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Nanomaterials and Their Distinguishing
Features

Swati Singh, Naveen Kumar Arkoti, Vivek Verma, and Kaushik Pal

Abstract Nanomaterials have evolved as a fascinating class ofmaterials that encom-
passes a diverse variety of prototypes with at least one dimension in the 1–100 nm
range. The small size and sensible design of nanoparticles can result in extremely
high surface areas. As a result of this, nanoparticles have improved features such as
high reactivity, strength, surface area, sensitivity, and stability. Nanomaterials can
be made with mechanical, magnetic, optical, electrical, and catalytic capabilities
that are vastly superior to those of their bulk counterparts. Furthermore, the size,
shape, synthesis conditions, and appropriate functionalization of nanomaterials may
all be precisely controlled to provide the desired qualities. This chapter gives a brief
overview of nanomaterials and how they have been used to progress nanotechnology
development throughout history.Wediscuss and establish nanomaterial classification
based on dimensions and materials in particular. The chapter emphasizes the unique
characteristics of nanomaterials, such as size and surface area, magnetic properties,
quantum effect, and so on. This chapter also discusses nanomaterial advancements
and applications in a variety of sectors, including energy harvesting and storage,
structural, gas sensing, biomedical and health care, and many more. Finally, we
conclude by discussing challenges and future avenues relating to nanomaterials.

Keywords Nanomaterials · Properties · Optical · Surface area · Quantum
confinement

1 Introduction

Since the beginning of time, materials have piqued the attention of humans. Rocks
were discovered to be capable of breaking objects that were extremely hard to shatter
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with human hands about a million years ago. Stones were the earliest tools, and they
have been used to crush and grind food, as well as mortars and pestles, in kitchens
and laboratories today. 5000–6000 years ago, it was unintentionally discovered that
molten copper could be collected by placing a copper-containing rock over a fire. As
a result of this finding, metal ores were reduced to make metals for manufacturing
anything from plowshares to swords. New materials for toolmaking were accessible
that were harder and lasted longer than stone. The evolution of metals andmetallurgy
has coincided with our growth and advancement (Murthy et al. 2013).

Materials with exceptional mechanical, physical, and chemical properties are
required for new technologies. Materials science and engineering have created mate-
rials with diverse qualities by modifying the constituents or microstructure of mate-
rials through thermochemical and mechanical processes. As a result, microstruc-
tural engineering and structure–property connection studies have become increas-
ingly important. The mechanism whereby the ultrafine microstructures influence
the characteristics of materials was being interpreted after the development of theo-
ries of lattice distortion and misalignment and the implementation of innovative
high-resolution microscopy techniques such as field ion, atomic force, and elec-
tron microscopy. These breakthroughs have aided in comprehending the relationship
between the properties and structure of solids (Sadik et al. 2014).

Nanotechnology has gained extensive interest over the last century after Richard
P. Feynman, the Nobel prize awardee, delivered his lecture at the annual meeting of
the American Physical Society on “There’s Plenty of Room at the Bottom” in 1959
(Feynman 1992). After this, various discoveries and inventions have been made in
nanoscience and technology due to the availability of new tools for the character-
ization and manipulation of small objects at the atomic scale. Nanotechnology is
the controlled manipulation of shape and size at the nanoscale scale (1–100 nm)
for the design, characterization, fabrication, and application of structures, devices,
and systems having at least one novel/superior trait or characteristic. An essential
feature of nanotechnology-producedmaterials is their higher surface-to-volume ratio,
which is desired formany applications. Another essential feature is quantum physics,
where nanotechnology enables everyone to create materials with one dimensional
(nanowires), two dimensional (nanotubes), or three dimensional (nanoparticles),
which are particularly useful in industrial applications (Baig et al. 2021).

In nanotechnology, a nanoparticle (NP) is defined as a tiny constituent array that
acts as a single unit and exhibits unique features not seen in bulk materials. The
confinement of photons, phonons, and electrons at the nanoscale results in the devel-
opment of novel biological, physical, and chemical characteristics, making them
distinct materials in their very own right. Nanoparticles’ (NPs) size, shape, and struc-
ture influence their qualities and reactivity. The lowering of dimensionality impacts
a range of characteristics, including melting temperature (which is determined by the
number of atoms involved in the coordination), conductivity, magnetic properties,
optical properties, and reactivity, to name a few. Quantum physics is to blame for
these massive shifts. The mean of all quantum forces influencing atomic molecules
determines the bulk characteristics of every substance. As particles get progressively



Nanomaterials and Their Distinguishing Features 3

smaller, consequently, at a point of time, where averaging becomes ineffective (Yang
et al. 2021).

Quantum effects, increased surface area, and self-assembly are among the factors
that contribute to nanomaterials’ distinctive features. At the nanometer range—espe-
cially at the lower end—quantum effects can influence matter’s behavior, affecting
material’s magnetic, electrical, and optical properties (Patra et al. 2011). Second, for
the same quantity of material generated in bulk, nanoparticles have a significantly
higher surface area. Because the number of active sites increases as particle size
decreases, the fraction of surface atoms increases, resulting in an increase in reactivity
(Saleh 2020). Finally, self-assembly is amethod of constructing an ordered pattern or
structure through the organization of components. Supramolecular contacts (ionic,
coordination, hydrophobic, hydrogen, and van der Waals bonds) are commonly used
in molecular self-assembly, although kinetically labile covalent connections can also
be used.When the aggregated and non-aggregated states are equilibrated, the inherent
mobility leads to ordered nanostructures with various fascinating qualities, including
high sensitivities, self-healing, and error correction to extrinsic stimulant. Because
of their unique properties, nanomaterials have applications in multiple fields such
as drugs and medication, cosmetics, food packing, biomedical, sensors for envi-
ronmental stages, electronic and optical, energy harvesting and storage, structural,
lubrication, and quantum computing (Foong et al. 2020).

This book gives an in-depth knowledge of how the nanomaterials came into exis-
tence and a brief introduction to their unique properties in the first chapter. The second
chapter deals with nanomaterials synthesis by top-down and bottom-up methods
and characterization techniques like structural, microscopic, composition, optical,
magnetic, etc. Chapter 3 deals with different nanomaterials and nanostructures in 0D,
1D, 2D, 3D nanostructures and their simulations of various applications in Chap. 4.
The successive chapters discuss the applications of nanomaterials in energy storage
and harvesting, structural, sensors and actuators, biomedical, and other discrete areas.
The final chapter discusses nanomaterials’ future challenges and opportunities in new
technologies.

2 Classification of Nanomaterials

Nanomaterials are generally categorized based on their dimension and materials
(Fig. 1).
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Fig. 1 Classification of nanomaterials

2.1 Based on Dimension

2.1.1 Zero Dimensional

Nanomaterialswith all of their dimensions in the nanoscale, i.e., scaledbelow100nm,
are known as zero-dimensional nanomaterials (0D). There seem to be no dimensions
(x, y, z) greater than 100 nm (Saleh 2020). They generally include spherical nano-
materials, hollow sphere, cube, polygon, nanorod, quantum dots (QDs), as well as
metal and core–shell nanomaterials.

2.1.2 One Dimensional

One-dimensional nanomaterials (1D) arematerials having one non-nanoscale dimen-
sion and two nanoscale dimensions (x, y).Needles-shaped nanomaterials are formed
as a result of this process. Metals, polymers, ceramics, nanotubes, nanowires, and
nanofibers are all examples of 1D nanomaterials.

2.1.3 Two Dimensional

Two-dimensional nanomaterials (2D) contain only one dimension (x) in nanoscale,
while the remaining two dimensions are outside the nanoscale. Two-dimensional
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nanomaterials exhibit plate-like shape. Thin films, nanoplates, and nanocoatings
with nanometer thickness are included in this 2D nanomaterials (Pokropivny et al.
2007). They can be single-layered or multilayered, crystalline, or amorphous.

2.1.4 Three Dimensional

Three-dimensional nanomaterials (3D) are materials that not constrained in any way
to the nanoscale. Above 100 nm, thesematerials have three arbitrary dimensions. The
bulk (3D) nanomaterials are made up of a variety of nanosize crystals arranged in
various orientations (Aversa et al. 2018). They are classically shaped artifacts from the
past. They have a length, width, and thickness that are all a few nanometers or more.
Multiple nanocrystals are arranged in opposite directions in 3D nanomaterials. Bulk
powders, nanoparticle dispersions, nanotubes, fullerenes, nanowire bundles, foams,
fibers, polycrystals, honeycombs, and multi-nanolayers are just a few examples of
3D nanomaterials.

2.2 Based on Materials

2.2.1 Carbon-Based Nanomaterials

Carbon-based nanomaterials are primarily hollow spheres, ellipsoids, and tubesmade
up of carbon. Carbon nanotubes (CNTs) and fullerenes are two prominent groups
of carbon-based nanomaterials. Moreover, fullerenes are spherical and ellipsoidal
carbon nanomaterials, while carbon nanotubes are cylindrical (Khan et al. 2019).
Fullerenes such as allotropic carbon forms are nanomaterials made up of spher-
ical hollow cages. The carbon units in these materials are organized pentagonal
and hexagonal, and each carbon is sp2 hybridized. Electrical conductivity, elec-
tron affinity, high strength, structure, and variability all have sparked significant
commercial interest.

Carbon nanotubes (CNTs) have a 1–2 nmdiameter and are elongated tubular struc-
tures. According to their diameter telicity, these are classified as metallic or semi-
conducting. The structure is similar to that of a graphite sheet rolling on itself. They
are referred to as single-walled carbon nanotubes (SWCNTs), double-walled carbon
nanotubes (DWCNTs), or multi-walled carbon nanotubes (MWCNTs), depending
on the rolled sheets as one, two, or multiple walls (Aqel et al. 2012). Chemical
vapor deposition (CVD) technique has recently been used to create them (Elliott
et al. 2013). Due to their unique chemical, physical, and mechanical properties,
these materials are used to make nanoconjugates for a variety of industrial purposes,
including fillers, effective gas adsorbents that work for environmental cleanup, and
for different inorganic and organic catalyst’s support medium.



6 S. Singh et al.

2.2.2 Metal-Based Nanomaterials

Metallic precursors are generally used to produce metal-based nanomaterials.
Metallic nanomaterials as nanoparticles show localized surface plasmon resonance,
a type of resonant electron oscillation that gives them good optoelectrical charac-
teristics. In the visible zone of the electromagnetic spectrum, alkali and noble metal
nanoparticles such as gold (Au), copper (Cu), and silver (Ag) have a large absorption
band. These nanoparticles with regulated facet, size, and shape are significant in
today’s cutting-edge materials (Chen et al. 2018). Quantum dots and metal oxides
such as copper oxide (CuO) and titanium dioxide (TiO2) are also included among
these nanomaterials. A quantum dot is a nanometer-sized semiconductor crystal that
has a core–shell structure in the traditional sense. Quantum dot’s optical characteris-
tics are altered by changing their size, shape, and material composition (Hong 2019).
Nowadays, metal nanoparticles are used in a wide range of research areas due to their
outstanding optical characteristics. Coating of gold nanoparticles is commonly used
in FESEM samples to improve the electronic stream, which aids in the acquisition
of high-quality FESEM images.

2.2.3 Polymer-Based Nanomaterials

Polymeric nanomaterials are nanoscale solid particles made up of natural or
manmade polymers.Dextran, gelatin, pullulan, polylactic acid, chitosan, polylactide-
co-glycolide, poly ethylene glycol, and polycaprolactone are some of the polymers
commonly employed to make these polymeric nanomaterials as nanocarriers (Yang
et al. 2021). These polymers are frequently employed as drug release controls in
pharmaceutical and medical applications. Nanocapsules and nanospheres are two
main types of polymeric nanoparticles that differ in their shape. Nanocapsules have
an oily core in which the chemotherapeutic agent is normally dissolved and have
an outer shell of polymer that regulates the drug’s release profile from core, while
nanospheres are made up of a continuous polymeric network that allows chemother-
apeutic agent to be maintained or adsorbed onto their surface (Mansha et al. 2017).
These polymeric nanoparticles (PNPs) can be easily functionalized and focused to
create new drug delivery systems (DDS) for a variety of ailments.

2.2.4 Ceramic-Based Nanomaterials

Ceramic-based nanomaterials are generally heat-resistant inorganic nonmetallic
solids that are made by heating and cooling them repeatedly. These materials have
improved structural, optical, superconductive, electrical, ferromagnetic, and ferro-
electric characteristics and can be manufactured utilizing physical and chemical
processes. They are available in a variety of shapes and sizes, including amorphous,
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polycrystalline, dense, porous, and hollow. Because of their use in catalysis, photo-
catalysis, dye photodegradation, and imaging like applications, these nanomaterials
are garnering close attention from researchers (Jung et al. 2018).

2.2.5 Semiconductor-Based Nanomaterials

Semiconductor nanomaterials have qualities that are intermediate between metals
and nonmetals, allowing them to be used in a variety of applications including solar
cells, light-emitting diodes, diodes, transistors, lasers,medical imaging, and quantum
computing. The size and shape of these semiconductor NPs or QDs (quantum
dots) have a significant impact on their characteristics. They are frequently referred
to as “artificial atoms” due to their incredibly small size and the fact that they
have unique, discrete, and definite electronic states, as found in naturally occur-
ring atoms/molecules. Photocatalysis, photo-optics, and electrical devices all rely on
them. Furthermore, with their acceptable bandgap and band-edge positions, a variety
of semiconductor nanomaterials as nanoparticles have been used in water-splitting
applications (Singh et al. 2018).

2.2.6 Lipid-Based Nanomaterials

Lipid-based nanomaterials are organic nanoparticles with a lipid unit that can be
employed in a wide range of biomedical applications. The diameter of a lipid
nanoparticle is 10–1000 nm, and it has a spherical shape. Similarly, to polymeric
nanoparticles, lipid nanoparticles have a solid lipid core surrounded by a matrix of
soluble lipophilic compounds. To stabilize the nanoparticles outer core, surfactants
or emulsifiers were utilized (Rawat et al. 2011). Lipid nanotechnology is a branch of
nanotechnology concerned with the design and manufacture of lipid nanoparticles
for applications such as delivery of chemotherapeutic agent and release of RNA in
cancer therapy.

3 Unique Properties of Nanomaterials

3.1 Size and Surface Area

According to Gleiter’s theory, when the size d of a microstructure is reduced to a
critical value d → d*, the scale length of physical phenomena (phonons and free
path length of electrons, etc.; screening length, coherent length, etc.) becomes equal
to or compatible with the characteristic size (diameter, thickness, and length) of the
microstructure’s building blocks.
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Generally, a material’s properties are defined by a certain “length scale,” which
is commonly measured in nanometers. If the material’s physical size is dropped less
than nanoscale, its characteristics alter and become the size and shape sensitive.
Nanomaterials will have unique exciting features due to its size effects. The origins
of the unique material properties in this size range are not explained by classical
physics ideas. Furthermore, because nanocrystals have a large SA (surface area)
and a considerable percentage of the atoms in a nanocrystal are on its surface, size
effects in chemical and physical characteristics of nanocrystals can arise (30% for a
1 nm crystal, 15% for a 10 nm crystal). As particles and structures become smaller,
surfaces and interfaces become increasingly critical (Roduner 2006).

3.2 Quantum Effect

Size effects are a unique and exciting feature of nanomaterials. Because nanomate-
rials are considerably closer to monomolecules and atoms than bulk counterparts,
quantum mechanics is required to explain their unneling. In its most basic form,
quantum mechanics is a scientific model for explaining the motion and energy of
atoms and electrons. The following are themost crucial quantum phenomena, as well
as other physical features, that arise in the nanoscale:

Because nanomaterials are so tiny, their mass is shallow; thus, gravitational forces
are insignificant. On the other hand, electromagnetic forces play a significant role in
influencing how atoms and molecules behave.

Wave-corpuscle duality: The wave-like aspect of the matter is more evident for
things of very tiny mass, such as electrons. As a result, electrons behave like waves,
and their location is described by a wave (probability) function.

One of the outcomes is a condition known as “unneling.” A particle can only enter
in via a boundary (potential barrier) provided if there is enough energy to “jump”
over it, according to classical physics. If the particle contains less energy than that
necessary to leap over the energy barrier, the chances of finding it on the other side of
the barrier are nil in classical physics (the “obstacle”). Due to the unneling effect, a
particle with less energy than that required to leap the barrier has a finite probability
of being positioned on the opposite side of the barrier (Narendra Kumar et al. 2016).

3.3 Magnetic Properties

Generally, a material’s magnetic behavior is determined by its structure and its
temperature. A substance must have a nonzero net spin to experience a magnetic
field (transition metals). The size of a traditionally predicted domain is typically
approximately 1 m. These materials take on new characteristics at nanometer level.
Because of the huge surface-to-volume ratio, a large percentage of molecules have
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variedmagnetic coupling with surroundingmolecules, resulting in variable magnetic
characteristics (Lu et al. 2007).

Platinumandgold are non-magnetic in bulk; however, theybecomemagnetic at the
nanoscale. When Au nanoparticles are coated with the suitable chemical substances,
such as thiol, they become ferromagnetic. Magnetic nanoparticles are utilized in
imaging, bioprocessing, cooling, and high-density magnetic storagemedium, among
other uses.

3.4 Thermal Properties

Electrons are themain thermal energy carriers in bulkmetals, and nanostructuring can
affect their distribution. The free electron density in metallic-type carbon nanotubes,
for instance, is low due to spatial confinement, and phonons control their thermal
transport behavior. By modifying the accessible energy levels, quantum confine-
ment changes the distribution of carriers. As a result, electrons are now more prob-
able in smaller energy bands that could be used to manipulate thermal properties
such as phase transition, melting point (mp), heat capacity, and thermal conductivity
(Roduner 2006).

3.5 Mechanical Properties

Planar dislocations in a solid’s crystalline structure, such as dislocations, are crucial
in defining a material’s mechanical characteristics. Because of the supremacy of
crystal interfaces and surfaces, it is envisaged that dislocations would play a more
diminutive role in explaining nanocrystal qualities compared to the description of
microcrystal qualities. A dislocation’s free energy is composed of three terms: (1) the
free energy deriving from entropy contributions; (2) the elastic strain energy outside
the core and extending to the crystal borders; and (3) the core energy (within a radius
of around three lattice planes from the dislocation core) (Kumar et al. 2003).

3.6 Electronic and Electrical Properties

Thediscrete aspect of the energy levels becomes apparent once againwhen the system
size approaches the de Broglie wavelength of the electrons, yet a truly discrete energy
spectrum is only found in systems that are confined in all (x, y, z) three dimensions.

Materials that are conducting in nature can become insulators below a threshold
length scale when their energy bands stop overlapping. Electrons can tunnel quantum
mechanically between two nanostructures that are near together due to their inherent
wave-like nature, and if a voltage is applied between twonanostructures that aligns the
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discrete energy states in the DOS, resonant unneling occurs, dramatically increasing
the unneling current.

The quantum confinement effect causes the bandgap to rise as particle’s size
decreases in the nanoscale regime, causing metal to become a semiconductor as its
size decreases. Some nanomaterials’ electrical qualities are linked to their distinc-
tive structures and have completely extraordinary electrical properties. Carbon
nanotubes, for example, can be either conductors or semiconductors, depending on
their nanostructure (Yurkov et al. 2007).

3.7 Catalytic Properties

The active surface, where the reaction occurs, is among the most important elements
of a catalyst. The active surface increases whenever the catalyst particle size is
lowered; the smaller the catalyst particles, the greater the surface-to-volume ratio.
Higher the active surface of catalyst, higher the reactivity of surface. It has been
appeared that spatial organization of active sites in a catalyst is critical. Both the
properties, notably nanoparticle size and molecular structure/distribution, may be
controlled via nanotechnology. As a consequence, this method can help the automo-
tive, chemical, petroleum, pharmaceutical, and food industries enhance the design
of their catalysts (Bhandari and Knecht 2011).

3.8 Antimicrobial Activity

Nanomaterials, particularlymetal andmetal oxide nanoparticles, offer unique antimi-
crobial capabilities such as antibacterial, antifungal, and antiviral properties, which
make them ideal for application in medical and pharmaceutical devices to combat
deadly infections. Furthermore, antimicrobial characteristics of metallic nanoparti-
cles are widely recognized, with many, particularly silver and gold, currently being
employed in medical devices to help clean equipment and reduce the transmission
of infectious diseases and also in cancer therapy (Bankier et al. 2019). Further-
more, the formation of reactive oxygen species (ROS) by these metallic nanoparti-
cles suppresses the antioxidant defense mechanism and damages the cell membrane,
ultimately resulting in cell death (Fig. 2).

4 Applications of Nanomaterials

The presence of unique characteristics of materials at atomic or molecular scale
(approximately between 1 and 100 nm) has attracted very much attention and been
widely utilized in medicine; targeting drug delivery; artificial implants; sensing
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Fig. 2 Properties of nanomaterials

devices for of gas, humidity and biosensors; cancer diagnosis; energy harvesting
and storage, environment management, etc. (Barreto et al. 2011); (Yang et al. 2015).
With the advancements in technologies, the researchers are able to obtain insights
of the chemical, physical characteristics of the nanomaterials, consequently using
their potential in various fields. At the one billionth scale of meter, the materials
have shown attractive chemical, physical, electrical, and mechanical properties. The
nanomaterials usually differ from their bulk forms at this scale. The atoms present
at the surface of the materials have different characteristics than the atoms inside
the material surrounded with their similar counterparts. When the material is lesser
than a critical size, their different characteristics are governed by the principles of
quantum physics (Bréchignac et al. 2008).

Nanomaterials are now having multiple applications in every day’s life, ranging
from cosmetic products to dyes and paints, nutrition, and sports industries (Mehmood
2018). They have their use as antimicrobial and anticancer agents, therapeutic
advantages, and nanoparticle-based imaging of central nervous system.

Themost predominant applications and technologies based on the use of nanoma-
terials are categorized as follows: (i) energy storage and harvesting systems (use of
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Fig. 3 Applications of nanomaterials in different fields

nanotubes to store hydrogen for different purposes), (ii) nanomaterials and nanocom-
posites for structural applications (in aerospace and automobile industry), (iii) gas-
sensing devices. (iv) biomedical and health care, and (v) other miscellaneous sectors
such as environmental management and nanoelectronics (Fig. 3).

The following sections provide an overview of a range of nanomaterials for their
effective use in mentioned fields.

4.1 Energy Harvesting and Storage Applications

Energy is the most important part of survival for us human beings on earth. The
energy is required for accomplishing the various tasks to meet our needs varying
from our food to performing daily activities of our lifestyle. With the increasing
demand of energy with the human population, the energy management is need of
the hour. Use of fossil fuels as energy sources is one of the major causes of climate
change and global warming (Hoel and Kverndokk 1996). The search for green and
renewable sources of energy should be a prime focus for sustainable development.
The nanomaterials have provided a way to power small electronic products in effec-
tive way. The cellulose-based nanostructures (cellulose nanofibrils, i.e., CNFs or
nanocrystals), mesoporous structures, thin films, fibers, and their three-dimensional



Nanomaterials and Their Distinguishing Features 13

networks are successfully developed for solar cells and photo-electrochemical elec-
trodes (Moon et al. 2011). Cellulose offers its self-assembling feature to attain a
wide range of nanoscale configurations suitable for design of energy devices due to
its unique structural and chemical characteristics (Wang et al. 2017). Yinhua Zhou
et al. developed efficient and recyclable polymer solar cells on optically transparent
cellulose nanocrystal substrates for renewable and sustainable energy production
(Zhou et al. 2013). The development of nanomaterials has offered an elegant and
effective bottom-up approach to take full advantage of tailored chemical composi-
tion, structural, electronic, and morphological characteristics in the design of energy
devices (Kaur and Pal 2020). It will also enable the production of high efficiency
organic photovoltaic materials.

4.2 Structural Applications

With the increased interaction between the nanostructures, having larger surface
area employed with ceramic and metal-based materials helps in creating a new
generation of lightweight, ultra-high strength, and tough structural nanocom-
posite materials. The nanostructured tough and hard materials typically used
are cobalt/tungsten carbide and iron/titanium carbide-based nanocomposites.
Nanoparticles/whiskers/fibers-reinforced polymers are being considered for automo-
bile components. Besides high-strengthmaterials, nanofluids and powders, as well as
a wide range of unique morphologies, are being explored. Nanoparticles-based coat-
ings with significantly improved features are being developed. Light structures are
the demand of automotive and aerospace applications. Nanostructured metals/alloys
are found to exhibit excellent mechanical properties. Nanostructuring of metallic
materials helps them achieving superior strength with high ductility (Kumar et al.
2003). The use of severe plastic deformation-based techniques takes the control of
nanotwins, grain boundary structures along with the grain size to achieve the concur-
rence of high strength as well as ductility (Singh and Pal 2021). Nanomaterials have
their role in environment control and life support system development space plat-
forms and international space station. The high-performance thermal interface mate-
rials with the use of highly conductive carbon nanotubes and metal nanowires are
being developed to overcome the thermalmanagement challenges in future aerospace
electronics (Qian et al. 2018). The nanoparticle/fiber-reinforced polymer nanocom-
posites showing high modulus-to-weight and strength-to-weight ratio are in-line of
research for their use in aerospace components owing to their multifunctional perfor-
mance (Panwar and Pal 2020). The carbon-based nanomaterials have been recently
investigated for their use as lubricant modifiers and improving the functionality of
break pad in automobiles (Ali et al. 2019). The use of nanoparticles, nanofibers, and
nanofilms along with the ultrafine-grained nanocrystalline metals has great potential
to be used in aerospace and automotive industry. Their employment would help in
solving the issue of energy crisis in these sectors.
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4.3 Gas-Sensing Applications

The evolution of Internet of Things (IoT) technology having interconnected devices
communicating each other raises the need of various sensors. The gas sensors have
their use building automation, health care, industrial, and security and public safety-
based IoT systems. The use of sensing devices to monitor the presence of gases
for environmental control/monitoring, medical diagnosis, etc., is one of the sectors
making the use of nanotechnology. The two-dimensional nanomaterials have gained
very much attention due to their ultra-high surface-to-volume ratios, excellent semi-
conducting performance, thickness dependent chemical and physical properties, and
tunable surface activity toward selective gases (Lee et al. 2018); (Rathi et al. 2020).
Others having potential in this field are as follows: metal oxide-based nanostructures,
metal–organic framework-based nanomaterials, carbons-based nanomaterials, etc.

4.4 Biomedical and Health Care

The increased use of nanomaterials in biomedical application is due to their reduced
size in the range of nanometers allowing them their movement into the cells of the
living organisms such as human body. The use of nanotechnology and self-assembled
nanomaterials in DNA chips and microarrays offers its applications in diagnostics
and genetic research. TheDNAchips andmicroarrays-related nanoelectronic devices
accompanying thousands of DNA sequences arrayed on a solid substrate are very
much useful to various biomedical researchers involved in forensics, drug, and gene
discovery studies.

The use of fluorescent polymer-coated nanostructures is very promising in
nanobiotechnological research. It has its potential use in development of new biolog-
ical assays. The nanomaterials offer their targeted treating ability to treat cancer cells
without affecting the surrounding cells/tissues. The biocompatible nature of cellulose
nanocrystals and carbon-based nanomaterials and the electrospun nanofibers have
their potential to be used in tissue engineering and food packaging applications (Pal
et al. 2019).

The use of nanomaterials in various health problems is unmatched. Their use
as disinfectant and treatment of viral diseases is also prominent. There have been
various experimental studies to control severe acute respiratory syndrome coron-
avirus (Nikaeen et al. 2020). The viral infection is one of the serious concerns because
of their ability to mutate and evolve over the time and their fast spreading nature. The
viruses have been the cause of many epidemics in the world (Koh and Sng 2010).
The use of golds nanoparticles for immunization has been evaluated and led to a
significant increment of the peritoneal macrophages respiratory activity in immu-
nized animals (Staroverov et al. 2011). These nanoparticles offer their capability
to be engineered for timely and reproducible vaccines. In orthopedics, the use of
nanoparticles offers greater control over release of the drug to treat prosthetic joint
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infections and osteomyelitis and nanotextured implant surfaces and helps to achieve
implant osseointegration (Smith et al. 2018).

4.5 Miscellaneous Applications

Themultidisciplinary field of nanoelectronics offers its use as either single nanostruc-
ture (e.g., nanocrystal, nanotube, and quantum dot) for processing optical, chemical,
or electrical signals or as assemblies made up of these nanostructures involving
their integration for electronic, chemical, biological, optoelectronic, and other appli-
cations. It paves a way through for the miniaturization in electronic industry.
Nanoparticles-based coatings with highly improved features are being developed
for water repellant, antifouling, and flame-retardant applications.

The ultra-small size of nanomaterials is of great interest from the point of view of
analytical chemistry and is used at different stages of analytical processes. TheCNTs,
NPs, and MOFs are used as extraction sorbents, for their good sorption kinetics and
for the determination of pollutants in food samples (Socas-Rodríguez et al. 2017).

5 Conclusion

In this chapter, we focused on nanoparticles with major emphasis on their proper-
ties, classification, and its applications in various fields. Nanomaterials are classified
according to their dimensions and the materials incorporated in their fabrication.
Nanomaterials, as a nanoparticle, hold number of desirable properties including
optical, catalytic, thermal, magnetic, and electric properties and are between 1
and 100 nm in size. These nanoparticles possess different applications in the field
of energy harvesting and storage, structural, biomedical science, gas sensing, and
more. It contributes to a healthy environment by delivering cleaner air and water,
nanomedicine as well as clean renewable energy for a long-term future. Nowadays,
nanotechnology has gotten a lot of attention, and major institutions and organiza-
tions are investing more in research and development. Nanotechnology has estab-
lished itself as a cutting-edge branch of study in which substantial research is being
conducted in order to put the technology into practice. It is being tested for a variety
of different applications in order to improve the object’s efficiency and performance
while also lowering the cost so that it is affordable to everyone. This chapter contains
a summary of nanomaterials as nanoparticles as well as current information on
nanoscience and nanotechnology, which has a bright future because of its efficiency
and environmental benefits.
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Nanomaterials for Light Harvesting

Sunita Dey and Soumita Talukdar

Abstract All of our day-to-day life needs an energy supply. In an ideal world, we
should fulfill all our energy needs from clean, renewable sources and curtain the
use of non-renewable, limited stock, greenhouse gas-emitting fuels. Therefore, the
present-day energy research is heavily dedicated to mimicking the natural photosyn-
thesis processes in the laboratory by employing synthetic nanocatalyst and modern
reaction setups. In this chapter, we discussed the fundamentals behind the artifi-
cial light-harvesting processes, the contribution of nanocatalyst in light harvesting
and advanced development in this regard. We discussed the standard nanomaterial-
dye hybrid model designed for harnessing light to produce H2 and O2 by splitting
water. Nanomaterials containing semiconductor heterostructures showed excellent
water-splitting activity which is improved further in coupling with carbon-based
nanomaterials. More challenging, photocatalytic reduction of CO2 was also exhib-
ited by an array of semiconductors, carbon-based and heterostructures nanomaterials,
which are discussed. Photocatalytic degradation of dyes, various organic pollutants,
pharmaceuticals, pesticides, etc. by nanorods, organic, inorganic nanoparticles and
nanocomposites alongwith their degradation pathways under various light irradiation
is reported. UV light-induced photocatalysis was achieved under visible light irradi-
ation by modifying and tuning the band gap of nanophotocatalysts or using hybrid
nanostructures. The impact of various conditions including dispersion phase, reac-
tion flow, temperature, light irradiation and exposed area of the photoreactor setups
on the efficiency of photocatalytic activity is discussed briefly. The advancement of
hierarchical nanostructure lies in its versatility to be employed in liquid dispersion-
based photocatalysis as well as integrated as solar cell devices. Polymer coupled
with nanostructures and rare earth-doped nanomaterials also enhance the photo-
voltaic efficiency of the organic and inorganic nanoparticles. In the end, we presented
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recent developments of semiconductor nanocrystals and hybrid nanocrystals-dye as
photorechargeable batteries.

Keywords Nanomaterial · Light harvesting · Photocatalyst · Energy storage ·
Water splitting

1 Introduction

The ever-expanding industrialization and urbanization are exhausting the fossil fuels
stock in unprecedented speed tomeet the global energy demands. Themassive defor-
estation and greenhouse gas emission are altering worldwide climate trends which
trigger the world to adopt the zero-carbon policy. Burning of the traditional fossil
fuels alone is accountable for global CO2 emission of nearly 9.5 GtC/year (Friedling-
stein et al. 2020). Technologies harnessing renewable sources like hydro, wind and
solar energy could serve as the alternative to fossil fuel, however, to be least they
must excel in energy efficiency and price in comparison to fossil fuels.

Talking about solar energy harnessing, the first thing comes into mind is the
natural photosynthesis where plants use only 0.03% of the solar energy and convert
it to chemical energy with a quantum yield of near unity (Rao et al. 2016). The
obvious research focus is to mimic this natural photosynthesis in the laboratory,
and here, we begin this chapter with a discussion on this artificial photosynthesis.
Artificial photosynthesis splits H2O and CO2 resulting in the production of clean
fuel H2(g) (also O2(g)) and removal of toxic CO2(g). Development of photocatalyst
that can be driven by the energy in the solar visible light is a major part of artificial
photosynthesis research, especially involving nanomaterials which can offer tunable
size-band gap, short carrier transport length and abundant surface catalytic sites.
These photocatalysts could either be suspended in solution (photochemical reaction)
or be mounted as photoelectrochemical cell (PEC) to carry out H2O and CO2 split-
ting. This chapter should give readers a detailed description of these methods and
importance of nanocatalysts for these purposes. Following this, we discussed a suite
of other important photocatalytic applications of nanomaterials such as photodecom-
position of toxic pollutants involving reactive oxygen species. The intermittent nature
of sun caused an interrupted energy supply; therefore, to realize the full potentials
of photocatalytic reactions, development of efficient energy storage device such as
battery coupled with photocathode is an ultimate step. We conclude this chapter with
the recent findings on photorechargeable batteries and other useful photocatalytic
processes.
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2 Natural and Artificial Photosynthesis

A fundamental photocatalytic reaction involves absorption of suitable light energy by
photocatalyst, generating e−– h+ pair and catalytic redox reactions with the separated
e− and h+. Photocatalytic H2O splitting offers the simple method to produce H2 by
splitting H2O with four electrons two-step reactions (Eqns. 1 and 2).

Oxidation : 2H2O + 4h+ → O2 + 4H+(1.23V vs. SHE) (1)

Reduction :4H+ + 4e− → H2(0V vs. SHE) (2)

In natural photosynthesis, solar energy is absorbed by two photosystems PSI
(P700) and PSII (P680) which consist of chlorophyll-based pigments. PS II and
PS I are connected via an electron transfer chain which ensures an efficient charge
separation in femtosecond timescales (Fig. 1) (Tachibana et al. 2012; Maitra et al.
2014). Upon shining light, PS II absorbs photon, e− gets excited and reaches to PSI
through the electron transfer chain, and H2O is oxidized to O2 and H+ on PS II by
using the h+ left behind. PS I also absorbs photon, and the excited e− reduces H+ and
converts NADP to NADPH. This photosystem process is known as Z-scheme, and
similar working principle is followed in two-step artificial photosynthesis process
(APS) (Fig. 2b).

In APS, photoabsorbers are semiconductor and/or dyes of appropriate band gaps.
For rapid electron transfer, additional e− donor and acceptor catalysts are commonly
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adhered on the surface of photoabsorbers. Both photoabsorbers and catalysts should
be chosen carefullywhere theVB (HOMO) andCB (LUMO) positions should satisfy
the proton reduction potential (0 V vs SHE), H2O oxidation potential (1.23 V vs
SHE) and rapid e− transfers between two photoabsorbers. Single-step APS is also
well studied which has only one photoabsorber, and both e− donor and acceptor are
adhered on the photoabsorber (Fig. 2).

3 Nanomaterials for Photo(Electro)catalytic Hydrogen
Evolution Reaction

For a semiconductor to carry out H2 evolution reaction (HER) following Eq. 2, the
bottom of its conduction band must be more negative than H+/H2 reduction potential
(0 V vs SHE) (Fig. 2a). Several semiconductors including TiO2 and ZnO satisfy
this condition. However, majority of these semiconductors absorb UV light, and to
overcome it, combining dyemoleculeswith this large band gap semiconductor allows
theH2Osplittingunder visible light.Mallouk et al. have carried outHERunder visible
light using Ruthenium-dye-sensitized TiO2 film where dye absorbs visible light and
loses e− to TiO2 nanoparticles (Youngblood et al. 2009) (Fig. 3a). TiO2 passes this e−
to Pt counter electrode to produce H2. Hydrated IrOx nanoparticles are grafted over
this Ru-dye as H2O oxidation cocatalyst (WOC). The quantum yield (QY) was only
~0.9% attributed mainly to poor charge separation between dye and TiO2. Coating a
thin blocking layer of Nb2O5 over TiO2 shows a slight improvement in photocurrent
(Lee et al. 2012). Alternatively, Sun et al. reported dye-sensitized photocathode with
organic dye/nanostructured NiO (Lee et al. 2012) where dye loses the photo-induced
h+ to NiOwhich travels to Pt counter electrode for H2O oxidation, whereas e− passes
to cobalt-based hydrogen evolving cocatalyst (HEC) for HER (Fig. 3b).
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Fig. 3 Energy diagram of a dye-sensitized a photoanode and b photocathode in a photoelectro-
chemical water splitting cell. Adapted from (Yu et al. 2015) Royal Society of Chemistry

Similar as dye, quantum dots (QDs) have been used as photosensitizer. Visible
light-induced photoelectrochemical HER is observed out of systems like CdTe
QDs/ZnO nanowire (Chen et al. 2010), CdSe QDs/N-doped TiO2 (Hensel et al.
2010), etc. Similarly, carbon QDs are also used as a photosensitizer which ideally
be cost-effective and environmental benign in comparison to semiconductor QDs.
Chen et al. have used CQDs/graphene oxide (GO) sheet/Pt combination for HER
(QY ~ 16%, λ = 420 nm), where GO sheet acts as fast e- conductor and anchored Pt
+ CQDs. Pt nanoparticles act as HER cocatalyst (Chen et al. 2016). Carbon nano-
materials such as g-C3N4, CNTs also absorb photons (λ ~ 400–500 nm); however,
they made superior contribution in photocatalysis as e− conductors in conjugation
with semiconductors and dyes (Singla et al. 2021).

Semiconductors like CdS, MoS2, MoSe2 are best suited for visible light-induced
one-step HER due to their small band gap and ideal conduction band position.
However, these materials exhibit weak HER and therefore integrated as PEC device
along with dye or other semiconductor and cocatalysts. The 2H-MoS2 nanoparticles
decorated over N-doped graphene sheet exhibit dye-sensitized HER at the rate of
10 mol/g/h. This H2 productivity increased by >2 times by employing 1 T-MoS2
(another polytype of MoS2) which shows metallic conductivity on its own (Maitra
et al. 2013). Heterostructure made from a combination of two or multiple semi-
conductors nanostructures (such as CdS/CdSe/ZnS/TiO2) could enhance the charge
carrier lifetime even by an order of magnitude and offers ample space to manipulate
and create the suitable candidates for visible light-induced HER (Chen et al. 2010).



