) 

 [50] 

CoFe2O4/Rgo One-pot 

solvothermal 

Methylene blue 

removal 

Minor change [51] 

ZnFe2O4/reduce

d grapheneoxide 

(rGO) 

Hydrothermal 

reaction 

Methyl orange and 

rhodamine B 

 [52] 

GO-NF Chemical 

coprecipitation 

Removal of U(VI)and 

Th(IV) 

Stable within five 

cycles 

[53] 

Fly ash 

(FA) 

FA/NiFe2O4 Coprecipitation Removal of CR 

(Congo Red) dye 

10%–15% [54] 

Sulfophthalocya

nine/TiO2/FAC 

Sol-gel Removal of 

Methylene blue 

 [39] 

TiO2/ZnFe2O4/A

FAC 

Sol-gel Removal of 

Rhodamine B dye 

Minor decrease 

after three 

consecutive uses 

[55] 

 

Out of several ashes studied Tandon et al.reported that the ash of Unio 

(Lamellidens marginalis) was the best in decreasing arsenic(V) concentration from 

1000 ppb to >10 ppb, TDS from 16.9 ppt to 8.5 ppt and conductivity from 33.8 mS to 

17.1 mS from the contaminated water [41]. Iron nanoparticles prepared with the help 
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of tea extract and supported on MMT K10 have been reported by Tandon et al. to 

remove up 99% arsenic as As (III) from aqueous solution. It may be mentioned that 

almost complete removal of arsenic as As(III) directly from aqueous solution has not 

been reported [42]. Another significant material used as an adsorbent is chitosan. 

Interaction of functional groups present in chitosan (hydroxyl and amino group) with 

contaminants such as drugs/pharmaceuticals, pesticides, ions, phenols, metals, dyes, 

etc. are responsible for the removal [43]. Highly porous and low-cost materials are also 

acceptable candidates to be used as water purifiers. The use of nanotechnology has 

also been documented to make nanoadsorbents of bentonite and its hybrids [44]. 

Nanoadsorbents are commonly used as a sequence of nanomaterials (NMs) with 

distinct physicochemical properties. For wastewater treatment (WWT), nanomaterials, 

nanocomposites, hydrogel nanocomposites, boron nitride NMs, and several others 

materials have been and are being used. For environmental applications, a 

comparative analysis between them and other conventional adsorbents has been 

given in Table 1. 

 

 

CONCLUSION 
 

The necessity to provide clean drinking water, the most important parameter in 

determining the quality of life of human society, has forced the researchers to develop 

and optimize potential wastewater treatment approaches to remove both biological as 

well as chemical contaminations. Modern wastewater treatment technologies should 

include the removal of bacterial as well as the chemical contaminations both. Although 

great achievements have been obtained on the fabrication of nanocomposites and 

hybrid nanomaterials for water purification applications recently, there are still spaces 

in this field need to be filled in. Considering the threats from the resistant pathogens 

the preparations of drug molecules with the help of nanotechnology have some 

advantages over the other methods of preparation. Biological methods are 

environmentally safe and have clean preparation techniques that do not produce 

unwanted hazardous materials during the synthesis, as well as yield a high level of 

chemical composition, high monodispersity, and shape/size. Engineering 

nanotechnology is being extensively evaluated by researchers to make binary, ternary, 

polymer, and various support-based nanocomposites.  

In this chapter classification, synthetic approaches, effectiveness of various 

supports and applications of multifunctional hybrid nanomaterials are assessed for 

their application in wastewater treatment. This chapter can be an input to understand 

the basics of photocatalyst and disinfectant property of metal oxide/grapheme 

nanocomposites and usefulness of other hybrid nanomaterials and composites for the 

water treatment should be further investigated, in which the economic production of 

these materials for stable, recyclable, and environment-adaptable water purification 

are highly expected. Chapter contains a brief review of the current literature available 

on the application of different types of metal nanocomposites and hybrid nanomaterials 

