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Part I 
Modern Perspective in Supercapacitor: 
Functionalized Nanomaterials (FNMs)



Chapter 1 
Historical Perspective of Nanotechnology 
and Functionalized Nanomaterials 

Tanuj Kumar, Ratnesh K. Pandey, Ramesh Kumar, C. V. Sudheep, 
S. Sreelakshmi, Shikha Awasthi, Vandana, and Rahul Singhal 

1 Origin of Nanoscience and Nanotechnology 

Nanoscience is the study of structure of a material or a chemical on nanometer sizes 
ranging from 1 to 100 nm and nanotechnology uses it in practical applications [1] or  
only smaller dimensions are addressed in nanoscience. It is an interdisciplinary field 
with the cooperation of physics, chemistry, and biology. To deal with the problems 
in nanoworld one should analyze the properties or change in properties according to 
the size parameters. 

Nanoscience is a kind of new technology to the world. Still the word “nano” is used 
in the histories of artisans for giving pot’s exteriors a dazzling appearance. Although 
the nanoscience can be seen inside everything from ancient histories as Lycurgus

T. Kumar (B) · C. V. Sudheep · S. Sreelakshmi 
Department of Nanosciences and Materials, Central University of Jammu, Rahya-Suchani, Bagla, 
Jammu 181143, India 
e-mail: tkdeswal@gmail.com 

R. K. Pandey (B) 
Department of Physics, School of Engineering, University of Petroleum and Energy Studies, 
Dehradun, Uttarakhand 248007, India 
e-mail: pandeyratneshk@gmail.com; rpandey@ddn.upes.ac.in 

R. Kumar 
Department of Physics, Guru Jambheswar University of Science and Technology, Hisar 125001, 
India 

S. Awasthi 
MM MahilaMahavidyalaya, Ara 802301, India 

Vandana 
Department of Physics, Kurukshetra University, Kurukshetra 136119, India 

R. Singhal 
Department of Physics, Malaviya National Institute of Technology, Jaipur 302017, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
C. M. Hussain and M. B. Ahamed (eds.), Functionalized Nanomaterials Based 
Supercapacitor, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-99-3021-0_1 

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3021-0_1&domain=pdf
mailto:tkdeswal@gmail.com
mailto:pandeyratneshk@gmail.com
mailto:rpandey@ddn.upes.ac.in
https://doi.org/10.1007/978-981-99-3021-0_1


4 T. Kumar et al.

Fig. 1 Richard Feynman 

cup to Damascus steel. So, the origin nanoworld is unknown but the development 
of nanoscience starts in the modern times. That’s why it’s a modern technology [2]. 
The nanoworld is started by the Nobel prize winner Richard Feynman (Fig. 1) for  
inventing the concept of nanotechnology in 1959. 

During the physics conference hosted by Caltech, American Physical Society, 
Feynman presented a lecture entitled “There’s Plenty of Room at the Bottom.” Using 
one set of extremely precise tools to construct and utilize a second set that is corre-
spondingly smaller and of the appropriate size, he presented a method for mastering 
the capacity to control individual atoms and molecules [3]. Due to this original idea, 
which demonstrated the viability of his theories, he is considered as the father of 
modern nanotechnology. In the year of 1974, Japanese scientist Norio Taniguchi was 
the first to adopt and define the word “nanotechnology” stating that it primarily refers 
to the processing of materials by one atom or one molecule for separation, consol-
idation, and deformation [4]. While composing Eric Drexler (Fig. 2) first academic 
literature on the topic, “Molecular Engineering: An approach to the development of 
general capabilities for molecular manipulation,” which had appeared in the Proceed-
ings of the National Academy of Sciences in 1981, Drexler uncovered Feynman’s 
startling 1959 lecture “There’s Plenty of Room at the Bottom” [5]. Taniguchi coined 
the term “nanotechnology,” which was originally used by Drexler in his book Engines 
of Creation: The Coming Age of Nanotechnology, which also introduced the idea 
of a nanoscale that could replicate itself and other things of varied complexity [6]. 
Before all of these Richard Zsigmondy, a chemical Nobel Prize winner from 1925, 
was the one who initially originated the term “nanometer.” He became the first 
person to employ a microscope to assess the size of bits like gold colloids as well as 
established the term nanometer precisely to quantify particle size [7].
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Fig. 2 K. Eric Drexler 

2 Development of Nanotechnology Over the Years 

The task of defining nanotechnology is exciting and challenging. However, we 
define nanotechnologies as the designing, characterizing, producing, and applying 
in various cases in the nanoscale. The study of occurrences and changes that occur 
with materials at the nanoscale in comparison to those at larger sizes is referred to as 
nanoscience. These definitions encompass several tools, techniques, and materials in 
addition to a wide range of traditional scientific subjects. In reality, the only thing that 
links the diverse range of activities labeled as “nanotechnology” is the microscopic 
sizes on which they operate. According to the development over the years defining 
nanotechnology is becoming complicated more. 

The first word “nano” found in the Lycurgus Cup (Fig. 3) which is a glass cage 
cup from the fourth-century AD composed of dichroic glass changes color according 
to the direction of light shining through that one, when lighted from behind it turns 
Red and from front it turns into Green. It is a magnificent glass of the time, properly 
ornamented. It is the only complete Roman glass (Fig. 4) object manufactured from 
this type of glass and the one demonstrating the most stunning change in color [8]. The 
glass is made using minute amounts of colloidal nanoparticles of both gold and silver 
that are disseminated across the glassy component to achieve the dichroic effect [9]. 
Along with the Romans, mediaeval glassblowers studied the impact of incorporating 
metal flecks into glass to produce stained glass windows. Gold nanoparticles, which 
also served as photocatalytic air cleaners, were responsible for the vivid stained glass 
windows in European churches from the sixth through the fifteenth centuries (Fig. 4). 
They disintegrated a portion of the weapon in hydrochloric acid and examined it 
under an electron microscope. Afterward, cementite nanowires were also discovered 
in Damascus Steel, which was discovered in A.D. 900. Surprisingly, they discovered
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Fig. 3 a When illuminated from the outside, glass appears green and b When lighted from the 
inside, it is purple-red [8]. No permission required

that the steel had carbon nanotubes in it, each one only little bigger than a half 
nanometer. On the head of a thumbtack, ten million could fit side by side [10]. 

The development in modern era is different from the old days. These are founded 
on ever-increasing scientific knowledge and instruments, along with researching. In 
the mid-1850s, Faraday devoted a large amount of time researching the characteristics 
of light and matter. He prepared hundreds of gold slides and studied them by shining 
a light through them. Faraday had to employ chemical rather than mechanical ways 
to get the gold leaf thin enough to be transparent. Illustrating that nanostructured gold 
creates multiple-colored solutions depending on the illumination conditions [8]. 

Later on, Professor Erwin W. Miiller created the first field electron microscope, 
which allowed for relatively atomic sized pictures of materials in 1936. The same 
individual later created the field ion microscope in 1951, which enables one to 
observe how atoms are piled on top of a sharp metal needle [8]. Nanotechnology 
enlarged in 1959 by Richard Feynman when he tried to express the idea about the 
concept of nanotechnology on his work on “There’s Plenty of Room at the Bottom” 
in an American Physical Society meeting at Caltech. He is considered as the father 
of nanotechnology for this [3]. Subsequently, Field Electronics is emphasized by 
Moor’s Law in 1965. Additionally, Moore observed a reduction in chip price and 
size together with an expansion in performance, which had a revolutionary impact on 
how people do business and live. To a considerable part, the microchip corporation’s 
growing dependence upon nanotechnology as integrated circuits and transistors have 
neared quantum size is responsible for the fundamental pattern that Moore predicted 
lasting for 50 years. In order to define the precise machining of materials to within
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Fig. 4 Nanoparticle effect on stained glass window hues [8]. No permission required

nanoscale dimensional constraints. Preceding that Professor Norio Taniguchi from 
Tokyo Science University introduced the title “nanotechnology” in 1974 [8]. 

After on, the focus on characterizing techniques was increased. Considering 
this, in IBM’s Zurich lab, Gerd Binnig and Heinrich Rohrer created the Scanning 
Tunneling Microscope (STM) in 1981, which can do quantum-level evaluation. This 
took a significant advancement on instrumentation techniques as well as nanotech-
nology development. Those scientists got Nobel Prize for the particular development 
[11]. While employed at the Vavilov State Optical Institute in St. Petersburg, Russian 
Scientist Alexie Ekimov made the first discovery of quantum dots in a glass matrix. 
Furthermore, while researching semiconductors, Louis Brus found the first colloidal 
solutions of quantum dots who got the Kavli Prize in 2008 [12]. Gerd Binnig, Calvin 
Quate, and Christoph Gerber devised the AFM, a device that can observe, monitor, 
and handle materials down to nanometer in size. It can also quantify a variety of 
forces that are inherent to nanomaterials. The color of nanoparticle is used at IBM’s 
Almaden Research Centre, Don Eigler and Erhard Schweizer used 35 distinct xenon 
atoms to design the IBM logo in 1989. The use of nanotechnology was launched
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with this evidence of the capability to effectively alter atoms [11]. While employed 
at the Vavilov State Optical Institute in St. Petersburg, Russian Scientist Alexie 
Ekimov made the first discovery of quantum dots in a glass matrix. Furthermore, 
while researching semiconductors, Louis Brus found the first colloidal solutions of 
quantum dots who got the Kavli Prize in 2008 [12]. Gerd Binnig, Calvin Quate, and 
Christoph Gerber devised the AFM, a device that can observe, monitor, and handle 
materials down to nanometer in size. It can also quantify a variety of forces that 
are inherent to nanomaterials. The use of nanotechnology was launched with this 
evidence of the capability to effectively alter atoms [8]. 

The greatest discovery was done in 1991. That was the invention of carbon 
nanotubes (Fig. 5), which was discovered by S. Iijima. Applications of carbon 
nanotubes in many sectors hadn’t ended, still being studied. There is hope for them 
to be used in the future since so many investigators have evaluated the great charac-
teristics of CNTs [8, 13]. The developments lead to the next level by the discovery of 
nanostructured catalytic materials MCM-41 and MCM-48 which have wide variety 
of field in refining processes. Successively, Moungi Bawendi found a way in 1993 
for the synthesis and processing of quantum dots, opening the door for uses in 
high-efficiency solar cells, optics, and biotechnology in addition to computers. The 
future of nanotechnology was decided by in discovery of quantum computers. In 
1998, Isaac Chuang of the Los Alamos National Laboratory, Neil Gershenfeld of the 
Massachusetts Institute of Technology (MIT), and Mark Kubinec of the University 
of California, Berkeley created the first two-qubit quantum computer that could store 
data and provide a result. Although their device was modest in terms of addressing 
significant issues and consistent for just a few nanoseconds, still it successfully illus-
trated the fundamentals of quantum processing [12]. On the other hand, working of 
nanoscience still proceeding. Depositing nanoparticles over the surfaces are devel-
oping at that stage. As a regard the Mirkin group devised and first utilized dip-pen 
nanolithography (DPN) in 1999 to deposit molecules and materials on surfaces with 
sub-50 nm precision. Following this, researchers from Rice University, Naomi Halas, 
Jennifer West, Rebekah Drezek, and Renata Pasqualin developed gold nanoshells that 
can be used as a starting point for the thorough investigation, diagnosis, and treatment 
of breast cancer without invasive biopsies, surgery, systemically harmful radiation, 
or chemotherapy. In 2004, the European Commission issued the Communication 
“Towards a European Strategy for Nanotechnology,” COM (2004) 338, proposing 
process of organizational European nanoscience and nanotechnology R&D capabil-
ities. In the same year, British Royal Society published Nanoscience and Nanotech-
nologies: Opportunities and Uncertainties in accordance with Royal Academy of 
Engineering which holds the ideas about the medical field applications of nanoscience 
and nanotechnology. Besides all of these a degree-level course started in 2004 in 
US called The College of Nanoscience and Engineering. A theory for DNA-based 
computation and “algorithmic self-assembly,” in which calculations are included into 
the formation of nanocrystals, was created in 2005 by Erik Winfree and Paul Rothe-
mund of the California Institute of Technology. Nanotechnology has taken care of 
storage devices or art of rechargeable batteries in twenty-first century. As a result 
of this, MIT researchers led by Angela Belcher created a lithium–ion battery that
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Fig. 5 a Fullerenes and 5. b Carbon nanotubes (CNT) [8]. No permission required 

contains a typical virus that doesn’t harm humans. According to the them, M13 bacte-
riophages can operate as biological scaffolds in the construction of 3D nickel phos-
phide nanostructures since they are long and thin (approximately 880 nm in length 
and 6.5 nm in diameter). Bacteriophages are viruses that solely destroy bacteria; they 
have no effect on people. M13 virus particles are made up of four minor coat proteins 
at each end and 2,700 copies of a major coat protein that is spirally curled around a 
DNA sequence [8]. 