24 S. Dey and S. Talukdar

4 Photochemical Reduction of Carbon Dioxide

Photocatalytic reduction of CO2 (with H2O) can produce variety of fuels including
HCOOH, HCHO, CH3OH, CH4, etc. as products. Reduction of CO2 is more energet-
ically uphill thanH2O reduction and kinetically challenging, whichmade the product
formation selective to many reaction conditions such as conduction band position
of the semiconductors, feasibility of proton-coupled electron transfer reaction. CO2

reduction can be done in liquid or gas phase catalysis, although limited aqueous
solubility of CO2 is another challenge. Similar as H2O reduction, a plethora of semi-
conductors (such as TiO2, ZnO, CdS), quantum dots and carbon-based nanomaterials
(e.g., g-C3N4, RGO) has been investigated in CO2 reduction. Various semiconductor-
based heterostructures (like ZnO/Cu/CdS, CdSe/Pt/TiO2) have shown two-step
reduction of CO2 (Kumar et al. 2012; Wu et al. 2017).

5 Other Photocatalytic Processes

As stated above, an absorption of suitable light energy generates e+–h− pair, and inter-
estingly, this could induce the reactive oxygen species (ROS) formation, responsible
for various photocatalytic reactions (Ma et al. 2019; Ren et al. 2020b). The general
reaction scheme of ROS generation and photocatalytic degradation of trypan blue
dye are shown in Fig. 4 (Talukdar and Dutta 2016).

Photocatalysis by nanostructures has attracted significant attention in H2O disin-
fection (Wang et al. 2017) involving photocatalytic degradation of dyes, toxic pollu-
tants such as phenols, pharmaceutical pollutants, pesticides (Mansor et al. 2020)
disposed by textile, leather, tanning and other industrieswhich cause threats to human
health and aquatic life. Harvesting sustainable energy for such environmental remedi-
ation is of utmost importance. Ma et al. harvested light energy to decompose harmful

Fig. 4 ROS generation in
Se-doped ZnS nanoparticle.
Reproduced from Talukdar
and Dutta (2016)
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organic dye AO7, using ZnO nanorods with a rate constant of 0.00388 min−1 (Ma
et al. 2019). Djoko et al. synthesized g-C3N4-modified carbon nanomaterials (CNMs)
from low cost and easily available tea leaves and urea precursors which act as an
efficient UV light-induced photocatalyst for degradation of methylene blue dye with
apparent rate constant of 4.7 min−1(Djoko et al. 2020). Various structured nanoma-
terials have also been designed for efficient photocatalytic H2O remediation. TiO2

nanoparticles are most widely used photocatalysts for the inactivation of wide range
of microorganisms, such as hepatitis B virus, poliovirus 1, MS2 bacteriophage and
herpes simplex virus (Wang et al. 2017). CeO2-TiO2 nanocomposite was reported to
be used as efficient photocatalyst for degradation of E. coli 1337-H under UV and
visible light (Wang et al. 2017). Inorganic–organic hybrid of CdS/g-C3N4 nanocom-
posite exhibited complete deactivation of E. coli under solar light irradiation, within
67 min (Baig et al. 2020). Photodegradation pathway of E. coli is shown in Fig. 5.

Pharmaceutical drugs are another major toxic H2O pollutants. Ag- and Fe-
modified ZnO nanomaterials exhibited efficient photodegradation of ofloxacina and
ciprofloxacin, respectively, under solar light irradiation as shown in Fig. 6 (Majumder
et al. 2020), whereas hierarchical structured nanocomposite Cu2O/Cu2(PO4)(OH)
exhibited much enhanced, almost 98% photocatalytic degradation of ciproflaxin
under solar light irradiation (Beshkar et al. 2021). An array of pharmaceutical and
pesticides compounds was reported to be degraded by various metal-doped TiO2

nanomaterials, under both UV and visible irradiation (Varma et al. 2020).
Wide band gap TiO2 nanoparticles and CNT + TiO2 nanomaterials composite

exhibit photodegradation of sulfolane, a toxic contaminant used in oil refining and
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Fig. 5 Visible light-induced photocatalytic degradation of E. coli by n-CdS@g-C3N4 nanocom-
posite as photocatalyst. Adapted fromBaig et al. (2020) Journal of Photochemistry & Photobiology,
B: Biology
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Fig. 6 a Degradation pathway of ofloxacin by Ag-modified ZnO NMs under solar light and b
Degradation pathway of ciproflaxin by Fe-doped ZnO NMs. Adapted from (Majumder et al. 2020)
from Environmental Nanotechnology, Monitoring & Management

gas processing, underUVA irradiationwith rate constant of 1.93× 10–2 min−1 (Dhar-
wadkar et al. 2021). Carbofuran is one of the most toxic and most commonly used
broad-spectrum insecticides which has good stability in water. LED light-induced
complete photocatalytic degradation of carbofuran (89%) was achieved by Fe3O4-
SnO2-gC3N4 nanocomposite, with a rate constant of 0.015 min−1 (Mohanta and
Ahmaruzzaman 2021), while most of the photodegradation pathways follow pseudo
first-order kinetics involving generation of hydroxyl radicals (OH•) or superoxide
radicals (O2−•), which lead to the oxidative decomposition of complex organic
molecules. A group of researchers reported, efficient solar light-mediated decom-
position of trypan blue dye (complex azo dye) by Se-doped ZnS nanoparticles
using singlet oxygen (O1) as major reactive oxygen species is responsible for the
photodegradation, shown in Fig. 4 (Talukdar andDutta 2016). Various photocatalytic
activities by different types of nanomaterials are summarized in Table 1.

Table 1 Various nanomaterial photocatalyst and their photocatalytic degradation activity

Catalyst Band
gap
(eV)

Light-induced Pollutant Efficiency References

Cu2O/Cu2(PO4)(OH)
heterostructures

2.26 Solar Ciproflaxin 98% (Beshkar et al. 2021)

Ag-TiO2 – UV Chloramphenicol 100% (Varma et al. 2020)

Zr-TiO2 3.1 UV Bisphenol A 100% (Varma et al. 2020)

Fe-TiO2 2.8 UV Naproxen
sodium

99% (Varma et al. 2020)

Fe3O4-SnO2-gC3N4 2.35 LED Carbofuran 89% (Mohanta and
Ahmaruzzaman 2021)

Se-ZnS 3.47 Solar Trypan blue dye 99% (Talukdar and Dutta
2016)

TiO2 nanocrystals 3.2 UV Levofloxacin 90% (Kansal et al. 2014)
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6 Reaction Setup for Various Photocatalytic Process

The design and optimization of the photoreactors are equally important as that of
the development of photocatalysts. Experimental parameters play a significant role
in the efficacy of the nanomaterial photocatalysts. Therefore, extensive study on
the photocatalytic reactions setup needs to be done for the justified comparison of
the photocatalytic efficiency. One must also take extreme care about the presence
of foreign contaminants in photocatalysis reaction module they could alter activity
significantly leading to a misinformation. Metal contaminants enhance the catalytic
activity, by reducing the possibility of recombination of charge carriers (Melchionna
and Fornasiero 2020). On other hand, an increase in production of CO during the
photocatalytic reduction ofCO2 byCu(I)/TiO2 photocatalysts is observed on addition
of PEG (Li et al. 2010).

In general, photocatalytic reactors could be classified based on (1) photocatalyst
deployment and (2) reactor employed.

6.1 Photocatalyst Deployment

6.1.1 Dispersed photocatalyst: Dispersed catalytic setup is preferable due to
increase in high mass transfer capacity, though there are challenges in
isolating the photocatalyst as well as lesser in quantum efficiencies, due
to large excess of scattering (Visan et al. 2019).

6.1.2 Immobilized photocatalyst: In this case, low mass transfer can be improved
with high flow rate, but it results in turbulence. Reactors with static mixers
or can be specially designed for sudden flow changes and reduce the
turbulences.

6.2 Type of Reactor Mode

6.2.1 Batch Reactors: In case of batch reactors, it is difficult to determine the
product composition as the product may get re-adsorbed after their formation
and can also get accumulated to initiate side reactions. Therefore, batch
reactors are not ideal for large-scale production and for longer duration of
the reaction time.

6.2.2 ContinuousFlowReactors: Flow reactorsminimize the limitations of product
accumulation as that of the batch reactors. It has been experimentally
observed that the yield by continuous flow reactors is much higher as
compared to the batch reactors (Ali et al. 2019).

Other factors such as temperature, light irradiation, exposed surface area of
photocatalyst also significantly affect the photocatalytic activity.
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7 Nanomaterials in Solar Cell Applications

Themost common photovoltaic devices used for harvesting solar light and its conver-
sion into electrical energy are solar cells. Photoanode is one of the main constituents
of any solar cell. Nanomaterials with intrinsic high surface-to-volume ratio are an
obvious choice as solar cell material. Recently, 1D nanoparticles have attractedmuch
attention due to their surface architecture and unidirectional pathway for the move-
ment of h+ and e− (Bayannavar et al. 2021). CdSnanowireswere found to be excellent
candidate for dye-sensitized solar cells due to their narrow band gap.

Rare earth-doped fluoride nanomaterials were found to be an excellent candidate
for the upconversion in solar cells. The upconversion is the process where emission
occurs at higher energy upon excitation of a material with lower energy (Kumar et al.
2020). Therefore, the NIR from the solar radiation can be utilized for upconversion
into visible range. Yb, Er, Eu, Tb were reported to be incorporated for application in
such solar cells.

Metal nanoparticles such as silver NPs, as plasmon interfaces are currently studied
for optimization of light absorption for solar cells (Birant et al. 2020) as it further
increases the path length of the light, enhancing light absorption efficiency by 3.5–
6.4%.

Carbon sources are abundant in nature; therefore, carbon NMs can also be devel-
oped as low cost, efficient components in perovskite solar cells (Moore and Wei
2021). Graphene, GO, reduced GO, rapheme hybrids and CNTs can be extensively
used due to their excellent conductivity and photovoltaic properties (Asim et al. 2018;
Moore andWei 2021). These carbon-basedmaterials can be replaced in place of inor-
ganic electrodes due to their excellent conductivity and enhanced charge transport
ability.

Organic–inorganic hybrid nanomaterials with suitable organic polymer such as
poly(3-hexylthiophene (P3HT) coupled with inorganic accepters (InSb or MgSnSb2
NPs) were also estimated be efficient solar cell candidate. P3HT is extensively used
because effective hole mobility is observed in the polymer under solar light irradi-
ation. The inorganic acceptor is chosen in such a way that the band gap is as low
as 1.5 eV, and the HOMO lies 0.3 eV lower than the HOMO of P3HT for optimum
e—h+ mobility (Xiang et al. 2009).

The main efficacy of solar cells depends significantly upon the charge generation,
charge separation and their reduced recombination, which can be easily modified
by controlling the amount of dopant material, type of ligands and polymers used.
Engineered layered structure can also be introduced to reduce the recombination
of charge careers incorporating passivating substances or insulators such as metal–
insulator–semiconductors junctions (Oener et al. 2016).
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8 Photorechargeable Battery

Harvesting solar light to charge electrochemical energy storage devices such as
batteries would mitigate the use of any external power supply. A photorechargeable
battery is a combination of solar cell and battery which performs two conversion
processes: (i) photoenergy to electricity and ii) electricity to electrochemical energy.
Upon discharge of a Li-ion battery, Li+ ions travel from anode to cathode and inter-
calated on cathode material. During charging, a solar cell material of suitable band
gap absorbs light, generates and separates electron–hole pair following which the
hole passes to the cathode to push out the intercalated Li ions out of the cathode,
and simultaneously, photoelectron transfers through the outer circuit to the anode to
neutralize the incoming Li+ ions (Fig. 7).

The first photorechargeable battery was a three-electrode system composed of
CdSe/S/Ag2S which uses the light-harvesting capability of amorphous CdSe and
charge storage chemistry of Ag/S redox pairs (Hodes et al. 1976). Following this,
various three-electrode systems were proposed for same purpose, although the main
aim remains to convert and store the solar energy in a single device. A two-electrode
system is reported by utilizing a hybrid photocathode made of LiFePO4 nanocrystals
blended with N719-dye (Paolella et al. 2017). The holes produced due to photoexci-
tation of N719 dye oxidize LiFePO4 to FePO4 during few hours of light irradiation,
while the electron decomposes the battery electrolyte on the surface of Li counter
electrode. Despite of its reversible device performance, the photoconversion effi-
ciency of this hybrid photocathode is only 0.06–0.08%. Recently, GeSe nanocrystals
have been used as an active material in photorechargeable Li-ion battery, showing
an increase in current density of 8 μA/cm2 under visible light irradiation (Ren et al.
2020a). Nanostructured, high surface area (photo)electrodes could play an important
role in designing photorechargeable batteries by attaining higher light absorption
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Fig. 7 Schematic showing two-electrode photorechargeable battery consisting of MoS2/MoOx
nanostructure-based semiconductor as cathode and Li as anode. Fig. b shows that Li+ ions and elec-
trons are moving toward cathode and battery is producing electricity (discharging) in the absence of
light. Fig. (a) shows that cathode is absorbing photon and reverse electrochemical process (charging)
is happening. Adapted (Narayanan et al. 2021) American Chemical Society
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cum distribution, short carrier transport pathways as well as facile Li+ ion diffu-
sivity. Narayanan et al. have demonstrated a single nanorod containing MoS2/MoOx

heterostructure-based solar battery. This two-electrode solar battery utilizes the stag-
gered band alignment of MoS2/MoOx which limits the electron-hole recombination
and, therefore, pushes the holes towardLi+ intercalatedMoS2(Narayanan et al. 2021).

In a different approach, polycrystalline metal halide-based 2D perovskite,
(C6H9C2H4NH3)2PbI4 has provided both photovoltaic and battery functionalities
(Ahmad et al. 2018). However, the system suffered from low photoconversion effi-
ciency of 0.034% (420–650 nm illumination) and Pb–Li alloying issues. To design
Pb-free device, photobattery was constructed with 0DCs3Bi2I9 perovskite nanocrys-
tals consisting of thin hexagonal sheets of diameter 10–50 nm (Tewari et al. 2021).
Here too, Cs3Bi2I9 provides both photoabsorbivity and Li-ion battery activities. In
addition, replacing conventional FTO electrodewith carbon felt leads to the improve-
ment in photoconversing efficiency to 0.43% under 1 sun for the first discharge.
Another recent study has implemented transition metal oxide as a photocathode. The
V2O5 nanofibers of diameter 20–50 nm are used for efficient charge conduction along
the nanofiber length (Boruah et al. 2021). Further mixing of this V2O5 with poly(3-
hexylthiophene-2,5-diyl) (P3HT) and reduced rapheme oxide (rGO) has carried out
efficient charge separation which results in a photorechargeable Li-ion battery of
photoconversion efficiency 0.22% under 1 sun. Notably, more benign, cost-effective
oxides such as TiO2 and ZnO have also recently been incorporated as photocathode
offering more promises to its future findings (Nguyen et al. 2017; Boruah and De
Volder 2021).

9 Conclusion

We can conclude that flexibility of tuning the band structure, absorption of wide
spectrum of light, available surface active sights and efficient charge carrier mobility
make the nanomaterials an ideal candidate for light-harvesting applications [Ren
et al.]. The wavelength of light which activates the photocatalyst, and the type of
ROS and fuels generated depends on the band gap and the location of the valence
band (VB) and the conduction band (CB) and, therefore, can be tuned and modified
accordingly. The photocatalytic yield can also be maximized by optimizing various
parameters of the photoreactor. Array of optimum candidate thus can be developed
for desired applications, by varying the parameters and understanding themechanism
and inherent properties of the individual nanoparticles.

References

S. Ahmad, C. George, D.J. Beesley et al., Photo-rechargeable organo-halide perovskite batteries.
Nano Lett. 18, 1856–1862 (2018)



Nanomaterials for Light Harvesting 31

S. Ali, M.C. Flores, A. Razzaq et al., Gas phase photocatalytic CO2 reduction, “A brief overview
for benchmarking.” Catalysts 9, 727 (2019)

N. Asim, M. Mohammad, M. Badiei, Novel nanomaterials for solar cell devices, in Nanomaterials
for green energy (Elsevier, 2018), pp. 227–277

U. Baig, A. Hawsawi, M.A. Ansari et al., Synthesis, characterization and evaluation of visible
light active cadmium sulfide-graphitic carbon nitride nanocomposite: a prospective solar light
harvesting photo-catalyst for the deactivation of waterborne pathogen. J. Photochem. Photobiol.
B Biol. 204, 111783 (2020)

P.K. Bayannavar, A.C. Mendhe, B.R. Sankapal et al., Synthesis of metal free organic dyes: exper-
imental and theoretical approach to sensitize one-dimensional cadmium sulphide nanowires for
solar cell application. J. Mol. Liq. 336, 116862 (2021)

F. Beshkar, M. Salavati-Niasari, O. Amiri, Facile one-pot in situ synthesis and characterization of
a Cu2O/Cu2 (PO4)(OH) binary heterojunction nanocomposite for the efficient photocatalytic
degradation of ciprofloxacin from aqueous solution under direct sunlight irradiation. Ind. Eng.
Chem. Res. 60, 9578–9591 (2021)

G. Birant, I.M. Ozturk, D. Doganay et al., Plasmonic light-management interfaces by polyol-
synthesized silver nanoparticles for industrial scale silicon solar cells. ACS Appl. Nano. Mater.
3, 12231–12239 (2020)

B.D. Boruah, M. De Volder, Vanadium dioxide-zinc oxide stacked photocathodes for photo-
rechargeable zinc-ion batteries. J. Mater. Chem. A (2021)

B.D. Boruah, B.Wen,M. De Volder, Light rechargeable lithium-ion batteries using V2O5 cathodes.
Nano Lett. 21, 3527–3532 (2021)

H.M. Chen, C.K. Chen, Y. Chang et al., Quantum dot monolayer sensitized ZnO nanowire-array
photoelectrodes: true efficiency for water splitting. Angew Chemie 122, 6102–6105 (2010)

L.-C. Chen, T.-F. Yeh, Y.-L. Lee, H. Teng, Incorporating nitrogen-doped graphene oxide dots with
graphene oxide sheets for stable and effective hydrogen production through photocatalytic water
decomposition. Appl. Catal. A Gen. 521, 118–124 (2016)

S. Dharwadkar, L. Yu, G. Achari, Enhancement of LED based photocatalytic degradation of
sulfolane by integration with oxidants and nanomaterials. Chemosphere 263, 128124 (2021)

S.Y.T. Djoko, H. Bashiri, E.T. Njoyim et al., Urea and green tea like precursors for the preparation of
g-C3N4 based carbon nanomaterials (CNMs) composites as photocatalysts for photodegradation
of pollutants under UV light irradiation. J. Photochem. Photobiol. A Chem. 398, 112596 (2020)

P. Friedlingstein, M. O’sullivan, M.W. Jones et al., Global carbon budget 2020. Earth Syst. Sci.
Data 12, 3269–3340 (2020)

J. Hensel, G. Wang, Y. Li, J.Z. Zhang, Synergistic effect of CdSe quantum dot sensitization and
nitrogen doping of TiO2 nanostructures for photoelectrochemical solar hydrogen generation.
Nano Lett. 10, 478–483 (2010)

T. Hisatomi, J. Kubota, K. Domen, Recent advances in semiconductors for photocatalytic and
photoelectrochemical water splitting. Chem. Soc. Rev. 43, 7520–7535 (2014)

G. Hodes, J. Manassen, D. Cahen, Photoelectrochemical energy conversion and storage using
polycrystalline chalcogenide electrodes. Nature 261, 403–404 (1976)

S.K. Kansal, P. Kundu, S. Sood et al., Photocatalytic degradation of the antibiotic levofloxacin using
highly crystalline TiO 2 nanoparticles. New J. Chem. 38, 3220–3226 (2014)

B. Kumar, M. Llorente, J. Froehlich et al., Photochemical and photoelectrochemical reduction of
CO2. Annu. Rev. Phys. Chem. 63, 541–569 (2012)

D. Kumar, S.K. Sharma, S. Verma et al., A short review on rare earth doped NaYF4 upconverted
nanomaterials for solar cell applications. Mater. Today Proc. 21, 1868–1874 (2020)

S.-H.A. Lee, Y. Zhao, E.A. Hernandez-Pagan et al., Electron transfer kinetics in water splitting
dye-sensitized solar cells based on core–shell oxide electrodes. Faraday Discuss 155, 165–176
(2012)

Y. Li, W.-N. Wang, Z. Zhan et al., Photocatalytic reduction of CO2 with H2O on mesoporous silica
supported Cu/TiO2 catalysts. Appl. Catal. B Environ. 100, 386–392 (2010)



32 S. Dey and S. Talukdar

J. Ma, J. Ren, Y. Jia et al., High efficiency bi-harvesting light/vibration energy using piezoelectric
zinc oxide nanorods for dye decomposition. Nano Energy 62, 376–383 (2019)

U. Maitra, U. Gupta, M. De et al., Highly effective visible-light-induced H2 generation by single-
layer 1T-MoS2 and a nanocomposite of few-layer 2H-MoS2 with heavily nitrogenated graphene.
Angew Chemie Int. Ed. 52, 13057–13061 (2013)

U. Maitra, S.R. Lingampalli, C.N.R. Rao, Artificial photosynthesis and the splitting of water to
generate hydrogen. Curr. Sci. 518–527 (2014)

S. Majumder, S. Chatterjee, P. Basnet, J. Mukherjee, ZnO based nanomaterials for photocat-
alytic degradation of aqueous pharmaceutical waste solutions–a contemporary review. Environ.
Nanotechnol. Monit Manag. 100386 (2020)

M.S.A.C.Mansor,M.N.I.Amir,N.M. Julkapli,A.Ma’amor,Goldhybrid nanomaterials: prospective
on photocatalytic activities forwastewater treatment application.Mater. Chem. Phys. 241, 122415
(2020)

M. Melchionna, P. Fornasiero, Updates on the roadmap for photocatalysis. ACS Catal. 10, 5493–
5501 (2020)

D.Mohanta,M.Ahmaruzzaman, Facile fabrication of novel Fe3O4-SnO2-gC3N4 ternary nanocom-
posites and their photocatalytic properties towards the degradation of carbofuran. Chemosphere
285, 131395 (2021)

K. Moore, W. Wei, Applications of carbon nanomaterials in perovskite solar cells for solar energy
conversion. Nano Mater. Sci. (2021)

N.T. Narayanan, A. Kumar, P. Thakur et al., Photo rechargeable Li-Ion batteries using nanorod
heterostructure electrodes

O. Nguyen, E. Courtin, F. Sauvage et al., Shedding light on the light-driven lithium ion de-insertion
reaction: towards the design of a photo-rechargeable battery. J. Mater. Chem. A 5, 5927–5933
(2017)

S.Z. Oener, J. van de Groep, B. Macco et al., Metal–insulator–semiconductor nanowire network
solar cells. Nano Lett. 16, 3689–3695 (2016)

A. Paolella, C. Faure, G. Bertoni et al., Light-assisted delithiation of lithium iron phosphate
nanocrystals towards photo-rechargeable lithium ion batteries. Nat. Commun. 8, 1–10 (2017)

C.N.R. Rao, S.R. Lingampalli, S. Dey, A. Roy, Solar photochemical and thermochemical splitting
of water. Philos. Trans. R Soc. A Math. Phys. Eng. Sci. 374, 20150088 (2016)

C. Ren, Q. Zhou, W. Jiang et al., Investigation of germanium selenide electrodes for the integrated
photo-rechargeable battery. Int. J. Energy Res. 44, 6015–6022 (2020)

X. Ren, D. Philo, Y. Li et al., Recent advances of low-dimensional phosphorus-based nanomaterials
for solar-driven photocatalytic reactions. Coord. Chem. Rev. 424, 213516 (2020b)

S. Singla, S. Sharma, S. Basu et al., Photocatalytic water splitting hydrogen production via
environmental benign carbon based nanomaterials. Int. J. Hydrogen Energy (2021)

Y. Tachibana, L. Vayssieres, J.R. Durrant, Artificial photosynthesis for solar water-splitting. Nat.
Photonics 6, 511–518 (2012)

S. Talukdar, R.K. Dutta, A mechanistic approach for superoxide radicals and singlet oxygen medi-
ated enhanced photocatalytic dye degradation by selenium doped ZnS nanoparticles. RSC Adv.
6, 928–936 (2016)

N. Tewari, S.B. Shivarudraiah, J.E. Halpert, Photorechargeable lead-free perovskite lithium-ion
batteries using hexagonal Cs3Bi2I9 nanosheets. Nano Lett. 21, 5578–5585 (2021)

K.S.Varma,R.J. Tayade,K.J. Shah et al., Photocatalytic degradation of pharmaceutical and pesticide
compounds (PPCs) using doped TiO2 nanomaterials: a review. Water-Energy Nexus 3, 46–61
(2020)

A. Visan, J.R. Van Ommen, M.T. Kreutzer, R.G.H. Lammertink, Photocatalytic reactor design:
guidelines for kinetic investigation. Ind. Eng. Chem. Res. 58, 5349–5357 (2019)

W. Wang, G. Li, D. Xia et al., Photocatalytic nanomaterials for solar-driven bacterial inactivation:
recent progress and challenges. Environ. Sci. Nano 4, 782–799 (2017)

J.Wu, Y. Huang,W. Ye, Y. Li, CO2 reduction: from the electrochemical to photochemical approach.
Adv. Sci. 4, 1700194 (2017)



Nanomaterials for Light Harvesting 33

H. Xiang, S.-H. Wei, X. Gong, Identifying optimal inorganic nanomaterials for hybrid solar cells.
J. Phys. Chem. C 113, 18968–18972 (2009)

W.J. Youngblood, S.-H.A. Lee, Y. Kobayashi et al., Photoassisted overall water splitting in a visible
light-absorbing dye-sensitized photoelectrochemical cell. J.Am.Chem.Soc.131, 926–927 (2009)

Z.Yu, F. Li, L. Sun,Recent advances in dye-sensitized photoelectrochemical cells for solar hydrogen
production based on molecular components. Energy Environ. Sci. 8, 760–775 (2015)



Transparent Conductive Oxide
Nanolayers for Dye-sensitized Solar Cell

Girija Nandan Arka, Shashi Bhushan Prasad, and Subhash Singh

Abstract Dye-sensitized solar cells (DSSCs) stacked in third-generation photo-
voltaic cells got tremendous limelight for having simple, efficient and economical
prospects. The DSSC system comprises of a transparent conductive oxide (TCO)
layer coated over a substrate, semiconductive oxide (SCO) film, dye, electrolyte
and platinized counter electrode, respectively. The cutting-edge technology involved
makes the DSSC distinct from other photovoltaic cell but confronted with a major
implication for which the DSSC found underdog photovoltaic cell. DSSC uses light-
sensitive dyes for considerable electron generation resulted from photon participa-
tion. However, the issue was originated from the sheet resistance when the conven-
tional transparent conductive oxide layer made up of indium tin oxide (ITO) or
fluorine tin oxide (FTO) coated on the substrate. This increased sheet resistance
potentially discourages the fill factor for which the cell performance potentially
deteriorated. Therefore, the conventional transparent conductive oxide layer needs
replacement with novel materials to address encouraged fill factor and hence higher
power conversion efficiency (PCE). Thus, this article addresses a comprehensive
study on transparent conductive oxide layer and addresses its development with
insight discussion.

Keywords DSSC · Transparent conductive oxide · Solar cell · ITO · FTO

1 Introduction

To accomplish energy necessasity demanded by the society propelling for discov-
ering the solution through renewable source for which a hive of activity exercised
by the researchers. Since renewable energy is the utmost plentiful source of energy,
thus, it has remarkable potential to mitigate the energy needs. Solar energy is a great
renewable energy source available widely which could be the commendable choice
for the necessity. Therefore, solar cells are discovered to translate these lights that
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are available in near-infrared, infrared and visible region, respectively, into electrical
energy significantly. Since the available light comprises of 5% ultraviolet ray having
wavelength 300–400 nm, 43% visible ray having wavelength 400–700 nm and 52%
infrared ray having wavelength 700–2500 nm (Levinson et al. 2005), thus, an idyllic
solar cell should entertain all type of wavelength lights for significant photon partic-
ipation for significant photon conversion. Therefore, many researchers devoted their
research for creating a productive and efficient solar cell. Indian government is also
investing a lot for the solar cell installation and for the development through research
to overpower the conventional consumable fuel. Therefore, it motivates to find the
futuristic productive solar cell. In commercial market, silicon-based solar cells are
esteemed remarkable and gained significant popularity worldwide. However, silicon-
based solar cell is confronted with rigid construction, challenging silicon manufac-
turing, etc. Therefore,many alternative energymaterials and cutting-edge technology
have been amalgamated to develop alternative efficient solar cell. Chronological
development of solar cell is classified into three generations among which thin film-
based solar cell acknowledged a lot for portability, economical, flexible and efficient
prospect. Therefore, the current research precisely focused on development of DSSC
classified under third-generation solar cells. Another achievement is counted by
installing 2000 KWh/year power plant based on DSSC at Switzerland (Fakharuddin
et al. 2014). The notion of DSSC was originated by Vogel in 1870 (Balasingam et al.
2013) and further progressed by James in 1887 (Grätzel 2001; Moser 1887), Hishiki
and Gerischer in 1965–1968 (Namba and Hishiki 1964; Gerischer et al. 1967) and so
on. O’Regan and Grätzel investigation was a phenomenal achievement by reaching
energy conversion efficiency 7.1% (O’Regan andGrätze 1991). TheDSSCcomprises
of number of subsystems assembled together to concoct a unit cell and amodule. Each
subsystem of DSSC is playing a vital role; for DSSC; dynamic robust mechanism
acknowledges significant photon ingress, photon participation, photon conversion,
respectively. Year by year, momentously the DSSC development thumped a signif-
icant interest on each subsystem level to excel its performance potential. Thus, it is
important explore in subsystem level to address the associated problem encounter
for which the DSSC failed for commercialization.

1.1 Basic Construction of DSSC

The DSSC is an amalgamate of number of subsystems as transparent substrate,
transparent conductive oxide layer, blocking layer, semiconducting oxide layer, dye
anchoring, electrolyte and transparent conductive oxide-coated platinized counter
electrode, respectively. For better visualization, Fig. 1 presents the architecture of
DSSC. The transparent substrate is an entrance for solar light to permit into the
cell made up of glass or polymeric substrate such as polyethylene terephthalate
(PET) and polyethylene naphthalate (PEN). However, research revealed alternative
substrates such as metal foil-based, metal mesh-based and carbon composite-based.
The transparent conductive oxide layer served twin role and transmits light into
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Fig. 1 Basic constructional feature of DSSC showing collaboration of each subsystem for the
potential application, whereas the right-side figure denotes optical bandgap of dye from which
electron is excited to LUMO and jumps into conduction band of semiconductive layer and is
collected at transparent conductive oxide layer for external use

the system and collects electrons from the system and transfers to external load for
utilization. The conventional material used for TCOs is fluorine-doped tin oxide
(FTO) and indium-doped tin oxide (ITO) (Chen et al. 2010; Fan et al. 2010). The
semiconductive oxide layer is used to catch electrons from the least unoccupied
molecular orbit (LUMO) of dye and transport rapidly to transparent conducting oxide
layer. Frequently used semiconductive oxide layer for DSSC is anatase phase TiO2

layer owing to its wide optical band gap 3.2 eV (Kazmi et al. 2017). Dye is a light-
sensitivematerial anchored on semiconductive oxide surfacewhich is responsible for
electron generation from the highest occupied molecular orbit (HOMO) to LUMO.
Electrolyte plays a prime role for electron collection through catalytic activity and
recombines electron close to the electrical circuit. Platinum counter electrode is
coated over TCO for propelled catalytic activity for recombination at dye. Thus,
the study further intensified to explore operational level to find the literature gap of
DSSC.

1.2 Working Mechanism of DSSC

The DSSC has a light-sensitive dye which would absorb light from 400 to 2500 nm
wavelength (visible to infrared region). Prominently, ruthenium-based N719-dye is
significantly applied for electron generation due to wide light-absorbing potential
from 400 to 920 nm (visible zone) (Shalini et al. 2015).
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However, significant attention is given toward development of natural dyes but
confronted with inadequate absorption of visible region light resulting degraded
power conversion efficiency (PCE). Once the photon is absorbed by the dye, an
electron will be excited by absorbing energy and excited to LUMO from HOMO
level. Further, conduction band of TiO2 semiconductive oxide layer will catch the
electrons fromLUMOand transport to transparent conductive oxide layer. Thereafter,
the electrons will be transferred to external circuit for load and collected at counter
electrode. From the counter electrode, electronswill be carryforward toward dye hole
through electrolyte. The electrons can be transported from counter electrode through
catalytic activity by reduction and oxidation reaction. With the electron combination
at dye, the electrical circuit gets closed and the same cycle is repeated for continuous
operation. However, electron recombination is not desirable from other origin.

Literature revealed that there could be four types of issue which may arise that
indulge recombination of electron and hole pair narrated bellow (Haque et al. 2005).

• Electrons from LUMO may recombine with hole at HOMO.
• Electrons at conduction band of semiconductive oxide may recombine with hole

at HOMO.
• Electrons at conduction band of semiconductive oxide may recombine with

oxidized electrolyte through reduction reaction.
• Electrons at transparent conductive layermay recombinewith oxidized electrolyte

through reduction reaction.

Therefore, the recombination issue must be anticipated for the efficient DSSC
development. Many alterations are reported to address above recombination issue
but revealed insignificant result. Thus, transparent conductive oxide layer is playing
the major role for electron collection, and it needs to explore in-depth for greater
efficiency.

2 Adorable Transparent Conductive Oxide (TCO) Layer

TCO portrays a leading character to collect significant electrons for which it should
possess extremely high electrical conductivity. Moreover, it should exceptionally
serve to transmit light from visible to infrared region into the system for significant
photon participation. Concurrently, TCO film magnanimously supports SCO film
mechanically, chemically and electrically by maintaining parity with transparent
substrate based on lattice constant and thermal expansion, respectively (Lai et al.
2020). To concoct TCO for the potential application in solar cell, indium tin oxide
(ITO) and fluorine tin oxide (FTO) are acknowledged worldwide for having superior
optical transmittance and electrical conductivity with optimal sheet resistance (Ye
et al. 2014;Bu2013). Figure 2 is portraying themethod to fabricate thin ITOcoting on
the substrate. ITO gained popularity owing to high transmittancemore than 90%with
least sheet resistance as low as 10�/sq (glass) whichmakes it as a potential candidate
for TCO. Thus, ITO is the furthermost frequently used transparent conductor, with
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Fig. 2 Semantic diagram of sputtering process to replicate the indispensable components and
process to coat a layer over a substrate

sales record of approximately $1.6 billion in 2013, or 93% of the entire market for
transparent conductors (Ghaffarzadeh and Das 2014).

2.1 Discussion on ITO Technicality

Primary investigation revealed that ITO is a kind of ceramic which makes the TCO
filmbrittle and leads to crack.Moreover, availability of indium and tin in earth crust is
scarce element, and thus, ITO is not sustainable (Rocchetti et al. 2015). Depositing of
the ITO film over substrates through vapor phase sputtering process involved a very
slow deposition rate approximately 0.01 m/s which makes the cost of film coating
per unit length greater. Nevertheless, more than 70% of ITO gets sputtered over the
sputtering chamber. Therefore, high conductive ITO is more costly than that of low
conductive ITO coating. The typical cost of ITO film coating charged $5.50/m2 for
150 �/sq whereas $26.00/m2 for 10 �/sq (Ye et al. 2014).

Thus, radio frequency (RF) or direct current (DC) ormagnetron sputtering coating
is used to develop thin film coating on the substrates. It incorporates temperature
lower than 150 ºC for polymeric substrate that consequences a raise in sheet resistance
of 15–30�/sq (Weerasinghe et al. 2013). Convincingly, ITO film coating on polymer
substrate exhibits sheet resistance 10–16�/sq, whereas ITOfilm coating on nanofiber
amorphous silicon unwoven substrate exhibits an elevated sheet resistance of 15–113
�/sq (Zobayer et al. 2017).Moreover, a raise of temperature up to 450 ºC is needed to
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anneal the photoanode comprised of TiO2 nanofilm for DSSC fabrication. One of the
report conveys that the sheet resistance could further increasewhen the ITO-deposited
substrate is exposed to annealing more than 300 ºC and cause significant reduction to
the fill factor and discourage power conversion efficiency (Ngamsinlapasathian et al.
2008). Above discussion conforms that least sheet resistance is responsible for the
encouragement of fill factor and promotes conversion efficiency. Theoretical relation
is expressed in Eqs. (1) and (2) that are given bellow.

fill factor = JM × VM

JSC × VOC
(1)

Power conversion efficiency = JSC × VOC × fill factor

Pin
(2)

where JM , VM , JSC, VOC and Pin represent maximum current, maximum voltage,
short circuit current in mA/cm2, open circuit voltage in volts and input power in
mW/cm2, respectively, used for the quantitative analysis of DSSC performance.

Moreover, optically ITO behavior not favors for transmitting light from near-
infrared region due to its opaque nature (Guo et al. 2016). Thus, the light-harvesting
efficiency became reduced for the photon participation.

2.2 Discussion on FTO Technicality

FTO coating is magnanimously employed to construct productive transparent
conductive oxide for its wide band gap (~3.6 eV), thermally stable, high transparency
and chemically inert, respectively, (Hudaya et al. 2015; Batzill and Diebold 2005;
Dauzhenka et al. 2011;Wu et al. 2010) but it has associated problems need to address
for the scope of next generation photovoltaic cell. Moving to its technicality, the elec-
trical conductivity of SnO2 is governed by grain size and type of doping. Doping
of fluorine is ideally suitable to retain the crystal structure due to their relatively
similar ionic radius. The dopant fluorine atoms substitute the available oxygen sites
in the lattice and donate free electrons responsible for creating highly conductive
(Wu et al. 2010). Numerous methods that are available to concoct FTO thin film are
sputtering, atmosphere pressure chemical vapor deposition, spray pyrolysis depo-
sition and sol-gel, respectively. However, the primary investigation shows that, the
electrical conductivity of FTO is inferior to ITO by showing ~104 S/cm lesser than
ITO (Gassenbauer and Klein 2006). Usually, FTO film coating has thickness range
from 500–700 nm frequently incorporated for development of TCO. Nevertheless,
for establishing FTO coating, a very high temperature more than 500 ºC is needed
and for which the cost of the production raised.Moreover, FTO coating over polymer
substrate is rather difficult for flexible confinement.