Complimentary Contributor Copy



Vijay Pandey, Mahesh Kumar Gupta, Harendra Singh et al. 294 

for the removal of pollutants in waste water. Matter given in this chapter will help the 

reader to compare various methods and strategies taken for the synthesis of 

nanocomposites/hybrid nanomaterials by varying particle size, surface area, and 

phase composition to enhance removal/degradation efficiency and their outcome in 

few pages. 
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ABSTRACT 
 

In today’s world, biopolymers which are abundantly available on earth are 
much more attractive than synthetic polymers because of their excellent 
characteristics, such as biodegradability, permeability, biocompatibility, 
renewability and solubility. Chitosan is more fascinating polysaccharide due to the 
presence of the amino groups, which could appropriately be modified to deliver 
required characteristics and distinguishing biological roles as well as solubility. 
Chitin has the ability and multipurpose uses not only in the biomedical field but 
also in, agricultural, wastewater treatment and industrial areas. In the last few 
decades, various drug-delivery modalities have been materialized and an alluring 
part of this branch is the development and designing of nanoscale drug delivery 
nano devices. Nanoconjugates may also undergo polymerization with various 
phenols, combine with other polymers, magnetic nanoparticles and thus introduce 
antimicrobial, antidiabetic and antioxidant activities in it. In this chapter we 
discussed various nanoconjugates with enhanced antibacterial and effective drug 
release properties, some recent chitosan hydrogel based nanoconjugates, and 
some other nanocojugates dealing with drug delivery. It is expected that 
nanoconjugates from chitosan hydrogel will show a novel path for drug delivery 
tool in biomedical applications in the service of the mankind.  
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1. INTRODUCTION 
 

Material plays very important role in our society. Today’s development and 

advancement are mostly depended on materials. From that perspectivethe role of 

material science in the service of the society is immense. Materials may be classified 

in different categories. Out of these, polymer is the youngest member of the material 

family. Further, polymer also may be classified into natural and synthetic. The first 

derivative of chitin is chitosan, and it is much more versatile that cellulose. With the 

help of nanotechnology and modern biomedical application aspect nanoconjugates 

from chitosan hydrogel will replace conventional drug delivery methods. 

 

 

1.1. Chitosan 

 

Chitosan (CS) is a well known natural and linear polysaccharide produced from 

chitin by deacetylation available abundantly on earth in the solid state under alkaline 

conditions, or by enzymatic hydrolysis of chitin deacetylase. It is the second largest 

renewable biomaterial after cellulose in terms of distribution and consumption [1-5]. 

Some of the most unique and important properties of chitosan in the medical field are 

its non-toxicity, biodegradability, biocompatibility, and immunoenhancing, antitumoral, 

antibacterial and antimicrobial activity shown in Figure 1. 

The biodegradability of chitosan was proven both in vitro and in vivo, where 

macromolecules weresplit into several smaller sections of monomers. CS could help 

in decreasing the cholesterol absorption [6], disrupt the chain oxidation procedure by 

shifting the free radicals [7], and act as an antimicrobial agent against many yeasts, 

fungi and bacteria [8]. In the presence of Laccase, chitosan functionalised with 

quercetin shows a remarkable anti-microbial activity against various bacterial species.  

 

 

Figure 1. Major properties of Chitosan. 

 

1.2. Fundamental Concept and Vital Properties of Hydrogels 

 

Hydrogels are defined as the 3D polymer matrices created by cross-linking the 

hydrophilic copolymers or homoploymers that have the capacity to absorb big number 
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of biological fluids and water [9]. Ample of materials, both natural and synthetic, or 

composite of them, fit the meaning of hydrogels. The background of hydrogels began 

in 1950s when Lim and Wichterle fabricated the hydrogels from on 2-hydroxyethyl 

methacrylate as a copolymer with the compound ethylene dimethacrylate [10] and use 

them as contact lenses. Consequently, a broad range of research enabled the 

advancement in the field of hydrogels with various chemical based compounds, 

morphologies, and characteristics through several techniques. The motivation in the 

field of hydrogels is the amalgamation of “smart” hydrogels that are able to modify their 

properties when exposed to various external factors like such as pH, temperature, 

light, or electric field [11-13]. 

The utilization of natural biopolymers in the synthesis of hydrogels has fascinated 

the interest of many scintists both for their natural availability and for their enhanced 

biocompatibility when utilized as a biomaterials and chitosan being one of them which 

is mainly frequently used for various biomedical applications [14]. Hydrogels derived 

from those sources found naturally on earth and thus they are productive because of 

their intrinsic enormous biological characteristics which are widely studied and 

analysed for tissue engineering purposes. However, as with other naturally occurring 

biomaterials, variation in bunch composition indicates an important demerit [15]. 

 

 

1.3. An Overview to Nanocarriers and Nanoconjugates  

 

All the subcellular structures, like cell organelles, biological macromolecules 

present in this size range which enables them to incorporate into biological system. 