DNA nanotechnology was a milestone in nanoscience and nanotechnological 
field. Nadrian Seeman established the theoretical framework for DNA nanotech-
nology in 1982. However, achieving advances took time. Several robotic nanoscale 
construction devices (Fig. 6) that resemble DNA were developed by Nadrian Seeman 
and colleagues at New York University by 2009. One includes utilizing manufactured 
DNA crystal sequences with “sticky ends” that may be placed in certain ratios and 
orientated to form 3D DNA structures. The flexibility and density that 3D nanoscale 
components provide might make it possible to assemble parts that are more compact, 
intricate, and densely placed, which would be advantageous for nanoelectronics. A 
“DNA assembly line” is yet another invention by Seeman (in collaboration with peers 
at Nanjing University in China), Seeman shared the 2010 Kavli Prize in Nanoscience 
for this study. Recent developments in material science and engineering have given 
a variety of nanomaterials with special features that are anticipated to enhance the 
management of several malignancies that are now resistant to conventional treat-
ments. They will be able to transport therapeutic molecules like medicines, proteins, 
nucleic acids, or immunological agents by acting as nanocarriers, which will be made 
feasible by their inherent cytotoxic activity and/or by their capacity to operate as 
nanocarriers. These cutting-edge biomedical applications are presently being used 
in several clinical studies and might soon assist significant advancements in the 
treatment of cancer [14].
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Fig. 6 Progress of nanoscience from different fields [8]. No permission required 

Although these inventions and development in nanotechnology still proceeding 
on its own way. Development of optoelectronics and medicines is found to be a grand 
area of nanotechnology. Working on these areas leads to the tissue engineering and 
surgery advancements. The drug delivery was complicated before. But after the 
invention of CNTs it makes an easy way. All fields of science are still carrying the 
researches in nanotechnology for the great full deeds of common people. 

3 Types of Nanomaterials 

Nanotechnology studies and controls nanometer-scale matter. The nanoscale spans 
1–100 nm. Nanometers are billionths (10–9 m) of meters. Nanomaterials may have 
unexpected characteristics. Particle size may influence color. Because atoms in 
nanometer-scale particles reflect light differently. For example, silver is yellowish 
or amber-colored, whereas gold is dark red or purple. Due to the extreme diversity 
of these tiny particles, it is vital to classify nanomaterials since doing so would be 
impossible. Nanoparticles can be categorized according to their size, surface area, 
shape, dimensions, and production procedures. However, the morphology, content, 
homogeneity, aggregation, and also dimensionality of nanomaterials are often used 
to classify them [15].
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Fig. 7 Different types of nanomaterials [16]. No permission required 

3.1 Morphology 

Nanoparticle shapes determine their names. Nanospheres, reefs, boxes, clusters, 
tubes, and more exist. Micellar emulsions, anodizedalumina pores, or the mate-
rials’ crystallographic development patterns can spontaneously create these forms or 
morphologies. 

Long carbon nanotubes span electrical junctions thanks to nanoparticle morpholo-
gies. Nanospheres and anisotropic microcrystalline whiskers are crystal shaped, 
whereas amorphous particles are spherical. Nanoparticle clusters are frequent. Cups, 
fibers, and rods are examples (Fig. 7). Fine particle; micromeritics, using as nanopar-
ticles in new technologies, requires controlling their shape. Gold nanoparticles are 
used in optical filters and biosensors, which need anisotropy due to plasmon losses 
from bigger forms. 

Aspect ratio, sphericity, and flatness determine nanoparticle shape. Most studies 
categorize nanoparticles by aspect ratio. High-aspect-ratio nanoparticles are divided 
by aspect ratio. If the aspect ratio is low, nanoparticles can be oval shaped, prism 
shaped, spherical, or cubical shaped. Nanorods, nanowires, nano-hooks, nano-
helices, nano-stars, nano-springs, and nanoplates are nanoparticles with high aspect 
ratios [16]. 

3.2 Dimensionality 

Nanoparticles can be divided into four categories: zero-dimensional (0D) particles, 
which have all three dimensions of length, breadth, and height, like nanodots and
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Fig. 8 Classification of nanoparticles on the basis of dimensions [17]. Taken 

nanoparticles; one-dimensional (1D) particles, which have only one of length or 
width, like nanowires and nanotubes; two-dimensional (2D) particles, like crystals, 
which have all three dimensions; and three-dimensional (3D) particles (Fig. 8) which 
are extremely thin [17]. 

3.2.1 Zero Dimensions 

Point-like nanomaterials include oxide, fullerenes uniform particle arrays, heteroge-
neous particle arrays, core–shell quantum dots, onions, hollow spheres, and others 
[18]. The field of biosensing research has primarily focused on zero-dimensional 
(0D) nanomaterials such as carbon quantum dots (CQDs), graphene quantum dots 
(GQDs), inorganic quantum dots (QDs), magnetic nanoparticles (MNPs), fullerenes, 
up-conversion nanoparticles (UCNPs), noble metal nanoparticles, and polymer dots 
(Pdots). 0D nanomaterials can detect ions, biomolecules, diseases, and pathogens 
due to their ultra-small size, quantum confinement effect, outstanding physical and 
chemical characteristics, and biocompatibility. 

3.2.2 One Dimensions 

Nanomaterials with minimum dimension of 100 nm, such as nanowires, nanotubes, 
and nanorods [18]. Due to their unique features and prospective applications in elec-
tronics, miniaturized devices, and catalysis, 1D nanostructured metal oxide mate-
rials have attracting attention. Thermal degradation, pulsed laser deposition, redox 
reactions, selected-control reaction, electrodeposition, chemical vapor deposition, 
arc discharge, and traditional template-assisted solution phase growth have all been 
used to create nanowires. Nanowire development inside mesopores is now possible 
thanks to highly organized silica mesoporous materials. Because of its large surface
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area, variable pore size, regular pore system, and high thermal and hydrothermal 
stability, SBA-15 is suitable for precursor inclusion and nanowire production [19]. 

3.2.3 Two Dimensions 

Monolayers, multilayers, self-assembled plates, and other two-dimensional struc-
tures outside of manometry [18]. Two-dimensional (2D) nanomaterials have layers 
as thin as one atomic layer. Nanomaterials have a high aspect ratio and a dense popu-
lation of atoms on their surfaces. Increased surface atoms change the behavior of 
2D nanomaterials because they behave differently than interior atoms. Graphene, 
as one of the most widely used and significant 2D materials, possesses distinct 
properties that make it valuable in a variety of industries. Following the success 
of graphene in many industries, additional two-dimensional materials must have this 
quality. However, more research is needed on the use of alternative two-dimensional 
materials [20]. 

3.2.4 Three Dimensions 

Equiaxed nanometre-sized grains of nanophase material are nanomaterials [18]. 
Given the demand for more functional solids, three-dimensional nanostructure 
programming is becoming more relevant. Solar energy harvesting, energy storage, 
molecule separation, sensors, medicinal agent delivery, nanoreactors, and sophisti-
cated optical devices use complicated programmed architectures. 

3.3 Composition 

Nanoparticle composition can classify them. Some nanoparticles have one substance, 
whereas others have multiple. Many parts make up natural nanoparticles. Current 
technologies make pure nanoparticles easily. Nanomaterials may be made from anti-
mony and bismuth. Nickel, silicon, and titanium oxide hybrid nano-zigzags may also 
be made [21]. 

3.3.1 Carbon-Based Materials 

Carbon nanomaterials (Fig. 9) are usually hollow spheres, ellipses, or tubes. 
Fullerenes are spherical, elliptical, or cylindrical carbon nanomaterials. These parti-
cles can be used in films, coatings, stronger and lighter materials, and electrical appli-
cations. Carbon-based nanomaterials include carbon-based quantum dots, carbon 
nanotubes, nanodiamonds, fullerenes, graphene oxide, and graphene derivatives. 
Due to their unusual structural dimensions and remarkable, electrical, mechanical,
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Fig. 9 Carbon-based nanomaterials [23]. Taken 

optical, and thermal chemical capabilities, these materials have garnered interest in 
many sectors, including biomedicine [22]. 

3.3.2 Metal-Based Materials 

Quantum dots, nanogold, nano-silver, and titanium dioxide are nanomaterials. 
Quantum dots are semiconductor crystals with hundreds or thousands of atoms. Size 
effects of quantum dot’s optical properties advances one- and two-photon imaging 
and its potential diagnostic and therapeutic uses for cancer and other disorders [24]. 

3.3.3 Dendrimers 

Nanoscale branch-based polymers are nanomaterials. Multiple chain ends on a 
dendrimer’s surface can perform chemical functions. This may aid catalysis. Three-
dimensional dendrimers can hold more molecules, making them useful for drug 
delivery. Nanoscale, radially symmetric dendrimers (Fig. 10) have a well-defined 
structure, which is homogenous, and monodisperse structure with a generally 
symmetric core, an inner shell, and an outer shell. Their three traditional macro-
molecular architectural classes are known for creating polydisperse products with 
different molecular weights. Dendrimers vary in biological properties like low cyto-
toxicity, self-assembling, electrostatic interactions, chemical stability, polyvalency, 
and solubility. This review discusses dendrimers’ medicinal uses [25].

4 Synthesis of Nanomaterials 

Nanomaterials are remarkable materials with at least one dimension between 1 and 
100 nm. Nanomaterials designed rationally can have huge surface areas. Nanomate-
rials can have superior electrical, magnetic, mechanical, optical, and catalytic capa-
bilities. Controlling size, shape, synthesis conditions, and functionalization enables
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Fig. 10 Classical structure of dendrimer [25]. Taken

fine-tune nanomaterial characteristics [26]. Synthesis processes vary by nanomate-
rial. Nanomaterials are often made “top-down” or “bottom-up.“ Top-down methods 
convert bulk materials to nanoparticles, whereas bottom-up methods generate nano-
materials from elemental levels. Nanomaterials are synthesized by chemical vapor 
deposition, thermal breakdown, hydrothermal synthesis, solvothermal technique, 
pulsed laser ablation, templating, combustion, microwave, gas-phase, and standard 
sol–gel processes (Fig. 11) [27].