Despite heat resistive, FTO coating on the substrate is showing predominantly
high sheet resistance relative to ITO (Lai et al. 2020). Moreover, 60% of DSSC cost
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is contributed by FTO coating whichmakes the DSSC expensive (Ayoub et al. 2020).
Numerous experiments havebeen addressed to acknowledge least sheet resistance.To
make economical FTO coating, Soe et al. introduced FTO nanopowder synthesized
through sol-gel autocombustion route but found insignificance efficiency despite
having high fill factor (Soe et al. 2020). Similarly, a novel ultrasonic spray pyrolysis
deposition is incorporated by Tuyen et al. to coat FTO over glass, and they produced
tetragonal structure at (110), (200) and (211) orientation, respectively, and alter the
morphology by polycrystalline with coconut shell-like particles. They are able to
clinch as low as 0.7 m�cm resistivity due to increase in carrier concentration to 1.2
× 1021 cm−3 with greater optical transmittance (Tuyen et al. May 2019).

Above comprehensive discussion is directed toward development of highly
conductive, transmittance and flexible transparent conductive oxide film with least
sheet resistance.Moreover, both FTO and ITO are used to get cracked, while bending
test which results reduction in conductivity for flexible DSSC (Jen et al. 2013),
hence, should be replaced by alternative encouraging materials. Moreover, expen-
sive cost of the DSSC primarily depends on the transparent conductive oxide film.
Hence, alternative low-cost synthesis route shouldbe explored for reductionof overall
manufacturing cost of DSSC.

2.3 Evolution of TCO with Alternative Material

Remarkable research is endeavored to alter existing conventional TCO with novel
materials for the revival of fill factor and for creating least sheet resistance. Recently,
aluminum-doped ZnO (AZO) received immense interest in scientific research field
for the concocting of productive TCO. The most inspiring properties such as non-
toxic, inexpensive, abundant availability and electrical conductivity with optical
transmittance unanimously encouraged AZO for the DSSC development.

Doping with Group III elements like In, Ga, Al, etc. into ZnO can considerably
lower the electrical resistivity. The resistivity of the ZnO gets reduced due to the
partial replacement of the Zn atom by dopant material consequence creation of an
additional energy levels. These energy levels are responsible for enriching the optical
transmittance. Nevertheless, unlike FTO and ITO, ZnO can withstand high temper-
ature that is required for the removal of organic binder content for making porous
interconnected photoanode without significant change in sheet resistance and optical
transmittance. However, optimized dopant incorporation is needed for the prolific
result.

Hirahara et al. [32] studied the feasibility of AZO by integrating varied Al dopant
deposited on quartz glass substrates by RF magnetron sputtering to clinch optimized
AZOfilm for the potential application.They received anotable 2.91%conversion effi-
ciency tested over 0.25 cm2 under AM1.5 irradiation solar simulator at 4.3 weight%
Al-doped ZnO. This result was explored by analyzing bandgap energy and found
the band gap increasing with increased dopant concentration. Since doping can be
assumed to block the lowest state of conduction band, thus, the band gap is widened



42 G. N. Arka et al.

by the so-called Burstein–Moss shift. Nevertheless, the prime feature sheet resistance
for the AZO film is increased due to ionized and impurity scattering of the electrons
by extrinsic dopants. Furthermore, TiO2 degradation on AZO film is noticed due to
imparity of their thermal expansion during calcination required for repelling organic
content. Therefore, the mechanical adhesion bond gets weakened and peels of the
porous semiconducting oxide layer TiO2. Nevertheless, the crystallinity of AZO
film increases with post-annealing which can be noticed in XRD characterization. It
has been noticed that a noticeable c-axis orientation corresponds to vertical growth
relative to the substrate after post-annealing 500 ºC for 30 min and produced more
intense and sharper peak at {002} facet direction. Hence, larger grain size can reduce
grain boundary, scattering of light and upsurge carrier lifetime. These collective alter-
ations increase the electrical conductivity as this configuration increases the carrier
concentration and Hall mobility and reduces electrical resistivity.

Huang et al. (Huang et al. 2015) introduced AZO TCO over glass and investigate
the effect of annealing temperature. They got resistivity and optical transmittance
of 1.7 × 10 3�cm and 89%, respectively, for their AZO coating over a glass for
post treatment at 500 ºC for 30 min. They received esteem Hall mobility with grater
carrier concentration and least electrical resistivitywhich collectivelywiden the open
circuit voltage Voc.

Similar observation is noticed by Chen et al. (2016) that increased carrier concen-
tration and the Hall mobility are collectively empowered to get least resistivity of
1.72× 10 3 �cm resulted from post-annealing at 500 ºC which encouraged to clinch
increased grain size of the AZO film applied through RF magnetron sputtering onto
soda lime glass substrates. Moreover, they found remarkable 88.8% optical trans-
mittance which encourages more light ingress into the system for significant photon
participation for greater electron generation through light-sensitive dye anchored
over semiconductive oxide layer.

Further, the research direction is moving toward development of AZO by making
alteration to enrich greater electrical conductivity with optical transmittance. Qi et al.
(Qi et al. 2013) incorporated a novel multilayer of Al-doped ZnO (AZO)/Ag/AZO
(AAA) TCO layer over the corning glass by pulsed laser deposition (PLD) technique
and direct current (DC)/RF sputtering at room temperature, for the potential applica-
tion in DSSC. They received remarkable electrical resistivity of2.1 × 10 4�cm and
due to which a remarkable 3.25% conversion efficiency was obtained for 400 nm
thick AAAfilmTCO. The result was ascribing to thicker AZOfilmwhich potentially
prevents undesirable recombination reaction of silver layer with iodine diffusion into
AAA layer. Furthermore, the surface roughness of AAA is encouraged to conquer
superior adhesion betweenTiO2 andAAAfilm remarkable. Hence, the cell efficiency
was promoted by thicker AZO top layer.

Regardless, AZO is confronted with dislocation defects originated from
mismatching of lattice constant and thermal expansion with substrates such as glass
(Chang et al. Jul. 2013). This technical issue of AZO transparent conductive oxide
film leads to deteriorate the cell efficiency drastically. Thus, to revive the cell effi-
ciency by introducing buffer layer between substrate and AZO film could reduce
dislocation defect significantly. Further, the buffer layer could be of homogeneous
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Table 1 Alternative transparent conductive oxide film investigated for DSSC

Alternative
materials

Applied
technology

Sheet resistance
in �/sq

Power conversion
efficiency in %

References

Nickel Hot press 0.18 7.89 (Su et al. 2014)

Mesh-PEDOT:
PSS

Dipping method 28.0 2.59 (Berendjchi
et al. 2017)

Porous nickel
foam

0.00726 (Alami et al.
2020)

AZO RF sputtering 65 0.25 (Bu 2013)

AZO RF magnetron
sputtering

4.8 2.91 (Hirahara and
Nakao 2012)

AZO RF magnetron
sputtering

2.24 (Huang et al.
2015)

AZO RF magnetron
sputtering

3.68 (Chen et al.
2016)

AZO/Ag/AZO RF sputtering 0.59 (Qi et al. 2013)

IGZO/AZO RF sputtering 15 3.66 (Lai et al.
2020)

Bi-layer of tin
and nickel

Electroless and
electroplating

3.44 (Huang et al.
2013)

Silver nanowire
embedded

Ultraviolet curing
and peeling off

15 0.91 (Fan et al.
2017)

Nickel mesh Templated
electrodeposition
and imprint
transfer

0.036 5.21 (Khan et al.
2019)

Single-wall
carbon nanotube

Dip coating 25 7.0 (Hashmi et al.
2014)

(same crystal structure as that of the AZO) and heterogenous (e.g., Al2O3). Ideally,
the buffer layer should have excellent optical transmittance within visible region
and have exceptional stability under high temperature, respectively, for the poten-
tial applications. By considering above indispensable characteristics, indium gallium
zinc oxide (IGZO) potentially is acknowledged for its high transparency, exceptional
Hall mobility more than 10 cm2/V. s, wide band gap more than 3.05 eV, amorphous
nature which makes it stable under 500 ºC, respectively, while selecting heteroge-
nous buffer layer for AZO. Therefore, Lai eta al. (Lai et al. 2020) introduced IGZO
heterogenous buffer layer for AZO by RF sputtering. They revealed a notable 62
�/sq sheet resistance with 2.6× 10 3 �cm resistivity, respectively, for 424 nm AZO
thickness obtained at 130 W sputtering power. Further by introducing IGZO buffer
layer by keeping 202 nm buffer layer thickness, they reduce the sheet resistance
and resistivity as low as 15�/sq and 9.4 × 10 4 �cm, respectively, for which they
received a notable 3.57% conversion efficiency.
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Furthermore, Table 1 is portraying the numerous alterations to replace conven-
tional transparent conductive oxide layer and justifying a promising potential
candidate for the DSSC applications.

From above analytical discussion, transparent conductive oxide portrays the most
indispensable character to enrich conversion efficiency which ascribes to least sheet
resistance. Although many efforts are put forward to replace existing transparent
conductive oxide by novel materials, it is found unwelcome due to participation of
high processing equipment, dislocation defects, optical reflectance, optical absorp-
tion, respectively, (Arka et al. 2021). Since a very few works have been reported to
replace existing ITO and FTO transparent conductive oxide layer, hence, it directs a
new research scope for the potential applications.

Moreover, the potential of transparent conductive oxide film was fraught with
recombination issue by electrolyte penetrated through porous structured semicon-
ductive oxide layer. This problem could be resolved by employing a novel blocking
layer over transparent conductive oxide layer to block possible chemical interaction
with electrolyte. Ideally, blocking layer should be thin and compact to block elec-
trolyte for the possibility of chemical attack. Numerous materials and technologies
are incorporated to address above associated problem for the revival of transparent
conductive oxide layer potential. For better visualization, Fig. 3 depicted the impor-
tance of blocking layer to avoid possible recombination reaction which eventually
reduces the population of electron collected at TCO.

To conquer productive blocking layer, niobium pentoxide titanium dioxide,
magnesium oxide, zinc oxide, indium oxide and nickel oxide materials convincingly
applied are described by Yu et al., out of which TiO2 compact layer earned poten-
tial respect by integrating SCO with virtuous adhesion and professionally shields

Fig. 3 Portraying the role of blocking layer to protect from redox reaction by iodide and triiodide-
based liquid electrolyte penetrated through porous structure of semiconductive oxide layer
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the transparent conductive oxide film from the oxidized electrolyte (Yu et al. 2009).
The utmost method to produce promising result is by dip coating technique which
involves TiCl4 solution treatment at 70 ºC for 30 min (Kouhestanian et al. 2020).
Moreover, finding of a productive blocking layer is still a paramount challenge.

3 Conclusion

A systematic discussion on dye-sensitized solar cell was exercised to comprehend the
significance of transparent conductive oxide layer to collect electrons significantly
by avoiding undesired recombination reaction. Mostly, ITO and FTO are conven-
tionally used to make transparent conductive oxide layer for DSSC. However, these
conventional materials are questionable for not acquiring significant conversion effi-
ciency due to lower fill factor. Moreover, these materials promote brittleness and
increased sheet resistance which further restrict the development of DSSC to clinch
high-performance flexible DSSC. Further, the research is directed toward develop-
ment of transparent conductive oxide layer by alternative promising materials. AZO
is found as a promising candidate to replace conventional ITO and FTO. Moreover,
AZO demonstrated esteems Hall mobility with grater carrier concentration and least
electrical resistivity which is essential for the DSSC potential application. However,
AZO confronted with dislocation defects originated from mismatching of lattice
constant and thermal expansion with substrates such as glass, thus, could be elimi-
nated by introducing homogenous or heterogenous buffer layer. Indium gallium zinc
oxide (IGZO) is potentially acknowledged for the productive buffer layer to address
countered mechanical glitches of AZO. Furthermore, many alterations have been
reported to replace ITO and FTO by nickel-based, silver nanowire-based, carbon
nanotube-based, etc. However, optical reflectance and absorption are still a prime
issue to resolve. Hence, this comprehensive discussion adds a new dimension for
the research scope to develop a novel productive transparent conductive oxide layer.
Numerous 2Dmaterials could be a feasible choice for the development of TCO (Arka
et al. 2021; Singh et al. 2021).
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Nanomaterials’ Architectural
Study in Perovskite Solar Cells

Anshu Varshney and Shreya Sahai

Abstract In this chapter, we premeditate on the architecture and material facet of
plasmonic nanoparticles implanted within organic–inorganic halide Perovskite solar
cells (PSCs), to yield higher solar absorbance enhancement. The selection of the
material of nanoparticle employed within the film is proportional to the enhance-
ment factor of the PSC. Study reveals that the copper nanoparticles produce at par
absorbance to other conventional metals such as gold and silver. The utilization of
copper could significantly lower this cost without conciliation the solar absorbance of
the cell. The location and the size of the particle within the 200-nm-thick perovskite
film are also analysed to get better solar absorbance of the designed solar cell. Study
also highlights the impact of tailored plasmonic nanoparticles including nanospheres,
nanocubes, nanocylinders, nanorods, nanotriangular plates, etc. rooted within the
film. This architectural study is extended to the different inclination of a particle
within the film, concerning the source of light. Different volumes of these copper
nanoparticles are placed in the heart of the film to verify the enhancement of the light
trapping efficiency of these designed cells. In the later section of the chapter, two
nanoparticles in a unit cell as a dimer are taken into account. The anomalous effects
on solar absorbance enhancement with the insertion of dielectric coated plasmonic
copper nanoparticle within hybrid organic–inorganic halide perovskite solar cells
have also been observed. The metal-dielectric core-shell nanoparticles have been
inserted into the active layers of thin-film organic solar cells to improve conversion
efficiency.
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1 Introduction

Methylammonium lead halide (MAPbI3) perovskite-based solar cells (PSCs) (Green
et al. 2014) have derived a lot of attention in the past few years due to the high
transparency, efficiency, direct bandgap property, high power conversion efficiency,
and small exciton binding energy of perovskite material. Despite their high perfor-
mance, a recent analysis of these systems has listed a series of their major draw-
backs, including low absorption edge around infrared region and high lead toxicity.
Metal nanostructures are suggested to enhance the light matter interaction and as a
result the light trapping capability of PSCs increases at longer wavelengths, based
on their characteristic property of surface plasmon resonance (SPR).These nanos-
tructures consist of free conduction electrons which oscillate with the frequency of
incident radiance. SPR depends upon numerous factors including size, morphology,
and dielectric medium in which they are placed. Usually, the resonance wavelength
of metals nanostructures observes in the red region of the visible band. Near- and
far-field effects produced by these nanostructures lead to intensity enhancement and
strong scattering around them, respectively. This phenomenon magnifies the light
trapping ability of these cells and thus improving its efficiency. High percentage of
lead due to the enhanced thickness of the perovskite layer poses a major threat to its
commercialization. Too thin films on the other hand also lead to unoptimized light
collection due to minimal interaction of perovskite with the incoming light wave. To
optimize this effect without compromising the absorption efficiency of these cells,
the thickness of the perovskite layer is set to 200 nm.

To explore the plasmonic effect in perovskite solar cells, several studies have been
conducted so far. Core–shells nanoparticles have been also exploited to augment the
absorption efficiency of PSCs. Thework done by Saliba studies core–shell Au@SiO2
nanoparticles within the perovskite film of PSCs to achieve enhanced photocurrent
with an efficiency as high as 11.4% (Zhang et al. 2013). Interestingly, at the optimum
concentration of these particles, a minimum increase in the light trapping capacity of
the device is found. The author also introduces a novel photon recycling scheme with
the incorporation of silver nanomaterials including core–shell Ag@TiO2 nanopar-
ticles, within low-temperature solar cells, achieving an efficiency of 16.3% (Saliba
et al. 2015).At the same time, work by Dabirian explores dye-sensitized solar cells
with a monolayer of core–shell Silica@Ag nanoparticles to enhance the current
density of short circuit of a cell by 38% (Dabirian et al. 2016). Moreover, the work
lead by S. Carretero-Palacios theoretically highlights the impact of embedding plas-
monic nanoparticles of varying sizes, shapes, and concentrationwithin the perovskite
film (Carretero-Palacios et al. 2016).Due to the chemical stability of core–shell parti-
cles within different systems, they have become crucial subject of interest among
nanotech researchers around the globe. The research lead by N. Pathak analyses the
enhancement in absorption efficiencywith the incorporationAu@SiO2nanoparticles
as a function of shell thickness, achieving an efficiency as high as 18% (Pathak et al.
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2017). Inverted perovskite solar cells containing spectrally tuned gold nanorods indi-
cate a significant increase in the device photocurrent owing to the LSPR excitation
at longer wavelengths (Cui et al. 2016).

Few other works have also suggested a combinational use of gold NPs andmagne-
sium oxide passivation layer to improve the stability of the PSCs device under UV
light. AuNPs embeddedwithinmesoporous TiO2 layer provide enhanced absorption
associated with effective photon management, while MgO layer minimizes photonic
and energy losses leading to an efficiency of 16.1% (Luo et al. 2017). Work done by
Batmunkh demonstrates enhanced electrostatic potential with the incorporation of
Au@SiO2nano stars at the interface of the compact TiO2 electron selective contact
and the mesoporous TiO2 film achieving 17.55% efficiency (Batmunkh et al. 2017).
Maximum efficiency of 20.1% is achieved by a device incorporated with Au@TiO2
nanorodswithin TiO2 layer of the cell (Fan et al. 2017). The performance of the cell is
improved by 5%.These works highlight that the solar enhancement of PSCs depends
upon the numerous parameters. Variation of the size, shape, and concentration of
plasmonic nanoparticles impacts the absorption efficiency.

As stated previously, it was suggested that gold nanoparticles or silver nanoparti-
cles for solar absorbance enhanced the absorbance. The incorporation of gold or silver
nanoparticles drastically increases the production costs of PSCs. We work out on the
cheaper yet effective alternative of these expensive materials. Silver and gold can be
replaced with the copper nanoparticles which serve as an affordable alternative with
all the goodness and thus help in the production of highly efficient low-cost PSCs.
These low-cost solar cells would serve as a major source of energy within the remote
parts of the world. This study is further extended to the optimization of its different
parameters, including radius, shape, and location of the particle embedded within the
perovskite film of the solar cell.We aim to demonstrate the impact of different shapes
and orientations of plasmonic nanoparticles embedded within the 200 nm perovskite
film. The study is extended to nanospheres, nanocubes, nanocylinders, nanorods, and
nanotriangular plates of varying sizes placed at the centre of the film. This geometric
study also includes different orientations of a particle within the film, with respect to
the source of light. To avoid plasmonic coupling occurring due to the close vicinity
of two nanoparticles, its dimer formation is also taken account. We further extend
our study to observe the anomalous effects on solar absorbance with the insertion
of dielectric coated plasmonic metal nanoparticles within hybrid organic–inorganic
halide perovskite solar cells. Insertion of the metal@dielectric core–shell nanopar-
ticles in the active layers of thin-film organic solar cells enhances their conversion
efficiency. The metal core increases the optical absorption, subsequently the conver-
sion efficiency of thin-film organic solar cells due to LSPR-based field enhancement
effect; the dielectric shell plays a key role to keep the metal core inaccessible so that
it cannot offer recombination centre of the light-induced excitons.
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2 Designing of PSC

The systematic model of designed solar cell embedded with plasmonic nanoparticle
is shown in Fig. 1. Here, Spiro-OMeTAD (ns) chip acts as a hole transport material
(HTM), while semi-infinite glass layer (ng) of thickness 100 nm acts as a substrate.
Moreover, the refractive index and the extinction coefficient of the materials utilized
are extracted from Sahai et al. (2021); Sahai andVarshney 1088; Johnson and Christy
1972). To reduce the toxicity due to high concentration of lead, the thickness of the
perovskite layer (np) containing the plasmonic nanoparticle is optimized to 200 nm.
The geometrical parameters of the perovskite layer and nanoparticle are considered
as (LX × LY × LZ) and radius (r), respectively.

To evaluate the performance of the plasmonic PSCs, we have employed finite
difference time domain method (FDTD).A plane source of light, travelling in the
z-direction, is irradiated on the Spiro-OMeTAD chip perpendicularly. Assuming a
semi-infinite structure, periodic boundary conditions are applied in the x-direction
and y-direction. Perfectly matched layer (PML) is applied in the z-direction to mini-
mize optical losses. High mesh density of 5 nm is applied across the perovskite film
containing nanoparticle, to achieve high convergence of results.

Finally, to quantify the performance of the PSCs, with and without embedded
nanoparticle, we determine the total solar absorption given by Zhang et al. (2015);
Omelyanovich et al. 2016; Ghahremanirad et al. 2017).

Fig. 1 Perovskite solar cell
(LX × LY × LZ) containing
nanoparticle of radius r
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Pabs =
∫

ε0ω(λ)|E(x, y, z, λ)|2n(λ)k(λ)dV

whereω is the angular frequency, E is the electric field, n(λ) and k(λ) are the spectral
dependent real and imaginary part of the material over whose volume V, and the
integral is numerically calculated.

3 Material of the Nanoparticles

In this section, we examine the consequence of different metallic nanoparticles, e.g.
gold, silver, and copper, embedded within the perovskite layer of 200 nm thick.
The solar absorbance of perovskite film in the absence of a nanoparticle is kept
as a reference. These metallic spherical nanoparticles of constant volume of radius
60 nm are placed at the middle of the film. It is quite apparent from Fig. 2 that
copper nanoparticles exhibit parallel enhancement as silver and gold nanoparticles.
Strong local fields are produced by the particle which enhances the overall absorption
efficiency of the cell (Perrakis et al. 2019).

The optical properties of these particles depend on their profile and dielectric
medium in which it is placed. Mie theory gives the analytical solution of Maxwell’s
equations as the incident light is scattered by the particle of any size (Qiang et al.
2001; Wriedt 2012; Bohren and Huffman 1998). This theory is confined to spherical
nanoparticles but can be modified for other shapes (Bohren and Huffman 1998).

Fig. 2 Solar absorbance enhancementwith plasmonic nanoparticles. The inset indicates that copper
nanoparticle (orange) portrays similar enhancement as gold (green) and silver (blue) (Sahai et al.
2021)
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According to this theory, absorption cross section Qabsorption can be defined as the
difference between the extinction cross sectionQextinction and scattering cross section
Qscattering given by

Qabsorption = Qscattering − Qextinction

The calculated extinction cross section and scattering cross section are given by,

Qextinction = 2π

k2

∞∑
p=1

(2p + 1){ap + bp}

Qscattering = 2π

k2

∞∑
p=1

(2p + 1)
(∣∣ap

∣∣2 + ∣∣bp

∣∣2)

In these set of equations, ap and bp are the scattering coefficients. k is defined as
the wave number given by k = 2μp/λ where μ is the refractive index of the medium
in which the particle is entrenched.

Where the scattering coefficients ap and bp are given as,

ap = q�p(qx)� ′
p(x) − �p(x)� ′

p(qx)

qψp(qx)ξ ′
p(x) − ξp(x)ψ ′

p(qx)

bp = �p(qx)� ′
p(x) − q�p(x)� ′

p(qx)

ψp(qx)ξ ′
p(x) − qξp(x)ψ ′

p(qx)

In these equations, q is the relative refractive index, x is defined as the size param-
eter and is given x = k d/2 where d is the diameter of the particle. �p and ξp are the
Bessel functions which can be deduced as the ratio of extinction factor to the cross
section of the particle.

Figure 3a illustrates Qext for diverse metallic nanoparticles like copper, gold, and
silver of definite size with constant radius 60 nm, placed in the perovskite region.
These plots are obtained from Philip Laven (MiePlot) software.Qext indicates strong
localized and scattered field around the particle. TheQext is the vital parameter to the
solar absorption enhancement which is quite apparent from Figs. 2 and 3a. Copper
and gold nanoparticles demonstrate an equivalent red shift in the solar absorbance
wavelength and Qext. The solar absorbance is maximum at longer wavelengths (λ
> 600 nm) which covers a broader spectral range of the infrared region. Results
reveal that the copper is a financially viable and suitable material candidate to use
for enhancing the light entrapping ability of PSCs.

The enclosed dielectricmedium is also an important facet to study the optical prop-
erties of a plasmonic nanoparticle. Oxidation is the major problem in the proposed
use of the aforementioned particle. To avoid the oxidation of copper in the air, we
must place it in the dielectric medium which has higher refractive index than air.
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Fig. 3 a Qext spectrum for Cu, Ag, and Au nanoparticles of radius 60 nm radius implanted within
perovskite. b The extinction cross section for copper nanoparticle implanted in different dielectric
mediums. (Sahai et al. 2021)
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The dielectric constant of perovskite (ε = 5.75) is reasonably high; hence, the prob-
ability of its oxidation is significantly reduced. Hence, the designed model can be
implemented if the copper nanoparticle is embedded within a film of higher dielec-
tric medium. Figure 3b authenticates this finding; it describes Qext for a Cu-NP of
diameter 40 nm, positioned in different dielectric mediums ranging from air (ε = 1)
to perovskite (ε = 5.75). It is observed that the due to its oxidation, Qext weakens
for the dielectric constant values close to 1. Thus, we can approve the substitution of
gold and a silver nanoparticle with copper nanoparticles. Cu-NP significantly lowers
the production costs of PSCs and makes it an economical alternative to be employed
for commercial purposes.

4 Size of the Nanoparticle

The size of the nanoparticle is very important to optimize the solar absorbance at
longer wavelengths. Wemay study this feature by considering the range of the radius
of the particle placed in the perovskite layer. The solar absorbance increases as the
radius (R) of the particle increases, due to scattering enhancement (George et al.
2019).

With the incorporation of different size of copper nanoparticles, the enhance-
ment in solar absorbance is quite visible in Fig. 4a.The absorption of the perovskite
layer without any particle is kept as a reference to measure the enhancement factor.
Maximum solar absorption is obtained due to the double contribution of near- and
far-field effects with the incorporation of nanoparticle of radius 70 nm. This NP is
placed at the centre of the 200-nm-thick perovskite film. The enhanced electric (E)
field has been observed in Fig. 4b due to the presence of 70 nm plasmonic nanopar-
ticle. With the presence of these plasmonic particles, an enhancement of the light
trapping ability of the PSCs is observed at longer wavelengths (λ > 600 nm). Particles
having radius > 70 nm do not offer adequate enhancement; the explanation is the
ohmic losses and the large near-field effects. Additionally, the light trapping ability of
the PSCs depends upon the particle density; it reduces as we increase the plasmonic
particles; as a result, we decrease the absorbing medium.

5 Location of the Nanoparticle

The deepness of the nanoparticle in the perovskite thin layer is a further crucial aspect
in themanipulating of the solar absorbance of PSCs. The position of the nanoparticles
is varied along the z-direction. The radius (70 nm) of the particle and the dimension
of the cell (L = 200 nm) are kept constant. The study has been conducted at three
distinct vertical positions, (I) the particle is placed at the centre, case (II) the particle is
placed at z=+ 20 nm (shifted towards the source), and case (III) the particle is placed
at z = -20 nm (20 nm towards the substrate). From Fig. 5, it can be accomplished
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Fig. 4 aVariation of solar absorbance with different size copper nanoparticles rooted in perovskite
layer; b electric field of Cu-NP (R = 70 nm) placed in the perovskite layer (Sahai et al. 2021)

that we get the most satisfactory result when the particle is placed at the middle of
the perovskite film; it is due to the double contribution of both near and scattering
effects of the plasmonic nanoparticle. For case (II), scattering effects are concealed
by the far-field effects, while for case (iii), scattering effects preponderate in the cell
which leads to the reduction of solar absorbance.

6 Shape of the Nanoparticle

The LSPR of metallic nanoparticles also depends on their morphology. Here, we
critically analyse the different shapes of copper nanoparticles, e.g. sphere, ellipsoid,
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Fig. 5 Solar absorbance with varying location of nanoparticle in perovskite film. (Sahai et al. 2021)

cube, bars, rod, etc. entrenched in the thin perovskite layer of PSCs. This study
is further extended to different orientations of these plasmonic nanoparticles with
respect to the incident light, which influence the solar absorbance enhancement of
the cell.

6.1 Nanoshpere

A spherical copper nanoparticle of varying radius is embedded within the perovskite
layer of thickness 200 nm. The particle is placed at the centre of the layer to obtain
maximum solar absorption enhancement. The localized surface plasmon resonance
(LSPR) of a particle depends vitally upon the size of the particle.Mie theory (Ghahre-
manirad et al. 2017; Qiang et al. 2001; Wriedt 2012) can be utilized to explain this
optical property of a spherical particle. With the increase in the size of the particle,
the extinction efficiency of the particle increases. Figure 6 depicts the absorbance
spectrum with the incorporation of different sizes of spherical nanoparticles. The
black curve denotes the absorbance of perovskite layer without the presence of a
plasmonic nanoparticle. It is kept as a reference to testify the influence of varying
sizes of copper nanoparticles. We observe that with the increase in the radius of the
particle from 30 to 70 nm, the light trapping ability of PSCs increases simultane-
ously due to the near- and far-field scattering effect. The increase in the radius of the
particle leads to the scattering enhancement within the perovskite matrix. Moreover,
we also observe enhanced solar absorbance at longer wavelengths (λ > 650 nm). We
also notice that the size of the particle exceeded beyond 70 nm, i.e. 80 nm, and the
absorbance efficiency of the PSCdecreases sharply. Though, larger particles are asso-
ciated with the small ohmic losses and large near-field effect, they do not necessarily
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Fig. 6 Solar absorbance enhancement with the presence of prolate nanoparticle (Sahai et al. 2021)

offer enhanced absorbance in PSC, as they replace large volumes of the absorbing
material which ultimately impacts the overall light trapping ability of the cell. Thus,
we can conclude that spherical particles of size 70 nm incorporated within the cell
lead tomaximum solar absorbance along withminimum ohmic losses. The enhanced
electric field (E) of the perovskite film containing the 70 nm copper nanoparticle can
be attributed to the LSPR, characteristic property of metallic nanoparticles.

6.2 Nanoellipsoid

Localized surface plasmon resonance (LSPR) of nanoparticles depends not only
upon its dimension and shap but also upon its inclination in the perovskite thin film
with respect to the direction of the incident light. Nanoellipsoids demonstrate an
ideal instance among metallic nanoparticles describing transverse and longitudinal
resonance. Here, we would critically analyse two models connected to it, naming
oblate and prolate particles.

6.3 Prolate-Ellipsoid

Prolate indicates to the ellipsoidal nanoparticle when it is placed parallel to the
direction of propagating incident light. The prolate nanoparticle is placed in the
middle (z = 0) of the source and the substrate. The geometrical parameters of the
particle refer to A nm (along x-axis), B nm (along y-axis), and C nm (along z-axis).
The size of the particle can be tailored by modifying C parameter, which elongates
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Fig. 7 Solar absorbance with the incorporation of oblate copper nanoparticle within the perovskite
film (Sahai et al. 2021)

the particle along z-axis (along the incident light). AS a consequence, it leads to the
variation in the solar absorbance enhancement. Figure 6 shows the solar absorption
curve which concludes that, though the elongation of the particle does not lead to a
significant increase in the enhancement factor of the solar absorbance, but the average
of the spectra associated with its orientation within the perovskite layer is similar to
the solar absorbance of spheres.

6.4 Oblate-Ellipsoid

For oblate, ellipsoidal nanoparticle is placed perpendicular to the direction of light.As
the orientation of a plasmonic nanoparticle associated with the propagating incident
light influences its LSPR wavelength, a red shift in solar absorbance wavelength (λ
> 800 nm) is observed with the increase in the transverse length of the particle (C),
along the z-direction. Figure 7 reveals that the enhancement factor of solar absorbance
is significantly reduced with the increase in the size of an oblate nanoparticle. It can
be associated with the minimized the near-field effect produced by the particle.

6.5 Nanocylinder

LSPR of a particle also depends upon its geometrical parameters. Nanocylinders
set a perfect example for its illustration. Here, we have varied the height and the
radius of the nanocylinders, placed parallel to the direction of incident light. The
particle is placed at z = 0, i.e. at the centre of the film. The black curve in Figs. 8
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Fig. 8 Solar absorbance of perovskite layerwith different radius of nanocylinders keeping its height
constant at 150 nm (Sahai and Varshney 1088)

and 9 depicting perovskite absorbance of the PSCs without any particle is kept as
a reference for observing the enhancement in solar absorbance with inclusion of a
particle.

Fig. 9 Solar absorbance of perovskite layer with different heights of nanocylinders, keeping its
radius constant at 30 nm (Sahai and Varshney 1088)
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6.6 Radius of the Cylinder

The performance of the PSCs is evaluated with the inclusion of nanocylinders, whose
radius is varied from 20 to 40 nm. The height of the cylinder is kept constant at
150 nm. In an ideal case, a nanocylinder behaves as nanorod, displaying LSPR in
transverse and longitudinal directions. From Fig. 8, we observe that as the radius
of the particle increases, the absorption efficiency of the cell increases but overall
absorption efficiency remains close that of a spherical particle. The scattering far-
field effect induced by the particle along the transverse direction contributes to the
absorbance enhancement. It can be concluded that absorption efficiency of PSCs
embeddedwith a nanoparticle largely depends upon its geometrical parameters.Note,
the absorbance wavelength is slightly red shifted towards the longer wavelengths. (λ
> 650 nm).

6.7 Height of the Cylinder

LSPR, the characteristic property of metallic nanoparticles, depends upon various
parameters. On increasing the height of the nanocylinder from 50 to 150 nm and
keeping its radius constant at 30 nm, it behaves as an elongated particle placed
parallel to the direction of the incident light as shown in Fig. 9. Interestingly, though
the absorption efficiency of the cell enhances with the increase in the height of the
nanocylinder, the absorbance wavelength blue shifts towards the visible wavelength.
Hence, an optimum balance must be maintained between the height and radius of
nanocylinder to enhance the solar absorbance of the PSCs at longer wavelengths.

6.8 Nanocubes

Nanocubes of varying sizes are embedded within the perovskite layer of thickness
200 nm. Due to greater charge separation, the resonance wavelength for nanocubes
is slightly red shifted. The corner sharpness of the edges also plays a vital role in
enhancing the solar absorbance of the PSCs.

The sharpness of the corner edges in plasmonic nanoparticles plays a crucial role
in elevating the near-field effect and thus leading to higher solar absorbance. The
cubical nanoparticle with side A is placed at the centre (z = 0) of the film, and
the performance of PSCs is investigated, keeping the solar absorbance produced by
perovskite layer without nanoparticle as a reference. With the increase in the size of
the nanocube, a red shift in solar absorbance wavelength (λ > 700 nm) is observed as
compared to spherical nanoparticles, which portray absorbance at wavelengths close
to the visible region. Though, the average enhancement factor for both spherical and
cubical nanoparticle remains the same. Figure 10b and c depict enhanced E field
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Fig. 10 a Solar absorbance enhancement due to incorporation of different sizes of nanocubes.
Electric field enhancement due to b 50 nm c 70 nm (Sahai et al. 2021)

with the inclusion of 50 and 70 nm particle, respectively, thus supporting intensified
solar absorbance observed in Fig. 10a.

6.9 Nanobars

Nanobars display LSPR along transverse and longitudinal directions. Here, we have
placed the nanoparticle at the centre of the perovskite film of thickness 200 nm and
investigated the performance of the PSC depending upon its orientation with respect
to the incident light. The corner sharpness induced by the edges of the nanobar also
plays a vital role in enhancing the solar absorbance.

6.10 Parallel to the Direction of Incident Light

Copper nanobar, placed parallel to the direction of incident light, is embedded within
the perovskite film. The height of the nanobar is varied along the z-direction from
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Fig. 11 Solar absorbance of perovskite layer with nanobar placed parallel to the direction of
incident light (Sahai and Varshney 1088)

100 to 140 nm. The length and breadth of the nanobar are assumed to be A. Its value
fixed at 30 nm. We observe that as the particle elongates along the z-direction, the
solar absorbance of the cell does not increase sharply. The inset in Fig. 11 portrays
the slight enhancement in its light trapping ability. This can be attributed to the
LSPR along the direction of incident light. Note, no shift in absorbance wavelength
is observed along with elongation of the particle.

6.11 Perpendicular to the Incident Light

Copper nanobar placed vertically within the perovskite film lies perpendicular to the
direction of incident light. Nanobar with similar geometrical parameters is placed
within the perovskite film, and its solar absorbance is investigated. Here, we observe
that the overall solar absorbance enhancement of the designed solar cell does not
increase sharply with the elongation of the particle along the x-direction as shown in
Fig. 12. The absorbance wavelength lies within the visible range of the electromag-
netic spectrum and no shift is observed with the change in its geometrical parame-
ters. Note, the overall enhancement in the light trapping ability of the perovskite film
embedded with a copper nanobar, placed parallel to the direction of light, portrays
a significant enhancement as compared to the particle placed perpendicular to the
direction of the incident light.
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Fig. 12 Solar absorbance of perovskite layer with nanobar placed perpendicular to the direction
of incident light (Sahai and Varshney 1088)

6.12 Triangular Nanoplate

Equilateral triangular nanoplate of side A and thickness T is embedded within the
perovskite film of the designed solar cell.

The thickness of the plate is kept constant at 30 nm. The side of these equilateral
triangular plates is varied from 100 to 140 nm to investigate the performance of the
designed solar cells. The black curve in Fig. 13 represents the solar absorbance of the
perovskite film without the presence of a nanoparticle. Interestingly, we observe that

Fig. 13 Solar absorbance of perovskite layer with triangular nanoplate placedwithin the perovskite
film (Sahai and Varshney 1088)
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Fig. 14 Solar absorbance of perovskite layer with rectangular pyramid placedwithin the perovskite
film (Sahai and Varshney 1088)

with the inclusion of these particles at the centre of the film, only a slight enhancement
in its solar absorbance is achieved. The geometrical parameters and morphologies of
these particles play a quite significant role in determining its absorbance efficiency.
Note, no shift in its absorbance wavelength is observed with the increase in the size
of the particles.

6.13 Rectangular Pyramids

The rectangular pyramid with square base A and height H is embedded within the
perovskite film. The particle is placed at the centre (z = 0) of the film. The height of
the pyramid is varied along z-axis to investigate the light trapping ability of PSCs.
Minimal enhancement in the solar absorbance of these cells is observed with the
elevation in the height of the particle as shown in Fig. 14. The overall efficiency
remains similar to that of the perovskite film embedded with triangular nanoplates
and no shift in the absorption wavelength is observed with the variation in the size
of the particle.