They are defined as ultrafine particles having one systemic dimension in the range of 

1-100 nm [16]. The word “nano” is derived form a Greek word “dwarf.” The main 

concept behind the foundation of nanotechnology was put in first by Richard Feyman 

in the lecture, “There’s plenty of room at the bottom.” Various lethal problems can be 

cured by treatment by using fabricated surgical bots of nano size. 

Norio Taniguchi a professor and a researcher at University of Tokyo have 

proposed a term nanobiotechnology which is a discipline form which tools of 

nanotechnology are expanded and are used to study phenomenon of biology. It 

involves all the designing, fabrication and characterization technique of various 

materials and new devices. The research in the field of nanotechnology has benefitted 

in various health sectors. Nanotechnology has found its application in the field 

ofGenomics, robotics, medicines etc, Nanoparticles have been characterized as the 

dispersive solution of colloidal particles of size ranging between 1 nm to 100 nm. NPs 

can be modified for the use of drug delivery [17]. Using this technology, drug molecules 

are entrapped or encapsulated to make a nano-particles, nanospheres and nano-

capsules of varying size and having different physical and chemical properties. Nano-

capsules are such type of arrangement in which drugs are enclosed in a cavity which 

is surrounded by a polymer membrane. The reason behind this is their biocompatibility. 

This gave rise to the implementation of methods of biosynthesis for the synthesis of 
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nanoparticles. Different classes of types of material used for nanoparticles is shown in 

Figure 2. 

Nanoparticles that are made up of living systems are highly active in nature. They 

act as both stabilizing and reducing agents as well. Purification method is different for 

different nanoparticles and they control quality as well as quantity of new 

nanoparticles. Nanoparticles also exhibit high surface to volume ratio because of the 

decreased size and properties like biological effectiveness as well as magnetic 

properties has been enhanced [18]. The morphology of nanoparticles also introduced 

the knowledge of particles’ anisotropic nature. The particles of this nature exhibit 

required properties like time of circulation enhanced, efficient penetration of tumor. Still 

there is insufficient knowledge of interaction [19]. 

 

 

1.4. Drug Delivery  

 

Drug delivery is an interdisciplinary and autonomous branch of research and is 

acquiring the attention of theragnostic researchers, biomedical engineering and 

pharmaceutical industries [20-21]. Nanoparticles and other colloidal drug-delivery 

methodologies can also modify the drug kinetics and drug release profile pattern of a 

particular drug [22-23]. 

Drug delivery approach is aimed at synthesizing and creating nano regime 

particles to enhance the bioavailability of a drug. Nanocarriers (ncs) have extraordinary 

features that can be utilized to enhance drug delivery process. The lipid or biopolymer-

based nanoparticles had been synthesized which are able to alter the 

pharmacokinetics and bio distribution of a drug. While larger particles are soon 

discharged from the body, nanocarriers through the mechanism of drug delivery are 

capable to cross the cell membrane barrier and get inserted to cell cytoplasm for the 

mechanism [24-26]. The main features of an effective drug delivery system are shown 

in Figure 3.  

 

 

Figure 2. Types of Nanoparticles. 

 

 

Complimentary Contributor Copy



Nanoconjugates from Chitosan Hydrogel 303 

 

Figure 3. Main Features of Drug Delivery System. 

Some merits of various formulations of nanoconjugates as a drug delivery system 

are given below point wise and its various design parameters are shown in Figure 4. 

 

• Particle size and surface characteristics can be effortlessly altered to 

accomplish in targeted drug delivery. 

• They can easily regulate, categorically type of release required for a particular 

drug for targeting during the transportation into the system and at the targeted 

site, altering organ distribution of the drug. 

• Site-specific targeting can be accomplished by attributing targeting ligands to 

the surface of particle or usage of magnetic particles assistance etc. 

 

 

Figure 4. Parameters to design a smart biopolymeric nanoconjugate for drug delivery. 
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2. CHITOSAN WITH COMPOUNDS IN DRUG DELIVERY 
 

Chitosan combining with other compounds like folic acid and glucose had already 

been studied as a targeted drug delivery tool, particularly for cancerous cells [27-28]. 

Jain et al., [29], used butyric anhydride and perchloric acid as a catalyst to produce 

dibutyrylchitin nanoparticles. Dibutyrylchitin nanoparticles loaded with 5-flourouracil 

(Fu) showed increased rate of drug release in acidic pH rather than in neutral pH as 

shown in the drug release profiles.  