4.1 Top-Down Method 

Processing bigger items top-down creates nanoscale objects. Integrated circuits illus-
trate top-down nanotechnology (Fig. 12). Nanoelectromechanical systems (NEMS) 
with small levers, springs, fluid channels, and electronic circuits contained in a chip 
are now possible. Silicon crystals start these fabrications. Photo, electron beam, and 
ion beam lithography have made small chips possible. Some applications crush larger 
materials to nanoscale size to maximize surface area to volume ratio for higher reac-
tivity. Nanogold, silver, and titanium dioxide are employed in many applications. 
Top-down techniques are easier and use bulk material removal or division or bulk 
manufacturing process downsizing to create the required structure with acceptable 
attributes. Top-down design suffers most when it comes to covering surface struc-
tural defects. Lithographic nanowires feature several impurities and structural flaws. 
Examples include gas-phase condensation, high-energy wet ball milling, atomic 
force manipulation, electron beam lithography, aerosol spray, and others. Researchers 
struggle to make plenty of nanomaterials. Researchers struggle to make plenty of 
nanomaterials for multipurpose. For nanomaterial fabrication, mechanical grinding, 
lithography, and machining are briefly detailed below [28].
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Fig. 11 Classification of synthesis of nanomaterials [27]. No permission required

4.1.1 Ball Milling 

It is used for ceramic powder and slurry particle grinding. A porcelain vase containing 
porcelain pebbles grinds particles (Fig. 13). Material, body, or glaze particle size 
reduction tool. A ball mill is a container with porcelain or flint pebbles that is loaded 
with a charge (powder or slurry) and mechanically spun to crush particles that come 
into contact with them. Ball mills can be periodic, small, high speed, large, low 
speed, rotating, or continuous. For maximum efficiency, a ball mill should be made 
of, or lined with, porcelain or another very hard surface for maximum efficiency 
(so that abrasion also occurs between the wall and the balls), the balls should come 
in a variety of sizes (to achieve maximum contact points), the mill should have the 
right amount of balls, the slurry should be the right viscosity, and the charge slurry 
should be the right viscosity. Rubber-lined mills decrease noise and wear. Ball mills 
compress particles to nanosize, which is crucial for making high-tech powders like 
alumina [29].

4.1.2 Nanolithography 

Stone carving is lithography. It can arrange material on a substrate or design a flat 
surface by eliminating some of it. It involves high-speed radiation pattern transfer on
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Fig. 12 Representation of 
top-down and bottom-up 
type of synthesis. No 
permission required

a semiconductor or substrate. Advanced semiconductor fabrication uses lithography. 
It participates in IC production, advanced electronic packaging, opto-electric compo-
nents, flat panel displays, and VLSI. The microelectronics sector has great potential 
due to lithographic system advancements. Lithographic technologies can now create 
patterns at atomic distances. Circuit manufacturers need consistency, repeatability, 
line width control, and overlay precision. Nanolithography meets these needs. Top-
down nanolithography removes the atoms or molecules from bulk materials to create
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Fig. 13 Schematic 
representation of ball milling 
[30]. No permission required

nanostructured patterns. Miniaturized CPUs, resistors, and other components are 
needed for cell phones and ATMs. These components may consume low power, 
materials and cost; however, they operate quicker. Nanolithography can miniaturize 
FETs, quantum dots, wires, surface gated quantum devices, grating zone plates, and 
masks up to deep submicron size [27]. 

4.1.3 Types of Lithography 

X-ray, electron- beam and optical lithography are prevalent in classifying lithographic 
methods. Depending on the radiation utilized for carving or pattern transfer, elec-
tromagnetic radiation or particles reveal resist material in specified place. Resist is 
radiation-sensitive. Masks chosen material portions. Radiation exposure makes the 
material transparent in certain places and opaque in others. Radiation-exposed resist 
weakens or strengthens compared to exposed resist. Resolving unexposed or exposed 
material using a chemical or plasma technique yields the desired pattern. The mate-
rials can be patterned by repeating the previous steps. Chromium is deposited on 
a glass or silicon substrate. Polymer photoresist is put on the metal surface. Radi-
ation destroys positive photoresist or breaks chemical bonds. Negative resist mate-
rial hardens when exposed. Resist-coated surfaces are masked. Then, the mask is 
subjected to UV light, which weakens or strengthens the resist based on its opaque and 
transparent parts. Chemicals develop the picture (i.e., developer). Chemical treatment 
recovers unexposed material [27].
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4.1.4 Sputtering 

Sputtering bombards solid surfaces with plasma or gas to create nanomaterials. 
Sputtering nanomaterial sheets is effective. Depending on gaseous-ion energy, sput-
tering deposition ejects tiny atom clusters from the target surface. Magnetron, radio-
frequency, and DC diode sputtering can be used. Sputtering is carried out in an 
evacuated tube with the aid of sputtering gas. 

When the cathode goal is high voltage, free electrons collide with gas ions. In an 
electric field, positive ions accelerate rapidly toward the cathode target, constantly 
striking it and ejecting particles from its surface. On SiO2 and carbon paper, 
magnetron sputtering produces WSe2-layered nanofilms. Sputtering is appealing 
because the sputtered nanoparticle structure is similar to the target material 
while containing fewer contaminants and is less expensive than electron beam 
photolithographic [31]. 

4.2 Bottom-Up Method 

Bottom-up nanotechnology builds nanostructures from atoms and molecules. Self-
assembly of nanostructures. Nanofabrication requires bottom-up approaches as item 
sizes decrease. Nature’s bottom-up nanotechnology uses chemical forces to build 
cell structures. Scientists and engineers mimic nature to create tiny groups of 
certain atoms that self-assemble into increasingly complex structures. Bottom-up 
nanotechnology uses metal-catalyzed polymerization to make carbon nanotubes. 
Eric Drexler’s 1987 book Engines of Creation revealed bottom-up nanotechnology’s 
molecular machinery and manufacturing. It showed how nanoscale mechanical 
systems can build complex molecular structures. Bottom-up synthesis is called “wet” 
because it uses plenty of solvents and other chemicals. In addition, particles must 
be stabilized or capped in solution to prevent them from growing beyond nanoscale. 
For usage or characterization, particles must be removed from their solutions. Drop 
the solution onto the substrate. In catalysis, the nanoparticles’ stabilizers may need 
to be removed following immobilization on the final support. The removal process 
might be difficult or impossible, rendering these particles useless [28]. 

4.2.1 Sol–Gel Method 

Wet chemical production of nanostructures, notably metal oxide nanoparticles, is 
the sol–gel technique (Fig. 14). The chemical precursor usually metal alkoxides 
dissolved in water or alcohol then heated and stirred to form gel. The hydrolysis/ 
alcoholic gel is moist; thus, it must be dried according to its qualities and use. Burning 
alcohol dries alcoholic solutions. Gels are dried, powdered, and calcined.

Sol–gel is cost-effective and provides high chemical composition control because 
of the low reaction temperature. The sol–gel technique may be used to mold ceramics
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Fig. 14 Sol–gel process [32]. No permission required

and intermediate thin coatings of metal oxides. Sol–gel materials are employed in 
pharmaceutical optical, energy, biosensors, surface engineering, and separation tech-
nologies (such as chromatography). Sol–gel nanoparticle synthesis is a common 
commercial process. Sol–gel relies on precursors to form a homogenous sol and gel. 
The gel is dried once the solvent is removed. Drying process affects gel character-
istics. The “removing solvent procedure” depends on the gel’s application. Surface 
coating, structural insulation, and specialty apparel employ dried gels. Grinding gel 
in specific mills produces nanoparticles [33]. 

4.2.2 Vapor-Phase Deposition 

Vapor-Phase Deposition (VPD) is the preferred method for nanostructured metal, 
insulator, and semiconductor materials. The elegant process parameter control of 
vapor-phase deposition is attracting interest. This will enable size, shape, and chem-
ical composition-controlled nanostructured materials. This method is better for 
making big nanomaterials. Evaporated materials enter the gaseous phase. Clus-
tered gas-phase atoms or molecules deposit on a substrate. Depending on the 
application, nanostructured materials can be obtained as single layers, multilayers, 
or powders. Nanoparticle production requires proper sample chamber pressure. 
Pressure melts and evaporates materials. The following three categories describe 
vapor-phase technology: 

(1) Physical Vapor Deposition (PVD), 
(2) Chemical Vapor Deposition (CVD), and 
(3) Plasma-Enhanced Chemical Vapor Deposition (PECVD) [27].
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Physical Vapor Deposition 

Many industries use Physical Vapor Deposition (PVD) for high-performance coat-
ings because demand is stronger than ever. PVD is the gold standard for coating 
optics, computer chips, and other materials with thin, pure, and durable coatings. 

In thin-film coating, or PVD coating, a vacuum chamber is used to vaporize a 
solid and deposit it on a target substrate atom by atom. An eco-friendlier coating 
method yields a thin, pure covering. Ablation, transport, reaction, and deposition 
comprise the vacuum-based PVD coating process. This method coats the substrate 
with a robust, abrasion-, and corrosion-resistant coating of source atoms. Thermal 
and sputtering physical vapor depositions are the major forms. Thermal evaporation 
deposition vaporizes target material using high temperatures and vacuum pressure. 
A high-energy source in a high-vacuum chamber sputters atoms from the target. 
The plasma arc deposits these atoms on the target surface. This biases the target 
before hitting it with ionized gas in vacuum. Ionic bombardment “sputters” atoms 
off the target into a plasma cloud arc before conveyance and condensation. Both 
techniques have pros and cons that make them beneficial in different situations. 
Sputtering, the slowest and most complicated process, generates a homogeneous 
coating with low impurity rates. Thermal evaporation offers improved throughput 
and mineral usage efficiency but may need sample rotation for process homogeneity 
[27]. Vaporized atoms must be precisely timed and positioned to reach the substrate. 
The system’s shape and the material’s PVD technique are crucial. The final phase 
coats the substrate. A homogeneous substrate deposition is crucial as the thin layer 
might range from a few atoms to a few microns. PVD includes spinning the substrate 
at a steady speed and measuring deposition with a quartz crystal microbalance. 
A conveyor belt of targets in front of the vaporized arc for a specific duration can 
automate the deposition process in several industrial methods. Automating sputtering 
and evaporation speed up PVD coating for mass manufacturing [27]. 

Chemical Vapor Deposition 

It produces high-quality solid thin films and coatings. It’s widely employed in modern 
industries, but new materials require constant development. CVD synthesis (Fig. 15) 
is now producing accurate inorganic 2D thin films and high-purity polymeric thin 
films that may be conformally placed on diverse substrates. This Primer convention, 
repeatability, 2D transition metal dichalcogenides (TMDs), graphene, and polymeric 
thin films are used to demonstrate substrate preparation and high-temperature growth 
highlighted are recent breakthroughs and scaling-up issues. We also suggest reactor 
design for high-throughput, low-temperature thin-film development by examining 
present constraints and improvements [34].
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Fig. 15 Chemical vapor deposition process [34]. Taken 

Plasma-Enhanced Chemical Vapor Deposition 

PECVD uses Ar to ignite plasma and H2. DC or RF sputtering is used in PECVD. 
H2SiH2 concentration determines amorphous or microcrystalline nanoparticle 

production. Thus, high H2 concentrations erode the amorphous phase and produce 
microcrystalline nanoproducts. Instead of 13.56 MHz, one might use 100 MHz 
for a better etching procedure. PECVD produces ultra-pure, non-agglomerated 
nanoparticles [27]. 