6.14 Dimer Formation of Nanoparticles

Plasmonic coupling (Carretero-Palacios et al. 2015) is associated with a significant
red shift in the resonance wavelength as electron cloud of a particle hinders the
electron cloud of another when placed in the proximity. To minimize this effect, a
constant volume of the unit cell is considered for calculating the optimized distance
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Fig. 15 Solar absorbance with the incorporation dimer of nanoparticles (R = 30 nm) within the
perovskite film (Sahai et al. 2021)

(d) between two plasmonic nanoparticles of radius 30 nm. The study has been carried
out by altering the separation between the plasmonic particles.

The plot shown in Fig. 15 highlights a large red shift in the solar absorbance
with the increase in the distance between two spherical copper nanoparticles beyond
30 nm. Hence, we mark 30 nm as the safe distance for the placing of these particles
within PSCs, to avoid a red shift occurring due to plasmonic coupling. Interestingly,
it also noted that two nanoparticles of same size produce higher solar absorbance as
compared to a single nanoparticle placed at an optimized distance to avoid plasmonic
coupling. Hence, usage of larger number of smaller nanoparticles is encouraged to
enhance the solar absorption of PSCs.

6.15 Core Shell Plasmonic Nanoparticle

In this section, we study the anomalous effect of dielectric coated plasmonic Cu-
nanoparticle on solar absorbance enhancement when placed in the hybrid organic–
inorganic halide perovskite solar cell. The insertion of the metal@dielectric core–
shell nanoparticles in the active layers of thin-film organic solar cells affects their
conversion efficiency. The metal core increases the optical absorption and conse-
quently the conversion efficiency of thin-film organic solar cells due to LSPR-based
field enhancement effect and meanwhile the dielectric shell avoids the metal core to
offer recombination centre of the light-induced excitons.

Studies carried out in the past to enhance the performance of PSCs with the
introduction of core–shell are done using expensivemetallic nanoparticles, e.g. silver
or gold. These nanoparticles are definitely stable and provide very good results butwe
must explore some low-cost yet effective substitutes of nanoparticles. In the previous
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sections of this chapter, we have already discussed about the copper as an excellent
replacement of silver and gold (Sahai et al. 2021; Sahai and Varshney 1088) without
compromising the light trapping ability of PSCs. On the basis of the inference of
our previous study, we present a detailed theoretical study to elucidate the impact of
core–shell copper nanoparticles with dielectric coatings. A comparative study based
on finite difference time domain method has been conducted to analyse the influence
of dielectric coating of high and low refractive index on the copper nanoparticle in
the yielding of photocurrent of PSC. The results depict that the absorption reduces
as we increase the thickness of the dielectric coating, keeping the fill factor constant.

The extinction efficiency is calculated by normalizing the extinction cross section
over the cross section of the nanoparticle (Du 2004) using Mie theory. The amount
of light adsorbed and scattered by the particle helps to determine the light harvesting
ability of PSCs embedded with nanostructures over a particular wavelength range.

The designed perovskite solar cell is irradiated with a plane wave as shown in
Fig. 16, propagating along the z-direction whose intensity is normalized to match
the standard solar power spectrum. Periodic boundary conditions are applied in the
x-direction and y-direction while a perfectly matched layer (PML) is applied in the
z-direction to prevent further optical losses. A high mesh density of 5 nm is applied
to achieve elevated accuracy and convergence of results.

The simulation results show the absorbance spectra and electric field intensity
produced by particles with dielectric coating of lower refractive index increases

Fig. 16 Schematic of unit
cell PSCs embedded with a
plasmonic copper
nanoparticle with the core
radius r nm and the depth of
the shell d nm
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significantly as the shell width shrinks. These aberrant effects expand our knowledge
on plasmonic PSCs and thus open the doors for its optimized design with enhanced
light trapping ability. On comparisonwith different available coremetals likeAu,Ag,
and Cu, it is being observed that the copper@dielectric offers chemical and thermal
stability with increased absorption. It further lowers down the production costs these
designs, enabling them to be utilized even within the underdeveloped countries.

When the dielectric shell is introduced, its refractive index plays a key role in
determining the enhancement in its absorbance efficiency. Figure 17a portrays the
extinction spectrum of nanostructures placed in perovskite medium, with different
thickness of core and shell thus keeping the total size of the particle constant at 70 nm.
It is evident from the graph the increase in the shell thickness from d = 0 nm to d
= 15 nm, and a simultaneous decrease in the size of the core from r = 70 nm to r
= 55 nm, respectively, the extinction efficiency decreases. The results portrayed by
Fig. 17b further justify the above argument, the absorbance intensity of Cu@SiO2

decreases with the enhancement of the shell thickness.
Table 1 shows the Jsc of these core–shell nanostructures. It is utilized to examine

the absorption efficiency of these cells. The Jsc for PSCs without any nanoparticle is
found to 17.8421 mA/cm2. The enhancement factor is calculated using

Enhancement = JSC, with NP

JSC, with out NP

Fig. 18 reveals the reduction in the enhancement factor is observed for Cu@SiO2

embedded within the perovskite film.
The electric field intensity is governed by the boundary conditions at the interface

of the particle. Figure 19a represents the electric field intensity of Cu@SiO2 with a
core of 69 nm and a shell of 1 nm. As the thickness of the shell increases to 15 nm, the
electric field intensity as shown in Fig. 19b decreases significantly. Note, the electric
field decreases exponentially as we move away from the particle interface.

The dielectric shell provides chemical stability to the particle embedded within
the perovskite film by preventing the oxidation of the copper nanoparticles and thus
help maintain the efficiency of these devices for a longer duration of time.

7 Summary

In conclusion, this work mainly focused on the study of solar absorbance enhance-
ment dependency on the geometry and material of plasmonic nanoparticles rooted
within organic–inorganic halide perovskite solar cells (PSCs). The choice of the
nanoparticle’s material is relative to the enhancement factor of the cell. Copper
nanoparticle proves its candidature in PSC designs, with some intriguing advantage
over gold and silver. It is observed that the copper significantly lowers the effective
cost without negotiating the solar absorbance of the cell. The volume and the posi-
tion of the particle within the 200-nm-thick perovskite film are optimized to enrich
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Fig. 17 a Extinction efficiency of Cu@SiO2. b Absorbance produced by Cu@SiO2 within the
perovskite film. The thickness of the core and shell are varied from 70 to 55 nm and 0 to 15 nm,
respectively

the solar absorbance of the designed solar cell. Results represent that the highest
enhancement can be achieved with the insertion of spherical nanoparticles of 70 nm
radii, positioned at the centre of the film. In this chapter, we highlight the impact of
customized plasmonic nanoparticles including nanospheres, nanocubes, nanocylin-
ders, nanorods, nanotriangular plates, etc. embedded within the film. This study
based on the shape of nanoparticle is extended to the orientations of a particle within
the film, with respect to the direction of the source of the light. It is observed that
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Table 1 Calculation of the
JSC and enhancement factor
with the insertion of different
Cu@SiO2 core–shell
nanoparticles within thin
perovskite film of PSCs

Size of the core
(nm)

Size of the shell
(nm)

JSC mA/cm2 Enhancement

70 0 31.0071 1.7378

69 1 30.219 1.6937

68 2 29.699 1.6645

65 5 26.088 1.4621

60 10 23.816 1.3348

55 15 21.737 1.2182

Fig. 18 Total enhancement in the light trapping ability of PSCs as a function of the shell thickness

Fig. 19 Electric field intensity. a Cu@SiO2 with d = 1 nm, r = 69 nm. b Cu@SiO2 with d =
15 nm, r = 55 nm
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the absorption efficiency of PSCs extremely depends upon the angle sharpness and
point of reference of a nanoparticle within the film, though the average absorption
remains comparable to the spherical particles.

To evade a red shift in the resonance wavelength due to plasmonic coupling, the
dimer formation of nanoparticles is also taken into consideration. Optimization of
safe plasmonic distance for two spherical nanoparticles embedded within the film is
obtained to minimize this effect.

The anomalous effect on solar absorbance enhancement is also studied with the
insertion of dielectric coated plasmonic copper nanoparticles within hybrid organic–
inorganic halide perovskite solar cells. Conversion efficiency has been changedwhen
we insert the metal@dielectric core–shell nanoparticles in the active layers of thin-
film organic solar cells. Due to LSPR-based field amplification, metal cores boost
optical absorption, improving the conversion efficiency of thin-film organic solar
cells. The dielectric shell, on the other hand, keeps the light-induced exciton from
coming into direct contact with the metal core, which would otherwise serve as a
recombination centre.
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Nanomaterials for Biomedical
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Abstract Increasing complexity in the healthcare system has encouraged research
toward novel prevention and treatment strategies. Over the period, nanotech-
nology emerged as a vital research area oriented toward different applications
ranging from textile, defense, and chemical industry to biomedical fields. The
process of knowing substances at the molecular level provoked the ascent of the
innovative crucial and most promising research field of nanotechnology termed
nanomedicine/nanobiotechnology. Researchers started investigating materials with
exceptional properties that could be used in diagnostics, drug designing, drug
delivery, and tissue engineering. The nanotechnology field has opened up the devel-
opment of interestingly novel approaches in bioengineering by exploiting the unique
properties of nanomaterials. These materials have many advantages in terms of
surface area, physiochemical stability, non-toxicity, and biocompatibility compared
to larger particles. The applications of nanomaterials have emerged in numerous
technologies and devices such as diagnostic instrumentation, medical implants,
and biocompatible devices for tissue regeneration or replacement, targeted delivery
of drugs, hyperthermia, photoablation, cancer therapy, vaccines development,
bioimaging, and biosensors.
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1 Introduction

Nanomaterials (nanoparticles) are small particles (materials) having size < 100 nm.
These materials have structural features between atoms/molecules and bulk mate-
rials. In the past, fabric dye, decorative glass, and treatment of arthritis were done
using smallmetal particles. Romans and ancientChinese used to embed the glasswith
different metal particles to generate dramatic color effects. Chinese porcelain also
known as famille rose contain gold particles. Nanoparticles were studied systemati-
cally during the early seventeenth century (Huaizhi and Yuantao 2001). Along with
small metal particles, silica particles also known as particles of insulators were used
in number of applications which include automobile tires, optical fibers, catalyst
support, etc. Similarly, magnetic oxides nanoparticles dispersed in different liquids
(known as ferrofluids) have got interesting applications (Chikazumi et al. 1987). The
famous lecture by the Nobel laureate Richard. P. Feynman in 1959 \where he stated,
“there is a plenty of room at the bottom,” nanomaterial research interest was renewed
(Feynman 2018) and discussed the potentiality of smaller materials. Off late large
number of nanomaterials are synthesized, and their properties are being investigated
and demonstrated. A new field called nanoscience and nanotechnology also emerged
due to the very large number of studies being carried out on nanosized materials all
over the world. A brief description is given below regarding the different types of
nanomaterials that are commonly encountered.

1.1 Nanomaterial (NM) Classification

Classification of nanomaterials is based on the following criteria (Fig. 1) (i) dimen-
sionality, (ii) morphology, (iii) state, and (iv) chemical composition (Pokropivny
and Skorokhod 2007; Saleh 2020). Nanomaterials are classified as 0D, 1D, 2D,
and 3D based on dimensionality. Nanomaterials having all their dimensions below
100 nm are termed as zero-dimensional (0D). Symmetric isotropic spheres, cubes,
decahedrons, and tetrahedrons belong to 0D. Nanomaterials with one dimension
above 100 nm and the other two below 100 nm are termed one-dimensional (1D).
Nanowires, nanotubes, nanorods, nanofibers belong to 1D. Nanomaterials with two
dimensions above 100 nm and one of the dimensions below 100 nm are termed
as two-dimensional (2D). Disk and plates with polygon shapes belong to two-
dimensional (2D). Nanomaterials with all dimensions beyond 100 nm are termed
as three-dimensional (3D). Foams, fibers, nanopillars grew of substrates, electrome-
chanical systems like NEMS and MEMS, polycrystals and 3D composites belong to
three-dimensional (3D).

Based on morphology, they are classified as flatness, sphericity, and aspect ratio.
Based on aspect ratio, it can be divided into two categories: low-aspect ratio and high-
aspect ratio. Nanospheres, nanopyramids, and nanocubes belong to low-aspect ratio,
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Fig. 1 Nanomaterials classification based on dimensionality, morphology, state, and chemical
composition

whereas nanowire, nanohelices, nanozigzags, nanotubes, nanofibers, and nanobelts
belong to high-aspect ratio nanomaterials.

Nanomaterials are also classified as single constituent nanoparticles andnanocom-
posites based on chemical composition. They can be subcategories as follows.
Carbon-basedmaterials, e.g., carbon nanotubes (CNTs), graphene, fullerenes, carbon
nitrite, etc.Metal nanomaterials are synthesized usingmetals ormetal derivatives like
metal salts, organometallics, etc. Nanostructures having branch like structures are
termed as branched dendrimers. Nanomaterials are combined with other materials as
a matrix to improve toughness, mechanical strength, electrical, thermal conductivity,
etc.Quantumdots (QDs) are small semiconductor particleswhere their particle size is
in the range of 1–10 nm. The electronics and optics properties are different compared
to bulk particles. They absorb UV light or white light and emit specific wavelength
hence used in display applications (Halivni et al. 2015). Polymeric nanomaterials and
lipid-based nanoparticles are extensively used in biomedical applications.Nanolipids
act as vehicle for hydrophilic and hydrophobic molecules. It controls dug release at
a site in the human body and has low toxicity.

1.2 Methodologies and Characterization

(a) Production Methods of Nanomaterials

Method employed for synthesis of nanomaterial governs the property. Hence,
the right choice of synthesis method is important parameter that decides
the property of nanomaterials. Nanomaterials are synthesized by bottom-up
approach and top-down approach. In bottom-up approach (chemical method),
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Fig. 2 Different techniques to characterize nanomaterials

synthesis will be started from atoms or molecules and then add one by one to
form bigger particles, whereas in top-down (physical method), the synthesis
will be started from bulk material, and then the particle size will be made
smaller by different physical techniques. Bottom-up approach includes co-
precipitation method, sol–gel synthesis, micro-emulsion method, hydro/solvo-
thermal method, green synthesis, biochemical synthesis, chemical depositions
like atomic layer deposition and vapor phase deposition, self-assembly, and
DNA scaffolding of nanoelectronics (Burda et al. 2005; Patel et al. 2012,
2013). Ball milling, physical vapor deposition (PVD), and lithography-based
techniques are examples of top-down approach (Burda et al. 2005; Velez et al.
2020).

(b) Characterization of nanomaterials

The synthesized nanomaterials with numerous application needs to be charac-
terized for their different properties like, size, distribution, elemental compo-
sition, morphology, roughness, topography, optical, electrical, magnetic,
mechanical, and thermal properties. Fig. 2 shows different characterization
techniques.

1.3 Nanomaterials for Biomedical Applications

With the advancement of the technologies over the years, nanomaterial has been
used in varied biomedical applications because of its versatility represents robust
chemical, optical, electronic, and mechanical characteristics and believed to be keep
on growing and expanding to overcome the limitation of biomaterials approaches



Nanomaterials for Biomedical Engineering Applications 79

Fig. 3 Nanomaterials usage in biomedical applications

in conventional, clinical, and mechanic-based methods. The uses of nanomaterial
have been applicable in major categories like diagnosis (bioimaging and biosensors),
therapy (regenerative medicine, cancer treatment, and antibacterial agents), and drug
delivery (gene delivery and medication delivery) as shown in Fig. 3.

1.3.1 Nanomaterial as Biosensors

Devices that interact with biological materials are known as biosensors. Typically,
biosensors have three main components: (1) receptor or bioreceptor, (2) the trans-
ducer (signal generator), and (3) the electronic unit. The very first biosensor concept
has been put forward by Clark and Lyons in (1962). Since then, biosensors have
become the most studied in biomedical applications. Biosensors are classified on
different measures that include type of transduction performed, like optical, elec-
trochemical, or piezoelectric nature (Thévenot et al. 2001; Li and Lee 2020). The
other classifications include enzymatic biosensors, immune sensors, apt sensors, and
genosensors, (Kurbanoglu et al. 2017). The first and the foremost prerequisite of a
biosensor device is to be fast, highly selective, and sensitive in terms of capturing the
biochemical signals. The biosensors sensing abilities are directly proportional to the
materials used (Perumal andHashim2014).Tomeet these requirements, nanomaterial
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received so much attention as they possesses unique properties that include phys-
ical, chemical, mechanical, electrical, high surface area, and good stability which has
been extensively used so far in the field of development of biosensors. Nanomaterials
are known for their easy fabrications and thus allow reproducible immobilization of
bioreceptor units and increase the biocompatibility (Biju 2014). In comparison to
conventional transducers, biosensors guarantee low cost, ease of preparation with
high sensitivity. Biofilm-based microbial sensors are used to detect toxicity (Logan
et al. 2019; Chu et al. 2020) as well as real-time monitoring (Prévoteau and Rabaey
2017; ElMekawy et al. 2018; Chu et al. 2020). Enzyme-based biosensors are used
widely because of the catalytic power of enzymes and high specificity (Ronkainen
et al. 2010; Rocha et al. 2021) and detect harmful substances in food (Kurbanoglu
et al. 2020). Viruses or bacteria can be detected using a nanobiosensors; for example,
reduced graphene oxide (rGO) film was used in detection of the H1N1 influenza
virus (Joshi et al. 2020). In this section, we will focus on major nanomaterials that
include carbon nanotubes, semiconductor quantum dots, hybrid (gold nanostruc-
ture, Graphdiyne, electrospunnano fibers, composite nanomaterials), and magnetic
nanoparticles that have been used for biosensing and diagnostic applications.

GoldNPs (AuNPs) have been extensively explored in the nanosensing field (Doria
et al. 2012) because of their optical and electronic properties, easy synthesis, surface
functionalization, stability, and biocompatibility (Emrani et al. 2016). Shape and size
of the gold nanoparticles can by using synthesis technique. Thus, it has been used
in different forms, for e.g., gold nanowires and nanocubes (Karim et al. 2014) and
as gold nanorods highly selective in a detection of DNA (Parab et al. 2010). Wang
et al. (2015) reported super sandwich electrochemical DNA biosensor. Hosseini
et al. developed a method for the detection of aflatoxin B1 (AFB1), based on the
interactions of gold nanoparticles (AuNPs) with an aptamer (Hosseini et al. 2015).
Aflatoxin B1 (AFB1) detection was developed by Hosseini et al., due to interactions
between gold nanoparticles (AuNPs) and an aptamer (Hosseini et al. 2015). Due to
their outstanding properties, AuNPs has become promising candidates for bioana-
lytics as well as for many other research applications. For example, cost-effective
and simple enzyme-linked immunosorbent assay (ELISA) technique showed low
sensitivity during diagnosis (Deng et al. 2019). Nanomaterials are used as enzymes
to increase the sensitivity for different cancer types is a good strategy (Jiao et al.
2019; Gao et al. 2020).

Another example of nanomaterial being explored and utilized in bioanalytic appli-
cations is quantum dots (QDs). The major shortcoming in biosensor technology is its
toxicity. To overcome this issue, QDs are coated using inert or biocompatible coat-
ings (Biju 2014). The graphene-basedQDs have excellent electrochemiluminescence
(ECL); therefore, it has been utilized in the detection of biomacromolecules like
nucleic acids, proteins, or glucose molecules (Xie et al. 2016; Kumawat et al. 2017).
In near future, the QD-based biosensors will be an asset to biosensing applications.

Besides these, carbon-based nanomaterials (CBNs) are also the most promising
nanomaterials in recent years which include carbon dots (CDs). The electrocat-
alytic property of CNDs has recently been reported in application of in electro-
chemical sensors toward oxygen reduction (Martínez-Periñán et al. 2018), exploited
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for glucose biosensing (Li et al. 2014) and DNA sensing (García-Mendiola et al.
2018).Carbon nanotubes (CNTs), another form of carbon-based nanomaterials,
arranged hexagonally and give rise to single walled (SWCNTs) and multiwalled
(MWCNTs) (Battigelli et al. 2013). The new cost-effective material-based carbon-
based nanomaterials have been reinvented recently termed as carbon black (CB)
having good electrical conductivity, solvents solubility, and fast electron kinetics
(Mazzaracchio et al. 2019). It is widely used in different biosensor designs such
as enzymes, DNA, and antibodies biosensors (Arduini et al. 2020). One study
showed that CB as a substrate for enzyme immobilization in amperometric biosen-
sors designing (Arduini et al. 2020). Nanodiamonds (NDs), new addition to the
carbon nanoparticle, received much attention in biosensor applications (Zhang et al.
2011). For example, an electrochemical biosensor-containing copper, nanodiamond
has been used for the detection of Parkia seeds (PS) amino acids (Babadi et al.
2019).Graphene (GR)-based nanoparticles are used in biosensor technology as the
coatingmaterial of the sensor electrodes due to their inherent oxidation state, number
of layers, and functional groups (Peña-Bahamonde et al. 2018).

Recently,magnetic nanoparticles turn out to be an alternative for fluorescent labels
in biosensor devices. Moreover, they are more advantageous because of their size,
physiochemical properties, and low cost. Iron oxide is the most common for bioana-
lytical applications among awide range of ferromagneticmaterials (Haun et al. 2010).
Last but not least, novel nanocomposite material are being studied and showed their
potential in the enhancement of the function of NPs in the field of biosensing applica-
tions like microfluidic biosensors (Singh et al. 2017). Bergdahl et al. have developed
a capacitive sensor based on selective interaction between aminophenylboronic acid
and diols immobilized on the surface of gold electrode (Bergdahl et al. 2019). There-
fore, with the utilization of nanocomposites, biosensing platforms present substantial
potential in improving testing diagnostics (Maduraiveeran and Jin 2020).

1.3.2 Nanomaterials in Medical Imaging and Contrast Enhancer

Medical imaging is the field of imaging at a cellular level for early stage diagnosis to
understand the disease characteristics, its prognosis, and treatment efficacy evalua-
tion thus absolutely important in terms of disease management. Magnetic resonance
imaging (MRI), computed tomography (CT), positron emission tomography (PET),
etc. are extensively used bioimaging techniques for diagnosis. The biggest advantage
of these techniques is that they non-invasive and resolution of imaging is very high.
However, sometimes, these imaging does not provide proper biological information.
Thus, in vivo imaging depends on the agents that are generally used in bioimaging
techniques for the identification of organ, tissue, or track cellmigration called contrast
agents that have an important role in the success of these techniques. For to over-
come the toxicity, low retention time, and low imaging time associated with these
contrast agents, different compounds have been identified as plausible contrasting
agents (Berry and Curtis 2003; Rümenapp et al. 2012).Here comes the pivotal role
of nanomaterials because of their adjusting property for high-performance and as an



82 A. Singh and D. K. Patel

advanced molecular imaging agents (Nune et al. 2009). There are different nanoma-
terials that being studied showed promising results as magnetic resonance imaging
contrast agents for imaging in cancer diagnostics to visualize tumors such as Fe3O4

NPs, QDs, Au NPs, and titanium dioxide (TiO2). Moreover, formation of composite
or hybrid nanomaterials makes them multifunctional in terms of different applica-
tions like imaging termed as “theranostic agents” (Ardelean et al. 2019).The iron
oxide nanoparticles are used as contrast agents in CT and MRI imaging due tunable
magnetism and high sensitivity for cancer cells (Chou et al. 2010). A few other nano-
materials that showed potential to be a good contrasting agent for the bioimaging
techniques are luminescent semiconductor quantum dots (QDs) (Yao et al. 2018).
Doped and undoped zinc sulfide are used as luminescent nanoprobes for biomed-
ical imaging. The study by Yuan et al. showed that improved fluorescent probes of
QD provides enhanced non-invasive tumor-targeting imaging system (Yuan et al.
2018). The conjugated ZnS-QDs i.e ZnS@CMC showed significant photolumines-
cence activity for bioimaging malignant glioma cells in vitro and thus possess poten-
tial applications in cancer research (Caires et al. 2020). Moreover, these QDs can
be functionalized with surface modification, photostability, stable circulation time,
and strong tumor specific homing property and thus can be used for multipurpose
applications.

In recent years, titanium dioxide nanoparticles (TiO2) emerged as promising
agents. In conjunction with the fluorescent dye or magnetic resonance contrasting
agents, these labeled TiO2nanoparticles, nanotubes, or nanoprobes showed future
prospects for cell imaging. It includes a few examples in which TiO2 nanopar-
ticles have been successfully prepared nanocontrast agent (nano-CA) as a candi-
date for molecular receptor targeted MR imaging (Chandran et al. 2011). In one
study, the biocompatible mesoporoustitania nanoparticles (MTNs) were shown to
have functionalized phosphate-containing molecules for intra-cellular bioimaging
(Wu et al. 2011). In another study, TiO2 with biocompatible glycol chitosan (GC)-
coating coupled with gold nanoparticles showed excellent stability, biocompatibility
for tumor-targeting CT imaging (Ryu et al. 2020).

Gold in form nanorods, nanocages, nanoshells and nanospheres has been used as
stable contrast agent for bioimaging (Wang et al. 2005; Liao, et al. 2006; Choi et al.
2012). Cancer imaging is performed using gold nanorods by using several imaging
tools (Huang et al. 2007; Oldenburg et al. 2009; Villar-Alvarez et al. 2018; Bai et al.
2020; Fernando et al. 2020). Smart capsule-based endoscopic cameras are used for
in situ diagnostic and imaging. In future, these potential devices can be combined
with nanobiosensor (Sim and Wong 2021).

1.3.3 Tissue Engineering

Tissue malfunctioning is one of the most noteworthy medical issues around the
world. There are interdisciplinary scientific areas that are dealing with this collec-
tively termed tissue engineering (TE) or regenerative medicine. TE is connecting



Nanomaterials for Biomedical Engineering Applications 83

link between engineering materials science, medicine, and biology. It was first intro-
duced by Leland Kaiser in 1992 since then become the hottest research topic in
medical science (Kaiser 1992). Tissue engineering is a field that deals with repairing,
replacing, or regenerating human cells, tissues, or organs by using cells and/or a
combination of cells with biologically active materials to restore or establish normal
function as close to the body’s native tissues. With the advancement of this field,
current therapies got revolutionized and significantly improved the patient’s life
expectancy. The classic challenges encountered in TE are biocompatibility with the
host, lack of functioning cells, the low mechanical strength of engineered cells, and
nutrition limitation. To meet these challenges, there are many approaches are getting
developed over a decade on searching for biomaterials that can be used as scaffolds.
Among these, nanotechnology attracted scientists the most because of the nanometer
size, surface area, appropriate physicochemical, mechanical properties, and biocom-
patibility for mimicking native tissues. In fact, the natural tissues and associated
extracellular matrices are composed of nanostructured materials (LeDuc and Bellin
2006); therefore, it would be wise enough to put more efforts into designing and
developing nanostructured materials.

Nanotechnology can be used to create nanofibres, nanopatterns, and controlled
release nanoparticles. The nanomaterials can be the best choice as they are highly
organized and present themselves as scaffolds. There are reported studies and exam-
ples where the nanomaterials have been a choice and proved to be an effective
solution in TE, such as bone (Wen et al. 2012), ligament (Wang et al. 2007), vascular
(Yin et al. 2013), heart valves (Iturri and Toca-Herrera 2017), plastic surgery (Biggs
et al. 2017), joint substitutions (Dzedzickis et al. 2018), bladder tissue (He et al.
2010), and other restorative applications (Lin et al. 2019). The most common gold
nanoparticles (GNPs) present themselves as an excellent candidate for bone tissue
regeneration (Boisselier andAstruc 2009;Chen et al. 2015).GNPs also can be applied
for wound healing applications (Akturk et al. 2016). Silver nanoparticles (AgNPs)
are also widely used metallic NPs mainly for their antimicrobial properties for skin
grafting and regeneration (Rai et al. 2009; Biswas et al. 2018). Titanium dioxide
(TiO2) nanoparticles are the most studied nanomaterial in TE especially in cardiac
tissue engineering (Jawad et al. 2008) but also been used in bone tissue engineering
as well. For skin TE, TiO2 nanoparticles have been explored (Li et al. 2016).

Besides the metal-based, ceramic has received much importance for its usage as
structural material because its stability under extreme conditions like temperature
and chemical etching. For example, bioactive glass–ceramic NPs (nBGC) shown to
have a better role in the development of bone tissue engineering over metal NPs
and have been utilized for their excellent mechanical in bone tissue regeneration via
improving scaffolds’ performance (Vieira et al. 2017).

The polymeric-based nanoparticles (PNPs) are the most adjustable NPs for TE
applications especially because of its degradation rate (Tang et al. 2016). Carbon
nanotubes (CNTs) are themost commonly used polymeric-based nanomaterial in TE
(Goncalves et al. 2016). Conductive polymers such as polyacetylene, PPy, polythio-
phene, polyfuran, and polyaniline (PANI) are commonly used in tissue engineering
(Zare et al. 2019).
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For the past few years, nanocomposites have been introduced inmedical implants.
Nanocomposites are types of materials formed by using two or more materials
together in order to provide greater physiochemical properties (Breuer andSundararaj
2004). There are examples like nanocomposites with titanium that showed effi-
cient biocompatible medical implants (Fellah et al. 2019) like silver polytetrafluo-
roethylene (Ag-PTFE) nanocomposite (Wang et al. 2019) and NiTi nanocomposites
(Razzaghi et al. 2020). Not only this, many of the nanomaterials present themselves
as a promising candidate in the field of neural tissue regenerations like metallic NPs
(Castro et al. 2018), silica NPs (Liu et al. 2020), magnetic NPs (Fang et al. 2019),
quantum dots (Yin et al. 2020), and organic nanomaterials (Dos Santos et al. 2020).

1.3.4 Pharmaceutical Drug Delivery

Drug delivery platform includes approaches, formulations, manufacturing tech-
niques, storage systems, and technologies for the transportation of the drug or
medicine (pharmaceutical compound) to its target site for achieving desired medic-
inal effect. The first description of drug targeting and delivery was introduced in the
early 1990s by Paul Ehrlich as “magic bullet paradigm” (Davis 1997). After that,
this field gained so much attention because it involves targeted medication delivery
as well as gene delivery for a varied range of biological health issues. Taking an
example like the conventional treatment for cancers is chemotherapy which relies
on the circulatory system to transport anticancerous drugs to the affected site. But it
suffers serious side effects like non-specificity, drug toxicity which can harm nearby
healthy cells and organs. Therefore, one needs to look for the technique which can
direct the drug to the specific area avoiding side effects. In this respect, targeted
medication stands out as an alternative approach. Natural drugs possess lower toxi-
city and side effects, low price, and good therapeutic potential (Mohanty et al. 2017).
However, natural compounds lag behind, and still many of them are not clearing the
clinical trials (Watkins et al. 2015). Thus, researchers prefer to explore the available
chemical libraries to discover novel drugs. Site-specific delivery, in vivo instability,
poor absorption in the body, poor solubility, poor bioavailability, and programmed
release of the drugs due to physiological targets have been the major issues asso-
ciated with the molecular and macromolecular (large size materials) therapeutic
approaches (Jahangirian et al. 2017). Therefore, for sustained drug delivery, devel-
opment of advanced technology is of utmost importance for the researchers. Hence,
nanotechnology opens up the opportunities in advanced drug formulation, in altering
the property of the materials, in controlling drug delivery and release successfully.
Several research studies have proven that nanosized materials could be utilized as
drug carrier by encapsulation of drugs to target tissues precisely (Jahangirian et al.
2017).Moreover, because of its small size, it canmove freely in the human body tends
to be taken up by different cells inside the body instead of getting accumulated in
the spleen and liver (Rawal and Patel 2019). Nanoparticles are suitable for the broad
range from cells to tissue to organs and can be achieved by their highly tunable size,
shape, and surface functionalization properties to target a specific tissue.
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Therefore nano-based drug delivery systems (DDS) are now being extensively
studied so as to facilitate efficient drug delivery.Nanocarriers have the parameters like
different compositions (e.g., organic, inorganic, and hybrid materials) and have the
ability to attain different forms when associated drugs (core–shell system or matrix
system) for understanding the drug delivery profile (Siepmann et al. 2008). The very
first application of nano-based DDS was lipid vesicle most popularly known as lipo-
somes and micelles which are now FDA approved (Bozzuto and Molinari 2015).
Liposomes are of spherical form composed of phospholipids and steroids which are
analogous to the cellmembranes therefore considered as a better drugdelivery vehicle
(Bozzuto and Molinari 2015). It can deliver a range of bioactive compounds like
antioxidants and proteins (Reimhult 2015; Simão et al. 2015). Since last two decades,
lipid-based NPs have been widely employed as drug delivery systems for diseases,
gene therapy, antiviral vaccines, and among other nanomedicine uses (Fenton et al.
2018; Anselmo and Mitragotri 2019) due to its uptake ability by reticuloendothelial
system (Alyautdin et al. 2014). The nano-based DDS requirement includes surface
properties, particle size; solubility, increase permeation, easily modified or func-
tionalized and controlled release of drugs at a constant rate and time (Hossen et al.
2019).The nanomaterials meet all these requirements and thus provide advantages
for pharmaceutical industry to improve patients’ life quality (Rizvi and Saleh 2018).
The nanomaterials which are getting utilized besides liposomes are carbon-based
NPs, metal nanoparticles, inorganic NPs, QuantomDotss, polymeric NPs, and their
nanocomposites for better and more efficient DDS.

Metal nanoparticle, silver and gold have the surface plasmon resonance (SPR)
propertywhichwas lacking in liposomes ormicelles and have better biocompatibility
(Kudr et al. 2017). Multiple therapeutic agents or large biomolecules like antibiotics,
proteins, genes (DNA and RNA), and varied ligands can be easily conjugated or (bio)
functionalized toAuNPs’ surface and thus deliver the drugwith the controlled release
through biological stimuli or light activation (Kong et al. 2017).Very few studies have
been done with silver nanoparticles as drug delivery agent (Prusty and Swain 2018).
There are other kinds of metallic nanoparticles, such as zinc, titanium, platinum,
selenium, gadolinium, palladium, cerium dioxide which are also getting exploited
for the biomedical applications (McNamara and Tofail 2017).

Carbon-based NPs like graphene is also one of the candidate for drug delivery (Li
et al. 2017). Among the different carbon allotropes, carbon nanotubes (CNTs) have
been explored as a highly competent drug delivery agent (Faraji and Wipf 2009)
because of its non-invasive administration (Panczyk et al. 2016). CNTs represent
one of the most investigated families of nanocarriers for cancer therapy (Chen et al.
2017). Like other NPs, the CNTs also have drawbacks in terms of their sustained
release inside the cell and its stability. But it can achieved by utilizing inner hollow
cavity of CNT that can isolate the drug from the outer environment (Maiti et al.
2019).

The coupling of nanoscience with natural products is very attractive and rapidly
growing in recent times due to their functional properties, such as inducing tumor-
suppressing autophagy and as antimicrobial agents. The group of materials is termed
polymer nanocomposites (PNCs). There are numerous biopolymeric materials that
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have been utilized in the nanofabrication of nanoparticles because of their high
biocompatibility and biodegradability properties (Watkins et al. 2015) and thus
being extensively used in DDS. Chitosan is a natural polymer utilized for wide
range of drug release systems of various types, including buccal, intestinal, eye,
and pulmonary (Artursson et al. 1994; De Campos et al. 2001; Portero et al. 2002;
Al-Qadi et al. 2012). Alginate is another natural biopolymeric. Patil and Devarajan
developed insulin-containing alginate nanoparticles with nicotinamide as a perme-
ation agent (Patil and Devarajan 2016). Cellulose and its derivatives also resulted in
the controlled release of drugs (Sun et al. 2019).

In a nutshell, several studies conducted regarding release mechanisms of drugs in
nanocarriers showed that these nanostructures can stay in theblood circulatory system
for a longer period of time and enable the controlled release of drugs at the targeted
location. But still, there are challenges that need to be taken into account for the
successful delivery of drugs to their target sites. Developing smart and functionalized
nanosized drug carriers with their great properties can contribute to the enhancement
of human health lifestyle.

1.3.5 Hyperthermia

Cancer is the most dreaded disease that is responsible for most of mortality world-
wide. There are conventional methods like surgery, radiation therapy, chemotherapy,
and gene and immunotherapy available for treating cancers but still suffer failure due
to several limitations. With the advancement of technologies, there is still an urgent
need for efficient methods for cancer therapy. In oncology, the term hyperthermia
(HT) describes the therapeutic treatment in which heat is applied using an external
energy source or increasing the temperature of the infected/diseased area to 41–46°C
to destroy cancerous/tumor cells and tissues without affecting healthy cells/tissues.
HT can be an adjuvant therapy when coupled with the available conventional thera-
pies canwork synergistically in cancer therapy treatments. There are reports available
on certain tumors where HT has been applied in conjunction with radiotherapy or
chemotherapy significantly improves tumor control, complete response, and survival
rates of the patients (Roussakow 2018). HT treatment effectiveness is greatly influ-
enced by temperature profile at the targeted tumor site (Wust et al. 2002).Therefore,
different types of HT developed, i.e., local (small area tumor), regional (large tissue),
and whole-body hyperthermia (metastatic cancer). Traditionally HT treatment is
performed using different energy sources like microwave, radiofrequency, laser,
ultrasound, and tubes with hot water to heat the tumor. Despite using different tech-
niques, HT has not yet been established well in clinical routine due to several limi-
tations. These include difficulty in achieving uniform heat dispersion throughout the
tumor, failure to heat the target without damaging the nearby healthy cells, thermal
under dosage in the target region, and dissipation of heat by the blood which can
lead to serious side effects (Jordan 2006). So to address these drawbacks, new effi-
cient HT methods are being developed that led to the application of nanomaterials
as hyperthermia agents.
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Among nanoparticles, magnetic nanoparticles (MNPs) are the first one to be
explored in the HT treatment for cancer in 1957 (Gilchrist et al. 1957) ever since
then new approaches have been evolved and will be utilized in future cancer thera-
pies. Because MNPs possess unique features like heating mediator; tumor focused,
uniform heat dissipation, energy absorption, minimally invasive, and biocompati-
bility make them a promising candidates for HT (Ito et al. 2005; Mornet et al. 2006).
These MNPs have been applicable in all HT techniques like for local HT. Hyper-
thermia using MNPs has developed a new therapeutic system termed as magnetic
nanoparticle hyperthermia therapy (MHT) for ablation of malignant tumors (Tian
et al. 2015). MHT is promising because it can induce hyperthermia in tumors
at any body’s location and is therefore helpful in treating poorly accessible and
deep-seated tumors. Moreover, these MNPs accumulate in the tumor thus limiting
healthy tissue damage (Bañobre-López et al. 2013) followed by shrinkage of the
tumor. MHT involves several types of iron oxides for the synthesis of MNPs, like
magnetite (Fe3O4), hematite (α-Fe2O3), andmaghemite (γ-Fe2O3) (Faraji et al. 2010;
Bañobre-López et al. 2013). Among these, superparamagnetic iron oxide nanoparti-
cles (SPIONs) exhibits excellent properties that enable uniform intratumoral distri-
bution and controlled heating of tumors without having side effects (Jordan et al.
2006). The first report by Shinkai and group showed the effectiveness of MHT in
gliobalstoma (GBM) (Shinkai et al. 1996). Thereafter, several studies have shown
the potential of MHT in cancer therapy alone as well as in combination with other
therapies. Besides GBM, MHT has been explored in treatment of other cancers as
well like prostrate, esophagus, and liver cancers (Johannsen et al. 2007; Kunjachan
et al. 2015). Moreover, MHT is one of the first applications of nanotechnology in
biomedicine to be tested in clinics. Clinical studies of MHT have been introduced
in 2001 by Jordan et al. (2001). Afterward, several clinical trials were performed to
explore the potential role ofMHT in treatment for varied cancers like prostrate, esoph-
agus, liver, and GBM (Johannsen et al. 2007; Maier-Hauff et al. 2011; Kunjachan
et al. 2015).