A biocompatible chitosan-poly(lactide-co-glycolide) nanocomplex was prepared 

and drug was loaded as a therapeutic loom for the delivery of neuroprotective drug to 

the brain to treat the epilepsy [30-31], which has been distinct as a impulsive set of 

chronic neurological disorder in the human brain. L-pGlu-(1-benzyl)-L-His-LProNH2 

(NP-355) and L-pGlu-(2-propyl)-L-His-L-ProNH2 (NP-647)-loaded PLGA 

nanoparticles were fabricated, and surface modified with chitosan to provide 

mucoadhesive properties for successful intranasal deliveryof drugs to the brain.  

 

 

3. CHITOSAN WITH METALLIC NANOCONJUGATES IN DRUG DELIVERY  
 

Nanoconjugates of chitosan indicates to a complex of nanoformulated chitosan 

which can combine with one or more other component(s) like metals, polymers, 

compounds etc., Chitosan as a biopolymer has a native characteristics of chelating 

with metal ions like Cu, Zn, Fe etc [32-34]. Copious studies have proven the fact that 

chitosan hydrogel-metal nanoconjugates are biologically more valuable as compared 

to chitosan and metals at individual level which had already proven an excellent tool 

for drug delivery system [35-38]. An example of this is that chitosan and the metallic 

nanopartciles such as silver (Ag), copper (Cu), nickel (Ni), and zinc (Zn) displays 

certain level of disinfection and bactericidal properties, however the synthesis of all 

such these metal ions into a specific nanoconjuagte developed in unusual and 

enhanced biochemical properties which are specifically suitable for bioengineering and 

biomedical applications [39-41]. These prepared nanoconjugates were dynamically 

delivered to liver cancer tissue in rats by static magnetic fieldto minimise the effect of 

the stability which was offered by chitosan matrix in intestinal fluids which are also 

responsible for the local heating of tumor cells on application of external magnetic field 

and thus accelerated the apoptosis of cancerous cells [42-44] 

In a related chitosan-metallic nanoconjugate study, it was spotted that packing of 

copper (Cu) NPs onto chitosan’s matrix enhanced the antimicrobial and antibacterial 

property and thus the nanocomplexes synthesized are strongly influenced by the 

solution pH. In a related study conducted by using Cur-loaded carboxymethyl chitosan 

NPs greatly upgraded the antibacterial property by more than 30% when tested against 

S. aureus and thus increases the efficiency which was credited to the enhanced zeta 

potential of the prepared nanocomplex [45]. It is already proven that both chitosan and 

zinc oxide (ZnO) display the properties of disinfection and bactericidal. In one of the 
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related studies, the existence of very small ZnO NPs (< 2.1 nm) in chitosan-ZnO 

nanocomplex led to a substantial decrease towards water solubility and increases the 

antibacterial property. Hence, these chitosan - ZnO nanocomplex are beneficial for 

various applications [46] Chitosan and metal nanoparticles of platinum (Pt) have 

possible applications in amperometric sensors and as antimicrobial agents [47-48]. In 

a study, the amperometric biosensors synthesised by the electrochemical 

accumulation of Pt NPs on to carbon nanotube-chitosan matrices confirmed to be 

appropriate as cholesterol biosensors. Chitosan served as stabilizing vehicle for the 

scattering of carbon nanotubes and later allowed for an enhancement in the exposed 

surface area [49]. 

 

 

4. CHITOSAN WITH MAGNETIC NANOPARTICLES IN DRUG DELIVERY  
 

The organic-inorganic hybrid nanoconjugates have been inchoate as a novel and 

exciting tool for biomedical applications specifically in drug delivery [39, 50]. Hybrid 

magnetic nanocomplexess how tremendously enhanced properties as compared to 

their parent nanomaterial. The precise targeting of antitumor drugs to the cancerous 

tissue can be accomplished by utilizing advance methods for the synthesis of 

nanoconjugates that permits their selective passage to the targeted site through 

various stimuli or by a specific recognition system [51]. Another important feature of 

nanoparticle is that it can stimulate malignant tissues death by magnetic fluid 

hyperthermia [52-53]. 