5 Functionalized Nanomaterials 

Functionalization is the process of surface modification of nanoparticles by attaching 
chemicals or biological molecules, such as folic acid, biotin molecules, oligonu-
cleotides, peptides, and antibodies, to improve their characteristics and more 
precisely strike their target. The functionalized NPs exhibit non-invasive quali-
ties; good physical properties; and anti-corrosion, anti-agglomeration, and anti-
agglomeration properties. Functionalization makes it easier to distribute these 
nanoparticles to different cell types specifically for applications like bioimaging, 
gene delivery, medication delivery, and other therapeutic and diagnostic procedures 
[35]. To improve the NPs’ overall effectiveness and modality, extensive research has 
been done to functionalize them.
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5.1 Methods of Surface Functionalization 

Nanoparticles must have their surfaces suitably functionalized in order to be stable, 
biocompatible, and functional when used in bioapplications. Chemists have devel-
oped various methods, such as surface encapsulation, in situ synthesis, or self-
assembly, to introduce the necessary functionality on nanoparticle surfaces in order 
to properly tailor and dress them. At this time, a diverse range of materials, including 
silica, synthetic polymers, biopolymers, dendrimers, and small molecules, have been 
used to functionalize nanoparticles in a wide range of applications. One of the most 
used methods for nanoparticle surface modification is silica coating [36, 37]. With 
the help of this coating technique, the core nanoparticles can be shielded from the 
environment by a cross-linked silica shell. It can be applied to hydrophilic and 
hydrophobic metal, metal oxide, and quantum dot (QD) nanoparticles with a size 
range of 1–100 nm. Hydrophilic ligands added to the surface of nanoparticles make 
them water soluble, yet they may have poor colloidal stability in buffers and biological 
media. Synthetic polymer coating is one of the many functionalization techniques 
that can be used to dissolve water-insoluble inorganic nanoparticles regardless of 
their core composition, to stabilize them in physiological environments, and to start 
introducing a variety of functionalities to nanoparticle surfaces [38, 39].  Due to their  
long-term stability in physiological settings and effective renal clearance, surface-
functionalized nanomaterials with such a hydrostatic size of less over 10 nm are 
highly desired for in vivo research because of their long-lasting stabilization in phys-
iological settings as well as effective renal clearance [40]. When an amphiphilic 
synthetic polymer is hydrophobically surface-coated on surfactant-capped nanopar-
ticles, the functionalized nanoparticles are frequently much larger (>10 nm), which 
significantly reduces colloidal stability. Direct capping of multidentate ligands on the 
nanoparticles is preferable in order to reduce the thickness of the coating layer [41]. 
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Chapter 2 
An Introductory View About 
Supercapacitors 

Manpreet Kour, Sonali Verma, Bhavya Padha, Prerna Mahajan, 
Aamir Ahmed, and Sandeep Arya 

1 Introduction 

In recent times, there aren’t enough affordable, low-carbon, and large-scale substi-
tutes to fossil fuels on this planet. The most important and difficult challenge for 
meeting energy demands is researching sustainable, dependable, and ecologically 
acceptable energy sources [1, 2]. For energy sector to progress quickly, harvesting 
and storing energy becomes a top priority [3–5]. The main objective of the scientific 
community has been to extract energy from renewable energy sources. Additionally, 
scientists are working to develop ways to store this energy as electricity. Energy 
usage and the advancement of industry and technology are closely related. In prac-
tice, finding affordable, reliable energy sources that assure a suitable level of growth 
will be a major challenge. Currently, research focuses on creating and implementing 
new technologies to improve the energy efficiency of existing processes and includes 
renewable sources like electrochemical energy systems, wind, sun, and biomass. 
Although wind and solar power are better and more environmentally friendly, they 
still need energy storage devices since they are unstable and erratic. A storage 
option based on chemical reactions is provided by batteries. This information may 
be crucial for important parameters, including pricing (because of its components), 
loading and unloading capacity restrictions, and usage cycle limits. On the basis 
of physicochemical processes, supercapacitors have widely been employed to store 
energy. Unlike batteries, supercapacitors offer a rapid cycle rate, low maintenance 
requirements, high power, and the ability to function in a wide range of temperatures.
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So, it seems reasonable to say that the supercapacitor is a very effective energy 
storage medium. Regular capacitors and secondary ion batteries are connected via 
supercapacitors [6–9]. 

Their high power and energy densities, prolonged cycle lifetimes, instantaneous 
high current discharge, rapid charge and discharge, and economical and non-toxic 
nature are just a few of their many advantages [10–13]. The usage of diverse 
nanostructured engineered materials for supercapacitors has gradually gained scien-
tific attention during the last few decades. Compared to their bulk counterparts, 
these nanoparticles typically exhibit improved capacitance. Nanostructured mate-
rials provide advantages in terms of chemical activity, reaction rate, and surface area 
as well as a surplus of active sites for electrochemical processes. It is one of the 
hotspots of scientific research and involves materials chemistry, energy, electrical 
devices, and other areas [14, 15]. 

Due to their superior performance and environmental friendliness, supercapaci-
tors found applications in a diverse range of industries, such as automation factory, 
shipping, smart tools, electrical goods, military, communication systems, medical 
devices like dialysis machines and ultrasonic lasers, as well as energy vehicles [16]. 
Supercapacitors work well in applications that need a short load cycle and great relia-
bility, such as power quality improvement and energy recapture sources like forklifts, 
load lifters, and even electric cars [17]. The use of supercapacitors in hybrid auto-
mobiles is one of its potential applications [18]. When combined with batteries, 
supercapacitors may be employed as short energy storage devices that have the high 
power capacity to generate power from braking [19]. 

Because of their enormous power capacities, a supercapacitors bank may provide 
emergency power during a power outage. Even while the supercapacitors have a 
greater energy density than traditional capacitors, they still can’t compare to fuel cells 
or batteries. Total area, electrical conductivity, electrode wetting, and the porosity of 
electrolyte solutions all have a significant impact on the electrochemical effectiveness 
of an electrode material [20]. In order to store electric power in volume and weight, 
passive components must be used in all electronic applications. The supercapacitor 
confronts several challenges despite having countless advantages and possibilities 
[21, 22]. When compared to electrolytic capacitors, supercapacitors may store 10– 
100 times more energy in the same amount of space. It is especially designed capacitor 
which is used in storing large electrical charge. 

2 Energy Storage Devices 

2.1 Battery 

In order to provide power, a battery is often used. The electrolyte acts as a separator 
between the cathode and the anode. Batteries are devices that can store energy chem-
ically and then transform that energy back into electricity when it is required. During
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charging and discharging, the cathode and anode undergo a chemical process known 
as oxidation–reduction across the separator (electrolyte). 

2.2 Capacitor 

An electrical capacitor consists of two or even more parallel plates separated by an 
insulator, forming a two-terminal device. If you apply a voltage across the plates, 
current will flow through the capacitor until the voltage at the anode and cathode is 
equal. The insulating material acts as a barrier to the passage of current between the 
two conducting plates. The result of this transformation is an effect that is stored in 
a capacitor as an electrostatic field. 

2.3 Supercapacitor 

Supercapacitors, also known as ultra-capacitors, are polar capacitors with a large 
capacitance but a low voltage rating. Supercapacitors have low voltage ratings of 
about 2.5–2.7 V, and their capacitance may range from 100 to 12,000 F. Super-
capacitor is an energy storage device that bridges a capacitor and a battery. These 
capacitors have a higher charging capacity per unit of volume than electrolytic capac-
itors and can be recharged more quickly than a battery. The supercapacitor fills the 
gap between the battery and the electrolytic capacitor. As a replacement for tradi-
tional electrochemical batteries, especially lithium-ion batteries, supercapacitors are 
on the top position. Supercapacitors are more analogous to batteries than capaci-
tors in terms of physical mechanism and operating principle. They have a slower 
charging reaction than ceramic capacitors but can store a lot of energy rapidly (not as 
much as batteries, due to their lower energy density in terms of weight and volume) 
[23]. Even though supercapacitors store energy in a different way than conventional 
capacitors, the underlying equations used to explain them are the same as those used 
for capacitors. To achieve their superior performance, high-capacity supercapaci-
tors always employ a wide variety of electrode-active materials, including activated 
carbon, carbon nanotubes (CNTs), graphene, etc. Supercapacitors may be made 
using either aqueous or organic electrolytes, but the supercapacitors which are made 
of organic electrolytes can deliver high voltage. However, aqueous electrolyte-based 
supercapacitors have a long cycle life in comparison to organic ones. The devel-
opment of flexile solid-state capacitors is essential for powering the bendable and 
wearable technology. The development of supercapacitor has the potential to lead 
significant improvements in energy sector. The fundamental equations that control 
normal capacitors also apply to supercapacitors, which use thinner dielectrics and 
electrodes with higher surface areas to produce larger capacitances. This allows for
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greater power density than batteries and more energy density than standard capac-
itors. Table 1 shows a comparison between battery, supercapacitor, and electrolytic 
capacitor characteristics. 

Therefore, supercapacitors might become a viable power source for a growing 
number of applications in energy sector [24]. In general, capacitors are used for 
applications that need a quick discharge rate, whereas batteries are used for those 
that can tolerate a slower discharge rate. It can be observed that batteries can achieve

Table 1 Comparison between characteristics of battery, supercapacitor, and electrolytic capacitor 

Characteristics Capacitor Supercapacitor Battery 

Working Electrical energy is 
stored in a capacitor in 
the form of an electric 
field 

Supercapacitor stores energy 
between the ions of the 
electrolyte and electrode in a 
double layer of charge 

Battery store 
energy in the form 
of chemicals and 
convert it back to 
the electrical 
energy when 
needed 

Construction Capacitor is a simple 
two terminal device. 
Terminals are metallic 
plates and there is a 
dielectric material 
(insulator) between 
them 

For supercapacitor, an 
electrolytic solution is utilized 
in place of dielectric 

There are three 
main components: 
the cathode, anode, 
and separator 
(electrolyte) 

Operation Capacitor store 
electrons 

Supercapacitor store electrons Battery generates 
electrons 

Type of device Capacitor is a passive 
component 

Supercapacitor is a passive 
component 

Battery is an active 
component 

Charging and 
discharging time 

About 1–10 s are 
needed for the 
charging and 
discharging processes 

A supercapacitor can store 
more energy than electrolytic 
capacitor in the same amount 
of space, and it can release 
that energy much more 
quickly than a battery 

A battery has a 
long charging/ 
discharging time 
(10–60 min) 

Energy density Low Low High 

Power density High High Low 

Operating 
voltage 

6 V–800 V/cell 2.3 V–2.75 V/cell 1.2 V–4.2 V/Cell 

Operating temp −20 to +100 °C −40 to + 100 °C −20 to +65 °C 

Voltage rating Up to kV Less than or equal to 5 V Various 
voltage-10s of volt 

Cost Low High High 

Lifetime >100 k cycles >100 k cycles 150–1500 cycles 
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an energy density of up to 150 Wh/kg, which is around 10 times that of an elec-
trochemical capacitor. Batteries can not match the power density of electrochem-
ical capacitors. The performance of electrochemical capacitors is predicted to be 
20 times higher than that of batteries, although batteries barely exceed 200 W/ 
kg. Batteries have drawbacks such as a short lifespan, high cost, and reduction 
in performance when subjected to quick charge/discharge cycles or low tempera-
tures [25]. These supercapacitors cannot replace battery technology yet, but they 
might be useful as a complement in the event of a brief blackout by supplying the 
necessary current instantly and draining the battery slowly. Electrochemical superca-
pacitors may be deployed in conjunction with big battery packs to make up for brief 
power outages. Short-term disruptions impose a significant strain on batteries, but 
this would considerably reduce that strain. The primary emphasis of current superca-
pacitor research is on increasing their energy density without sacrificing their other 
desirable characteristics, such as high power density, quick charge/discharge, and 
cycle stability. 

3 Application and Fundamentals of Supercapacitor 

Before we move on to the working of supercapacitors, let us first understand the 
structure of a supercapacitor. Unlike ceramic or electrolyte capacitors, it does not 
contain a dielectric substance. Supercapacitors, as depicted in Fig. 1a, are made up 
of two porous electrodes, an electrolyte, a separator, and current collectors.

(a) Current collector 

The metal foil used in modern collectors is typically composed of aluminum because 
it is less expensive than titanium, platinum, etc. The active material is applied on them. 

(b) Electrodes 

The surface area of electrode directly affects the capacitance value. Typically, highly 
porous active carbon materials, CNTs, or transition metals are employed as electrode 
materials. The porous structure makes it possible to store much more charge carriers 
(ions or radicals from the electrolyte) in a given volume. As a result, supercapacitors 
have more capacitance. A current collector with coated electrodes is submerged in 
an electrolyte. 