Gold nanoparticles have also been extensively used in hyperthermia treatment.
Because of its high atomic number, gold shows a synergist effect with radio therapy
upon induction by laser light. These AuNPs have been utilized in a method defined
as nano-photo thermal therapy (NPTT) or photodynamic therapy (PDT) in which
selective killing of tumor-induced by specific targeting of nano-photosensitizer such
as goldnanoparticles (AuNPs), into the cancerous tissuewhen inducedby light. These
AuNPs change the photothermal properties of the medium when exposed to laser
and thus induced localized hyperthermia (Burda et al. 2005; Schwartz et al. 2011).
Different forms of AuNPs like gold nanoshell (AuNS), gold nanorod (AuNR), and
spherical AuNPs have different photothermal responses (Pattani and Tunnell 2012).
GNRs have been conjugated with molecules like folic acid to target and destroy
cancerous cells specifically (Mehdizadeh et al. 2014).

Carbon-based nanomaterials like carbon nanotubes (CNTs) (Zhou et al. 2009),
fullerene (Chen et al. 2012), and graphene (Yang et al. 2013) have recently explored
and showed great potential as NPTT agents. Graphene and its derivatives showed
as promising NPTT agents (Yang et al. 2013). CNTs-mediated HT is a new field
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in comparison to MNP and GNR-driven hyperthermia. The CNTs have opened new
ways for the novel nanostructures development due to their ability to engineer surface
conjugation with varied molecules and their unique physiochemical properties for
anticancer hyperthermia therapy (Iijima 1991; Fabbro et al. 2012). So keeping in
mind all together, the properties imparted by NPs like toxicity, biocompatibility,
and heating efficiency can facilitate thermo-chemo-radio therapy for the anticancer
treatments.

1.4 Toxicology of Nanomaterials

There are very good review articles in the literature explaining the toxicology of
nanomaterial affecting the human and the surrounding environment (Ganguly et al.
2018; Peng et al. 2020). Here in this chapter, we are going to focus on the aspects of
nanomaterial toxicity in the biomedical field. Aswe all get to knownownanomaterial
is of great importance in research and development especially in biological applica-
tions like drug delivery, biomedicine, and anticancer therapeutics. A single variation
or modification in the nanomaterial can cause a drastic change in their properties
thus can impact living cells or the human body. Therefore, despite the promising
biomedical application of nanomaterials, one cannot ignore the side effects or toxi-
cological effects caused by these engineered or modified nanomaterials. So estab-
lishing their effects and fate inside the human body is a challenging task. One must
perform a detailed toxicity assessment study in order to under the potential toxicity
caused by these materials. Therefore, a new branch of toxicology has been developed
termed nanotoxicology that deals with the knowledge of toxicity caused by nano-
materials or nanoparticles on living organisms. It includes the basic understanding
of the possible physiochemical properties of nanomaterials governing the adverse
effects or cytotoxicity, physiological impact on cells, uptake pathways, and plausible
ways of interaction or human exposure to the nanomaterial.

If we discuss in detail, then this branch deals with as follows:

(1) The induced toxicity depends on different physicochemical properties of nano-
materials including the nanoparticles size, shape, morphology, aspect ratio,
surface coating, and charge.

(2) The means or routes of exposure by which these nanomaterials can cause
serious health issues include ingestion, inhalation (respiratory tract), skin
contact, gastrointestinal tract, crossing the blood–brain barrier, accumulating
in the liver and spleen.

(3) The mechanism by which it causes toxicity like reactive oxygen species gener-
ation and results in oxidative stress, inflammation, cytotoxicity, genotoxicity,
and other antioxidant pathways.
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2 Nano Toxicity Based on Physiochemical Properties
of Nanomaterials

The nanotoxicity depends upon nanomaterials size, shape, aspect ratio, and
surface functionalization (Oberdörster 2010). It was stated that nanoparticle is
inversely proportional to the toxicological effects as the size decreases, the surface
area/volumeratio increases exponentially that can lead to the increment of biological
and chemical reactions (Johnston et al. 2010). Moreover, NPs having the same chem-
ical composition can exhibit different toxicities based on their surface area and size.
For example, the SWCNTandMWCNT—the two different states of carbon nanotube
delivered different toxicity (Fraczek et al. 2008; Di Giorgio et al. 2011).There are
many studies have been conducted on CNTs toxicity (Kobayashi et al. 2017). While
the smaller size of graphene quantum dots (GQDs) possesses high cell viability over
graphene oxide (GO) (Wang et al. 2016). There are other studies have been reported
the size dependent toxicity like Cho et al. showed acute toxicity in BALB/cmice after
injecting the AgNPs of different size (10, 60 and 100 nm) (Cho et al. 2018). Lopez
et al. evaluated the toxic effects of three different sizes of AuNPs (10, 30 and 60 nm)
and showed that the AuNPs of 10 and 30 nm crossed the nuclear membrane resulting
into DNA breakage while 60 nm AuNP accumulated in the spleen (Lopez-Chaves
et al. 2018).

The second factor that influences the toxicity imparted by nanomaterials is their
shape. The typical shapes of NPs are rod, spherical, sheet, and cylinder which plays
a crucial role in elucidating their biological as well as toxic activity. It has been
reported that needle-shaped mesoporous silica NPs exhibit more toxicity (Huang
et al. 2011; Li et al. 2013) over spherical shape. Similarly, silver nanoplates were
found to be more harmful than that of silver nanospheres (Abramenko et al. 2018).
Different shapes of AuNPs including stars shaped, rods, as well as spheres have been
examined for their cytotoxicity against varied human cancer cell lines (Steckiewicz
et al. 2019). Kang et al. found that elongated-shapedMWCNTs were more cytotoxic
than spherical-shaped carbon NPs and led to a considerable elevation in intracellular
ROS levels compared with spherical-shaped carbon NPs (Kang et al. 2015).

An aspect ratio (length/width) of the nanoparticle also plays a crucial role
in defining their toxic behavior, greater the ratio higher the toxicity (Lippmann
1990). A subclass of nanoparticles that considered high-aspect ratio nanoparti-
cles is nanotubes, nanorods, and nanowires (Oberdörster et al. 2007). Recent study
by Abtahi et al. showed the implication of aspect ratio on the uptake and nanotoxicity
of AuNPs and showed increasing the size and aspect ratio enhanced internalization
and filtered out at a higher rate (Abtahi et al. 2019).

Another concept that is getting introduced into the toxicology assessment is the
surface functionalization of NPs. Conventionally inside the cellular environment,
NPs interact with body fluids (media of proteins and biomolecules) before making
contact with the cell. The protein that tends to get absorbed on the surface of the NP
forms a NP-protein complex known as the corona (Pederzoli et al. 2017). Therefore,
careful studies need to be conducted based on corona systems to decide its ultimate
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biological fate. The surface modification/functionalization or coatings are applied in
order to modify the properties of NPs like their stability, wettability (Albanese et al.
2012; Egbuna et al. 2021). Zhou group showed that modified graphene sheet can
overcome the toxic effect of graphene oxide (Chong et al. 2015). On the contrary,
there are studies where surface modification tends to enhance the toxicity level of
the NPs. For example, it has been seen that positively charged NPs internalized more
efficiently through negatively charged lipid bilayer membrane and result in more
toxicity than neutral or negatively charged particles (Pozzi et al. 2014).The type and
degree of surface modification or functionalization of CNTs showed CNT-mediated
toxicity in different studies. Jiang et al. demonstrated that surface functionalization
of MWCNTs with polyethylene glycol (PEG) reduces cellular uptake, intracellular
ROS generation (Jiang et al. 2013).

3 Nanoparticle-Induced Mechanism that Causes Toxicity

Oxidative stress: This is the most common response exhibited by cells upon induc-
tion by nanoparticles. It is defined as a disturbed balance between antioxidants activ-
ities and the generation of oxidants, i.e., reactive oxygen species (ROS) that leads to
protein lipid and nucleic acids oxidation (Sies 1991). Subsequently, the accumulation
of these oxidized products disrupts the homeostatic balance that can be deleterious
to the cells or organisms eventually leading to genotoxicity, cytotoxicity, and various
diseases (Egbuna and Ifemeje 2017; Ajdary et al. 2018; Morsy et al. 2021). It can
cause damage to DNA in different manners like DNA strand breakage and aberrant
genetic mutations (Hengstler 2003; Saud Alarifi et al. 2013). The NP-induced oxida-
tive stress can be categorized into direct or indirect oxidative stress. Direct oxidative
stress involves direct induction of stress caused by ROS generation on the surface
of NP via different mechanisms such as photocatalysis activity of TiO2 nanoparti-
cles and chemical reactions of metal ions released from nano-objects (Gurr et al.
2005). Whereas indirect involves ROS generation caused by mitochondrial dysfunc-
tion (Nichols et al. 2018). There are reports on metallic NPs causes oxidative stress
and triggers different pathways available in the literature. Hou et al. reported that the
zinc oxide NP is responsible for failure in maintaining the mini chromosome in the
cell cycle pathway (Hou et al. 2019). The release of metal ions is also an important
factor responsible for oxidative stress. For example, zinc oxide NP showed toxicity
because of the release of Zn2+ ions thus increasing intracellular ROS levels in mouse
macrophage cells (Song et al. 2010). Silver NP (AgNP) despite of having excel-
lent antimicrobial activity is known to have cytotoxic properties due to oxidative
stress (Kovvuru et al. 2015). AgNPs have also been shown to affect the cell cycle
and apoptosis via ROS generation and mitochondrial dysfunction in HepG2 and rat
tracheal epithelial cells (Xue et al. 2016; Tang et al. 2019). Likewise, AuNPs which
has been widely used for anticancer therapeutics showed oxidative stress-mediated
cytotoxicity on several cell (Mateo et al. 2014; Enea et al. 2020). The TiO2 nanopar-
ticles have the ability in inducing intracellular ROS levels but depend on the type of
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protein adsorption capability. For instance, in one study, it was shown that TiO2 NPs
induce intracellular ROS levels without photo activation (Horie et al. 2009), while in
another study, it was showed that coating of TiO2 NPs with alumina or silica prevents
induction of intracellular ROS (Horie et al. 2010). Besides metal-based NPs, carbon-
based NPmajorly carbon nanotubes CNTs are shown to have responsible for toxicity
through oxidative stress (Alshehri et al. 2016).There are reports which showed that
both SWCNTs and MWCNTs increase the production of ROS in various types of
cells, such as macrophages, fibroblasts, and epithelial cells (Dong and Ma 2015).
Moreover, these CNTs were also responsible for the activation of cellular signaling
pathways due to ROS (Jović et al. 2020).

Genotoxicity:We have already cited several examples above where oxidative stress
eventually leads to cytotoxicity and genotoxicity. Here just to have a clear picture,
genotoxicity is a type of toxicity that causes the destruction of the genetic material
of the cell like mutation of the DNA strands (Cao et al. 2017). The different studies
conducted using AgNPs in different organisms showed DNA damage, a nuclear
aberration in them due to AgNPs (Krishnaraj et al. 2016; Pandiarajan and Balaji
2018).

Neurotoxicity: The brain is verymuch vulnerable to the changes especially oxidative
stress and low antioxidant defense mechanism along with an abundance of lipids and
proteins (Cui et al. 2004). A varied range of nanomaterials that includes polymeric
nanoparticles, dendrimers, metallic nanoparticles, carbon nanotubes, and QDs have
been developed and utilized for brain disease therapy (Shafiee and Kargar 2016;
Huang et al. 2017). However, neurotoxicity associated with each class of NPs also
reported. It includes study cisplatin-containing liposome NP associated with neuro-
toxic effect (Huo et al. 2012). Dendrimers, one of thewidely usedNP in brain therapy,
known to induce neurotoxicity (Hammer et al. 2017).In case of silver NPs, release
of silver ions cause damage to cell membrane integrity thus leads to cell necrosis
(Sun et al. 2016). It has been documented that CNTs also have the capability to
enter the brain through olfactory administration leads to their accumulation eventu-
ally causing inflammation of microglial cells (Mahmoudi et al. 2011). Studies have
also showed that MWCNTs is responsible for higher neurotoxicity as compare to
SWCNTs (Gholamine et al. 2017). Besides that, the longer CNTs in higher concen-
tration are more neurotoxic as compare to their counterparts (Shi et al. 2017). The
quantum dots also impart neurotoxicity based on their physicochemical as well as
surface coatings and purity (Wu et al. 2016).

However, there are some reports stated that these nanoparticles do not always
induce oxidative stress. For example, superparamagnetic iron oxide nanoparticles
did not induce cellular oxidative stress in oligodendrocyte cells (Sruthi et al. 2018).
Some studies have reported that cerium oxide (CeO2) nanoparticles induce oxidative
stress in culture cells (Ali et al. 2015), while some suggested that CeO2 nanoparticles
reduce cellular oxidative stress by acting as an antioxidant (Azari et al. 2019; Carvajal
et al. 2019). Therefore, a careful interpretation of the relationship between toxicity
and physicochemical properties of NPs is very important so as to minimize false
results (Kroll et al. 2009). Moreover nanotoxicity is the second major field about the
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ultimate biological fate of nanoparticle toxicity thus needed precise instrumentation,
medium conditions, and reliable in cellulo assays.

4 Effect of Nanotoxicity on Various Systems

The existing toxicological research on nanomaterials showed that NPs may have a
high risk of toxicity than larger particles (Hoet et al. 2004). These NPs have proven to
be toxic to humans, animals and environment as well (Oberdörster et al. 2005). Here
in this section, we will discuss nanotoxicity’s impact in affecting human systems like
diseases asthma, dermatitis, lung disease, lung contaminations, tuberculosis, immune
system illnesses, and so on. The first line of infection caused by nanomaterials is
through inhalation ingestion and skin contact, if the skin is damaged these can easily
access the bloodstream. Though the target distribution sites of the NPs are not known
well, it appears that the liver and spleen are the main target organs (Hussain et al.
2005; Handy et al. 2008). It basically affects the reticuloendothelial systems (RES)
in the liver after getting absorbed from the gastrointestinal tract (Manke et al. 2013).
Moreover, there is hepatocyte malfunction caused by NPs. Studies showed that the
Fe3O4 NP-induced loss of mitochondrial membrane potential in human hepatoma
cells. The otherNPs like fine carbon black, nickel, andTiO2 particleswere also shown
to have an enhanced lung inflammatory response (Grassian et al. 2007; Pettibone
et al. 2008). Cho et al. showed a massive pulmonary inflammatory response in rats
infused with Co3O4- NPs (Cho et al. 2012). The NPs toxicity studies documented
its effect on the cardiovascular system also for ex. exposure to single-walled carbon
nanotubes and ultrafine carbon black resulted in cardiovascular effects (Li et al. 2007;
Simeonova and Erdely 2009).

5 Conclusions and Future Prospects

Awide variety of nanomaterials with different dimensions and chemical composition
play a pivotal role in determining the property. The right synthesis methodology is
used to get desired characteristics from these nanomaterials. Synthesis conditions
like temperature, solvent, and surfactant are important to obtained characteristic
nanomaterial toward targeted applications. Co-precipitation, hydrothermal, and sol–
gel synthesis arewidely used for synthesis. Advancement in nanotechnology resulted
in improved diagnosis, treatment of human disease. But nanoparticles with smaller
size, high-aspect ratio, chemical composition, or surface modification result in an
increase in toxicity. To overcome some of the adverse effects, green synthesis is
employed recently for nanomaterial synthesis using plant extracts which results in
lower toxicity. Nanomaterials with zero or minimal toxicity need to be developed.
Researchers and scientists are interpreting cautiously the relation between toxicity
and physicochemical properties to minimize false results.
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Abstract Access to safe and cleanwater has become amore challenging taskworld-
wide as water resources are limited, and the population that relies on these limited
supplies is expected to grow. The presence of pollutants inwater affects human health
and hygiene and decreases food safety. The supply of cleanwater is required for all the
phases of food production, including processing, transportation, and consumption.
Environmentally viable nanomaterials are being used to purifywastewater because of
their distinctive characteristics, like high effectiveness and selectivity, larger surface
area, cost-effective, recyclable, and high thermal and mechanical stability. This
chapter provides an overall review of nanomaterials and their types and techniques
used to eliminate organic and inorganic contaminants from wastewater.
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1 Introduction

Water is the most critical component for every living creature present in the world.
Clean and drinkable water is a primary need for all living things and mankind on
this earth. Fresh and clean water supply is a major challenge faced by human society
and is expected to increase in the coming years. Availability of drinking water is far
from the demand due to the gradual increase in population and various contaminates
(Kunduru et al. 2017). A constant supply of safe and reliable water is required for
proper sanitation for optimal health. The individual water requirements range from
7.5 L per day for drinking purposes and approximately 20–50 L per day for other
daily needs (Khan and Malik 2019).

On the other hand, both developed and developing countries have reported water-
borne diseases and believe that 50% of people in underdeveloped countries do not
have access to clean and safe drinking water. Therefore, in developing countries,
the uncontrolled discharge of contaminants that inadequacy of water purification
system is the main problem (Figoli et al. 2017a; Borji et al. 2020). The causes of
water pollution include improper sewage disposal, mining, industrial waste, oil spills,
chemical fertilizers, pesticides, radioactive water discharge, etc. (Fig. 1a) (Kaur et al.
2020). The contaminants of wastewater affect our human health and cause several
health problems like diarrhea, jaundice, impaired nerve function, skin infections,
brain damage, dysfunction of the liver, etc. (Fig. 1b) (Cínti et al. 2019).

The prospect of the increasing freshwater source is limited because of the
competing demands of the world’s growing population. Industrial development
improved the lifestyle of humans and damaged our natural resources and aquatic
systems. Industries such as leather, food, pharmaceuticals, and packaging generate
an enormous daily amount of wastewater which contains heavymetals, organic dyes,
and other harmful chemicals. These gallons of wastewater are dumped into our

Fig. 1 a Global release of various pollutants into the water every year [Redrawn from Kaur et al.
(2020)], b Possible effects of water contaminants on human health (Cínti et al. 2019)
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aquatic ecosystem without any meaningful treatment. Thus, the effective removal
of such contaminants is needed. Nanotechnology has shown the potential to solve
water quality problems effectively due to its environment-friendly and non-toxicity
properties for water purification. In particular, the vast range of nanostructures (NSs)
such as metal oxide (ZnO, TiO2, ZnS, Fe3O4, etc.) NSs [NPs (NPs), nanorods (NRs),
etc.] and their nanocomposites (NCs), Carbon nanotubes (CNTs) or Carbon nanotube
(CNT), graphene oxide (GO), reduced graphene oxide (rGO) graphene nanosheets
(GNs) helps to develop a more effective treatment in advanced water purification
systems (Amin et al. 2014). Unique advantages of nanomaterials like high surface-
to-volume ratio, small size, well-organized structure, and ability of filtration make
them a potential alternative for water treatment. Although, there are still some major
challenges like high production cost, specific selectivity and availability, sustain-
ability, and recyclability. Worldwide, various scientific groups are trying to develop
highly effective and environmentally viable nanomaterials at a cost-effective for
ecological purification of wastewater which contains hazardous heavy metals ions,
dyes, detergents, and chemical waste from industries (Nasrollahzadeh et al. 2021).

In this chapter, we have discussed nanotechnology-enabled technologies that
utilize different nanomaterials like silver NPs, metal-based NPs, carbon-based nano-
materials, etc. Their properties and reviewed other technologies for water purifi-
cation adsorption disinfection, photocatalytic action, membranes, etc. Properties of
various nano materials are reviewed in this chapter and varius technologies like
water purification adsorption disinfection, photocatalytic action, membranes, etc.
are discussed.

1.1 Nanomaterials for Water Purification

1.1.1 Zero-valent Metal NPs

Silver (Ag) is a transition metal (soft and shiny) whose atomic number is 47 (Fig. 2a)
and exhibits greater electrical conductivity (~6.3 × 107 m/�) and thermal conduc-
tivity (~429 W/m K). Ag NPs are the most extensively utilized material because of
their low toxicity and can be easily extracted from their salts, such as silver nitrate and
silver chloride. Ag NPs have been used for various applications such as antibacterial,
thin films, and water purification (Chamoli et al. 2017; Maninder and Baojun 2019).
Ag NPs have strong microbial inactivation in water and show excellent antibacterial
effects against various micro-organisms such as viruses, bacteria, and fungi. There-
fore, it is commonly used for water disinfection due to its antibacterial properties
(Lu et al. 2016). In particular, Ag NPs have been synthesized and utilized for the
photodegradation of various organic dyes. For example, Pandey et al. synthesized
Ag NPs from κ-Carrageenan gum and investigated their photocatalytic activity in the
presence of UVwith RhB andMB as the target pollutants. They were able to remove
up to 100% in a short period of time (Pandey et al. 2020). Similarly, Rajkumar et al.
have synthesized Ag NPs by utilizing cell-free extract of Chlorella Vulgaris. The
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Fig. 2 a Crystal structures of Ag and b Ag NPs for orange and blue dye degradation. Reproduced
with permission from Gola et al. (2021)

synthesized Ag NPs showed 96.51% of photocatalytic decolorization activity using
methylene blue dye (100 ppm) within 3 h incubation time (Rajkumar et al. 2021).
However, Gola et al. have synthesized Ag NPs and achieved degradation up to 100%
fromblue dye and orange dye ~97.4%degradation, respectively. Further, dyemixture
studies (orange+ blue dye) have been examined and found 100% degradation in just
5 min (Fig. 2b) (Gola et al. 2021). Jain et al. have prepared aqueous Ag NPs (Pa–Ag
NPs) using leaf extract of C. papaya and studied dye degradation ability for blue CP
and yellow 3RS with degradation ability 90 and 83%, respectively (Jain et al. 2020).

1.1.2 Metal Oxide NSs and NCs

TiO2 NSs

Titanium dioxide (TiO2) is a wide bandgap semiconductor with three different crys-
tallographic forms (polymorphs, Fig. 3a), viz., anatase (with a bandgap of 3.1 eV),
rutile (3.02 eV), and brookite (2.96 eV) (Haggerty et al. 2017). TiO2-anatase is
an extensively used photocatalyst due to its high photocatalytic activity, low price,
and good biological and chemical stability. Under the presence of light (UV and
visible), TiO2 NSs act as an excellent photocatalyst and successfully degrade various
organic contaminants. Primarily, TiO2 produces many reactive oxygen species that
can entirely deteriorate pollutants in a short reaction time under ultraviolet irradiation
(Ali et al. 2018a).
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Fig. 3 a Crystal structures of TiO2: rutile; brookite, and anatase; Reproduced with permission
from Haggerty et al. (2017) and b TiO2 tripods for photocatalysis and adsorption; Reproduced with
permission from Chamoli et al. (2021a)

For example, Gautam et al. have prepared TiO2 (both anatase and rutile) NPs
and successfully degraded MB dye in the presence of UV (8 W) light irradiation,
and the degradation efficiency (DE, ~88%) is obtained by using anatase NPs in
150min (Gautamaet al. 2016). Tayeb et al.have synthesizedTiO2NPs and effectively
degradedMBdye underUV (15W) light irradiationwith degradation efficiency (DE)
of ~ 98% in 90 min (Tayeb and Hussein 2015). Sathiyan et al. have prepared TiO2

NPs and effectively degraded MB dye up to 88% in 180 min in the presence of
UV–visible light (Sathiyana et al. 2020). Chamoli et al. used Mangifera indica leaf
extract to make TiO2 tripods (TiTPs) via a rapid microwave (180 s, 100 W) green
method. TiTPs have shown excellent photocatalytic ability against MB, achieving
dye degradation of ~75% (under visible light in 75 min) and 96% (under UV light in
9min).Moreover, TiTPs have exhibited good adsorbent capabilities,with amaximum
adsorption capacity ~17.54mg/g based on the Langmuir model owing to their porous
nature (Fig. 3b) (Chamoli et al. 2021a).

ZnO NPs

ZnO is a compound semiconductor material of group-II-VI. The majority of the
materials in this group-II-VI are cubic zinc-blende or hexagonal wurtzite structures
(four cations surround each anion at the corners of a tetrahedron). ZnO is a 3.37 eV
broad bandgap semiconductor with the structure of wurtzite (B4), zinc-blende (B3),
and rock salt (B1) (Fig. 4a), and its ionicity is intermediate between covalent and
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Fig. 4 a Stick and ball representation of ZnO crystal structures: cubic rock salt (B1), cubic zinc-
blende (B3), and hexagonal wurtzite (B4). The shaded gray and black spheres denote Zn and
O atoms, respectively. Reproduced with permission from Özgür et al. (2005). b GZnTPs for
photocatalysis and adsorption of RhB dye, Reproducedwith permission fromChamoli et al. (2021b)

ionic semiconductors (Özgür et al. 2005). ZnO is extensively employed in mate-
rials because of its ease of production and low toxicity. It is useful in wastewater
remediation due to its distinctive features, such as direct and wide bandgap in the
near-ultraviolet spectral region, high oxidation ability, and enhanced photocatalytic
performance.

For example, Fan et al. have synthesized zinc oxide-reduced graphene oxide
(ZnO/rGO)NCs for photocatalytic degradation ofMB,MO, and RhB in the presence
of ultraviolet (UV) light irradiation (150W) and showed degradation efficiency (DE)
of ~99% in 30 min (Fan et al. 2015). Ravi et al. have produced ZnO/rGO NCs for
photocatalytic degradation of Congo red (CR) and eosin yellow (EY) in the presence
of UV light and found 98% removal of the dyes in 90 min (Ravi et al. 2018). Jabeen
et al. have attained 68% removal of methylene blue (MB) dye in 120 min in the
presence of UV light (500 W) by employing ZnO/rGO NCs (Jabeen et al. 2017).
Furthermore, for the removal of RhB, ternary ZnO/CuO/rGO NCs have also been
produced, with 99% degradation efficiency (DE) obtained in 20 min in the presence
of visible light (150 W) (Kumaresan et al. 2020). Chamoli et al. have synthesized
grapheme—ZnO tetrapods (GZnTPs) and investigated their potential to photode-
grade RhB, MO, and MB dyes in the presence of UV and visible (both 125 W) light
irradiation. Upon UV light irradiation, GZnTPs behave as an outstanding photocat-
alyst for RhB, with such a higher degradation efficiency of 91.6% (Chamoli et al.
2021b). Compared to numerous semiconductor metallic oxides, ZnONPs can adsorb
a much broader solar spectral range and more light quanta. Like TiO2 NPs, the light
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absorption of ZnONPs is limited to theUV range due to its large band energy. In addi-
tion, the utility of ZnO particles is hindered by photo-corrosion, leading to the fact
that the photo-generated charges recombine rapidly, resulting in lower photocatalytic
efficiency.

Zinc Sulfide (ZnS) NSs

ZnS (II-VI group semiconductor) is an important photocatalyst studied at the
nanoscale because of its outstanding physical properties and peculiar photocatalytic
properties.Cubic (sphalerite) andhexagonal (wurtzite) are twomain crystalline forms
of ZnS with coordination geometry at Zn and S are of tetrahedral having 3.72 and
3.77 eV bandgaps for cubic and hexagonal ZnS, respectively, (Lee and Wu 2017).
This large bandgap of ZnS enables candidacy as an important photocatalyst for
various dye degradation and wastewater remediation. For example, Maji et al. have
prepared ZnS NCs (rod and sphere) using ethylenediamine and hexadecylamine,
which show effective photocatalytic activity against rose bengal dye (RB) under light
irradiation. TheDEhas been achieved~93%at 225min (Maji et al. 2011). Zhang et al.
have successfully prepared ZnSmicrocrystals (polyhedron, fan-shaped sheet, hexag-
onal rectangle, and missing angle rectangle) using a simple hydrothermal method
against MB. The degradation efficiency (DE) has been achieved ~91% at 60 min
(Zhang 2014). However, metal (Pb, Cu, Ni)-doped ZnS photocatalyst obtained by
various methods, and also conjugated ZnS complexes obtained through polyreaction
have been shown to have the potential to defluorinate hexafluorobenzene by visible
light (Lee and Wu 2017). Thio-glycerol and uncapped ZnS NPs have been produced
to use a substantial component of solar energy for dye degradation. Although ultra-
violet irradiation is excellent at degrading dyes, naturally occurring solar radiation
is also beneficial in dye degradation. As a result, it could be an effective approach
for the safe disposal of textile waste into waterways (Sharma et al. 2012), while Lee
et al. have been summarized ZnS-assisted photocatalytic degradation of pollutants
and water splitting under various conditions (Lee and Wu 2017).

Fe3O4 NSs

In recent years, people have been more interested in using iron oxide NPs due to their
simplicity and easy accessibility to degrade organic dyes and remove heavy metals
from wastewater. Iron oxide NPs have different forms (Fig. 5) and are commonly
used as nanoadsorbents such asmagneticmagnetite (Fe3O4),magneticmaghemite (γ
Fe2O4), and non-magnetic hematite (α Fe2O4). Separating and recovering them from
wastewater during photocatalytic degradation is a challenging task. Thus, Fe3O4 and
Fe2O4 can be easily be separated and recovered by using an external magnetic field
from the wastewater system (Xu et al. 2012). Therefore, iron oxides are widely used
in the purification of water.
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Fig. 5 Different forms of iron-based NPs: oxides, hydroxides, and oxyhydroxides (Aragaw et al.
2021)

For example, Bhuiyan et al. have synthesized α-Fe2O3 NPs from hexahydrate
ferric chloride (FeCl3.6H2O) using papaya (Carica papaya) leaf extract and obtained
~76.6%RR dye degradation after 6 h (Bhuiyan et al. 2020). Balu et al. have prepared
iron oxide Fe2O3 NPs by Raphanus sativus leave extract to degrade MB and MR.
Both the dyes have undergone complete degradation (100%) in 1 h (Balu et al. 2020).
However, functionalization of iron oxide NPs with various ligands such as mercapto-
butyric acid or polymers boosts absorption efficiency and removes interference from
other metal ions (Aragaw et al. 2021). Themajority of iron oxide NCs are amorphous
NPs with an average size of about 5 nm, which is a suitable size. These distinctive
characteristics of amorphous NPs of iron oxide provide a large surface area for
(FeOx-GO-80) with an iron oxide content of 80 wt% with a prominent mesoporous
structure, resulting in increased adsorption sites and, as a result, increased adsorption
capacity for the removal of heavy metal pollutants from wastewater (Su et al. 2017;
Rashida et al. 2021). A comparative study has been done for dye degradation using
various metal oxides NPs and NSs and tabulated in Table 1.

1.1.3 Carbon-based Nanomaterials

Carbon nanomaterials are attractive materials for various applications because of
their strength and capability tomake bondswith other elements. Various allotropes of
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Table 1 Comparison of degradation of dyes by various metal oxide NPs, NSs, and NCs

Nanomaterials Dye DC
(mg/L)

PC
(mg/mL)

Light
source

Time
(min)

DE
(%)

Source

TiO2 NPs MO 25 1.5 Sunlight 30–60 90 Ljubas
et al.
(2015)

TiO2 NPs RhB 30 1.5 Microwave
irradiation

20 96 Zhong
et al.
(2009)

N-doped TiO2 Azo
dyes

0.03 0.01 Visible light 240 97 Liu et al.
(2005)

C-TiO2 NPs RB-19 – 1.6 Visible light 120 100 Helmy
et al.
(2018)

ZnO NPs MB 20–100 0.25 UV 180 92.5 Balcha
et al.
(2016)

ZnO NPs Rh B – – UV 70 95 Rahman
et al.
(2013)

Ag-ZnO NPs MB 0.20 Visible light 180 98.66 Singh et al.
(2017)

(Er, Yb)-ZnO NPs MO 0.004 6 Visible light 90 100 Ahmad
(2019)

Cr-ZnS NPs MO 0.025 5 UV 300 65.22 Eyasu et al.
(2013)

ZnS NPs MR – – Visible 120 95.10 Ye et al.
(2018)

Fe2O3 NPs RB-4 20 0.15 UV 56 95.08 Su et al.
(2017)

FeO NPs MG 100 0.4 Sunlight 300 97 Bibi et al.
(2019)

ZrO2/GO RhB 8 0.5 UV 40 100 Rani et al.
(2016)

Au NPs MB 10 0.15 UV 15 87 Leon et al.
(2016)

Nanocupper MO 20 0.2 Visible 88 35 Liu et al.
(2016)

TiO2/2/β-FeOOH MO 80 0.2 Visible 120 7.50 Xu et al.
(2013)

Ag/Fe3O4 MB 40 1 UV 30 99 Liu et al.
(2018)

(continued)
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Table 1 (continued)

Nanomaterials Dye DC
(mg/L)

PC
(mg/mL)

Light
source

Time
(min)

DE
(%)

Source

CeO2NCs MG 30 0.5 UV 21 90 Madhukar
Sreekanth
et al.
(2019)

Ag/COW RY 100 1 UV 110 96.05 Yola et al.
(2014)

Pd/Fe3O4-Al MO 20 0.05 UV 2 90 Cui et al.
(2017)

Fe3O4/PDA/Ag MB 40 1 UV 4 100 Cui et al.
(2018)

Fe–Ni-PVP NPs RhB 125 0.75 UV 120 97.44 Kale and
Kane
(2018)

Pt/N/TiO2 RB 10 0.3 Visible 90 83.4 Huang
et al.
(2007)

Ag NPs MO 10 0.1 Visible 120 51 Jyoti and
Singh
(2016)

Ag NPs CR 35.5 0.0002 UV 15 85 Kolya et al.
(2015)

carbon like fullerene, graphene, etc., areCNTs (Fig. 6) and are utilized forwastewater
treatment (Selvaraj et al. 2020).

Fullerenes

In 1985, Fullerene was discovered and gained considerable attraction because of
its remarkable photochemical and photophysical features (Selvaraj et al. 2020).
Fullerenes formed a cage-like structure (Fig. 6) with twelve 5-member rings and
an unspecified number of 6-member rings. Fullerenes are most commonly found in
the form of hexagonal rings with carbon atoms organized inside, but sometimes they
also contain pentagonal rings. It is prominent that structures with lesser hexagons
show sp3 bonding, high strain energy. Several research studies have shown that
fullerene behaves as an adsorbent to adsorb organic waste and heavy metal ions from
wastewater. For example, in wastewater, hydrophobic organic compounds such as
naphthalene could be adsorbed by adsorbent C60 fullerene, whichwas coated as a thin
film and disseminated in water by magnetic mixing. As a result of its hydrophobic
surface, C60 fullerene is projected to be an ideal adsorbent for a wide range of organic
compounds present in contaminatedwater (Selvaraj et al. 2020; Geim andNovoselov
2007).
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Fig. 6 Graphene as a building block of other forms. An illustration of different allotropes of carbon
emerging from a graphene sheet. Redrawn from Geim and Novoselov (2007)

Carbon Nanotubes (CNTs)

CNTs are made up of graphene sheets wrapped into cylinders with diameters ranging
from 1 to 100 nm. Their unusual structure and electrical properties make nanotubes
attractive for basic research and various applications like the adsorption process
(Selvaraj et al. 2020). Its advantages in treating wastewater are due to (i) the
ability to adsorb various types of pollutants, (ii) fast adsorption kinetics, (iii) greater
specific surface area, and (iv) selectivity to aromatics. CNTs are very effective in
eliminating bacterial pathogens. It has been extensively used to remove biolog-
ical impurities and has received special attention because of its excellent capability
to eliminate biological contaminants from wastewater. It has antibacterial proper-
ties against various micro-organisms, including bacteria like Escherichia coli and
Salmonella. Compared with carbon-based adsorbents, the adsorption of cyanobacte-
rial toxins on carbon nanotubes is also greater, mainly because of the larger specific
surface area, larger outer diameter, and large mesoporous volume of CNTs. Carbon
nanotubes have extraordinary structures and unique characteristics, making them a
good candidate for adsorption phenomena, such as metal removal. Single-walled
carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT) are two
types of carbon nanotubes. Both single-walled and multi-walled carbon nanotubes
have unique features, such as greater surface area available for adsorption, accessi-
bility of adsorption sites, light mass density. Compared with activated carbon, they
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also have high adsorption efficiency, which is currently used as the main adsorbent
in the purification of water (Rashida et al. 2021).

Graphene

Graphene is a sp2-bonded carbon sheet that can be single or multi-layered. It is a
hexagonal lattice of carbon atoms that is only one atom thick. It is another type
of carbon nanomaterial. It has many excellent properties in physics and chemistry
(Selvaraj et al. 2020; Geim and Novoselov 2007; Duklan et al. 2020). Due to its
distinctive 2D structure and exceptional mechanical, thermal, and electrical capa-
bilities, graphene, which is made up of a few atomic layered graphites, has also
been used to analyze the adsorption of pollutants of wastewater. Graphene oxide
nanosheets manufactured from graphite using an improved Hummers method are
reported to be used as adsorbents to remove CO2+, Cd2+ from many aqueous solu-
tions. The adsorption of metal ions on graphene oxide nanosheets was highly reliant
on pH andweakly reliant on ionic strength, as seen bymanipulating variables such as
pH, ionic strength, and humic acid on CO2+, Cd2+. When the pH is less than 100 °C,
the presence of humic acid decreases the adsorption of CO2+, Cd2+, on graphene
oxide nanosheets. At pH 6.0, the maximum adsorption capacity of CO2+, Cd2+ on
graphene nanosheets is approximately 106.3 and 68.0 mg/gm, and the temperature
is approximately 303 K (Thines et al. 2017). According to this research, graphene
is considered the main material for the purification of water if they were manufac-
tured at a larger scale at an affordable cost. Several studies have shown that graphene
can be used not only to adsorb heavy metals but also to adsorb fiber dyes for the
purification of water (Das et al. 2020). It has been reported that graphite is used for
adsorption of dye from an aqueous solution after oxidizing the graphite by using the
Hummers-Offeman method (Geim and Novoselov 2007).