Arias L. et al., [51] synthesised magnetite (Fe3O4)/chitosan composite for 

intravenous delivery of anticancer nucleoside analogue “gemcitabine.” The magnetic 

responsiveness was examined by recording the hysteresis cycle via exposed to a 1.1 

T permanent magnet. The entrapment of drug into the polymeric shell gives higher 

drug loading along with a slower drug release profile. Thus, a new delivery device was 

synthesized having stimuli-sensitive, magnetically targeted, with high drug loading and 

slow release along with hyperthermia inducing capability delivery device with potential 

for effective cancer therapy. In another report, a magnetic nanocomposite based on 

magnetite and silica (SiO2) enclosed in chitosan to control the drug release of DOX 

[54]. This prepared nanocomposite shows decent pH sensitivity and drug release was 

found to be 86.1% of the total drug loaded in 48 hours at pH 4.0. Lin et al., [55] 

fabricated a biocompatible and useful polyethylene glycol-chitosan-iron oxide 

nanoconjugate using a infrared fluorescent cyanin dye (MTX-PEG-CS-IONPs- Cy5.5). 

In another study, Zinc oxide (ZnO)- chitosan nanocomplex have also been narrated as 

an excellent drug delivery vehicle [56-57]. The amassed concentration of ZnO 

nanoparticles in the nanocomposite give better sustained and controlled drug release. 

Singh R. et al., [58] synthesised surface functionalized magnetic nanoparticles 

(Fe3O4) and quantum dots (CdTe-ZnS) with carboxymethyl chitosan which were 

further examined for drug release and cell imaging. The later shows excellent magnetic 
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and fluorescence characteristics while it was also tested for in-vitro cell culture and cell 

imaging. 

 

 

5. CHITOSAN WITH OTHER BIOPOLYMERS IN DRUG DELIVERY  
 

To enhance various characterises of chitosan as drug delivery vehicle, various 

studies had been reported with other biopolymer for the synthesis of a better and 

improved drug delivery tool. As reported many times, biopolymers are of different 

nature (cationic, anionic) and acquiredistinctive biological properties [59]. For example, 

alginate is testified to be used as an adhesive and contains unique tissue compatibility 

because of its ability to give mechanical strength [38, 60-62], dextran have low protein 

binding capacity [63], carrageenan has gelling behaviour [64-65] etc.  

Graphene oxide modified nanocomplex with chitosan and dextran in a layer-by-

layer self-assembly was appraised as a nanocarrier for anticancerous drug 

Doxorubicin [66]. The prepared nanocomplex was able to be taken up by MCF-7 cells 

and showed robust cytotoxicity to cancer cells.  

In another study [67], Chitosan nanocomplexes gets doped with Ag nanoparticles 

and then were fabricated. The chitosan NPs were synthesised by desolvation 

poly(ethylene glycol-di-aldehyde) was used as a corsslinker. These nanocomposites 

were shown to have excellent anti bacterial property towards Escherichia coli. The 

results in the study showed that the prepared nanoconjugate can be useful in drug 

delivery applications. 

In another study, [68] used rectorite which is a kind of layered silicate and then 

Chitosan/organic rectorite (chitosan/OREC) nanoconjugate films with different 

concentration ratios of chitosan to organic rectorite and corresponding drug-loaded 

films were effectively produced by a solvent evaporation method. This study showed 

that the prepared chitosan/OREC nanocomplex films offer better properties as 

antimicrobial agent, water-barrier compounds, controlled release nanocarriers and 

anti-ultraviolet compounds in food packaging and drug-delivery system. 

Geisberger G. et al., [69] utilised polyoxometalates (POMs) as it shows good 

antiviral property incorporated onto carboxymethyl chitosan (CMC). The prepared 

nanocapsules were fabricated by ionic gelation method. The results showed their size 

distribution ranges from 60 to 150 nm. This showcases new doors for designing novel 

inorganic drug delivery tool from bioactive POM’s.  

 

 

CONCLUSION 
 

Targeted and controlled drug delivery scheme in the biomedical area has attractive 

and motivating aspects with today’s world with escalating availability of vastly precise 

drug to reduce the side effects. Large number of chitosan based nanocomplexes were 

fabricated and investigated and thus comes out to be a boon in the field of drug delivery 
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due to its enhanced properties with modified and stimulus responsive structure for 

targeted specific drugs. Chitosan and its nanocomplexes with inorganic compounds, 

organic compounds, other polymers, magnetic nanoparticles enhance the solubility of 

immiscible drugs, numerous properties and forms stable complex and their safe 

delivery to the specific site. Finally we conclude that chitosan hydrogel based 

nanoconjugates for drug delivery will emerge as an important tool in biomedical 

applications in the service of the society.  
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