(c) Separator 

To prevent short circuits, the separator between the electrodes is formed of a substance 
that is transparent to ions but an insulator for direct contact between porous electrodes. 
Supercapacitors are different from normal batteries and capacitors because of their 
distinctive structural design. Utilizing activated carbon expands the surface area, 
increasing the capacitance value. Power density is increased by using an electrolyte 
with low internal resistance. Together, these two give supercapacitors the capacity 
to quickly store and release energy [27].
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Fig. 1 a Structure of supercapacitor, b idle state of supercapacitor, c charge state of supercapacitor, 
d charge state of supercapacitor, e discharge state of supercapacitor. Reproduced from [26] with 
permission. Copyright 2020, Elsevier

3.1 Energy Storage in Supercapacitors 

There are both positive and negative ions in the electrolyte solution between the 
electrodes. Supercapacitors work by allowing a voltage to build up between two 
electrodes; this causes one of the electrodes to become positively charged while 
the other becomes negatively charged. As a result, the negative ions are drawn to 
the positively charged electrode, while the positive ions are drawn to the negatively 
charged electrode. Inside both electrodes, ions accumulate to form a thin layer. An 
electrostatic double-layer forms, which acts like connecting two capacitors in series. 
Both resulting capacitors have a high capacitance value because of the close proximity 
of their charge layers.
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Charging, also known as the development of the electric field, begins when the 
voltage is applied. The charging procedure is shown in Fig. 1b, c. When voltage is 
provided, ions with opposite charges are drawn to each collector. The electrolyte’s 
ions are attracted toward the surfaces of the two main collectors. On each current 
collector, a negative and positive charge is developed. Figure 1b, c shows that two 
distinct layers of charge have formed, which is why supercapacitors are also known 
as electrical double-layer capacitors. Now, with Fig. 1d, e as a reference, we can 
comprehend the discharge process. 

3.2 Application of Supercapacitors 

Supercapacitors have a unique storage capacity, which led to their widespread use 
in a variety of applications, including electric drives, UPS systems, traction, electric 
cars, SSDs, LED lamps, and solar panels. 

3.2.1 Hybrid Vehicles 

The key industry for supercapacitors is electric vehicles. In India, emission-free 
electric buses were introduced by Brihan Electric Supply and Transport (BEST). The 
motors create back electromotive force during braking. To charge the supercapacitors, 
regenerative energy from the back electromotive force is employed. When used 
in conjunction with batteries, supercapacitors extend battery life while condensing 
battery size. Shanghai buses employ supercapacitors as their only source of power (at 
every third stop, it is given a quick 1–2 min charge using the kinetic energy created 
by braking). China has shown the world that this technology can be used extensively 
for electric vehicles. The technology that combines a supercapacitor and battery, 
however, is more advantageous. 

3.2.2 Electronics and Ultra-Low Power Uses 

Supercapacitors are utilized in radio tuners, mobile phones, laptop memory, and other 
electronic devices. They are utilized in conditions like LED flash units where a brief 
power surge is necessary. 

3.2.3 Solar Panel 

Firstly lithium-ion battery is used to store solar energy but these supercapacitors 
can balance out the energy storage in the batteries by taking care of charging and 
discharging cycle. It can balance out uneven charging patterns in the battery cell and
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can also charge rapidly. So, we don’t have to worry about the sun not being out for 
long time. In solar cells, supercapacitor are used in series with battery. 

3.2.4 Renewable Energy 

Modern, variable-speed three-bladed turbines are in use. Depending on the wind 
speed and turbine operating point, the blade angle can be changed. Quickly pushing 
the blades to the 90° position prevents mechanical harm to the blades in the case of 
a turbo or power converter failure. In wind energy, supercapacitors are utilized to 
supply electricity for blade pitch control [28–30]. 

4 Types of Supercapacitor 

Supercapacitors can store and release energy faster than batteries because their energy 
storage method comprises of charge separation at the interface of the electrolyte and 
the electrode. When it comes to storing energy, supercapacitors are the way to go 
because of their large capacity and low internal resistance. A supercapacitor contains 
an electrolyte, two electrodes, and also an insulating separator between the electrodes. 
The most crucial supercapacitor component is the electrode material. Consequently, 
there is a wide variety of supercapacitors that may be identified by the electrode mate-
rials used and the energy storage techniques used. Figure 2 demonstrates different 
types of supercapacitors.

4.1 Classification on the Basis of Energy Storage Mechanism 

In order to store energy, a supercapacitor relies on the ion transport from the elec-
trolyte to the electrodes. Three classes of supercapacitors are categorized based on 
their energy storage mechanism as shown in Fig. 2. 

4.1.1 Electrochemical Double-Layer Capacitors (EDLCs) 

Electrodes for EDLCs are made up of different carbon-based compounds, together 
with a separator as well as an electrolyte. A non-faradic mechanism, such as electro-
static repulsion, allows EDLCs to retain charge without requiring energy transfer 
between electrode and electrolyte [31]. The electrochemical double layer is the 
energy storage principle employed by EDLCs. Whenever a voltage is applied, the 
accumulated charge on the electrodes attracts ions from the electrolyte, which then 
diffuses through the separator into the pores of the oppositely charged electrode. To 
keep away ions from mixing back together at the electrodes, a second film of charge
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Fig. 2 Taxonomy of supercapacitors

is generated. Increased energy density in EDLCs is possible because of their double 
layer, more specific surface area, and smaller inter-electrode distances [32]. 

Additionally, the EDLC’s storage mechanism enables much faster energy absorp-
tion, distribution, and improved power output. The non-faradic process prevents a 
chemical reaction. It eliminates swelling that battery-active material exhibits while 
being charged and discharged. EDLCs and batteries differ in a number of ways, 
including EDLCs have higher cycle life than batteries, which can only sustain a few 
thousand [33]. The electrostatic surface charging technique, however, results in a 
low energy density for EDLC devices. This is why there is so much emphasis in 
the field of EDLCs right now on finding ways to enhance energy accomplishment 
and broaden the range of operating temperatures beyond which batteries are useless. 
Depending on the electrolyte utilized, EDLC performance can be altered. Figure 3a 
demonstrates the mechanisms for storing charge in EDLC.
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Fig. 3 a Mechanisms for storing electrical charges in a EDLC and b–d different pseudoca-
pacitive electrodes: b underpotential deposition, c redox pseudocapacitor, d ion intercalation 
pseudocapacitor Reproduced from [39] with permission. Copyright 2018, American Chemical 
Society 

4.1.2 Pseudocapacitors 

Pseudocapacitors, unlike EDLCs, store electrical energy via faradic process, which 
includes the transfer of charge between an electrode and an electrolyte [34]. A pseu-
docapacitor undergoes redox when a potential is applied, which entails the passage of 
charge across the double layer and causes faradic current to flow through the super-
capacitor cell. Pseudocapacitors can attain higher specific capacitance and energy 
densities than EDLCs owing to the faradic process involved. Metal oxides as well as 
conductive polymers are some examples of pseudocapacitive materials. This sparks 
interest in such materials, however, because of their faradic nature and the reduction– 
oxidation cycle, they suffer from cycling instability as well as low power density [35, 
36]. There are two types of pseudocapacitance mechanisms, intercalation and redox 
pseudocapacitance. 

(a) Underpotential deposition 

As shown in Fig. 3b, this phenomenon takes place when metal ions adsorb onto a 
surface other than the one they were originally bound to at an electrostatic potential 
that is less negative than that of equilibrium potential for the reduction of metal. 
Deposition of Pb on Au electrode is an example of an underpotential deposition. 

(b) Surface redox or intrinsic pseudo capacitors 

In this type, load transfers are simultaneously experienced with surface adsorption or 
desorption. Charge storage in redox pseudocapacitance processes is shown schemat-
ically in Fig. 3c, where charge transfer occurs at the electrode surface. This is inher-
ently a pseudocapacitive material due to its high proton and electron conductivity. 
MnO2 and Fe3O4 are two examples of transition metal oxides that have inherent
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pseudocapacitive behavior. There are distinctions between pseudocapacitive super-
capacitors (PSC) and electrostatic supercapacitors devices. When a voltage is applied 
to a PSC, an instant and reversible faradic reaction takes place between the electrode 
material and the charge channel via both layers. Many different materials, including 
metal oxides (MnO2, RuO2, and Co3O4) and conducting polymers, are subject to 
these types of redox reactions. 

(c) Intercalation-type reactions 

Pseudocapacitance intercalation is another important category because it maximizes 
the utilization of electrode material via the intercalation and decomposition of large 
ions (such as MoO3 and Nb2O5) [38]. Ion intercalation and deintercalation are shown 
graphically in Fig. 3d. Intercalation refers to the process by which a foreign molecule 
or ion is inserted into a host material. For intercalation to occur, guest ions must first 
adsorb onto the host lattice, at which point intermediary stages must be formed. 
There is no discernible change in crystal structure during the faradic charge transfer 
in such materials (TiO2, Nb2O5, and MoO3). In contrast to traditional surface redox 
pseudocapacitive materials, they exhibit both reversible and rapid charge storage. 

4.1.3 Hybrid Supercapacitor 

We have shown that EDLCs provide superior power performance and cycle stability, 
as well as superior specific capacitance in the context of pseudocapacitance. In a 
hybrid system, one cell contains both a capacitor and a battery-like energy source, 
providing the benefits of both [37]. With the correct electrode arrangement, the 
voltage of the cell may be increased, leading to greater power and energy densities. 
Many different configurations including positive and negative electrodes and both 
inorganic and aqueous electrolytes have been tried. Avoiding turning a supercapac-
itor into a conventional battery is essential due to the faradic electrode’s tendency 
to increase energy density at the expense of cyclic consistency, a major disadvan-
tage of hybrid gadgets in compared to electrochemical double-layer capacitors [40]. 
There are now three main kinds of hybrid supercapacitors being studied, and they 
may be distinguished by their electrode configurations: battery type, composite, and 
asymmetric. 

(a) Composite 

Carbon-based multilayered electrodes obtained by integrating either conductive 
polymer or oxide of metal come under this category. Pseudocapacitive materials 
benefit from an enhanced interface with the electrolyte when made from carbon mate-
rials has high specific surfaces and capacitive multiple layers of charge. The capac-
itance of composite electrodes is increased by pseudocapacitive material through 
the faradic reaction. The two most common types of composites are ternary and
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binary composites. Binary composites only need two distinct electrode materials, 
but ternary composites require three. 

(b) Battery type 

Hybrids of the battery type, like asymmetric hybrids, combine two electrodes. The 
purpose of this setup was to combine the benefits of batteries and supercapacitors in 
a single cell. 

(c) Asymmetric 

Asymmetric hybrids, which couple EDLC with a pseudocapacitor electrode, combine 
non-faradic and faradic processes. In particular, metal oxide as well as the conducting 
polymer acts as the positive electrode, whereas the carbon material acts as the negative 
electrode. 

4.2 Symmetric & Asymmetric Supercapacitors 

While an asymmetric supercapacitor employs two electrodes made of two distinct 
materials, a symmetric supercapacitor uses two electrodes of a similar design. Elec-
tronics have evolved significantly in recent years, with a preference for portability 
and flexibility. It is necessary to create energy storage technologies that are adaptable, 
compact, and lightweight. The ideal substitute for these flexible electronic devices is 
a supercapacitor. Their primary needs are membrane/electrolyte systems and flexible, 
lightweight electrodes [41]. The active materials in electrodes are oxides, conduc-
tive polymers, or carbonaceous compounds. Many metal oxides have been employed 
in various symmetrical and asymmetrical forms, including Mn3O4, RuO2, Co3O4, 

MnO2, NiO, and Bi2O3. 
But carbonaceous materials, such as CNTs, carbon black, activated carbons, 

and graphene oxide. These materials exhibit high conductivities, particular surfaces, 
capacitive charge/discharge properties, and some are inexpensive [42]. Finally, poly-
thiophene, polypyrrole, polyaniline, and their derivatives are the most widely utilized 
conductive polymers. Many of its most distinguishing characteristics involve relative 
electrical conductivities, particular layers, and specialized capacities [43]. When we 
used electrode materials in supercapacitors, nanostructured hybrid materials have 
the benefit of combining a double-layer loading process with a redox mechanism. 
By doing so, one may get large amounts of power, energy, and capacitance. Superca-
pacitors may benefit from nanocomposites of carbonaceous materials (double-layer 
mechanisms) and metal oxides or conducting polymers (pseudocapacitive mecha-
nism). CNTs and carbon black nanocomposites could be utilized in supercapaci-
tors as electrode medium [44]. Depending on the particle size, mode of synthesis, 
porosity, and testing circumstances, the reported specific capacitance values for PANI 
(polyaniline) nanostructures have ranged between 200 and 2300 F/g [45]. They 
have also reported capacitance values between 200 and 600 F/g when using PANI-
CNT nanocomposites [46]. Various flexible supercapacitor prototypes were created
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employing membranes made of polyvinyl alcohol (PVA)/H2SO4 as the electrolyte 
and separator and carbon black/graphene sheets as the electrode material [47]. Using 
flexible steel mesh as the support for the current collector and commercial ink as the 
electrodes, a symmetric design was reported [48]. On the basis of activated carbon 
and gel electrolyte, printable and flexible supercapacitors were created [49]. Elec-
trodes made of graphene oxide, zinc oxide, and polypyrrole were sandwiched in such 
a PVA hydrogel electrolyte to create flexible symmetric supercapacitors. This study 
demonstrates the fabrication of both symmetric as well asymmetric flexible super-
capacitors utilizing polyaniline–carbon nanotube nanocomposites and polyaniline 
nanostructures on carbon cloth for electrode materials. Specific energy, capacitance 
values, power, and stability with multiple charge/discharge cycles are all evaluated 
using electrochemical methods to gauge capacitive behavior. Specific energy and 
capacitance are improved upon in this research as compared to previous works that 
used rigid, non-flexible, and symmetric supercapacitors. 