2 Removal Techniques

Hazardous pollutants like heavymetals, organic pollutants, and anions are introduced
into the system of freshwater supply through industrial and agricultural waste. The
types of new organic pollutants cannot be deteriorated by the chemical, biological,
and photolytic processes in the environment, including pesticides, drugs, hormones,
types of various aromatic compounds, etc. (Thines et al. 2017). The traditional
methods for purification of wastewater cannot remove all the contaminants, and even
the very low concentration of pollutantswill cause to formdangerous disinfection by-
products (DBP).Thepresence of contaminants affects health andhygiene and reduces
food safety. The availability of cleanwater is necessary for food production, including
preparation, distribution, and consumption. Due to the increase in the number of
water-borne diseases caused by the number of inorganics, organic hazardous waste,
the new and innovation of effective treatment processes are vital. Nanotechnology
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has shown excellent results in the removal of the aforementioned type of pollutants.
Many studies have been conducted on wastewater treatment processes supported by
nanotechnology, many of which have shown superior performance over traditional
technologies (Figoli et al. 2017b). According to the types of nanomaterials, wastew-
ater treatment is divided into three categories: (i) nanoadsorption, (ii) nanocatalyst,
and (iii) nanomembrane.

2.1 Nanoadsorption

Adsorption is a surface phenomenon in which contaminants are adsorbed onto a
solid surface. Adsorption occurs in all physical forces, but it can also be linked
to weak chemical bonding in specific cases. Nanoadsorption is generally used in
wastewater treatment to remove organic and inorganic pollutants. The distinctive
characteristics of the nanoadsorbent, such as small size, high catalytic potential, high
reaction activity, high surface area, ease of separation, and a high number of active
sites for interaction with various pollutants, are helpful for wastewater treatment
(Table 2).

Table 2 Comparison of maximum adsorption capacity of different NCs against organic dyes

Adsorbent Pollutant Dye volume
(mg/L)

Adsorbent
volume (g/L)

MAC mg/g Ref.

Ag NPs IC 3.55 0.4 73.05 Gemeay et al.
(2018)

RGO-CNT-PPD MO 30 0.1 294 Sarkar et al.
(2014)

Polypyrrole MO 50 0.8 143.89 Alghandi et al.
(2019)

Banana peel Rh. B 100 0.5 28.8 Akter et al.
(2021)

NZVI MB 10 0.5 208.33 Arabi and Reza
Sohrabi (2014)

GO MG 50 0.2 416.7 Sykam et al.
(2018)

Au-RGO MB 15 0.25 338.65 Dutta et al.
(2013)

Ag NPs MB 50 1 213.7 Karthiga Devi
et al. (2016)

MPA/PMNPs CV 25 0.5 88.65 Ali et al. (2018b)

rGO/PVA MB 20 4 231.12 Cheng et al.
(2015)

Au NPs/AC MO 20 0.005 161.29 Ghaedi et al.
(2015)
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2.2 Carbon-based Nanoadsorbents

Carbon-based nanoadsorbents are, such as graphene, graphene oxide, and carbon
nanotubes. Carbon nanotubes can be divided into single-walled nanotubes (SWNT)
and multi-walled nanotubes (MWNT) as advanced water purifiers. These mate-
rials are rarely used in their pure form. Still, the most common composition, either
dispersed in a polymer or decorated with metal NPs, such as silver (Ag) and iron
oxide (Fe3O4) NPs (Smith and Rodrigues 2015). Due to their hydrophobic surface,
the carbon nanotubes dissolve the bundle in an aqueous medium, which reduces the
active surface area. These aggregates are high-energy locations for adsorbing organic
pollutants in the water. The reason for the adsorption is as follows: (i) the availability
of larger pores in carbon nanotubes bundles and (ii) greater accessible adsorption
sites.

2.3 Metal-based Nanoadsorbents

In the water purification process, metal-based nanoadsorbents, like zinc oxide, tita-
nium oxide, iron oxide, are employed to remove heavy metals. These adsorbents are
both efficient and cost-effective. The oxygen in metallic oxides forms a compound
with the heavymetals found in wastewater. That is how they work.Magnetic nanoad-
sorbents, for example, maghemite (γ Fe2O3), hematite (α-Fe2O3), and spinel ferrite
(M2+Fe2O4, WhereM2+:Co2+, Fe2+, etc.) are very excellent adsorptionmaterials used
to collect and eliminate toxic and carcinogenic pollutants from wastewater (Ahmad
et al. 2021). The environmental advantage is reflected in its magnetism. They can be
easily detached from the reaction medium by applying an external magnetic field.
Various studies proved that metal-based nanoadsorbents remove various elements
fromwastewater, for example, ionic forms of lead, nickel, arsenic, chromium, cobalt,
etc. ZnO nanoadsorbents are employed for the removal of Zn2+, Cd2+, and Hg2+ ions
from aqueous solutions in work published in the literature. Metals ions are adsorbed
onto ZnO NPs at discrete amounts. Because Hg2+ has the smallest hydrated ionic
radius among metal ions, it has the highest adsorption capacity (Ahmad et al. 2021).
Alumina nanoadsorbents can also be manufactured because of their large surface
area, good thermal stability, and relatively inexpensive.They are used to removemetal
ions, like cadmium, chromium, copper, lead, and mercury. Metal-based nanoadsor-
bents are employed for the elimination of heavy metals in water and high-efficiency
nanoadsorbents in wastewater because of their merits, like large adsorption capacity,
faster kinetics, etc. (Ahmad et al. 2021).
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2.4 Polymer-based Nanoadsorbents

Polymer-based nanoadsorbents have recently acquired attraction toward wastewater
treatment. They are used as a structure that can insert nanoscale inorganic mate-
rials or a bed or template for preparing NPs. Polymer-based magnetic nanoparticles
efficiently removed heavy metal ions like Zn2+, Cd2+, Pb2+ from aqueous solutions
and have a high maximum capacity of adsorption of pH 5.5 (Ahmad et al. 2021;
Kumar et al. 2011). This nanoadsorbent can be reused for at least four cycles. In
recent studies, bi-metal micro- and nano-multifunctional polymeric adsorbents were
developed for the elimination of fluoride and arsenic (V). Suspension polymerization
is used to make the polymer. To make bi-metal-doped nanoadsorbents, aluminum
and iron salts are added during the polymerization process. When compared to
fluoride, iron-doped nanoadsorbents had excellent adsorption for arsenic, while
aluminum-doped nanoadsorbents had excellent adsorption for fluoride (Kumar et al.
2011). Hence, polymer-based nanoadsorbents are magnificent materials due to their
structures, pore sizes, and tunable functional groups; making them selective for a
specific contaminant is challenging to remove heavy metal ions from wastewater.
The adsorptive capacity is quite low, and regeneration is required when CO is high.

2.5 Nanocatalysis

Nanocatalysis is a rapidly emerging technology in which nanomaterials are used
as catalysts in various applications such as reduced global warming, wastewater
treatment. Different types of NPs are used as the catalyst for eliminating organic
contaminants such as pesticides, dyes, fertilizers, oil grease and inorganic pollutants
such as calcium, potassium, chloride, sulfate, nitrate. Nowadays, NPs of titanium
oxide (TiO2) have emerged as an attractive photocatalyst forwater treatment (Adesina
2004). TiO2 is highly adaptable; they can be used in various applications and can
act as an oxidizing and reducing catalyst for the removal of organic and inorganic
contaminants from wastewater. The addition of NPs of TiO2 substantially improved
the deterioration of organic pollutants in wastewater in the presence of ultraviolet
radiation (Fig. 7) (Nawaz et al. 2020). It is reported that NPs of TiO2 effectively (i)
deteriorate organic pollutants like chlorinated alkanes and benzene, dioxins, furans,
etc. and (ii) remove toxic metal ions like Cr6+, Pt2+ in aqueous solutions under
ultraviolet light. When ultraviolet light in the range of 200–390 nm is irradiated on
TiO2, electron–hole pairs are photoexcited. Theymove to the conduction and valence
bands, leading to the separation of charge for an efficient photocatalytic function
that depends on the substrate’s redox potential. As a result, in a pretreatment phase,
the biodegradability of decomposable elements can be improved. Primarily, steady
mixtures, like anti-microbial or other micro-contaminants, might be removed by
photocatalysis polishing (Ahmad et al. 2021).
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Fig. 7 Schematic of degradation ofMB organic dyes. Redrawn and reprinted with permission from
Nawaz et al. (2020)

TiO2 is activated by ultraviolet light, but daylight or apparent light lamps are addi-
tionally allowed.KRONOclean7000, a photocatalyst bandgapmoved toward smaller
energy: This contributes toward using a broader spectrum in sunlight (Gehrke et al.
2015). Modified technology has been explored to enhance the photocatalytic perfor-
mance of titanium dioxide, including activity-enhancing or redshift for saving of
energy, such as the combination of nano-silica (good thermal and chemical stability)
and nano-titanium dioxide (nano-semiconductor) creates new surface-active sites.
The catalytic performance of the silica/titanium dioxide nanocomposite is highly
dependent on the content and distribution of TiO2. Photocatalysis has a promising
future as a long-term, eco-friendly, and cost-effective water purification technique.
However, there are several technical hurdles to overcome before it can be used on a
wider scale, for example, (i) catalyst tuning to enhance quantumyield or to use visible
light, (ii) designing an effective photocatalytic reactor, and (iii) upgrade reaction
selectivity.

2.6 Membranes for Water Purification

A nanomembrane is a permeable thin-layered membrane having pores sizes of 1–
10 nm that enables water molecules to pass through it while preventing bacteria,
viruses, heavy metals, pesticides, etc., from passing through them. The membrane’s
operation is dependent whether on pressure-driven or electrical technology. Pressure-
driven membrane technique is an excellent approach for wastewater treatment
(Kumar et al. 2014). Membrane filtration procedures have become more sophisti-
cated techniques of industrial wastewater treatment. Membranes segregate materials
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based on the size of the pore and the molecule. It is a sustainable and system-
atic method for the purification of wastewater. The membrane material determines
the membrane system’s efficacy. Membrane permeability, theoretical resistance,
thermal and mechanical stabilities are enhanced by incorporating functional nano-
materials into membranes. Surface-functionalized membranes and nanocomposite
membranes, which can be produced from mixed materials, are practical filtration
units. Nanofillers are used in mixed matrix membranes, and the majority of them
are inorganic. They have a large surface area and are incorporated into polymeric
or inorganic oxide matrix (Sarkar et al. 2014). Hydrophobic membranes (Fig. 8)
are used in various industries for industrial wastewater treatment. For these various
hydrophilic metal oxides, nanomaterials are used, such as Al2O3, TiO2, and zeolites.
Ag NPs, CNTs, bimetallic NPs are also used for membrane filtration (Karthiga Devi
et al. 2016).

NCs membranes are made up of nanofillers, which are thin-film polymeric grids
made up of a sequential arrangement of mesoporous carbons. They are semi-
permeable, and reverse osmosis uses the top surface. Hydrophobic mesoporous
carbons are transformed to hydrophilic carbons by atmospheric pressure plasma.
A small amount of hydrophilic carbon increases hydrophilicity; this leads to an
increase in the permeability of purewater. Thin-film nanocomposites were composed
of polyamide and nano-NaX zeolite of 40–150 nm and are covered by interfa-
cial polymerization using trimethyl chloride and m-phenylenediamine monomers
over polyethersulfone. This membrane has a high permeability to purify freshwater,

Fig. 8 GO-based porous nanofibrous membrane for water treatment. Reproduced with permission
from Wang et al. (2016)
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leaving pollutants behind the membrane (Fathizadeh et al. 2011). Electrospinning
is a useful strategy for modifying the surface characteristics of nanomaterials, and
various nanofibers have been successfully employed for wastewater treatment. These
nanofibers have a large surface area and porosity, resulting in a nanofiber mat with
a complex pore structure. Nanofibers are highly active against water pathogens,
have low toxicity, and minimize health hazards. It is extremely simple to dope func-
tional nanomaterials to form a filtration membrane, which has greater reactivity and
selectivity to various pollutants.

3 Conclusion

In the present era, wastewater treatment techniques that would provide high-quality
freshwater, eliminate organic and inorganic pollutants, and enhance industrial activ-
ities are very important. The opportunity is provided by nanotechnology; the distinc-
tive characteristics of nanoparticles, such as greater surface area, size, shape, and
dimensions, make them an excellent choice for water purification. Nanoparticles
can be used to remove metal ions, anions, organic chemicals, and micro-organisms.
Because the nanoparticle doses required for water purification are minimal, their use
is reasonably cost-effective. This chapter highlights various nanotechnologies such as
nanoadsorption, nanocatalysis, and nanomembranes, among others. Under UV and
solar irradiation, photocatalytic processes successfully remove various types ofwater
impurities, including organic and inorganic pollutants. As reactive oxygen species
have a limited lifetime, surface modifications may boost the photocatalytic activity
of selected compounds and enhance the affinity of modified nanomaterials toward
several rising water pollutants. Bimetallic nanomaterials have also been proven to be
useful in the treatment of wastewater contaminants. The prospects of NPs in water
treatment are promising, but it will take a combined effort from scientific and corpo-
rate resources to develop a rapid, environmentally friendly, and practical system for
the purification of wastewater. It will be achievable if everyone works with each other
to overcome the problem of worldwide water contamination.
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Nanoparticles and Their Role
in Environmental Decontamination
Technologies

M. P. Ajith and Rajamani Paulraj

Abstract Environmental contamination is a severe problem for both developing
and developed nations. Due to anthropogenic activities, the pollution load gets accu-
mulated in the environment. Both organic and inorganic contaminants are harmful
to the living being. Their incidence and persistence have increased substantially in
recent years. For the remediation of impurities from diverse ecological media such
as water, soil, and air, ecological decontamination technologies primarily rely on
numerous technologies such as adsorption, absorption, chemical reactions, filtra-
tion, and photocatalysis. Nanotechnology has recently gained popularity in water,
soil, and air decontamination. Detection, decontamination, and pollution preclu-
sion are the primary elements of nanoparticle-based remediation. Nanotechnology
has been extensively used in numerous fields, including environmental remedia-
tion. This chapter briefly explains the recent advancement of nanotechnology and
nanomaterials in environmental decontamination technologies.

Keywords Decontamination · Nanotechnology · Organic nanoparticles ·Metal
and metal oxide nanoparticles · Polymer-based nanoparticles

1 Introduction

Our environment has become polluted with different sorts of pollutants. Solid,
liquid, and gaseous pollutants are among the toxins created by human activities for
short-term economic gain at the expenditure of long-term environmental gains for
humankind. A diversity of pollutants such as heavy metals, pesticides, pharmaceu-
tical chemicals, polyaromatic hydrocarbons, organic solvents, and inorganic solvents
contaminates water, land, and air, posing a hazard to the ecosystem and human
health. Pollutants end up in the environment as a result of industrial and commer-
cial operations, oil and chemical spills, and non-point sources like roads, parking
lots, wastewater, and sewage treatment plants. For decades, several risky waste sites
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and industrial facilities have been polluted, causing environmental damage. Dams
and regulator cum flyover have stopped the usual current of inland bodies of water,
causing them to become standing. This has had several negative consequences in
water bodies, including nutrient build-up and biomagnification, algal blooms, aquatic
creature mortality, and salt intrusion (Ajith and James 2016).

Bioremediation is a popular and effective cleaning technology for removing
hazardous waste from contaminated environments. Bioremediation is the process
of degrading, eradicating, immobilizing, or detoxifying various chemical wastes and
harmful physical elements from the environment using all-inclusive and actions of
microorganisms. The conventional bioremediation strategies are not efficient enough
to meet the real-world environmental scenario. These strategies showed a scope of
improvement, which is now being addressed by the emerging fields of nanotech-
nology, which are efficient, cost-effective, and relatively less toxic. “Due to the
complexity of the mixing of various chemicals, high volatility, and low reactivity of
environmental contaminants, recent research has focused on the use of nanomate-
rials for the development of novel environmental remediation methods” (Tratnyek
and Johnson 2006).

Nanomaterials have tremendouslymore surface-to-volume ratio than their bulkier
equivalents, resulting in increased reactivity and greater efficacy. In addition,
compared to traditional methods, nanomaterials can exploit unique surface chem-
istry, allowing them to be that can target specific contaminants for effective clean-up.
The periodic adjustment of the physical parameters of nanoparticles, like size, shape,
porosity, and chemical structure, might bestow other beneficial qualities that directly
impact the material’s effectiveness for contamination remediation. Approaches that
combine many distinct materials (hybrids/composites) to extract desirable qualities
from each component may be more effective, selective, and stable than methods
relying on a single nano-platform. Material that has been functionalized with partic-
ular chemicals that target pollutants of interest can assist and improve the material’s
selectivity and efficiency (Guerra et al. 2017; Shah and Imae 2016; Campbell et al.
2015). This chapter discusses the most recent advancements of functionalized nano-
materials and nanocomposites that are used to decontaminate a selected range of
contaminants in the environment.

2 Nanoparticles Used in Decontamination Technology

The tremendous advancement in nanotechnology helped us fabricate the nanopar-
ticles in the desired properties that we are looking for. This made nanoparticles
a commercially important material. In manufacturing industries, nanoparticles have
beenwidely utilized because of their exclusivewide array of properties like electronic
properties, catalytic activity, surface functionality and charge, magnetic properties,
optical properties, antimicrobial activities, etc. The recent shift to biogenic synthesis
of nanoparticles made the nanoparticle environmentally safe and economical.
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Recently, nanotechnology has been extensively employed for the decontamination
of water, soil, and air. Nanotechnology evenmade it possible to integrate our conven-
tional remediation strategies with the nanobiotechnological approach. This enables
us to bring a better efficacy in the removal of pollutants. The advanced research
shows nanotechnology’s promising potential either directly or indirectly integrating
nanotechnology with other fields.

There is a variety of nanoparticles used in remediation. Its applications include
decontamination of heavymetals, pesticides, endocrine disruptors, dyes, other hydro-
carbons, solid wastes, and radioactive material. The nanoparticles, their associated
devices, and technologies are employed for specific decontamination applications
dependent on the particular properties. The nanoparticles used for the water reme-
diation can be broadly classified into organic nanoparticles, inorganic nanoparticles,
and polymer-based nanoparticles (Ajith et al. 2021).

3 Organic Nanoparticles

There are unique electronic, chemical, andphysical properties for organic compounds
because of elemental carbon’s structural and tunable hybridization state. The primary
nanostructural forms of carbon include nanostructures single-walled and multi-
walled nanotubes (SWNT and MWNT), graphene, and fullerene C60 and C540

(Mauter and Elimelech 2008).
The surface functionalization and activation of carbon materials are the prior

requirements for employing them in water remediation. SWNT, MWNT, and
graphene are widely used for these purposes. The exclusive adsorption properties
of these materials make it as an excellent material existing for adsorption of organic
contaminants and inorganic contaminants in aqueous solutions (Ren et al. 2011;
Theron et al. 2008; Kharisov et al. 2014). Both chemisorption and physisorption are
observed based on the functionalization and the fabrication method. Chemisorption
is a type of adsorption in which the surface and the adsorbate undergo a chemical
interaction. At the adsorbent surface, new chemical bonds are formed.

In contrast to chemisorption, physisorption preserves the chemical species of the
adsorbate and the surface (Fig. 2). Typically, chemisorption results in monolayer
adsorption, whereas physisorption results in a multilayer arrangement of substrate

Fig. 1 Primary nanostructural forms of carbon
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Fig. 2 Illustration of the mechanism of carbon particle surface–adsorbent interaction in physisorp-
tion and chemisorption. Reproduced with permission from Nandiyanto et al. (2020)

molecules (Nandiyanto et al. 2020). A previous study from our laboratory showed the
efficiency of carbon quantum dots (CQD) in the remediation of heavy metals from
industrial run-offs by engineering a silica–CQD nano-conjugate packed short-bed
adsorber column. We reported a double efficiency with the conjugate than with the
silica alone. Carbon-based nanoparticles are now extensively utilized in the decon-
tamination of electroplating effluent, dye industries run-offs, wastewater remedia-
tion, sewage treatment, etc. (MP et al. 2022). The non-toxicity of these nanomate-
rials is an extra benefit for their use in clean-up. There is no biomagnification and
toxicity-induced physiological abnormalities in trophic levels (Ajith et al. 2020).

Apart from the adsorption, one of the successfully used mechanisms for reme-
diation is photocatalysis. Irradiation of UV on graphene, SWNT, and MWNT
with photon energy more than or equal to the bandgap will enhance the forma-
tion of conductance band electron and valance band hole. The hole thereby gener-
ates hydroxyl radical, which helps oxidize chlorine-containing organic compounds
(Gangu et al. 2019). The electron can facilitate the reduction of organic contaminants
(Fig. 3). The photocatalyst using graphene nanocomposite (Yang et al. 2013; Chowd-
hury and Balasubramanian 2014; Liu et al. 2011; Zhang et al. 2010) also trends to
enhance the adsorption efficiency further. Titanium oxide nanoparticle coupled with
graphene has shown an enhancement in photocatalyst compared with titanium oxide
nanoparticle alone (Zhang et al. 2010).

3.1 SWNTs and MWNTs

The SWNTs are mostly hexagonal with heterogeneous porous structures. There are
two types of possible absorption in general open-ended SWNTs. “The materials
with lower adsorption efficiency will bind on the external surface of the bundle of
SWNTS, where those with higher adsorption efficacy can adsorb intra-tubularly or
inter-tubularly. The external surface adsorption reaches saturation and hence equilib-
rium speedier than the intra-tubular and inter-tubular sites” (Ren et al. 2011). In the
case of MWNTs, they do not exist as bundles unless they are prepared in exceptional
methods.
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Fig. 3 Schematics of photocatalytic degradation by MTCNTs. Reproduced with permission from
Gangu et al. (2019)

Another critical factor that affects the adsorption of CNTs is oxygen availability.
The surface functional groups such –OH, –COOH, and –C=O can enhance the
adsorption. To oxidize CNTs, wide varieties of compounds such as HNO3, H2SO4,
KMnO4, NaOCl, and H2O2 can be utilized. There are reports of enhanced adsorption
of oxidized CNTs with heavy metals (Khin et al. 2012). “The molecular weight of
adsorbate, dipole movement, critical temperature, and pH is also a significant reason
which affects the adsorption of CNTs. These factors affect the electrostatic attrac-
tion between the CNTs surface and the positively charged adsorbates such as heavy
metals, dyes, and other organic compounds” (Lithoxoos et al. 2010). The efficiency
of MWNTS in bacterial adsorption is reported by Lemes et al. (2011).

Ncibi and Sillanpää (2015) investigated the efficiency of single-walled, double-
walled, and multi-walled carbon nanotube (SWCNT, DWCNT, MWCNT), agglom-
erate for the remediation of antibiotic ciprofloxacin, and oxytetracycline from
aqueous medium. They found that SWCNT has the highest removal efficiency for
both antibiotics.

3.2 Graphene

“Graphene, surface modified graphene, and graphene conjugates are used in water
remediation. The surface modification of graphene prevents the aggregation of
graphene layers and provides more surface area for adsorption” (An and Jimmy
2011). Because of this, surface-functionalized graphene is more capable than pure
graphene. Graphene oxide is a modified graphene that is extensively utilized for the
adsorption of an extensive choice of organic and inorganic aqueous impurities likes
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medicines, pesticides, pharmaceuticals, heavy metals, volatile organic chemicals,
and so on. The oxygen-containing surface functional groups like hydroxyls, epox-
ides, carboxylic acids, and others contribute to graphene oxide’s higher absorption
efficiency as compared to pure graphene (Wang et al. 2013). These functional groups
can facilitate acid–base reaction with basic contaminants such as ammonia (Wang
et al. 2013).

Titaniumoxide graphene (Zhang et al. 2010), zinc oxide graphene (Liu et al. 2011),
and CdS–graphene (Zhang et al. 2013) nanocomposites are mainly used with photo-
catalytic activities to remove aqueous contaminants. The graphene nanocomposite
has shown a considerable enhancement in its efficiency compared to its pristine form.
Zhang et al. (2010) demonstrated that an optimum graphene balance is required for
better catalytic activity in titanium oxide graphene nanocomposite. Above and below
this optimum ratio, the photocatalytic efficiency will be reduced. Zhang et al. (2013)
also shown a coinciding outcome of CdS–graphene nanocomposite by stating the
optimum balance of graphene in nanocomposite for enhanced photocatalytic degra-
dation. Liu et al. (2011) demonstrated a 40% enhancement in reducing chromium
(VI) by zinc oxide graphene nanocomposite compared to the pure zinc oxide.

4 Inorganic Nanoparticles

4.1 Metal and Metal Oxide Nanoparticle

A variety of metal and metal oxide NPs (MONPs) are utilized in the decontamina-
tion. It is highly efficient in adsorbing heavy metals and chlorinated organic water
contaminants. Due to their fast kinetics, adsorption capacity, and adaptability in both
in situ and ex situ applications, MNOPs are an unavoidable component in water
remediation, particularly in aquatic systems (Das et al. 2015; Santhosh et al. 2016).

Titaniumoxide nanoparticles (TiO2 NPs) are a promisingmetal oxide nanoparticle
employed inwater remediation. “The exceptional characteristics such as non-toxicity,
low cost, semiconducting property, energy converting properties, and photocatalytic
activity facilitate it to widely use in water treatment, surface-cleaning, air purifica-
tion, waste treatment, etc.” (Li et al. 2008; Adesina 2004). Photoactivation of TiO2

NPs generates reactive oxidants like hydroxyl radical, which serve as a disinfec-
tant for microbes (Zan et al. 2007; Cho et al. 2005). Guan et al. (2012) summa-
rized TiO2-based arsenic removal approaches based on photocatalytic oxidation of
arsenite/organic arsenic to arsenate and inorganic and organic arsenic adsorption.
Figure 4 shows the representation of TiO2 NPs application in arsenic elimination.
Many studies have reported that doping TiO2 NPs with other transmission elements
enhances their photocatalytic activity. For example, Ag-doped TiO2 nanofibers have
shown a noteworthy enhancement in photocatalytic breakdown of 2-chlorophenol
(Park and Lee 2014). Studies are also offering the TiO2 NPs mixed with SiO2 as an
effective photocatalytic agent for breakdown of dyes (Rasalingam et al. 2014).
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Fig. 4 Schematics of TiO2 NPs in arsenic removal. Reproduced with permission from Guan et al.
(2012)

Silver nanoparticles (AgNPs) are another crucial metal nanoparticle widely
employed in water disinfection (Gupta and Silver 1998). The antibacterial, anti-
fungal, and antiviral activity of AgNPs made it a significant one in water treatment.
It is found that the AgNPs below 10 nm is more effective than the larger particles.
They prevent the binding of the virus to the host cells by binding to the glycoproteins
of the virus. They are also toxic to pathogenic bacteria like Pseudomonas aeruginosa
and Escherichia coli. The shape and surface topography of the AgNPs also affect
adsorption behaviour (Pal et al. 2007).

Iron and iron oxide nanoparticles are extensively used nanoparticles because of
their efficiency in removal of Cd2+ (Ebrahim et al. 2016), Cu2+ (Poguberović et al.
2016), Co2+ (Hooshyar et al. 2013), and Ni2+ (Hooshyar et al. 2013) and chlorinated
organic pollutants (Guo et al. 2017). Iron NPs exist as a core–shell structure. Core
consists of zerovalent Fe, and shell consists of mixed Fe (II) and Fe (III) oxides
(Kharisov et al. 2012). Remediation is facilitated by electron donation of the core
zerovalent Fe, thereby reducing the heavy metals and chlorinated organic contami-
nants. The shell enhances the remediation by reducing the pollutants present in the
higher standard reduction potential (Li and Zhang 2006). The iron oxide nanoparticle
can easily retain and be separated from the system after the treatment because of their
magnetic property. This is an added advantage, which makes metallic nanoparticle
more promising one in water remediation.
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Even though there aremanypositive sides tometallic nanoparticles, there are some
challenges associated with them. One of the significant challenges is the aggregation
of nanoparticles that detrimentally affect the reactivity. Another one is the toxi-
city associated with them. Metal and metal oxide nanoparticles can even enter the
food web and can cause biomagnification. To prevent aggregation, incorporating
second metal such as nickel (Tee et al. 2005; Wu and Ritchie 2006) and copper
(Zheng et al. 2009; Zhu et al. 2010) is widely explored and found to be successful.
“Bimetallic nanoparticles not only prevent accumulation but also enhance the zerova-
lent Fe stability and efficiency in catalysis of hydrogenation and dichlorination with
contaminants” (Karn et al. 2009).

4.2 Silica Nanoparticle

Mesoporous silica nanoparticles (SiO2 NPs) with pore diameter of 2–50 nm grabbed
widespread consideration in the decontamination field. The tunable pore size and
facile surface modification is a significant advantage to employ SiO2 NPs in a diver-
sity of fields. The surface hydroxyl groups present in SiO2 NPs facilitate the surface
modifications.

Silica nanoparticles are efficient in photodegradation dyes like methyl red azo dye
(Das et al. 2013). According to these research, SiO2 NPs have more effective photo-
catalytic property than SiO2 NPs coatedwithAgNPs andAuNPs. SiO2 nanoparticles
improve oil recovery and decrease the discharge of heavy metals, radioactive chem-
icals, and brine into water. The functionality of SiO2 NPs must be altered in order
to balance and support the oil extraction process. SiO2 NPs were treated with H+ to
create a shielding effect in saltwater for oil extraction (Shi et al. 2013).

5 Polymer-Based Nanomaterials

Although NPs offer several advantages, as previously stated, one of their restrictions
is their stability. Many reports signpost that following fabrication, NPs can aggregate
based on a diversity of circumstances. “The aggregation of particles detrimentally
affects the adsorption ability. An alternative for this is the use of polymer-based
nanomaterials. Here we use the matrix or support material to hold the nanomate-
rials, which prevents aggregation and enhances the stability of pristine nanopar-
ticles” (Ajith et al. 2021). The polymeric host includes stabilizing agents, surface-
functionalized ligands, emulsifiers, and surfactants. Polymer-based nanoparticles are
used in sensing as well as the decontamination of a diversity of pollutants such as
heavy metals (e.g. Fe, Mn, As, etc.), organic chemicals (e.g. pesticides, pharmaceu-
ticals, volatile organic compounds, other aliphatic and aromatic compounds), gases
(e.g. SO2, CO2, NO2), and microbes (e.g. bacteria, viruses, and other pathogens).
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The nanosponges formed from cyclodextrin-based highly cross-linked polymer
are effective in removing 3,5,6-trichloro-2-pyridinyloxyacetic acid (triclopyr) from
soil with a removal efficiency of 92% (Baglieri et al. 2013). Das et al. (2017) fabri-
cated polypyrrole (PPy) conjugated with mercaptoacetic acid (MAA) and shown its
effectiveness in the remediation of aluminium (Ag+) from contaminated water. They
noticed more efficiency in adsorption for composite than the pristine PPy.

Dendrimers are polymers made up of monodispersed, highly branching macro-
molecules. Dendritic NPs are extensively utilized in the treatment of heavy metal-
polluted wastewater. Dendritic nanoparticles with functional groups like carboxy-
lates, hydroxyl groups, hydroxamates, and amines aid in the encapsulation of a verity
of contaminants, particularly cations such as Zn2+, Cu2+, Au2+, Ag2+, Mg2+, Mn2+,
Fe2+, Fe3+, Ni2+, and others. (Diallo et al. 2005). Compared to the linear polymers,
the dendritic nanolayers do not pass easily via the ultra-filtration membrane, which
is an advantage for water decontamination.

Among the several concepts outlined, tightly packed NPs and nanofiber
membranes, arranged nanotube membranes, self-assembled 2D layer nanomaterials,
and their composites are among the most capable membrane technologies (Ying
et al. 2016; Huang et al. 2015; Liu et al. 2016). Figure 5 depicts the most typical
nanomaterial-based membrane architectures (Ying et al. 2017).

Polymer-based nanomaterials are also found to be a potent antimicrobial agent.
Qasim et al. (2018) described the antimicrobial property of AgNO3 NPs encap-
sulated poly-isopropyl acrylamide-based polymeric nanoparticles. The polymer is

Fig. 5 Most typical nanomaterial-based membrane architectures. Reproduced with permission
from Ying et al. (2017)
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effective in immobilizing both gram-positive and gram-negative bacteria depen-
dent on the amount and size of AgNO3 used during encapsulation. An earlier
study by Dhanaseker et al. (2018) showed that photodegradation of microorganisms
using Cu-doped TiO2 NPs (Cu2O-TiO2/rGO) with solid support graphene oxide.
They concluded that Cu2O-TiO2/rGO displays an exceptional visible light photocat-
alytic antimicrobial activity with low minimum inhibitory concentration (MIC) for
gram-positive and gram-negative bacteria.

Metal and metal oxide-based polymer nanocomposites were reported in previous
studies showing their high reactivity (Ng et al. 2013). The significant metals used
for metal-based polymer nanocomposites in water remediation include titanium,
iron, silver, magnesium, copper, etc. Polyamide nanofibers modified with Al2O3,
TiO2, and other oxides are used in the air and water treatment to remove an array
of pollutants (Bianco et al. 2007). These types of electrospun nanofibers are exten-
sively employed for the remediation of toxic air. MgO nanoparticles conjugated with
nanofiber membranes such as polysulfone (PSU), polyvinyl chloride (PVC), and
polyvinylidene fluoride-co-hexafluoropropylene are used in the removal of toxic gas
(Homaeigohar and Elbahri 2014; Sundarrajan and Ramakrishna 2007). Bimetallic
systems are also found to be effective in water remediation. Kumar et al. (2020)
reported that carboxymethyl cellulose (CMC) stabilized with iron and palladium is
more effective in the removal of hexachlorocyclohexane (HCH) from the polluted
soil than the pristine CMC. Here these metals act as a catalyst in the adsorption
process of the system.

Magnetic polymer nanocomposites outperform metallic and metal oxide-based
polymer nanocomposites in terms of biocompatibility and ease of removal from the
treatment system via magnetic fields. The high surface energy of these nanocompos-
ites can easily make them oxidized. To prevent that, the coating is done with silica,
carbon, or some other polymers. The magnetic polymer nanocomposites are used
for remediation of heavy metals such as Hg, Co, Cu, and Cr and organic dyes like
methyl orange and methylene blue (Zhao et al. 2011; Rocher et al. 2008).

6 Challenges and the Future Concern

Due to economic and methodological constraints, high deployment costs, and
possible ecological and human hazards, current nanotechnological research of envi-
ronmental decontamination is limited to laboratory and model studies (Khan et al.
2019). Many studies have documented the widespread usage of nanomaterials and
their toxicity to humans and the environment. A key drawback is the absence of
mechanistic examination of nanomaterials used in environmental pollution. For a
long time, nanocomposites of functionalized nanomaterials have been deposited in
the environment, resulting in biomagnification and entry into the higher trophic
levels of ecosystems (Gehrke et al. 2015). Along with advanced research in this area,
research should also focus on strategies to prevent nanomaterial deposition in the
environment and manage or balance ecosystems without causing harmful effects.
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The fabrication of biogenic nanomaterials with characteristics such as long-term
viability, cheap cost, and ecological sustainability might play a substantial part in
future remediation of wastewaters.

7 Conclusion

The present chapter delivers a thorough impression of the existing state-of-the-art
nanomaterials utilized for sustainable environmental decontamination, concentrating
on their applications in innovative remedial methods such as adsorption/filtration,
catalysis, photodegradation, and electro-nano-remediation. Insights on the perfor-
mance of processes, the modes of deployment, potential risk and their management,
and the consequences of nanomaterial utilization for environmental decontamination
for society and the economy indicate that the broad acceptance of nano-remediation
technologies requires not only substantial advancements of the underlying aspects
of science and engineering but also an actual display of efficiency in the real world
using already established techniques.
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Thermoelastic Vibrations of Functionally
Graded Nonuniform Nanobeams

Rahul Saini

Abstract This chapter starts with the historical development of vibrations of
structural elements, and then the discussions and classifications of micromechan-
ical models for advanced composite materials, macro and micro/nano continuum
mechanics theories and thermal field are presented. To study the dynamic behaviour
of structural elements, a mathematical model is obtained for nonuniform function-
ally graded nanobeam subjected to the thermal environment using various physical
assumptions. Further, numerical techniques are employed to obtain the approximate
solution of this model. Eventually, a debate on quadrature methods to reveal their
efficiency and convergence following the analysis of vibration characteristics of
nonuniform functionally graded nanobeams under thermal field is presented.

Keywords Thermoelastic vibrations · Functionally graded models · Nonuniform
nanobeams · Quadrature methods

1 Vibration

Vibration is a phenomenon of common occurrence in nature ranging from modern
missile and space technology to household goods such as mixers, grinders and
washing machines. Vibrations are considered desirable and undesirable depending
upon their characteristics. Vibrations of teleprinters, telephone receivers, conveyors,
compactors and strings in musical instruments are desirable, while that for wind
turbine blades, helicopter rotors, aircraft wings and rudders, bridges and dams, high-
rise buildingsmay be disastrous. Vibrationmay cause excessive noise due to thewear
of machine parts leading to reduction in performance. Thus, the knowledge of the
theory of vibration is essential for a design engineer not only to prevent undesir-
able vibrations and noise but also to increase the efficiency and life span of the
machines. The vibration of elastic bodies has its beginning in the early thirties of the
seventeenth century when Galileo observed that the frequency of a simple pendulum
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depends upon its length and reported in “DiscoursesConcerningTwoNewSciences”.
Later on, the correct account of the vibration of strings was presented in his book
“Harmonicorum Liber” byMersenne in 1636. Afterward, the experimental and theo-
retical developments on this issue have been carried out by many workers, and some
of the pioneers are John Wallis, Robert Hook, Sir Isaac Newton, Sauveur, Brook
Taylor, Daniel Bernoulli, Jean D’Alembert, Leonard Euler, Joseph Fourier, Joseph
Lagrange, Leibnitz, Soedel (2004), Chladni (1787), Biot (1816), Bernoulli (1735),
Euler (1744), Coulomb (1784), Cauchy (1827), Saint–Venant (1849), Poisson (1829)
and Lamè (1852).

Owing to the various assumptions for the beams considered by the above
researchers, various displacement theories such as Euler–Bernoulli beam theory
(Nazemnezhad and Hosseini-Hashemi 2014; Farajpour et al. 2011; Ebrahimi et al.
2015; Nejad and Hadi 2016a, b; Nejad et al. 2016; Wang et al. 2016), Timoshenko
beam theory (Şimşek 2015; Rahmani and Pedram 2014), higher-order shear defor-
mation theory (Pradhan 2009), Reddy–Bickford beam theory, general exponential
shear deformation beam theory and Levinson beam theory are proposed by various
researchers (Wang et al. 2000). Among these, the Euler–Bernoulli beam theory is the
simplest one and commonly used by engineers and scientists to predict the behaviour
of beams. This theory is based upon some assumptions which are as follows:

• The thickness of the beam is small as compared to the length of the beam.
• The normal stresses in the transverse direction of the middle plane of the beam

are taken to be negligibly small.
• The middle surface of the beam remains unstrained during deformation.
• The normal to the undeformed middle surface remains straight and normal to the

deformed middle surface.

In this regard, the mathematical theory of elasticity by Love (1944) is one of the
oldest and best books to develop the subject to the present level. After that, a number
of books have appeared from time to time covering various aspects of bending and
vibration of structural elements. Notable ones amongst them are Szilard (1974),
Panc (1975), Timoshenko and Krieger (1984), Shames and Dym (1985), Yu (1996),
Ventsel and Krauthammer (2001), Rao (2004), Kienzler et al. (2004), Soedal (2004),
Reddy (2008), Petyt (2010) and Mao and Pietrzko (2013).

2 Functionally Graded Materials

Functionally graded materials (FGMs) are advanced engineering composites in
whichmaterial properties vary from one surface to the other continuously. Generally,
these materials are manufactured by the composition of two constituent materials to
use as structural elements in high-temperature environment such as the aerospace
industry (aircraft, rockets, missiles, etc.), nuclear reactors, piezoelectric and thermo-
electric devices, and petroleum and petrochemical industries. The traditional FGMs
are made with ceramic and metal constituents such that metal behaves as traditional
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composites at high temperature while ceramic has high thermal resistivity which
improves the overall performance of the structure. A group of Japanese material
scientists developed the FGMs in 1984 (Koizumi 1993) to use them as thermal barrier
materials for aerospace structures. The fabricatedmaterial has the capacity of 2000K
on one surface and 1000 K on another surface with a thickness of 10 mm. Further,
various projects and researches started to develop and use them in various tech-
nological situations at extremely high-temperature environment. In the meantime,
the subject is developed according to the diverse and numerous potential applica-
tions of FGM structures which is available in open literature: metal–ceramic armour
(Liu et al. 2003), thin-walled rotating blades (Librescu et al. 2005), sensors (Müller
et al. 2003), actuators (Qiu et al. 2003), photodetectors (Paszkiewicz et al. 2007) and
dental implant (Watari et al. 2004). The various aspects of FGMs are published in
past decades and summarized by various researchers in their review articles (Tani-
gawa 1995; Markworth et al. 1995; Fuchiyama and Noda 1995; Noda 1999; Paulino
et al. 2007). Being a material to work at extreme temperature, most of the early
research studies of FGMs are focused on thermal analysis of static and dynamic
problems of different structural elements. Recently, Swaminathan and Sangeetha
(2017) presented an extensive review for thermal analysis of FGM plates up to 2016.

2.1 Models of Functionally Graded Materials

To find the effective mechanical properties of the functionally graded materials,
the material scientists gave a variety of micromechanical models (Zuiker 1995;
Reiter et al. 1997; Gasik 1998; Birman and Byrd 2007; Akbarzadeh et al. 2015;
Kim and Paulino 2003) in terms of the mechanical properties of constituent mate-
rials. Generally, these homogenization models are based on the approximation of
the shape and volume fraction of constituents in a domain. A comprehensive discus-
sion of the homogenization models was presented by Shen (2016). Out of these,
the power law function, Mori–Tanaka’s scheme and exponential function are widely
used by researchers. Themathematical expressions to compute the effective mechan-
ical properties of the FGMs for these homogenization techniques are defined as
follows:

(i) Power law function (Lal and Saini 2019a, b, c):

Ez = {
Ec − Em

}
V p

c + Em, (1.1a)

ρz = {
ρc − ρm

}
V p

c + ρm, (1.1b)

αz = {
αc − αm

}
V p

c + αm, (1.1c)

kz = {
kc − km

}
V p

c + km, (1.1d)
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Fig. 1 Material distribution along the thickness of the beam

Vc = z

h
+ 1

2
,

where superscripts c and m refer to ceramic and metal, respectively; Ez, ρz, αz and
kz are the Young’s modulus, mass density, thermal expansion coefficient and thermal
conductivity, respectively, Vc is the volume of the ceramic constituent, and power p
(≥0) controls the material distribution in the FG structure. The material distribution
within the domain of the beam is shown in Fig. 1 for different values of p.

(ii) Mori–Tanaka’s scheme (Sofiyev 2019; Fazzolari 2015):

Kz = K m + (
K c − K m

)
V p

c

[

1 + (
1 − V p

c

)
(

K c − K m

K m + 4
3Gm

)]−1

,

K c = Ec

3(1 − 2νc)
, K m = Em

3(1 − 2νm)
,

Gz = Gm + (
Gc − Gm

)
V p

c

[
1 + (

1 − V p
c

)( Gc − Gm

Gm + f m

)]−1

,

Gc = Ec

2(1 + νc)
, Gm = Em

2(1 + νm)
,

f m = Gm(9K m + 8Gm)

6(K m + 2Gm)
, Ez = 9KzGz

3Kz + Gz
,
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kz = km + (
kc − km

)
V p

c

[
1 + (

1 − V p
c

)(kc − km

3km

)]−1

,

αz = αm + (
αc − αm

)( 1

Kz
− 1

K m

)(
1

K c
− 1

K m

)−1

.

(iii) Exponential Function (Swaminathan and Sangeetha 2017):

Ez = Eme
z
h ln Ec

Em , ρz = ρme
z
h ln ρc

ρm , αz = αme
z
h ln αc

αm , kz = kme
z
h ln kc

km .

2.2 Materials Temperature Dependency

In many practical applications, particularly, in modern missile technology, space
vehicles, aircraft wings, radiant burners, heat exchangers, artillery barrels andmicro-
electronics, the structural elements have to work under elevated temperature. Such
type of heating of structural components leads to the variation in the mechanical
properties of the material, i.e. mechanical properties become function of tempera-
ture. This necessitates to study the vibration characteristics of beams in the presence
of thermal environment. Considering this, the temperature-dependent mechanical
properties of the material were developed by Cubberly (1989), Munro (1997), Chan
et al. (1991) and Touloukian (1973) and expressed as follows:

Pi (T ) = Pi
0

(
Pi

−1T −1 + 1 + Pi
1T 1 + Pi

2T 2 + Pi
3T 3

)
, i = m, c, (1.2)

where the experimental values of Pj (j = −1, 0, 1, 2, 3) refer to any mechanical
property of ceramic andmetal;T is the temperaturewithin the plate. The experimental
values of different ceramics and metals are reported in reference Malekzadeh and
Alibeygi Beni (2010).

3 Nanostructures

In the last decade, nanotechnology has become the topic of interest for researchers
due to its applications in a variety of complementary areas such as the invention
of atomic precise materials; atomic and molecular configurations of materials; the
electronic and logic devices with atomic or molecular level materials; modeling and
simulation of nanomaterials based on the physics and chemistry. The nanoscale
devices and systems are extremely small in size, so exhibit different properties
from the conventional ones. Many novel concepts and laws of normal scales are
not true for nanoscale structures, and hence modified accordingly and verified by the



146 R. Saini

experiments. Eric Drexler was the first person who introduced the term nanotech-
nology in 1980s, but it defined by the American Ceramic Society with dimensions
of 10–9 m. The modern applications of nanostructures such as higher thermal resis-
tance, low weight, mechanical, optical and electrical properties have encouraged the
researchers to study their static and dynamic behaviour. As the local continuum theo-
ries don’t consider the effect of the size scale of the structure, they cannot predict
the behaviour of nanostructures. Hence, researchers have proposed various theories
such as strain gradient theory, couple stress theory, modified couple stress theory
and nonlocal elasticity theory, and acknowledged as nonlocal theories. Out of these,
nonlocal elasticity theory (Eringen 2002) is widely used by researchers. According
to this theory, the stress tensor at a reference point x in the domain of material is a
function of the strains at all points in the neighbourhood of x and can be expressed
in the integral form as follows:

σ N L
i j =

∫

V

β
(∣∣x ′ − x

∣∣, τ
)
σ L

i j

(
x ′)dV

(
x ′),

σ L
i j (x) = C(x):εi j ,

where σ L
i j and σ N L

i j are the local and nonlocal stresses, β(|x′ − x|, τ ) is the nonlocal
kernel function, τ = e0c/a being the length scale parameter, e0 is thematerial constant,
and c is an internal characteristic length; C(x) is the elasticity tensor.

An appropriate choice of kernel function (Eringen 1983) leads to the differential
form of the nonlocal stress–strain relationship is given by

(
1 − μ∇2

)
σ N L

i j (x) = C(x):εi j , (1.3)

where the nonlocal parameter μ = (e0c)2 controls the size effect for nanostruc-
tures; ∇2 is the Laplacian operator. The nonlocal parameter μ reveals the nonlocal
effects, e.g. the effect of internal/cohesive forces on the response of nanostructures,
which are prominent for micro/nanostructures (Kröner 1967). By substituting μ =
0, the nonlocal theory reduces to the local theory which is based upon the concept
that responses of internal forces have zero range.

In view of the above discussions and classifications, an example is performed
to show the formulation of a mathematical model for the vibration analysis of a
nonuniform functionally graded nanobeam. The effective temperature-independent
and -dependent mechanical properties of the fabricated functionally graded mate-
rial are calculated by the power law function. The stresses and strains of the beam
are obtained in terms of displacement components of the beam using Hooke’s law
and Euler–Bernoulli’s beam theory. Further, the governing equation of the uniform,
linear, parabolic, and quadratic nanobeams is derived from Hamilton’s principle and
Eringen’s nonlocal theory. A comparison of results is shown to choose the solution
technique, and then the vibration behaviour of nanobeam is investigated for varying
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values of different parameters for clamped–clamped, clamped–simply supported and
simply supported–simply supported boundary conditions.

4 Mathematical Formulation

A functionally graded nanobeamwith thickness h and lengthL is shown in Fig. 2. The
upper surface of the beam is fully ceramic, and the lower surface is fully metallic,
while there is a mixture of ceramic and metal within the beam. A temperature T
is varying in the thickness direction of the beam with Tc and Tm temperature at
upper and lower surfaces, respectively. Based on the Euler–Bernoulli beam theory,
the displacement components ux and uz at the mid-plane (z = 0) of the beam can be
defined as follows(Bauchau and Craig 2009):

ux (x, z, t) = −z
∂w

∂x
, uz(x, z, t) = w(x, t), (1.4)

According to the above assumptions, the only nonzero strain and stresses of the
functionally graded beam are computed by Hooke’s law as follows:

εxx = −z
∂2w

∂x2
, (1.5a)

σxx = Ez(T )εxx . (1.5b)

The strain and kinetic energies of the functionally graded beam are given by

U = 1

2

a∫

0

h/2∫

−h/2

σxxεxxdzdx, (1.6)

Fig. 2 Geometry of the functionally graded uniform nanobeam subjected to thermal field
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V = 1

2

L∫

0

h/2∫

−h/2

ρ(z)

(
∂ux

∂t

∂ux

∂t
+ ∂uz

∂t

∂uz

∂t

)
dzdx . (1.7)

The work done by the beam due to the thermal stresses is

WT = −1

2

L∫

0

h/2∫

−h/2

Ez(T )(1 + ν)αz(T )(T − T0)
∂w

∂x

∂w

∂x
dzdx . (1.8)

To calculate the virtual work done by the beam, taking the variations of energy
relations and thermal work

δU =
L∫

0

h/2∫

−h/2

σxxδεxxdzdx, (1.9)

δV =
L∫

0

h/2∫

−h/2

ρz

(
∂ux

∂t

∂δux

∂t
+ ∂uz

∂t

∂δuz

∂t

)
dzdx, (1.10)

δWT = −
L∫

0

h/2∫

−h/2

Ez(T )(1 + ν)αz(T )(T − T0)
∂w

∂x

∂δw

∂x
dzdx . (1.11)

Using the strain and stress relations from Eqs. (1.5a, 1.5b) gives

δU = −
L∫

0

Mxx
∂2δw

∂x2
dx, (1.12)

δV =
L∫

0

(
I0

∂w

∂t

∂δw

∂t
+ I2

∂2w

∂x∂t

∂2δw

∂x∂t

)
dx, (1.13)

δWT =
L∫

0

NT
∂w

∂x

∂δw

∂x
dx, (1.14)

where

Mxx =
h/2∫

−h/2

zσxxdz,
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is the normal moment resultant of the beam;

[
I0 I2

] =
h/2∫

−h/2

ρz
[
1 z2

]
dz,

are the inertia terms of the beam;

NT = −
h/2∫

−h/2

Ez(T )(1 + ν)αz(T )(T − T0)dz,

and T 0 is the reference temperature.
The equation of motion has been obtained by Hamilton’s principle which can be

written as

δ

t2∫

t1

Ldt = 0, (1.15)

where L = V – U − WT .
Substituting the values for total virtual work L

t2∫

t1

L∫

0

(
I0

∂w

∂t

∂δw

∂t
+ I2

∂2w

∂x∂t

∂2δw

∂x∂t
+ Mxx

∂2δw

∂x2
− NT

∂w

∂x

∂δw

∂x

)
dxdt = 0.

(1.16)

Integrating by parts with respect to x and/or t

L∫

0

(
I0

∂w

∂t
δw + I2

∂2w

∂x∂t

∂w

∂x
− I2

∂3w

∂x∂t2
∂δw

∂x

)t2

t1

dx

+
t2∫

t1

(
Mxx

∂δw

∂x
− ∂ Mxx

∂x
δw − NT δw

)L

0

dt

−
t2∫

t1

L∫

0

[
I0

∂2w

∂t2
− I2

∂4w

∂x2∂t2
− ∂2Mxx

∂x2
− ∂

∂x

(
NT

∂w

∂x

)]
δwdxdt = 0. (1.17)

The above integrals will be independently zero, hence, equations can be obtained
as
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(
I0

∂w

∂t
δw + I2

∂2w

∂x∂t

∂w

∂x
− I2

∂3w

∂x∂t2
∂δw

∂x

)t2

t1

= 0, (1.18a)

(
Mxx

∂δw

∂x
− ∂ Mxx

∂x
δw − NT δw

)L

0

= 0, (1.18b)

∂2Mxx

∂x2
+ ∂

∂x

(
NT

∂w

∂x

)
− I0

∂2w

∂t2
+ I2

∂4w

∂x2∂t2
= 0. (1.18c)

The rotary inertia term with coefficient I2 is negligible as compared to other
inertia terms, hence, neglected (Reddy 2008). However, it can contribute to the higher
frequencies. The dynamic part does not contribute to line integrals, so neglected. The
temperature is assumed to be constant on the surfaces. Now, Eq. (1.18c) is modified
as Euler–Lagrange’s equation:

∂2Mxx

∂x2
+ ∂

∂x

(
NT

∂w

∂x

)
= I0

∂2w

∂t2
. (1.19)

4.1 Boundary Conditions

Primary variables

w,
∂w

∂x
,

Secondary variables

Mxx ,
∂ Mxx

∂x
.

According to the above variables, the boundary conditions of the beam would be

(i) Clamped (C) edge:

w = ∂w

∂x
= 0,

(ii) Simply supported (S) edge:

w = Mxx = 0,

(iii) Free (F) edge:
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Mxx = ∂ Mxx

∂x
= 0.

4.2 Nonlocal Theory

According to Eringen’s nonlocal elasticity theory, the nonlocal moment resultant of
the functionally graded nanobeam can be obtained as

(
1 − μ∇2

)
Mxx = −D(T )

∂2w

∂x2
, (1.20)

where

D =
h/2∫

−h/2

z2Ez(T )dz.

The nonlocal governing equation of motion for functionally graded nanobeam
under the thermal environment is obtained by solving Eqs. (1.19 and 1.20) and can
be written as

(
D

∂4w

∂x4
+ 2

∂ D

∂x

∂3w

∂x3
+ ∂2D

∂x2

∂2w

∂x2
− NT

∂2w

∂x2
− ∂ NT

∂x

∂w

∂x

)

+ μ

(
NT

∂4w

∂x4
+ 3

∂ NT

∂x

∂3w

∂x3
+ 3

∂2NT

∂x2

∂2w

∂x2
+ ∂3NT

∂x3

∂w

∂x

)

= I0

(
μ

∂4w

∂x2∂t2
− ∂2w

∂t2

)
. (1.21)

Assuming that the thickness of the nanobeam is nonuniform and defined as h =
h0 f (x), where

f (x) = 1 + αx

L
+ βx2

L
.

If α �= 0, β = 0 ⇒, the thickness of the beam varies linearly; α = 0, β �= 0 ⇒,
the thickness of the beam varies parabolically; α �= 0, β �= 0 ⇒, the thickness of
the beam varies quadratically. The positive value of these parameters represents that
the thickness of the beam increases from length 0 to L, and negative value shows
reverse (Fig. 3). Using the harmonic solution along with nondimensional variables X
= x/L, H = h0/L, w = LW (X)eiωt , γ = √

μ/L , and 
2 = ω2L4ρc
0 H/D∗, Eq. (1.21)

is transformed to the nondimensional ordinary differential equation as
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Fig. 3 Representation of linear, parabolic and quadratic thickness variations

{

B
d4W

dX4
+ 2

dB

dX

d3W

dX3
− N T

d2W

dX2
+ d2B

dX2

d2W

dX2
− dN T

dX

dW

dX

}

+ γ 2

{

N T
d4W

dX4
+ 3

dN T

dX

d3W

dX3
+ 3

d2N T

dX2

d2W

dX2
+ d3N T

dX3

dW

dX

}

= 
2 I 0

(
W − γ 2 d

2W

dX2

)
, (1.22)

[
(
B + γ 2N T

)d4W

dX4
+

(

2
dB

dX
+ 3γ 2 dN T

dX

)
d3W

dX3

+
(
d2B

dX2
− N T + 3γ 2 d

2N T

dX2

)
d2W

dX2
−

(
dN T

dX
− γ 2 d

3N T

dX3

)
dW

dX

]

= 
2 I 0

(
W − γ 2 d

2W

dX2

)
, (1.23)

where

D = H 3B D∗, I0 = H I 0ρ
c
0, NT = H N T D∗, D∗ = Ec

0 H 3

12
.
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5 Temperature Profile

The distribution of the temperature within the beam is based on the various models
proposed by the researchers such as constant, linear, parabolic, nonlinear and sinu-
soidal. The direction of the variation of the temperature is based upon the non-
homogeneity of the beam material either in thickness and/or in-plane (Saini and Lal
2020). Since most of the material structures are nonhomogeneous in thickness direc-
tion rather than in-plane, the corresponding temperature also varies in the thickness
direction. Accordingly, the models are as follows.

5.1 Constant and Linear Variation

If Tc and Tm are the temperatures at the upper and lower surfaces, respectively, then
the expression for the linear temperature variation is given by

T (z) = Tm + (Tc − Tm)Vc

However, for uniform variation, Tc = Tm.

5.2 Nonlinear Variation

Generally, nonlinear temperature variation is obtained by solving a three-dimensional
heat conduction equation (Swaminathan and Sangeetha 2017). Due to the non-
homogeneity in onedirection, most of the studies are focused on one-dimensional
temperature variation. Consequently, the one-dimensional equation in the absence
of heat flux is

d

dz

(
kz
dT

dz

)
= 0. (1.24)

By solving, the temperature can be obtained as (Lal and Saini 2020)

T (z) = Tm + �T

C∗

14∑

i=0

(−1)i ki
cm

(i p + 1)

(
z

h
+ 1

2

)i p+1

,

where

kcm = (kc − km)

km
,�T = Tc − Tm, C∗ =

14∑

i=0

(−1)i ki
cm

(i p + 1)
.
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6 Methods

Equation (1.23) is a fourth-order ordinary differential equation with variable coeffi-
cients of the derivatives. Hence, their analytical solution is not possible except for
specific values of various parameters. The approximate solutions are obtained for
Eq. (1.23) along with four boundary conditions at the edges.

6.1 Generalized Differential Quadrature Method

According to the generalized differential quadrature (GDQ) (Shu 2000) method, the
domain [0, 1] of the plate is discretized into x1, x2, …, xn points. The mth order
derivative of a function W (X) at point Xi is approximated by

{
dm W (X)

dXm

}

X=Xi

=
n∑

j=1

C (m)
i j W j , i = 1, 2, . . . , n, (1.25)

where C (m)
i j are the weighting coefficients which can be obtained as

C(1)
i j =

⎧
⎪⎪⎨

⎪⎪⎩

M(1)(Xi )

M(1)(X j )(Xi −X j )
, i �= j

−
n∑

j=1 i �= j
C(1)

i j , i = j,
where i, j = 1, 2, . . . , n and M(1)(Xi ) =

n∏

k=1,k �=i

(Xi − Xk ),

C (m)
i j =

⎧
⎪⎪⎨

⎪⎪⎩

m

[
C (1)

i j C (m−1)
i j − C (m−1)

i j

(Xi −X j)

]
, i �= j

−
n∑

j=1,i �= j
C (m)

i j , i = j
where, m ≥ 2, i, j = 1, 2, . . . , n.

6.2 Differential Quadrature Element Methods

According to the differential quadrature element methods (DQEM) (Wang 2015),
each endpoint of the beam has two degrees of freedom which is equal to the number
of boundary conditions. So, extending the GDQ method by introducing W (1)

1 =(
dW
dX

)
X=X1

and W (1)
n = (

dW
dX

)
X=Xn

corresponding to the second degree of freedom at
nodes X = X1 and X = Xn, respectively, which leads to n + 2 unknowns during the
implementation of DQEM as compared to n unknowns in the GDQ method. Now
Eq. (1.25) reduces to
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{
dm W (X)

dXm

}

X=Xi

=
n∑

j=1

h(m)
j0 (Xi )W j + h(m)

11 (Xi )W (1)
1 + h(m)

n1 (Xi )W (1)
n

=
n+2∑

j=1

E (m)
j0 (Xi )W j , (i = 1, 2, . . . , n). (1.26)

Further, two types of DQEM are available in the literature based on the choice of
interpolating functions hij as follows:

New Version of Differential Quadrature Method (NDQ)

In this approach, Lagrange’s interpolation functions are used as the basis polyno-
mials. The incorporation of two new variables leads to the modification in weighting
coefficients, i.e. E (m)

i j ’s which are as follows:

E (1)
i j =

{
C (1)

i j i, j = 1, 2, . . . , n

0 i = 1, 2, . . . , n, j = n + 1, n + 2,

E(2)
i j =

{
C(2)

i j i = 2, 3, . . . , n − 1, j = 1, 2, . . . , n,

0 i = 1, 2, . . . , n, j = n + 1, n + 2,

E (2)
i j =

n−1∑

k=2

C (1)
ik C (1)

k j , E (2)
i(n+1) = C (1)

i1 , E (2)
i(n+2) = C (1)

in , i = 1, n,

E (3)
i j =

n∑

k=1

C (1)
ik E (2)

k j , i = 1, 2, 3, . . . n, j = 1, 2, . . . n + 2,

E (4)
i j =

n∑

k=1

C (2)
ik E (2)

k j , i = 1, 2, 3, . . . n, j = 1, 2, . . . n + 2.

Generalized Differential Quadrature Rule

The Hermite interpolation functions are used in this approach which are as follows:

h jk(X) = (
a jk X2 + b jk X + c jk

)
l j (X), j = 1, 2, . . . , n, k = 0, 1

where lj(X) are the Lagrange’s interpolation functions, defined as

l j (X) =
n∏

k=1,k �= j

(X − Xk)(
X j − Xk

) ,
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a jk =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
X2

j −X j (X1+Xn)+X1Xn
, j = 2, 3, . . . , n − 1, k = 0,

−1

(X j −Xn+1− j)
2 − l1j (X j)

(X j −Xn+1− j)
, j = 1, n, k = 0,

1
X j −Xn+1− j

, j = 1, n, k = 1,

b jk =

⎧
⎪⎪⎨

⎪⎪⎩

−(X1+Xn)

X2
j −X j (X1+Xn)+X1Xn

, j = 2, 3, . . . , n − 1, k = 0,

1
X j −Xn+1− j

− a jk
(
X j + Xn+1− j

)
, j = 1, n, k = 0,

− X j +Xn+1− j

X j −Xn+1− j
, j = 1, n, k = 1,

c jk =

⎧
⎪⎪⎨

⎪⎪⎩

X1Xn

X2
j −X j (X1+Xn)+X1Xn

, j = 2, 3, . . . , n − 1, k = 0,

1 − a jk X2
j − b jk X j , j = 1, n, k = 0,

X j Xn+1− j

X j −Xn+1− j
, j = 1, n, k = 1.

6.3 Grid Points Distribution

The convergence and accuracy of themethod also depend on the choice of grid points
distribution. Consequently, ChebyshevGauss–Lobatto grid distribution (Wang 2015)
is considered for the analysis:

Xi = 1

2

[
1 − cos

(
i − 1

n − 1
π

)]
, i = 1, 2, . . . , n. (1.27)

6.4 Solution Procedure

Equation (1.23) is discretized by approximating the derivatives of nondimensional
transverse displacement W using the above-mentioned methods at any grid point
xi, i = 1, 2, …, n gives simultaneous equations in terms of unknowns Wis. The
satisfaction of the resultant equation at grid points all grid points provides a set of
linear equations. These equations together with corresponding boundary conditions
provide an eigenvalue problem which is solved to compute the non-dimensional
frequencies of the nanobeam using MATLAB.
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7 Results and Discussion

Thermoelastic vibrations of functionally graded nonuniform nanobeams with CC,
CS, SS and CF supports are investigated to discuss the effect of size dependency,
volume fraction index, taper parameters and temperature difference. The mechanical
properties are listed in Table 1 for ceramic and metal constituents as Si3N4 and
SuS304, respectively. The values of various parameters are taken as follows: nonlocal
parameter γ = 0.0, 0.1, 0.2, 0.3, temperature difference �T = 0(20)200 K, volume
fraction index p = 0, 0.5, 2, and taper parameters α, β = −0.3, 0, 0.3.

7.1 Convergence and Comparison

To choose a suitable method from the above methods, a comparison test is made
in view of the required grid points for the accuracy of four decimal places in
the frequency parameter of nonuniform nanobeams with different boundary condi-
tions. In view of this, the results are reported in Table 2 considering parameter p =
2, �T = 200 K, γ = 0.2. It can be seen that the NDQ method needs less number
of grid points as compared to other methods, so this method has a faster rate of
convergence. Accordingly, 22 grid points are fixed for the desired accuracy. Further,
the comparison of results with those obtained by other methods is presented in Table
3 which justifies that the present results are trustworthy.

Table 1 Mechanical properties for ceramic and metal

TD E (Pa) ρ (kg/m3) α (1/K) k (W/mK)

SuS304 Si3N4 SuS304 Si3N4 SuS304 Si3N4 SuS304 Si3N4

P−1 0 0 0 0 0 0 0 0

P0 201.04 ×
109

348.43 ×
109

8166 2370 12.33 ×
10–6

5.87 ×
10–6

12.04 9.19

P1 3.079 ×
10–4

−3.07 ×
10–4

0 0 8.086 ×
10–4

9.095 ×
10–4

0 0

P2 −6.534 ×
10–7

2.16 ×
10–7

0 0 0 0 0 0

P3 0 −8.946 ×
10–11

0 0 0 0 0 0

TI Aluminium Al2O3 Aluminium Al2O3 Aluminium Al2O3 Aluminium Al2O3

70 × 109 380 ×
109

2707 3800 23 × 10–6 7.4 ×
10–6

204 10.4
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Table 2 Convergence of frequency parameter p = 2, �T = 200 K, γ = 0.2

GDQ method NDQ method GDQ rule

I II III I II III I II III

CC Uniform (0, 0) 11 15 17 12 14 17 40 48 55

Linear (−0.3, 0) 11 14 17 11 16 17 42 49 58

(0.3, 0) 11 16 17 10 14 16 41 47 57

Parabolic (0, −0.3) 11 12 15 10 12 15 43 50 58

(0, 0.3) 12 15 19 12 13 17 42 48 59

Quadratic (−0.3, −0.3) 15 18 19 15 18 19 44 51 60

(0.3, 0.3) 13 16 19 13 16 17 47 53 63

CS Uniform (0, 0) 11 14 19 10 13 16 40 48 55

Linear (−0.3, 0) 11 14 17 11 12 15 42 49 58

(0.3, 0) 12 15 18 10 13 15 41 47 57

Parabolic (0, −0.3) 12 13 15 10 11 13 43 50 58

(0, 0.3) 14 17 19 11 14 17 42 48 59

Quadratic (−0.3, −0.3) 20 20 21 15 15 18 44 51 60

(0.3, 0.3) 13 16 20 11 13 16 47 53 63

SS Uniform (0, 0) 11 14 17 8 10 13 41 49 56

Linear (−0.3, 0) 11 14 17 8 10 13 42 48 57

(0.3, 0) 11 14 17 8 10 12 40 46 55

Parabolic (0, −0.3) 13 14 14 9 9 11 41 51 56

(0, 0.3) 13 16 17 8 11 12 43 49 57

Quadratic (−0.3, −0.3) 21 20 21 15 14 14 45 50 59

(0.3, 0.3) 13 17 18 9 10 13 46 51 61

CF Uniform (0, 0) 10 15 18 8 11 13 46 56 68

Linear (−0.3, 0) 12 13 16 9 11 14 48 59 71

(0.3, 0) 11 14 18 10 11 14 47 58 69

Parabolic (0, −0.3) 15 15 16 10 11 13 49 61 73

(0, 0.3) 13 16 20 10 13 15 48 59 71

Quadratic (−0.3, −0.3) 22 23 25 18 18 18 51 63 74

(0.3, 0.3) 11 16 23 9 11 16 52 64 73

Table 3 Comparison of frequency parameter for isotropic simply supported nanobeam

γ 2 → 0 0.01 0.02 0.03 0.04

Present 9.8696 9.4159 9.0195 8.6693 8.3569

Reddy (2007) 9.8696 9.4159 9.0195 8.6693 8.3569

Aydogdu (2009) 9.8696 9.4124 9.0133 8.6611 8.3462

Eltaher et al. (2012) 9.8696 9.4159 9.0195 8.6693 8.3569
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7.2 Parametric Discussion

In Tables 4, 5 and 6, the values of frequency parameter of nonuniform nanobeam are
reported for the first three modes of vibration considering temperature-independent
(TI) and temperature-dependent (TD) mechanical properties. The choice of the
number of modes is based on the fact that initial modes have most of the energies
of the structure. It can be observed that the value of 
 increases with the increase in
the number of modes of the beam, keeping other parameters fixed for all combina-
tions of boundary conditions.Also, the values of frequency parameter for nonuniform
nanobeams of TI materials are found to be higher as compared to those for the TD
materials. Further, due to the edge fixity of the nanobeams, the values of
 are found
in the order of 
CC > 
CS > 
SS > 
CF.

Table 4 represents the values of fundamental frequency 
 of functionally graded
nonuniform nanobeams with γ = 0, 0.2, p = 0, 2, and �T = 0, 200 K for CC, CS,
SS and CF supports at the edges of the beam. The values of frequency parameter
are found to decrease with the large values of volume fraction index and temper-
ature difference. The increase in the fraction index leads to a higher volume of
metallic constituent, and hence, frequency parameter decreases due to lower stiff-
ness. Further, the temperature has the softening effect, and accordingly, frequency
decreases. However, for the nonlocal parameter, the behaviour of frequency is based
on the edge support, i.e. it decreases for CC, CS and SS boundary conditions but
increases for CF boundary conditions. Various researchers observed and reported
such paradoxical behaviour of nanobeams for CF boundary conditions. In view of
different thickness variations considered in the analysis, the order of the values of
frequency parameter for the first mode is reported in Table 7.

In Tables 5 and 6, the values of frequency parameter are reported for modes
second and third, respectively. Similar to the first mode, the value of frequency
parameter decreases with higher values of volume fraction index and temperature
difference for the same set of the values of other parameters. Also, it decreases with
the increasing values of nonlocal parameter irrespective of the boundary conditions.
The changes in the values of 
 are also observed in view of the reported values of
parameters, and it is observed that the volume fraction index affects most while the
temperature difference has the lowest impact on the frequency. This effect further
increases when the same nonuniform beam is fabricated with TI materials. Further,
the values of frequency parameter in the second and third modes for nonuniform
nanobeam are found to be in the order of 
Uniform > 
Parabolic > 
Linear > 
Quadratic

when the thickness of the beam is decreasing from left to right with CC, CS and SS
supports, while it is reverse for the increment in the thickness from left to right.

As the nonuniform functionally graded nanobeam with CF edges shows para-
doxical behaviour in the fundamental mode, the corresponding graphs of frequency
parameter 
 are plotted in Figs. 4 and 5 for varying values of temperature difference
�T taking p = 0.5, 2, γ = 0.1 along with TD and TI material properties. Figure 4
illustrates the graphs for the nanobeam considering uniform, linear, parabolic and
quadratic thickness variations such that the thickness decreases from left to right. It
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Table 7 Order of frequency parameter in first mode in terms of thickness variations

Thickness decreasing from X = 0 to 1 Thickness increasing from X = 0 to 1

CC 
Uniform > 
Linear > 
Parabolic > 
Quadratic 
Uniform < 
Linear < 
Parabolic < 
Quadratic

CS 
Uniform > 
Parabolic > 
Linear > 
Quadratic 
Uniform < 
Parabolic < 
Linear < 
Quadratic

SS 
Uniform > 
Parabolic > 
Linear > 
Quadratic 
Uniform < 
Parabolic < 
Linear < 
Quadratic

Fig. 4 Frequency parameter as a function of temperature difference�T for γ = 0.1 when the beam
becomes thinner towards the right edge

Fig. 5 Frequency parameter as a function of temperature difference�T for γ = 0.1 when the beam
becomes thicker towards the right edge
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is observed that the value of frequency parameter increases with the increase in the
values of temperature difference for uniform and linear thickness variations, while
it decreases for parabolic and quadratic thickness variations. This effect is more
pronounced for temperature-dependent materials. Similarly, Fig. 5 represents the
curves of frequency parameter for thickness increasing from left to right. It can be
seen that the value of frequency parameter increases with the increase in temperature
difference.

8 Conclusions

The vibrational behaviour of functionally graded nonuniform nanobeam under
thermal environment is studied on the basis of Eringen’s nonlocal elasticity theory.
The effect of size dependency, ceramic/metallic constituents and surrounded thermal
field, etc., is discussed forCC,CS, SS andCFboundary conditions and concluded that
the advanced version of the differential quadrature method is giving accurate results
with higher rate of convergence as compared to generalized differential quadrature
method and generalized differential quadrature rule. Nanobeam with free boundary
conditions shows paradoxical behaviour.However, for other boundary conditions, the
increase in the values of temperature difference, volume fraction index and nonlocal
parameter leads to lower stiffness of the beam, and so the frequency parameter
decreases. Based on the discussion, one can deduce that the size effect plays a vital
role in the vibrations of nanoscale beams-type structural elements.

9 Future Scope

Structural components of varying thicknesses are highly favoured these days due
to their structural tailoring capabilities, damage tolerance and potential for creating
significant weight savings in various engineering applications. Beam-type construc-
tions of varying thickness are often encountered in the aerospace industry, missiles,
spacecraft structures, satellites and transportation vehicles as well as in other fields
of modern technology. In the past few decades, such structural elements are being
used in the primary structures of an aircraft, such as the skin of the wing, the vertical
fin torque box, aileron, spoiler, fuselage belly fairing and rotor blades. To use FGMs
for the construction of beams efficiently, a good knowledge of the static and dynamic
behaviour of such structures is essential with a fair amount of accuracy. Keeping the
above in view, the following problems have their practical importance and should be
discussed explicitly:

• The analysis of thick nonuniform functionally graded nanobeams in different
technological situations.



168 R. Saini

• To study the composition of functionally graded materials with porous and
piezoelectric materials.

• Impact of extremely harsh conditions on the performance of the above structural
components.
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in Agriculture and Farming
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Abstract Recently, nanotechnology has gained an intense attention in agriculture
and quality farming system tomeet the demand of sustainable agriculture. The unique
properties of nanomaterials at nanoscale enables their employment for the design
and development of diverse range of novel tools that supports sustainable agricul-
ture. It is popular among the scientists due to its positive impact on agrifood sector
by reducing the adverse impact of agripractices on environment, human health and
improving food quality and productivity. In present chapter, application of various
kinds of nanoparticles (NPs) in stressmanagement of crops, as pesticides, herbicides,
as nanobiosensors for disease detection, as seed growth promotes, for management
of agricultural waste and shelf-life enhancement of agriproduce has been discussed
in detail. Nanotechnology in agriculture significantly reduced the wastage of natural
resources such aswater, biofertilizers and also reduces the environmental pollution by
reducing the application of harmful chemical fertilizers and pesticides. The applica-
tion of nanomaterials found to be beneficial for sustainable agriculture. The recently
available literature revealed the positive impact of nanotechnology application in
different practices of agriculture such as crop nutrient management, stress resis-
tance, insect and pest management, agriculture waste management, improving food
security and productivity that, in turn, meet the food demands of global population.
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1 Introduction

Nanotechnology exhibits great potential in production and processing of agripro-
duce. Researchers are using biodegradable waste for green synthesis of nanoparti-
cles (NPs). During green synthesis, the various plant secondary metabolites such
as phenolic compounds, alkaloids, co-enzymes and terpenoids are reduced as NPs.
The application of these NPs exhibits positive response in plant disease control,
promoting plant growth, development and plant nutrient availability by the site-
specific delivery system. For herbicide and pesticide application, encapsulated nano-
materials showed better penetration and allow slow release of herbicides and pesti-
cides in the plant cell; therefore, nanotechnology provides an environment-friendly
technique for herbicide and pesticide application in agriculture (Fig. 1) (Schils et al.
2018a). With advancement in the tool and techniques, the site selected delivery of
pesticides and herbicides will further improve the agricultural practices. NPs loaded
with fungicides, herbicides, fertilizers, nutrients and nucleic acid have a great poten-
tial to release at a specific part of the plant to achieve a site-specific control of plant
diseases, abiotic stress management and nutrient management. With the advance-
ment in biotechnological tools and techniques, nanomaterials have been extensively
employed as disease diagnosis tools for advanced and precise diagnosis. The appli-
cation of inorganic (micro or macro) nanomaterials during the growth cycle of crop
increased the growth of plant by providing the appropriate nutrition to the plants

Fig. 1 Different aspects of nanotechnology in agriculture
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(Schils et al. 2018a; Prasad et al. 2012). The metal-oxides NPs are proved to be
effective to enhance the growth of plants in dry seasons by acting as a growth stimu-
lator that, in turn, enhances the productivity and nutritional quality of the agricultural
produce (Prasad et al. 2012; López-Vargas et al. 2018; Yang et al. 2006). In addi-
tion, in modern agricultural practices, nanomaterials are also reported to be useful
as an effective antipest material (Bellesi et al. 2019). Nanotechnology deals with the
use of NPs of dimensions 100 nm or less to meet the concept of quality and preci-
sion agriculture that enhanced the yield of the crop by efficiently utilizing resources
in a precise manner by reducing the load of unnecessary chemicals on soil. (Auffan
et al. 2009). Several materials like semiconductors, metal oxides, magnetic ceramics,
synthetic and natural polymer lipids have been extensively explored for application
of nanotechnology in agriculture. The biological material chitosan in nanomaterial
as bionanocomposite is well known due to potent biopesticide and fungicide prop-
erties of chitosan that is helpful for seed priming treatment against fungal infection
(Puoci et al. 2008). Furthermore, the plant response towards NPs varies from plant
to plant, depending upon the uptake mechanism and their impact on growth and
development. Seed germination and plant growth are the two major phenomena that
are highly affected by the various concentration of NPs (Zheng et al. 2005).