4.3 Classification of Supercapacitors on the Basis 
of Electrode Material 

Different materials may be utilized to make supercapacitors with different capac-
itance ranges, depending on the requirements of the application; several types of 
energy storage may be required. Based on how they are used in hybrid superca-
pacitors, pseudocapacitors, and EDLCs. Supercapacitors primarily employ three 
different kinds of electrode materials. Supercapacitors may be made from many 
different substances; carbon is the most common industrial material since it is 
versatile and widely used. Metal oxides made of nickel, cobalt, manganese, and 
ruthenium are among the additional components. Supercapacitors have also used 
conducting polymers. Supercapacitors are now more frequently built using CNTs 
in recent years. Increases in surface area are only one of several benefits of using 
nanomaterials like carbon nanotubes. Composites made by combining two or more 
materials are the other common kind of supercapacitor utilized today. Perhaps a 
nanomaterial is included in the composites. A composite made from CNTs and 
metal oxide or conductive polymers is one example. For supercapacitor electrodes, 
researchers are searching for nanostructured materials with increased surface area and 
improved capacitive functional characteristics. Developing nanoengineered mate-
rials is increasingly recognized as a key factor in developing high-performance 
supercapacitor devices. 

4.3.1 Carbon Materials 

Electrodes made from carbon compounds are widely used in the manufacture of 
supercapacitors. All types of carbon compounds are used as electrode materials most
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often while designing supercapacitors due to their affordable price, large surface area, 
accessibility, and well-established electrode production technologies. Carbon-based 
materials use an electrochemical double-layer storage mechanism, which forms at the 
electrode and electrolyte interface. Therefore, the capacitance is determined mostly 
by the available surface area of the electrolyte ions. Significant factors that impact 
electrochemical performance include surface functionality, pore size distribution, 
pore shape and structure, surface functionality, specific surface area, and electrical 
conductivity [50]. The ability to accumulate charges at the electrode/electrolyte inter-
face is enhanced in carbon materials with a large specific surface area. Improving 
carbon materials’ specific capacitance requires attention to both high specific surface 
area and pore size, but also to the degree to which the surface is functionalized. Acti-
vated carbon, CNTs, graphene, carbon aerogels, and other carbon-based materials 
are examples of electrode materials [51, 52]. 

Because of their special material characteristics, CNTs are an excellent choice 
for use in supercapacitors. The electrical, mechanical, optical, and chemical proper-
ties of CNTs are their most crucial qualities. They have several desired mechanical 
characteristics as well as great electronic conductivity. These features, in addition 
to the higher surface area afforded by CNTs, are facilitating their increased usage 
in supercapacitor technology. These characteristics, together with the increased area 
offered by carbon nanotubes, are enabling them to be used more frequently in super-
capacitor manufacturing. CNTs are accessible, affordable, and strong. For electrodes 
based on CNTs, there is already a market for their manufacture. CNT-based superca-
pacitor electrodes have a constant charge distribution that makes use of the majority 
of the surface area, enabling effective surface area utilization. Despite the activated 
carbon electrodes having a higher area of the surface, this enables the electrode-based 
CNTs to obtain capacitances comparable to those electrodes which are made of acti-
vated carbon. Electrode-based CNTs are able to achieve capacitances competitive 
with those of activated carbon electrodes despite the fact that the latter has a larger 
surface area [53]. Mesoporous CNT networks in electrodes are an additional benefit. 
Due to the easier electrolyte diffusion, the corresponding series resistance is reduced, 
increasing the maximum usable power [54]. 

EDLC supercapacitors commonly employ carbon aerogels. Since their structure 
consists of networks of carbon nanoparticles, they are very durable and difficult to 
break; their usage in electrodes does not need the use of a binder component. They 
can be employed in electrodes without a binder substance because their mesopore-
spaced carbon nanoparticle networks are continuous. As a result, electrodes built of 
carbon aerogels have reduced equivalent series resistance, which aids in improving 
power output [55]. 

4.3.2 Metal Oxides 

Due to its high conductance, oxides of metal are used as electrode materials in 
supercapacitors [56]. Supercapacitors made of metal oxide exhibit high specific
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capacitance and prolonged operation [57]. The use of ruthenium oxide in super-
capacitor technology is now a topic of intense research and development [58]. 
Compared to conducting polymers and carbon-based materials, ruthenium oxide 
has a larger capacitance [59]. It combines metal-type conductivity with reversible 
redox processes that take place both in the bulk and at the electrode–electrolyte 
interface [59]. The high price of ruthenium oxide is the primary impediment to 
widespread use, which is why researchers are looking at composite materials and 
manufacturing ways to bring down prices without sacrificing performance [60]. 
Manganese oxide is a potential material for use as an electrode in supercapaci-
tors. It is reasonably priced, safe for the environment, and enables good capacitive 
performance [61]. Manganese oxides with nanostructures have generated interest in 
supercapacitors [61]. Manganese oxide has attracted a great deal of attention lately 
due to its unique chemical and physical properties and several applications in acti-
vator, ion exchange, molecular adsorption as well as biosensor. Supercapacitors often 
employ manganese dioxide (MnO2) as an electrode material because of its low cost, 
high capacitive performance in electrolyte solution, and low environmental impact. 
Different processes have been used to create these oxides. Similar to ruthenium oxide, 
this material’s main flaw is its weak conductivity. Additionally, only surface atoms 
are used in the charge–discharge processes in this material, which results in limited 
material utilization. To start addressing this, certain efforts have already been made, 
particularly by using this material in composite form with CNTs [62]. 

4.3.3 Conducting Polymers 

Compared to other materials, conductive polymers have high capacitance, good 
conductivity, and low equivalent series resistance, making them ideal for use in super-
capacitors. Because of their high capacitance and the fact that conducting polymers 
have a large area, they are employed in supercapacitors. Metallic conductivity, a desir-
able quality for supercapacitor electrode materials, can be achieved by doping these 
compounds. Several carbon compounds, such as activated carbons, are regarded to 
be inferior to them, although they are seen as preferable for a number of reasons [63]. 
Polypyrrole, polyaniline (PANI), and poly-(3,4-ethylenedioxythiophene) (PEDOT) 
are some of the frequently used conducting polymers. It has been demonstrated that 
these materials have specific capacitances that are comparable to those of metal 
oxides like ruthenium oxide [64, 65]. One of the challenges with conducting poly-
mers is the lack of efficient n-type doped (negative charge) material [66]. Another 
issue is the inadequate mechanical stability that results from mechanical stress during 
charge–discharge cycles.
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4.4 Nanocomposite-Based Electrode Materials 

Electrodes made from composite materials combine the physical and chemical charge 
storage capabilities of carbon-based materials with those of metal oxide or conducting 
polymer components. 

4.4.1 Carbon–Carbon Composites 

Huge amounts of specific surface area (SSA) are available to the ions of the elec-
trolyte, which gives carbon compounds a higher capacitance. If the effective SSA in 
carbon materials can be increased, the supercapacitor power and energy density will 
improve. To address the issue of dispersion that graphene confronts, functionalized 
graphene that does not rely on covalent bonds has been developed. Because of van 
der Waals interactions, oxide of graphene tends toward stack on top of each other 
and then disperse as the reduction proceeds, reducing the available surface area to 
the electrolyte. Single-walled carbon nanotubes (SWCNT) may be used as spacers to 
prevent layers from having to be restacked. When CNTs are introduced, electrolyte 
intra-pores form. Ionic liquid electrolyte was used to create graphene supercapacitors 
with a capacitance of 261 F/g and an energy density of 123 Wh/kg [67]. 

4.4.2 Carbon–Metal Oxides Composites 

In a study, the differences among pure MnO2, CNT, and a mixture of MnO2/CNT were 
compared. Simple hydrothermal treatment was employed to produce the composite. 
In comparison to CNT and pure MnO2 electrodes, the MnO2/CNT nanocomposite 
electrode had a better specific capacitance and rate capability and specific capaci-
tance. The composite’s high specific capacitance may be explained by MnO2’s large 
specified surface area and structure that is highly permeable. Graphene and MnO2 

were used to create an asymmetric supercapacitor. While pure graphene served as the 
anode, the produced composite of graphene and MnO2-coated metal was employed 
as the cathode. On a graphene electrode, electroactivation was employed to produce 
a 245 F/g capacitance at a charging current of 1 mA. With the addition of MnO2, the  
capacitance rose to 328 F/g at the same charging rate, yielding an energy density of 
11.4 Wh/kg and a power density of 25.8 kW/kg [67]. A study was conducted utilizing 
CNT/MnO2, and many results were observed. First, compared to randomly oriented 
CNTs, vertically aligned ones have higher capacitance, demonstrating the consid-
erable influence of morphology on capacitance. Second, the surface was treated 
with water plasma, and it was found that this produced better outcomes since the 
nanotube’s active surfaces were clearer and bigger. Last but not least, using the 
electrochemical deposition approach, MnO2 addition produced the greatest specific 
capacitance of 475 F/g. Another study made use of a combination made by reduced 
graphene oxide (rGO) and molybdenum sulfide (MoS2). A straightforward one-pot
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hydrothermal technique was used to create the composite. The resulting composite 
had good cycle stability and yielded a 253 F/g specific capacitance at 1 A/g of current 
density [68]. In this experiment, activated carbon was utilized because it has desir-
able qualities including a high surface area, good electrical characteristics, and a 
reasonable cost. Cobalt, manganese, and nickel are three distinct metal oxides that 
were used to determine which combination would yield the maximum specific capac-
itance. Activated carbon served as the anode while a mixture of two oxides of metal 
served as the cathode, as mentioned in this experiment. The specific capacitance of 
12 different samples ranged from 5 F/g for (Mn0.8Co0.2) due to the sample’s rough 
surface and uneven crystalline pattern made it challenging for the passage of elec-
trolyte, to 78 F/g for (Mn0.6Co0.4), a result of the huge pores that were seen in images 
taken using a scanning electron microscope and permissible for easy diffusion of the 
electrolyte [22]. 

4.4.3 Carbon–Conducting Polymer Composites 

Carbonizing PANI and subsequently its activation with KOH yielded activated carbon 
with desirable properties, including a significant SSA (1976 m2/g), small diffu-
sion length, and small pore size distribution (3 nm). The final composite displayed 
outstanding performances. In 6 M KOH, a large specific capacitance of about 455 
F/g was attained. After more addition of graphene to PANI, the specific capaci-
tance retentivity ratio increased from 88.7 to 94.6% after 2000 cycles [69]. Poly 
(3-methylthiophene) pMeT was selected as it is easy to produce from a low-cost 
commercial monomer. Because of the impracticality of using anodes with higher 
polymer content in the composition (80%), pMeT cannot be projected for use in n/ 
p type supercapacitors. The hybrid arrangement of pMeT and activated carbon as 
negative and positive electrodes, respectively, created a supercapacitor with enhanced 
outcome and expense when equated to carbon supercapacitors with a double layer. 
Another study using graphene nanosheets (GNS)/PANI composite was conducted. 
This composite was made by in situ polymerization, and its high conductivity and 
relatively large area of particle deposition on PANI were made possible by the pres-
ence of GNS. With an energy density of 39 Wh/kg and a power density of 70 kW/ 
kg, a high specific capacitance of 1046 F/g at 1 mV/s was achieved [70]. Utilizing 
in situ polymerization, three distinct composites made of carbon nanotubes, graphene 
nanosheets, and polyanilines (GNS/CNT/PANI) were created. GNS/PANI had the 
greatest specific capacitance, 1046 F/g, followed by CNT/PANI (780 F/g) and GNS/ 
CNT/PANI (1035 F/g). Only 6%, 52%, and 67% of the original capacitance is lost 
after 1000 cycles for CNT/PANI, GNS/CNT/PANI, and GNS/PANI, respectively 
[71].
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5 Separators for Supercapacitors 

A separator is an essential component of supercapacitors because it allows for unre-
stricted ionic flow and isolates electronic flow, which in turn improves supercapac-
itors’ security and electrochemical characteristics. Unfortunately, a relatively small 
number of researchers have devoted their attention to improving the shape and chem-
ical makeup of separator membranes [72]. Figure 4 shows the progressive evolution 
in separator. Diverse materials, including polyolefins, aqua gel, and rubber, have 
been used to create separators. To prevent a short circuit from occurring between 
the electrodes, the separators must be both thin and insulating [73]. As well as 
having acceptable dielectric properties and electrochemical stability inside the elec-
trolytes that are being employed, these materials should increase mobility of ions 
between the surface of electrode and electrolyte. Separators, however, frequently 
exhibit reduced ionic conductivity over time [74] or dry up and collapse. In order 
to separate organic liquid electrolytes, macroporous separators like poly(vinylidene 
fluoride-co-hexafluoropropene) (PVDF-HFP) and poly(vinylidene fluoride) (PVDF) 
are used [75]. The electrolyte preservation and electrical conductivity of these mate-
rials are also improved. However, compared to dense membranes, such highly 
porous membranes have lower mechanical strength [76]. Because of their poor heat 
stability and slower ion transfer kinetics, polyolefin-made microporous separators 
are only used in a limited number of applications. Sulfonated poly(ether ether ketone) 
(SPEEK) and Nafion membranes are now the most widely utilized dense separator 
membranes. By submerging these membranes in sulfuric acid solutions, separators 
from these membranes are created [77, 78]. However, a significant disadvantage of 
these membranes is their high cost and the scarce availability of the raw ingredi-
ents needed for their production [79]. Figure 4 shows the advancements made in 
the selection of materials and manufacturing techniques utilized to create separators. 
The application at hand determines the separator to use.

Separators used as structural members have to be able to support mechanical load. 
Flexible separators are needed for wearable electronics. Separators should be able 
to tolerate high temperatures without significantly compromising their function in 
applications like oil drilling. It is expected that they will have the ability to temporarily 
catch and store the energy on occasion. This review looks at the several types of 
separator material now in use, the processes used to make them, and how all of these 
elements interact to determine supercapacitor performance. 

5.1 Separator Membrane Materials 

5.1.1 Polymer-Based Membrane 

Since polymer-based materials are inexpensive, plentiful, and simple to produce, 
they are excellent separator options because of their great chemical and mechanical
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Fig. 4 Progressive development of a materials and b separator manufacturing techniques. Repro-
duced from [80] under Creative Commons Attribution CC BY License. Copyright 2022, Royal 
Society of Chemistry

resilience. The most popular commercial separators in supercapacitors are made of 
polypropylene (Celgard). Other polymers have also been utilized to create separators 
for supercapacitors, including polyvinyl chloride, PVDF, PVDF-HFP, polyethylene, 
and poly(ethylene oxide) [81]. Diverse techniques can be used to create polymer-
based separators. Both monolayer membranes and composite separator membranes 
are manufactured using electrospinning. This procedure allows for precise control of 
the separator membrane porosity and pore size [82]. Electro-spun fiber membranes 
may be utilized as separators over electrodes because they are extremely porous, 
have a large surface area, and offer a larger electrochemical operating window than 
conventional separators. In comparison to separators created via phase transition or 
solution casting technique, membranes produced by an electrical current allow for 
further electrolyte absorption because of their rapid ionic diffusion, high porosity, and 
reduced surface resistance [83]. The effects of temperature and the properties of the
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separator materials, such as porosity and composition, on supercapacitor perfor-
mance were investigated. SEM images of the TUX5 separator (thickness ~10 mm) 
displayed a meso–macromelting structure with pores, which was mostly ascribed to 
the quick polymer solution input rate and high PVDF concentration [84]. On the other 
hand, TUX10 separator membrane SEM pictures revealed a consistent fiber structure 
(thickness ~20 mm). Additionally, it was discovered that TUX10 membranes had 
substantially higher porosity (~91%) than TUX5 membranes (~40%). This meant 
that the frequency series resistance of TUX5 separator membranes was higher than 
that of TUX10 membranes. The temperature and separator characteristics have an 
impact on the relaxation time constant. The power rating of supercapacitors with 
TUX10 separators membrane was five times lesser at −30 °C than the highest power 
rating that was obtained at 24 °C and also it depends upon separator material features 
like permeability and temperature. Electrospinning preceded by the phase separa-
tion method was utilized by He et al. to create PAN nanofiber separators out of a 
mixture of polyvinylidene fluoride (PVP) and polyacrylonitrile (PAN), with PVP 
serving as the pore-forming component (Fig. 5a) [85]. The pore size of the electro-
spun polyacrylonitrile nanofibers increased with increasing polyvinylidene fluoride 
concentrations in the mix resulted in a rise in pore size and surface area. Since the 
electrolyte was not only adsorbed onto the surfaces but also infused into the meso-
pores and macropores of the separator, porous nanofibers had considerably better 
electrolyte absorption (Fig. 5b). Less time is needed for the formation of the elec-
trical double layer for faster ion diffusion. Since the phase inversion method is more 
affordable and effective than electrospinning, it is frequently employed in the produc-
tion of permeable supercapacitor membranes. The separators for PVDF had better 
mechanical qualities and had a large 80% porosity. Due to their poor hydrophilicity 
and inability to store enough electrolytes, supercapacitors created with unaltered 
PVDF separators had lower specific capacitance, which hampered the mobility of 
ions of free electrolytes. AC/PVDF supercapacitors’ specific capacitance fell from 69 
to 4 F/g because current density increased from 0.1 to 10 A/g, whereas the specific 
capacitance of AC/modified PVDF supercapacitors reduced while current density 
grew from 10 to 50 A/g, the temperature decreased from 43 to 22 F/g (Fig. 5c) 
[86, 87]. AC/modified PVDF supercapacitors were superior at retaining capacitance 
because their internal resistance was lower than that of standard AC/PVDF super-
capacitors. Polymer-based separators have been made using cutting-edge processes 
including electrospinning and phase inversion, among others. Using a low-cost tech-
nique, Hashim et al. showed how to create supercapacitors. The authors created a 
separator using a combination of poly(methyl methacrylate) and lauroyl chitosan 
and phosphoric acid (30%) and a hybrid polymer electrolyte PVA (70%). Lauroyl 
chitosan and PVA were chosen because the latter has the capacity to hold signifi-
cant amounts of ionic liquids [77], while the former has strong mechanical qualities. 
After including 0.15 g of commercially available multi-walled CNTs on each side of 
the separator, a novel supercapacitor was created. The thickness of PVDF nanofiber 
separators made through coaxial wet spinning was inhibited by varying the PVDF 
concentration. The optimal PVDF concentration in the separator was discovered to 
be 10 wt%. Even though the separator’s network architecture was extremely wrinkly,
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Fig. 5 a Separators made from PVDF fibers with a hierarchical porous structure Reproduced from 
[85] under Creative Commons Attribution CC BY License. Copyright 2017, The Electrochemical 
Society; b time-dependent graph of electrolyte uptake by different types of separators. Reproduced 
from [87] with permission. Copyright 2018, Elsevier; c specific capacitance vs. current density. 
Reproduced from [86] with permission. Copyright 2018, Elsevier; and d optical (top) and scanning 
electron microscopy (bottom) photographs of the interior (4 plies) of the composites allow for a 
morphological evaluation of commercial separator, VANS, and standard nanofunctional structural 
composite interfaces. Reproduced from [95] under Creative Commons Attribution CC BY License. 
Copyright 2019, Royal Society of Chemistry 

it encouraged a wide contact between the electrode and electrolyte as well as quick 
diffusion of electrolyte ions with little chance of a short circuit. Aside from having 
excellent elasticity, the separator also showed no change when bent at angles up 
to 180°. Only a 3% decrease in the specific capacitance was noted even after 100 
of these bending cycles (0°–180°). Poor conductivity of ions and low porosity of 
membrane-based polymers severely restrict their use as electrolyte wettability in 
supercapacitors. Since the supercapacitor made using this separator may be twisted, 
coiled, knotted, etc., and can be used as a bendable and flexible tool [88]. 

5.1.2 Ceramic Membranes 

Because they experience unstable shrinkage and deformation at high temperatures, 
separators made of cellulose, polymers, etc., cannot be used in supercapacitors for 
high-temperature applications like oil drilling. For such applications, combinations
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of ceramic materials and a mix of natural clay, ternary sulfide glass are employed 
together with solid organic electrolytes and ionic liquids as electrolytes [89–91]. 
For these high-temperature applications, supercapacitors were reported using carbon 
electrodes, ceramic-based separators, and 2 M KOH-glycerine electrolytic solution 
[92]. The ceramic separators were mostly made of zirconium dioxide (ZrO2) and 
nickel oxide (NiO). Since NiO exhibits a negative temperature coefficient of resis-
tance as well as provides less resistance at high temperature, it was incorporated 
into the separator membrane. At higher temperatures, this actually increased capaci-
tance. Graphite powder (10–30%) was used as a pore-forming agent. The inclusion of 
graphite also increased the separator operating temperature and pore size, which sped 
up ion diffusion and improved capacitance. With an increase in graphite concentra-
tion, the specific capacitance increased. However, the separator membrane demon-
strated unsatisfactory mechanical behavior at graphite concentrations of 40%. At 
a temperature of 140 °C, supercapacitors with separators containing 30% graphite 
displayed high electrochemical characteristics. Ceramic materials have also been 
used in supercapacitors as separators for wearable systems, in addition to high-
temperature applications. Supercapacitors with high energy storage capacity, adapt-
ability, and compactness make them ideal for application in such devices. Planar 
asymmetric supercapacitors have been created for such applications using scalable 
printing technology [93]. On a single substrate, monolithic films were merged and 
layered one on top of the other. The positive electrode was made of MnO2/poly3,4-
ehtylene dioxythiophene: polystyrene sulfonate, the separator was made of boron 
nitride (~2.2 μm), and the negative electrode was made of graphene nanosheet. None 
of these materials were combined with binders, additives, or metal-based current 
collectors. Such supercapacitors illustrated ~99% of capacitive retention even after 
bending it by 180° as well as 92% cyclic stability at the end of 5000 cycles (superior 
in comparison to conventional asymmetric supercapacitors having two substrates). 
A maximum total energy of 8.6 mW h/cm3 was also provided and maintains 92% 
capacitance even after 5000 cycles. The separators employed in these supercapaci-
tors increase their ability to carry a load without creating morphological flaws. As 
a result, there is a requirement for separators that are mechanically durable [94]. In 
order to make the system less bulky, The idea of creating flexible devices for energy 
storage that can handle loads like composites was proposed by Acauan et al. verti-
cally aligned carbon nanotubes (VACNTs) were covered in Al2O3 using the atomic 
layer deposition method to construct structural separators, which were then sintered 
before the CNTs were removed (Fig. 5d) [95]. The alumina nanotubes (ANTs) align-
ment and porosity were the primary function of CNTs. Ionic polymer electrolytes 
and these ANT arrays combined to create vertically aligned nanofiber separators 
(VANS). To create the multifunctional composite supercapacitors, such as VANS 
were sandwiched between stacking of unidirectional carbon fibers. The polymer 
electrolyte crystallinity is decreased by the presence of ANTs, which causes high 
ion conductivity of VANS. The main benefit of VANS over conventional separator 
is its reduced resistance, which is a highly frequent mechanism of failures in lami-
nated composites and involves the de-bonding of neighboring plies because of the
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weak interface. The strength of the VANS is 47% stronger compared to a commer-
cial separator and comparable to structural separator. The mechanical properties of 
VANS-based laminate were almost identical to the structural separator, but it showed 
a 51% improvement in interlaminar shear strength and a 47% improvement in tensile 
strength when compared to commercial separators. The VANS’s inter-laminar shear 
strength was found to be 6% lower than that of the structural separator, however. The 
interlaminar gaps seen in VANS were blamed for this decline. 