In addition, researchers are emphasizing on green synthesis of NPs by employing
various biological sources with an aim to reduce the adverse impact on environment
(Bansal et al. 2014). The application of nanofertilizer, nanopesticides and nanoher-
bicides reported to significantly enhance the quality and quantity of agriproduce in
the modern agriculture system. It is known that cereals are the most important staple
food crop (Schils et al. 2018b); the foliar and soil application of NPs on cereal crops
have positive effects on their productivity during their growth cycle that, in turn,
increases the rate of plant productivity by offering micronutrient source (Cik et al.
2019).

1.1 Role of NPs in Seed Germination

Researchers have also revealed the positive impact of seed treatment with NPs
that result in enhanced rate of seed germination and enhanced adaptation of seeds
towards environmental stress (Adhikari et al. 2016). The seed treatment with NPs
also reported to enhance seedling growth, vigour and viability in an experiment
seed priming with Fe NPs which was found to be very effective in case of seedling
growth parameters like root length, shoot length, pigments and antioxidant potential
in Triploid water melon (Citrullus lanatus) (Kasote et al. 2019). Researchers have
also revealed that the coating of seeds with silver (Ag) NPs resulted in enhanced
water absorption compared to the control seeds (Adhikari et al. 2016). In another
seed germination study, the seeds treated with NPs showed 73% more dry biomass
and three times more vitamins compared to control seeds (Dehkourdi and Mosavi
2013). In addition, seed treatment with NPs also resulted in 90% increase drought
resistance compared to control (Jaleel 2009). Furthermore, polysuccinimide NPs
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Fig. 2 Impact of polysuccinimide NPs (PSI-NPs) on corn (Zea mays L.) seed germination and
seedling growth under Cu stress. Reproduced with permission of Xin et al. (2020)

(PSI-NPs) influenced the corn (Zea mays L.) seed germination and seedling growth
under Cu stress (Fig. 2) in dose-dependent manner with an optimal rate of 200 mg
L−1 (Xin et al. 2020) Thus, it can be assumed that nanoparticle treatment of seed or
seedling results in significant increase in the quality, quantity and resistance of crop
plants towards climate/environmental changes (Khodakovskaya 2009).

1.1.1 Plant Growth and Development

It is well known that the plant growth and development are significantly affected
by the environmental regimes. The chemical treatment of plant propagating material
could also promote or decrease the growth as well as the germination seed or seedling
(Singh et al. 2015). Recently, several reports have been published related to the effect
of nanomaterials on plants growth and germination and their advanced application
in the agriculture field. The impact of various NPs such as titanium dioxide (TiO2),
copper (Cu), silicon (Si), gold (Au), quantum dots (QD), palladium (Pd), aluminium
oxide (Al2O3), zinc oxide (ZnO), aluminium (Al) and cerium oxide (CeO2) on germi-
nation of various plants namely, tomato, spinach, rice, lettuce, canola, radish, rye,
grass, rape, corn, cucumber, cabbage andwheat was explored (Xin et al. 2020). These
studies mentioned the positive impact of NPs on seed germination rate, photosyn-
thetic rate, biomass and chlorophyll content of plants. In general, the seedgermination
rate was reported to be inversely correlated with the nanoparticle size. In addition,
NPs mentioned to enhance the absorption level of inorganic nutrients, stimulate
organic substance disintegrations and also improve the photosynthetic rate in plants
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(Shojaei 2009). Furthermore, it is suggested to conduct extensive studies for deci-
phering the engineered nanomaterials, exploring their mechanistic application along
with the agroecological toxicity (Khot 2012; Daniel and Astruc 2004; Kato 2011).

1.2 Role of Nanotechnology in Agriculture Innovation

Nanotechnology can play an important role to achieve the goal of sustainable agricul-
ture and quality farming systems development. It is of immense importance to meet
the food demands of increasing human and animal population. Thus, it is crucial to
mindfully employ the available technologies for sustainable development. During
the green revolution, fertilizers, pesticides and other agrochemicals have been used
in excess with an aim to enhance the yield of crops. After decades of this unmindful
practice, it was observed that excessive use of these agrochemicals leads to irre-
versible soil and environment pollution and reduction in soil microflora. To address
this issue, application of nanotechnology in agriculture plays an important role by
using significantly less amount of chemicals to achieve high protection against pests,
herbs and high yield of agriproduce. However, it is also important to consider that
excessive use of nanofertilizers, nanopesticides and nanoherbicides can also be toxic
and harmful to the environment. Thus, further research is required to optimize the
amount of nanomaterial to be used to achieve the goal of sustainable agriculture.
Furthermore, nanotechnology can be helpful to improve the quality and production
of agriproduce by employing nano-based sensors and monitoring devices in various
agricultural practices. Thus, appropriate use of nanotechnology in agriculture may
increase global food production and it will affect world agriculture positively (Kato
2011). Nanotechnology is an emerging field in the twenty-first century. Globally,
researchers are exploring various means for the commercialization of nanoproducts.
NPs have gained considerable attention compared to bulk counterparts owing to their
unique properties. ZnO NPs mentioned to exhibit great potential to enhance crop
yield due to their potent physical, optical and antimicrobial properties. The metal
and metal-oxide NPs were also reported as an effective growth stimulator of crops
in dry seasons resulting in an enhanced yield and nutritional quality of agricultural
products by acting as an active antimicrobial agent. Nanomaterials are also employed
as an essential part of different biotic and abiotic remediation strategies as NPs play
a significant role in deciding the fate, mobility and toxicity of soil pollutants. When
nanomaterials entered in the soil system, they may exhibit significant impact on soil
quality as well as plant growth and development that has been conversed as their
effect on nutrient release in soil, soil organic matter, soil biota as well as physiolog-
ical and morphological responses of plants. In addition, the mechanisms involved in
nanomaterial uptake and translocation within plants, as well as associated defence
systems, are addressed in the following sections.
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1.3 Useful NPs in Agriculture

NPs are also reported to play a significant role in plant growth, development and
productivity. NPs’ biological function is determined by their physicochemical qual-
ities, application method and concentration. Previous studies have reported several
NPs to be used in agri-innovation. It was also mentioned that different types of NPs
exhibit different effect on plant materials such as increase in the seed germination,
biomass or grain yield. Some of the NPs are toxic in nature; thus, it is recommended
to use eco-friendly NPs synthesized by employing green methods and biodegrad-
able and safe materials. Recently, researchers are also exploring different biological
agents such as viruses, fungi, bacteria and plant extracts for NPs synthesis as these
agents are green reducing agents and reduce the environmental impacts. Overall, Ag
NPs, TiO2 NPs and ZnO NPs are the most commonly employed NPs in agriculture
for various purposes.

1.3.1 Carbon NPs

Carbon NPs have been used in different forms in several plant growth studies; C60

fullerene is the first stage carbonaceous NPs (Mukhopadhyay 2014). Carbon NPs
of size 10 nm are the most advanced types of carbon nanomaterials. It is a nascent
fluorescent molecule because of its unique trait of high photoluminescence that is
proportional to its size. The cost, size, water solubility, transparency and biocom-
patibility of carbon NPs all play a role in their practical application. Based on its
structure, two main types of nanotubes are available single-walled and multi-walled
nanotubes. Carbon NPs have recently been added to the importance and extensive
use of carbon materials. An extensive research in this field results in the develop-
ment of novel exciting carbon nanomaterials that have attracted significant attention
of researchers from various fields such as water filtration, hydropower, biochemical
and agriculture production (Baker and Baker 2010). In literature, different types of
methods have been reported for the synthesis of carbon NPs such as laser isolation,
arc discharge, carbonization of carbohydrates,microwave-based pyrolysis and chem-
ical vapour deposition (Mostofizadeh 2011; Chamoli et al. 2017; Singh et al. 2020;
Wang 2011). Thus, by employing current breakthroughs in the field of nanotech-
nology, major improvements and enhancements in agricultural sustainability, disease
management, crop protection, variety improvement and productivity can be realized.
(Fig. 3) (Patel et al. 2019).

1.3.2 Metal-Oxide NPs

Ag NPs exhibit potent antimicrobial activity attributed to its high surface area (Wei
2013). Ag NPs have been extensively used against various disease-causing broad-
spectrum human and plant pathogens (Cho et al. 2005; Morones et al. 2005; Tian
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Fig. 3 Schematic representation of carbon nanotube sources (natural and anthropogenic), their
uptake, accumulation and translocation, and their impact on growth and development of crop plants.
CK, Cytokinin; HBr, homobrassinolide; IAA, indole-3-acetic acid. Reproduced with permission
Patel et al. (2019)

et al. 2007; Chamoli et al. 2021a, b; Shukla et al. 2019; Ali et al. 2015). These
particles have also been successfully employed for pest control of major food crops.
Several methods for synthesis of Ag NPs have been documented in the literature,
including chemical, physical and biological processes. Researchers have recently
focused on environmentally safe, single-step methods for the synthesis of Ag NPs.
Ag NPs have also been synthesized from a variety of sources, including plants,
bacteria, and fungi. These Ag NPs are successfully employed for plant pathogen
control in food crops. Researchers have also investigated the impact of Ag NPs
(diameter = 20 nm) on fenugreek plant with positive results of pest control (Hojjat
2015). Researchers also found that seeds treated with Ag NPs at a concentration
of 10 µg ml−1 exhibit the highest seed germination, germination speed, root length
and root fresh weight. These results clearly revealed that the positive impact of Ag
NPs on seed germination (Hojjat 2015). Ag NPs also reported to exhibit antibac-
terial properties, against the rice pathogen (Xanthomonas oryzae pv. oryzae (Xoo)
which cause bacterial leaf blight (BLB) disease, NP synthesized from susceptible rice
variety was used as an antibacterial agent against phytopathogen and results found
to be very effective in mitigating the bacterial growth and colony formation of Xoo;
therefore by this experiment, Ag NPs were found to be more powerful antibacterial
agent (Namburi et al. 2021). Similarly, the Ag NPs coated with fructose reported to
present antimicrobial activity against phytopathogens such as Erwinia amylovora,
Clavibactermichiganensis, Ralstonia solanacearum, Xanthomonas campestris and
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Dickeyasolani (Mishra et al. 2014). Zinc is also an important micronutrient for
different agricultural crops. The deficiency of Zn significantly affects the agricul-
tural production especially in the calcium carbonate-rich soil (Mishra et al. 2014).
The soil of the Mediterranean region and arid region is mostly supplemented with
calcium carbonate and this soil limits the zinc availability to plants (Thwala et al.
2013). ZnO NPs may be quite helpful to address this problem of zinc deficiency.
However, exploration of harmful effect of ZnO NPs is crucial while addressing the
problem of Zn deficiency of plants in calcium carbonate-rich soil (Elumalai et al.
2015). ZnO NPs increase the zinc dissolution and bioavailability of Zn to the plants
in soil enrich with calcium carbonate. The diffusion of zinc from Zn fertilizer is an
important part of zinc absorption by the roots of plants (Rajiv et al. 2015). ZnO NPs
less than 100 nm in size exhibit better antimicrobial activity due to high interaction
with bacteria as they exhibit high surface to volume ratio (Gangloff et al. 2006). ZnO
NPs are also vital in the antioxidant defence system because they deactivate reactive
oxygen species (ROS), which causes cell death. Thus, ZnO NPs are also reported
to be helpful in the stress tolerance mechanism. The toxicity of Ag and ZnO NPs
was suggested by the generation of reactive nitrogen species (RNS) and hydrogen
peroxide (H2O2) when duckweed (Spirodela punctuta) was exposed to Ag and ZnO
engineered NPs (Xia et al. 2006). In wheat, zinc NPs have been found to induce free
radical production, resulting in increased malondialdehyde and reduced glutathione
(Ryter et al. 2007) and chlorophyll concentration (Long et al. 2006; Lovric et al.
2005). To solve the zinc deficiency problem, ZnO and ZnSO4 are mostly used zinc
fertilizers but due to the non-availability of Zn to the plants, their use as Zn fertilizer
is limited. ZnO NPs can address the above-mentioned problem by increasing the
solubility of Zn and enhancing its availability to the plants. The enhanced solubility
and bioavailability of Zn NPs attributed to its size in nanorange; thus, these NPs are
more active as compared to Zn particles of millimetres in size (Xie et al. 2011).

1.4 Stress Management and Tolerance

1.4.1 Abiotic Stress Tolerance in Plants

Any adverse environmental condition such as temperature, moisture and salinity
that affects the plants is known as abiotic stress. The abiotic stress of any kind can
adversely affect the plants and limits their productivity. According to a report, global
agricultural production should have been boosted to 70% to fulfil the fast-rising food
demands of human population. Thus, increase in the different type of abiotic stresses
and their adverse impact on crop yields triggers plant scientists to explore different
means to control their impact on crop yield. (Lewinski et al. 2008). Under these
abiotic stress conditions, plants have developed differentmechanisms to combat these
stress conditions. It is also important to note that the response towards these stress
conditions may vary depending on the plants and their species. Therefore, screening
or selection of stress tolerant genotype is a major concern for the plant scientists
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for sustainable agriculture. In this case, nanotechnology has opened new doors in
the field of biotechnology and agriculture to deal with abiotic stress conditions such
as salinity, alkaline soil condition, heavy metal stress, high- or low-temperature
(FAO 2050; Meenu et al. 2016). Various physiological and molecular changes occur
under abiotic stress conditions such as changes in gene expression, cell division and
evolution of different energy pathways (Bromham et al. 2013). In such cases, NPs
behave as stress signals and activate the defence mechanism of plants against abiotic
stress conditions. TheNPs also reported to act as antioxidative enzymes and scavenge
the ROS (Manzer et al. 2015).

Drought

The depletion of water resources, desertification and salinity are themajor challenges
all over the globe in the field of agriculture, food production and food security.Among
various abiotic stress, drought is themajor problem as it limits the production of crops
in arid regions (Rico et al. 2013). Recently, in case of Crataegus spp., researchers
have found that application of Si NPs at different levels of drought presented positive
physiological and biochemical changes such as enhanced photosynthetic activity,
MDA, high proline accumulation and more chlorophyll content (Wahid 2007). In
addition, drought susceptible cultivars of Sorghum (Sorghum bicolor L.) presented
an improved tolerance towards drought followed by the treatment with silicon NPs.
Sorghum plants were also reported to exhibit improved root growth and photosyn-
thetic rate. All these parameters revealed improvement in the drought tolerance of
sorghum plants followed by treatment with silicon NPs (Rico et al. 2013).

Heat Stress

The exposure of food crops to high temperature more than the optimum is regarded
as heat injury, temperature stress and heat stress. Heat stress severely affects the
growth and development of plants when exposed for a long time (Rico et al. 2013).
The exposure to heat stress or any other abiotic stress condition led to the production
of ROS in that, in turn causes oxidative stress in plants that lead to ion leakage and
lipid peroxidation. This will result in the degradation of some important proteins and
reduction in photosynthesis rate and chlorophyll content (Wahid 2007). Se NPs had
previously been shown to minimize the effects of heat stress by boosting chlorophyll
content, plant growth and hydration ability at low concentrations. The expression
of heat shock proteins (HSPs) is another important feature associated with heat
stress. These HSPs work as molecular chaperones. The application of CNTs has also
been reported to be linked with the HSP related genes (Ahmed et al. 2021). The
excessive production of H2O2 and upregulation of HSP70 have also been reported
to be associated with the application of CeO2 NPs (Khodakovskaya et al. 2012).
Furthermore, treatment with TiO2 NPs was also shown to minimize the effects of
heat stress by regulating stomatal opening (Zhao et al. 2012).
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Chilling Stress

Chilling stress or low-temperature stress is the condition in mesophytes and xero-
phytes when they suddenly exposed to very low-temperature conditions, sometimes
near freezing which causes serious damage in plant cells (Ǫi et al. 2013). The
adverse effects of chilling stress include loss of permeability and ion leakage from
the membrane, that, in turn lead to reduced germination, growth and overall devel-
opment of plant (Hasanuzzaman et al. 2013). The tolerance to chilling stress varies
significantly from variety to variety. The plants tolerant to chilling stress experience
less damage while sensitive plants exhibit more damage followed by cold stress.
The TiO2 NPs were found to decrease the negative effects of chilling stress by
minimizing plasmamembrane damage, maintaining permeability and preventing ion
leakage (Welti et al. 2002). The photosynthetic light reactions were also mentioned
to be significantly influenced by the chilling stress. Chilling stress reported to exhibit
several negative effects on plants such as reducing transpiration rate and CO2 assim-
ilation rate as chilling stress degrades RUBISCO and chlorophyll (Mohammadi et al.
2013). Furthermore, the nanoparticle treatment of plants leads to enhanced produc-
tion of Rubisco enzyme in photosystem (Yordanova and Popova 2007). In addition,
nanoparticle treatment also increases the light immersion ability of chloroplast (Gao
et al. 2006a), as well as inhibits the production of ROS along with reducing the
rate of ROS production. In addition, the plant treated with TiO2 NPs presented high
Rubisco activity (Ze et al. 2011), increased activity of the antioxidant enzyme (Xu
et al. 2014), enhanced leaf pigments and increased tolerance to chilling stress. It was
also mentioned that the upregulation of stress-related genes during low-temperature
stress conditions increased the level of MDA reductase, glutathione reductase and
dehydroascorbate reductase activities. These proteins/enzymes scavenge ROS that,
in turn, reduces oxidative damage such as peroxidation of lipids, chlorophyll lose
and generation of H2O2 and lead to enhanced tolerance to chilling stress (Hasanpour
et al. 2015). Overall, nanoparticle exposure during chilling stress exhibits positive
impact on growth, biochemical and physiological response towards the resistance
(Haghighi et al. 2012a).

Salinity Stress

Application of NPs in salinity stress has been extensively explored. Among the
NPs under investigation, SiO2 NPs exhibit high potential to protect plant under
salinity stress. A significant enhancement in the chlorophyll content, accumulation
of proline and antioxidant enzyme activity was observed followed by the treatment
with SiO2 NPs that, in turn, will lead to enhanced abiotic stress tolerance in plants
(Haghighi et al. 2012a). The treatment with Si NPs on lentil seed under salinity
stress lead to a significant increase in the seed germination and seedling growth
(Haghighi et al. 2012b). Furthermore, in the control condition, seed germination and
seedling growth were lower than in the lentil seeds treated with SiO2 nanoparti-
cles under salinity stress. Thus, it can be assumed that SiO2 NPs may increase the
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salinity tolerance in plants at seedling stage (Gholamreza et al. 2020; Sabaghnia and
Janmohammad 2015). In maize, an increase in the fresh and dry weight of root and
shoot was recorded followed by the application of SiO2 NPs under salinity stress
(Savvasd et al. 2009). Furthermore, Na toxicity is a major concern under salinity
stress conditions, and it adversely affects crop growth and yield. In this regard, several
studies reported positive impact of NPs treatment on plants along with increasing
salinity tolerance in plants especially due to SiO2 nanoparticle treatment. Thus, NPs
treatment lead to overall improvement plant growth under stress/adverse conditions.
Furthermore, salt stress raises Na toxicity, which reduced crop development and
yield, and SiO2 NPs treatment was recommended to minimize Na ionic toxicity that
result in improved crop growth and production and overall crop improvement under
unfavourable conditions (Zulfikar & Asraf 2021).

Heavy Metal Stress

Heavymetal stress is another critical environmental issue being faced globally.Heavy
metal stress suppressed the crop growth and yield by increasing the heavy metal
toxicity by disturbing various physiological activities in plants (Gao et al. 2006b).
Heavy metal stress interferes with the nutrient uptake process and also affects the
regular antioxidant enzyme activity which exhibit positive effect on various activities
associatedwith stress tolerance in crop plants (Rahimi et al. 2012).Heavymetal stress
in soil and water increases the production of ROS that in turn increases oxidative
damage in plants. The oxidative damage increases the stress condition plants by
altering the structure of cells and degradation of various crucial proteins and enzymes.
The stress conditions and oxidative damage decrease the nutrient uptake in plants that
ultimately lead to nutrient deficiency and poor enzyme activity that, in turn, reduced
the growth and development of plant (Capuana 2011). In response to heavy metal
stress, plants have developed various defence mechanisms such as polyphosphates
and metal chelators production which limit the excessive uptake of heavy metals and
activate the antioxidant enzymes system that scavenges ROS production. However,
application of synthesized NPs reported to reduce the load of heavy metal stress
or toxicity (Rascio and NavariIzzo 2011; Gunjan et al. 2014; Tripathi et al. 2015).
Previously, it was shown that using TiO2 and hydroxyapatite nanoparticles reduced
cadmium toxicity and increased photosynthetic rate and plant growth in Brassica
juncea (Worms et al. 2012). It was also mentioned that supplementing growth media
with Si NPs reduces chromium toxicity in peas (Gunjan et al. 2014). Furthermore,
cowpea exposed to gold ion stress reducedAu31 to non-toxic goldNPs in the presence
of phenolic compounds from germinating seeds (Singh and Lee 2016).
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1.5 Nanotechnology in Food Industry

In addition, the introduction of nanotechnology to generate new generation pack-
aging material reported to significantly enhance the freshness and quality of the
fresh agriproduce. These novel packaging materials protect the packaged material
from harmful rays, gases, chemicals and hindered the growth of pathogenic microor-
ganisms. However, selection of base material packaging development and fast disin-
tegration of packaging environment are two important factors to consider (Shabnam
et al. 2014). In this context, polymer nanocomposites have emerged as an absolute
substitute (Stewart et al. 2002) and its use as a packaging material which increase
or extend the consumption of digestible and non-toxic degradable films. The appli-
cation of nanocomposites results in edible and biodegradable films that protect the
food against nutrient loss along with providing protection against cancerous mate-
rials (Stewart et al. 2002). Due to the availability of limited amount of natural poly-
mers and weak mechanical strength of reported nanocomposite packaging material,
their commercial utilization is limited. Thus, these natural biopolymer materials
are usually combined with other man-made polymers with an aim to improve their
mechanical strength and commercial utilization (Sinha Ray and Okamoto 2003).
The packaging food material with bionanocomposites reduces the environmental
load of packaging waste. These bionanocomposites are also maintain the freshness
of food material for longer time and significantly enhance the self-life of pack-
aged food. These nanocomposite packaging materials are associated with advan-
tages such as low surface thickness, lucidity, easy flow, better surface properties
and show properties of easy recyclability (Petersen et al. 1999). Furthermore, in
the field of bionanocomposites as packaging material, the photo-catalysts mecha-
nism by TiO2 NPs under UV irradiation has gained significant attention due to its
significant antimicrobial activity that in turn enhances the shelf life of packaged
food. In addition, the catalyzing ability of nano-TiO2 in presence of UV light can
oxidize ethylene into water and CO2 (Chen andHu 2005). The development of edible
and biodegradable films from natural resources promoted the exploration of inno-
vative bio-based packaging materials that lead to shelf-life enhancement of food
material along with reducing packaging waste (Hu and Fu 2003). Recently, Fuji
apples packaged with nano-SiOx/chitosan presented better food processing qualities
in comparison to non-degradable polymers (Tharanathan 2003). The development
of advanced packaging materials with nanomaterials is able to meet the demand
of advanced preservation techniques for storage of perishable food products, fruits
and vegetables, and different beverages. With the addition of suitable NPs, normal
biodegradable packaging material can be converted into durable and heat resistant
packaging material. Furthermore, to ensure the food safety, nanobiosensors can be
employed to detect the presence of unwanted biochemical reaction, generation of
gases and presence of microorganisms (Tharanathan 2003). The functional ingredi-
ents of fruits, such as vitamins, antioxidants are the fundamental components, but
they are rarely employed in their purest form; functional ingredients are commonly
used as a part of a delivery system rather than the natural ingredients of fruits. Several
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functions can be performed by employing delivery system; however, the main goal
is to deliver that functional element to its specific location. However, protecting
of an ingredient from biotic and abiotic degradation is an important function of
a delivery system. In addition, delivery system also responsible for the release of
functional ingredient under specific environmental situations. Nanodispersions and
nanocapsules are specific delivery systems employed for drug delivery of functional
ingredients to specific sites. Nanobiosensors are used for labelling products with
biodegradable sensors. In food industry, change the food colour with the change in
pH of food products due to degradation, spoilage followed by microbial activity was
determined by employing biosensors. Biologicalmolecules such as sugars or proteins
are frequently employed in the food industry as biosensors to detect pathogens and
contaminants (Whistler and Daniel 1990). Nanotechnology may also be beneficial
in coating or priming of seeds and grains with suitable materials that protect them
against biotic and abiotic stress by various environmental factors. It is also used
to design several food materials with potent antioxidants properties and different
flavours. The primary goal of coating with nanoparticles is to improve the quality
and functioning of ingredients by lowering their concentrations or dilutions as well as
to improve the product by lowering the presence of chemicals by infusing innovative
substances into foods (Charych et al. 1996) that can be achieved with greater explo-
ration of delivery and controlled-release systems for biopharmaceuticals (Haruyama
2003).

1.6 Nanotechnology in Insect and Pest Management

Regarding the implementation of nanotechnology in insect and pestmanagement, the
major focus is the use ofNPs for plant protection and nutrition in the formof nanopes-
ticides or fertilizers. The application of pesticides and fungicides plays a crucial role
in advanced agricultural practices but the area of food processing and packaging the
application of nanopesticides and nanofertilizers has received less attention. Due to
the direct application of nanochemicals in nature, they may be degraded or diffused
in the environment. And this may be a critical condition for diffused nanoagrochem-
icals (Lawrence and Rees 2000). For wide applications of nanotechnology, several
new products are being explored. Recently, nano-based agrochemicals were applied
in agricultural pest management and in other fields of food processing and pack-
aging with an aim to provide plant protection, nutrition management, development
of eco-friendly, renewable energy resources, management of biomass, biocomposites
and agrochemical industries (Sadowski 2010). Nanoformulations of ZnO, Ag, Cu,
SiO2, exhibit a wide range of protection against pest and insects, water stress and
act as sustainable substitute for conventional pesticides to control the quality of soil
and environmental pollution compared to the other traditional methods (Sadowski
2010). Zinc is essential for plant growth and development, yet it is only found in trace
amounts in soil. As a result, Zn metal is a key target for the production of Zn NPs
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for pest control and nutrient delivery to plants. These nanoparticles are both cost-
effective and safe, with strong antibacterial and antifungal activities. Thus, these
NPs can be efficiently employed in agricultural fields to post-harvesting manage-
ment practices. In addition, Ag NPs also exhibit antibacterial, microbial, fungal,
larvicidal, pesticides and antiviral activity and efficiently employed in the field of
agriculture, plant health management and pest control during pre- and post-harvest
practices of food and grains (Chhipa 2017; Chopra et al. 1994; Gao et al. 2014;
Iravani 2011). The nano-based formulations with ZnO NPs against the microorgan-
isms show stability and slow kinetics, which is used for production in large amounts
of antifungal reagents. The antifungal activity of bioformulation of nanomaterials
may be the best alternative against harmful insects-pest control systems. In several
experiments, the researchers were found that when an aqueous solution of bio-NPs
was applied on several insects and pests, they found results like in the case of larvi-
cidal activity of H. armegera. The aqueous extract from Ecliptaprostrata is useful to
control mosquito; aqueous extracts of E. prostrate is used to control S. oryzae. Aloin
from Alovera on formed Ag NPs is very effective, which is an eco-friendly approach
to control the attacks of various insects and pests (Rajakumar and Rahuman 2011;
Kantrao et al. 2017; Logaranjan et al. 2016; Devi et al. 2014). The use of nanotech-
nology in food packaging shows high efficiency in terms of biodegradation, a better
solubility of nutrients and their slow release in the soil maintain soil fertility that, in
turn, lead to quality improvement of crops. As a result, future researchers can inves-
tigate the use of nanotechnology in the field of plant protection and management in
order to solve the fundamental issues associated with chemical fertilizers.

The properties of biopesticides such as thermal stability, stiffness, permeability
and biodegradability are more advantageous in comparison with chemical fertilizers.
Pests may experience indigestion followed by ingestion of nano-based material,
which disrupt their water protection barrier, resulting in desiccation and death. Due
to the presence of nanosize, nano-based formulations with nanocarriers have effi-
ciently decreased the population of insects and pests. Bioactive compounds initiate
the release of secondary metabolites from plants which can act on microorganisms
present in its periphery (Kamaraj et al. 2012). Several studies have been carried out
to determine the toxic effect of NPs on bacteria, fungi and pathogens, as well as a few
experiments on insects and pests such asAmsactamooreiButle,Brachytrypesporten-
tosus Licht, Episomus lacerta F, Gryllulus Domesticus Linn, Chrotogonus sp. and
Helicoverpa armigera (Nuruzzaman et al. 2016). The identification of plant species
harbouring secondary metabolites with insect repellent properties as expressed by
NPs such as Ag, ZnO, TiO2 has recently been a hot topic. For future application and
humanwelfare, the impact of nano-based biologically produced NPs on environment
and living beings should be explained.
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1.7 Agricultural Waste Management

In the agriculture sector, there is the production of large amounts of biowaste in
each step, from planting to processing to till food vegetable and fruits storage.
Agriculture biowaste management is a huge problem due to the shortage of skilled
labour, propermechanization and availability of adequate infrastructure. Agricultural
biowaste processing has various limitations ;due to that, only 2% of the whole world
biowaste is used, and all the other useable biodegradable material is degraded or
decomposed by microbes; due to that, a large amount of biowaste is lost in the form
of crop and energy loss. If this biodegradable waste product is properly managed
and used, then we have a huge source of renewable energy. This is easily created and
used by the whole world. By the use of nanotechnology or nanobioengineering, the
enzyme extraction efficiency and energy production could be increased, and agri-
cultural waste is easily utilized as a major source of renewable bioenergy which is
very helpful in the conservation of biological resources and sustainable agriwaste
management, nature and natural products. In nanotechnology by using metalloid
enzymes, the biofuel production capacity was increased from agricultural wastes like
rice husk, sugarcane waste, vegetable oils, shells of coconut, cotton stalk, groundnut
covering corncobs, cotton and animal fats (Shiva et al. 2020; Shrivastava and Dash
2012; Sarkar and Praveen 2016). Nanotechnology provides natural replacement of
harmful chemicals and also induce degradation of pesticides and herbicides. These
hazardous pollutants can be degraded and converted to harmless compounds using
NPs as reactive agents (Bharati and Suresh 2017). It is well recognized that all
chemicals mixed with wastewater have a dangerous effect on the environment, and
it is critical to remove these waste products in a systematic manner (Ditta 2012;
Babula and Farming 2009). For the treatment of wastewater, several strategies have
been developed, including nanotechnology. One of the most important nano-based
wastewater treatments is photocatalysis. Purification, filtration and decomposition
as well as the elimination of pathogens such as bacteria, viruses and other harmful
agents have all been accomplished using photocatalysis. Photocatalysis is a catalytic
reaction that takes place in presence of light. Several NPs have been used as catalysts,
including metal oxides and sulphides such as TiO2, ZnO, SnO2 and ZnS (Mulligan
et al. 2001; Ko 2009).

1.8 Nanobiosensors: New Tool for Detecting and Diagnosing
Crop Diseases

All organisms can sense the various environmental changes. Disease detection and
diagnosis is an important prospect in plant protection and the combination of biology
andnanotechnologyproved to behelpful in this aspect.Before controlling the disease,
its detection is very important. Nowadays, NPs may be for disease detection, these
compounds that could sense the presence of the pathogen. Nanobiosensors are every
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minute reproducible, solid and less toxic. They are helpful to maximize sustainable
agriculture. With the help of signal receptors, biosenseros receives signals from the
environment. Nanobiosensors have three components probe, bioreceptor and trans-
ducer. In comparison to the standard ELISA method, nano-based bioformulations
with biosensors have a higher sensitivity for pathogen detection and disease diag-
nosis (Patel et al. 2021; Feigl et al. 2010). Nanosensors are used in plant pathology to
detect disease-causing agents, contaminants in the environment and the presence of
nutrients in soil. (Elmer andWhite 2018). Insect attacks in the crop plant can also be
detected using nanosensors based on the detection of chemical substances generated
by insects. (Brock et al. 2011). According to a study, QD nanosensors were also
constructed to detect the presence of lettuce tobacco and cowpea mosaic virus, as
well as beet necrotic yellow vein virus (Chartuprayoon et al. 2013; Lin et al. 2014;
Safarpour et al. 2012). Several portable nanodevices have also been developed to
detect environmental contaminants, insects, pathogens and diseases (Sharon et al.
2010). In wheat, gold-based immunological sensors were employed to detect kernel
bunt disease (Singh 2020). Plants accumulate various stress-related chemicals when
they are under stress. Previously, by sensing salicylic acid concentrations in soil, a
gold electrode nanosensor and copperNPs detected a plant pathogenic fungus (Shang
et al. 2019).

2 Conclusions

Nanotechnology have various application in agriculture as discussed in the chapter,
NPs have the potential to change the scenario of global food security and agriculture
problems. Nanotechnology has showed considerable promise in agricultural appli-
cations, as it has the potential to improve people’s lives and the global economy.
The focus of this chapter is on providing basic understanding regarding the optimal
use of nanotechnology and different NPs for the improvement of crop productivity
and sustainable agriculture. As advancement in nanotechnology going on, there are
various tools and techniques available for a variety of agricultural nanotechnology
applications, such as use of NPs in DNA sequencing, nanobarcodes, nanosensors,
nanocatalysts, nanofertilizers and nanopesticides. Many studies have been under-
taken to investigate the impact of carbonNPs on plant growth and development activ-
ities; nevertheless, different plant species respond differently to different nanopar-
ticles, and the reason behind these variations are unknown. As a result of various
studies, NPs are most popular due to their versatile properties, for water and wastew-
ater purification. Ferrite-based adsorbents have low toxicity, high chemical stability
and are economical to use as they can be easily separated from the purified liquid.
Ferrites have shown great promise and are potential candidates for application for
water and wastewater. Excellent magnetic properties make the use of ferrites in
water systems attractive as they can easily be recovered at the end of the treatment
train using a conventional magnetic field. While they can easily use in water treat-
ment systems, their use in wastewater systems would need additional work given
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the complexity of wastewater. As a result, ferrites adsorbents are a top choice due to
their versatile properties, reasonability and magnetic separation capability for water
and wastewater purification.
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Prospects Toward the Development
of Nanomaterials for Advanced
Applications

Neha Ahlawat, Santosh Kumar Rai, and Mahesh Kumar Gupta

Abstract In this chapter, the expectations toward development in technological
advancements of nanomaterials is projected through highlighting their multifunc-
tional characteristics which enables their applications in diversified areas and key
challenges in their synthesis or usage. The brief outlook about the existing applica-
tions of nanomaterials discussed in different chapters of this book provides oppor-
tunities to the researchers working toward the development of nanotechnology for
explore potential of nanomaterials using multidisciplinary knowledge of science
and technology. Simultaneously, efforts may also be directed to overcome existing
challenges in synthesis and use of these nanomaterials in selective applications.

Keywords Nanomaterials · Opportunities · Challenges · Application areas ·
Perspective

Nanomaterials have become very popular in technology due to their multifunctional
properties which invites their usage in diversified applications. Specially, in last
two decades, the application-oriented research in nanotechnology has been growing
exponentially. Their potential use in preparation of structural components, energy
storage devices, sensors, biomedical and biomechanical applications, etc. has shown
immense opportunities for their exploration. The bloom of nanotechnology is unex-
pectedly moving very fast toward medical treatments, sensor technologies, self-
healingmaterials, big data storage and processing,weather forecasting, etc. Exposing
the newer ways in medical science using wearable fitness technology using tiny
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Table 1 Some popular nanomaterials and of their explored applications areas

Nanomaterial Application areas

Gold Medicine, food industry, water purification, etc.

Platinum Energy storage, magnetic nanopowders cancer therapy, polymer
membranes, nanocoatings, etc.

Silver Biomedical, sensors, water/air filters, etc.

Copper Antibiotic/antimicrobial/antifungal agent, EMI shielding, thermal
conductive, conductive coating, nanometal lubricant additives,
etc.

Zinc oxide Nano-electronic/nano-optical devices, energy storage, cosmetic
products, nanosensors, etc.

Carbon-based nanomaterials Biomedical, sensors, packaging, energy storage and production,
water and wastewater treatment, etc.

Titanium dioxide Toxicity reduction in drugs, wastewater treatment, reproduction
of silkworm, space applications, food industries, etc.

sensors for an intensive, accurate, and safer medical examination of living bodies is
one of the important growing interests in the field of nanotechnology. Use of sensors
has profound applicability in medical treatment, energy storage and harvesting, flex-
ible manufacturing, and the development of sustainable high temperature materials.
Even though the use of nanomaterials in sensing technology has introduced signifi-
cant opportunities for improvement in big data analysis andwhether forecasting using
typical hybrid composites/nanocomposites. Table 1 comprises of some significant
technological developments in diversified areas owing to the multifunctional char-
acteristics of nanomaterials. Moreover, the potential of nanomaterials as nanofluids,
nanoalloys, and self-healingmaterials invites researcher to explore further possibility
in studying the effects of change in texture/micro-structure of the tailored materials.

Nevertheless, the expecteduse of nanomaterials in various high-end applications is
limited due to incompetent behavior arisen by their toxic nature, compatibility issues,
uniformity and repeatability in synthesis, chemical stability, and various hazardous
effects to environment and living beings. Kostarelos et al. (2009) have highlighted
the toxic effects of using carbon-based nanomaterials in antitumor therapies. Simi-
larly, the effects of different nanomaterials in distortion of biological cells have
been proved by various researchers (Zhang and Karn 2005; Lanone and Boczkowski
2006; Hoshino et al. 2011; Proffitt 2004; Lam et al. 2004). It has also been found
that the severe effects of certain nanomaterials block the arteries in living beings and
damage the central nervous system (Service RF 2004; Lam et al. 2006; Nel et al.
2006). Different aspects of challenges for realistic applications of nanotechnology
are shown in Fig. 1.

The above-mentioned features and challenges in the nanomaterial’s technolog-
ical applicability provide an idea to explore and corelate more of such information
and identify further opportunities toward the development of new/surface-modified
nanomaterials or improving the existing processing methods in order to utilize their
multifunctional features efficiently.
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Fig. 1 Considerable challenges in application of nanomaterials for characteristic applications
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