5.2 Bio-based Separator Membranes 

5.2.1 Tree Leaves 

Researchers are investigating if tree leaves may be used as supercapacitor separators 
since they are plentiful, accessible, affordable, and biodegradable. In one such study, 
Yao et al. chose Bradyrhizhobium japonicum (BJ) biodegradable biomass as active 
material because of its 3D configurations well as high N concentration, and they 
carbonized it using ZnCl2 activation (ZnCl2/BJ mass ratio = 1.5) (Fig. 6a) [96]. 
The preferred separator was a soyabean leaf (SL) with a hierarchically structured 
macroporous network and much more hydroxyl groups on its surface [97]. The 
limited porosity of tree leaves poses a significant obstacle to their usage as separators, 
yet the electrochemical properties of a supercapacitor including such biomass-based 
material (BJPC-1.5) along with an SL separator was shown to be superior to that of 
commercially available cellulose and PP separators. One technique for increasing the 
porosity of tree leaves is chemical treatment using alkaline solutions. In their studies, 
Jin et al. employed this technique to carry out the activation of sodium hydroxide 
across the surfaces of four distinct leaves, including those from the Platanus orientalis 
(PO), Magnolia grandiflora (MG), Cinnamomum camphora (CC), and Osmanthus 
fragrans (OF) [98]. Since the chemical makeup of these leaves varied, several pore 
arrangements were seen. In CC leaves, a 3D porous network with nanopores and 
macropores was seen, whereas MG and PO leaves had irregular porous network 
architectures. The NaOH solution partly dissolved the lignin and hemicellulose from 
the CC leaf, increasing the number of pores and improving capacitance performance. 
The porous configuration of the CC leaf was greatly affected by the NaOH activation 
period. A reduction in the ionic concentration in the separator results in an expansion 
of size of the pores and in the time of activation and limits the electrochemical 
performance [99]. It has been shown that CC leaves provide an excellent option as 
separator in supercapacitors.

5.2.2 Egg Shell-Based Membranes 

Egg shell membranes (ESMs) of avian, which are non-toxic, inexpensive, widely 
accessible, biodegradable, and exhibit very porous topologies, have been utilized
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Fig. 6 Preparation of BJPCs. Reproduced from [96] with permission. Copyright 2018, American 
Chemical Society; and b Different components of eggs utilized for fabricating supercapacitor. 
Reproduced from [104] with permission. Copyright 2019, Elsevier

to make separator membranes. Both alcoholic and aqueous media don’t affect their 
stability [100]. Since it is simple to separate from the egg shells, the outer membrane 
(ESM) is frequently employed in separators. Duck egg shell membrane (DESM), 
chicken egg shell membrane (CESM), and goose egg shell membrane (GESM) were 
used to make separators, which were then used in supercapacitor (coin type) [101]. 
Efficiency of the supercapacitor is significantly affected by the thickness of the sepa-
rator, as well as the structure and size of the fibers included in these egg shell-based 
separators. Due to their thinner construction, the CESM outperformed the other 
membranes in terms of capacitive and resistive performance. Higher specific capac-
itance values were also seen with thinner ESMs. The electrolyte adsorption capacity 
was lower for the GESM (~102%) and higher for the DESM (~133%). Titania may 
be added to ESMs to change the shape and size of the TiO2 pores. The DESM-
type separators were dip-coated with various concentrations of TiO2 nanoparticles 
in order to examine this effect [102]. Egg shell fibers of duck in DESM that were 
submerged into 1 wt% of TiO2 developed a covering of TiO2 particles that result 
in the formation of pores. The size of the holes shrank due to dipping in TiO2. At  
TiO2 concentrations above 10 wt%, it was found that the holes were completely
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filled, leading to a decrease in capacitance from 2.3 to 0.035 F/g. Separators based 
on ESM exhibit excellent electrochemical performance, mechanical strength, and 
thermal stability. The highest stress that 0.8 mm thick ESMs can resist is 6.6 ± 
0.5 MPa, and the maximum strain that they can sustain is 7 ± 0.3%, both of which 
are superior to that of regularly used polypropylene (PP) separators [103]. They have 
good thermal stability since they can maintain their characteristics at a tempera-
ture lower than 100 °C but the stability declines at temperatures beyond 220 °C. 
Comparing the levels of water absorption and swelling, it was found that ESMs had 
greater values (10 and 8%, respectively) than commercial membranes made of PP 
(3%). Due to their quick repose duration, less resistance, and excellent cycle life, 
supercapacitors made utilizing ESM-based separators exhibit superior performance. 
In addition to this, researchers are trying to develop supercapacitors entirely from 
egg-derived materials, not only separators. As illustrated in Fig. 6b [104], a flexible 
supercapacitor was effectively constructed. Large surface area (1527 m2/g) of the  
electrode that results in exceptionally high power and energy densities, was obtained 
from 2D sheets of carbon that were 1.25 nm thick, similar to graphene. The white part 
of the egg or yolk treated with KOH can be used as gel electrolyte. The macroporous, 
interlaced network of fibers in the ESMs varied in diameter from 0.5 mm to 1 mm. 
The resulting supercapacitor was malleable, since its specific capacitance does not 
reduce by bending and twisting. They demonstrated the potential of such devices 
for use in real-world applications by glowing up an LED light source for a long 
duration of time when two of these supercapacitors were linked in series. Electrodes 
and separators for asymmetric supercapacitors were also fabricated using bio-waste 
ESMs [105]. Biomaterial carbon structures were heavily doped with oxygen and 
nitrogen during carbonization. As a result of the existence of oxygen and nitrogen, 
bio-derived carbon has a higher pseudocapacitance than conventional carbon and the 
optimal pore size for ion transportation and absorption [106]. Using a natural ESM 
bio-separator, chemically active ESM carbon at the anode, and air-activated ESM 
carbon at the cathode for renewable energy device development resulted in excellent 
electrochemical performance. 

5.2.3 Paper-Based Membranes 

There has been extensive use of organic solvents and paper separators for electrolytes 
[107]. Aerogels and films with mechanical strength, permeability, and high surface 
area may also be made using this method [108]. Koga et al. created a symmetric 
supercapacitor with two cellulose paper/RGO electrodes and a 50-μm-thick cellulose 
paper-based separator [109]. This green supercapacitor exhibits various advantages 
such as light weight, low cost, portability, and 100% reliance on recycled cellulose 
derived from newspaper. It potentially finds application in energy-saving wearable 
gadgets. To investigate the impact of the thickness of separator on the resistance 
of the cell, filter sheets as separator membrane were employed in supercapacitors 
[110]. In order to modify the pore size of separator, the amount of sheet used was 
varied, each of which was 0.15 mm thick and had pores of 15 μm. As the separator
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thickness was raised, it was observed that the cell resistance starts increasing from 1.5 
to 1.6Ω/mm which may be due to the resistance provided by the pores. Fully printed 
supercapacitors were also created utilizing commercial paper substrates coated with 
SWCNT inks [111]. To create a thin layer without many pores that would only allow 
the electrolyte to pass through the paper, the surface of separator was first treated 
with PVDF. On both sides of the paper, SWCNT ink was applied. The paper served 
as both the substrate and the separator, while the SWCNT coating served as both the 
electrodes and the current collector. The value of capacitance was measured to be 33 
F/g after 2500 charging–discharging cycles, with just a little decrease in capacitance. 
Paper separators’ fast aging in aqueous solvents and deterioration when employed 
with H2SO4 made them unsuitable for use in supercapacitors [112]. 

6 Substrates for Supercapacitors 

With the rapid evolution of electronic gadgets over the past several years such as wear-
able or folding gadgets, electronic paper, mobile gadgets, and smart things, there is 
a growing need for energy storage solutions that are both flexible and economical, 
as well as lightweight and environmentally friendly. The tremendous benefits that 
flexible supercapacitors (FSCs) possess make them highly viable energy storage tech-
nology. When designing high-performance FSCs, it is important to take into account 
the mechanical, electrochemical, and interfacial features of the flexible electrodes 
[113]. In most cases, high conductivity and wide surface area are also desirable in 
electrodes, in addition to flexibility. Several techniques dedicated to the development 
of flexible electrode for FSCs are already well-established. The first involves making 
films of active materials that are both flexible and self-supporting, while the second 
involves using flexible substrates to hold the materials in place. Flexible substrates 
are gaining a lot of attention as a foundation for active materials because of their 
low cost, great flexibility, and smooth surfaces. This motivates the hope that novel 
loading support structures for pseudocapacitive materials would be inexpensive and 
non-hazardous to the environment yet offering high capacitance and adaptability 
[114]. Recently, the evolution of carbon-based supercapacitor materials has been 
reported, giving useful overviews of topics including carbon nanotubes (CNTs), 
activated carbons (ACs), templated carbons, graphene, 0D–3D forms, and hybrid 
composites but there weren’t many analyses of FSCs [115]. There is a high need for 
the creation of such devices as a result of the rising interest in wearable electronics 
that are lightweight, flexible, and bendable for extensive portable applications. As 
a result, an overview of recent research projects was provided that emphasizes the 
application of flexible substrates, as seen in Fig. 7. Carbon-based electrodes, metal 
substrates, porous materials like normal paper, sponges and textiles, and cable-type 
electrodes having thin conducting layers have all been used in the recent construction 
of high-performance FSCs.
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Fig. 7 Correlation diagram 
of the challenges of 
supercapacitors 

6.1 Metal Substrates 

Metal is one of the potential substrate materials for flexible solar cells, supercapaci-
tors, and batteries. Stainless steel (SS), aluminum (Al), copper (Cu), nickel (Ni), tita-
nium (Ti), and other metal substrates have several benefits, including high strength, 
high conductivity, and simplicity in preparation. Metal substrates can make ideal 
supports for the fabrication of high-performance supercapacitors [116]. 

6.2 Carbon Paper and Carbon Nanofoam 

Carbon microfibers are formed into flat sheets to create carbon paper. A loose 3D 
web-like cluster arrangement of carbon threads makes up carbon nanofoam found 
extensive application in supercapacitors, fuel cells, and other devices because of their 
porosity, mechanical stability, huge surface area, and superior conductivity [117]. 

6.3 Conventional Paper Substrates 

In our daily lives, paper is frequently used for cleaning, wrapping, and decorating. 
The usage of paper-based transistors, photodiodes, displays, and circuits in electronic
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applications have also expanded [118]. For the purpose of making high-performance 
supercapacitors, paper may be used as a good base for active material [119]. 

6.4 Textile Substrates 

A flexible, porous material called a textile is created by pressing or weaving natural 
or synthetic fibers such as cotton or polyester. As a result of recent investigations 
into cotton materials with malleable properties, cotton textiles are now being used 
as a wearable substrate for a wide range of applications [120]. Additionally, fiber 
supercapacitors and textile supercapacitors prototypes for textile-based storage of 
energy have also been demonstrated [121]. 

6.5 Sponge Substrates 

It is a common practice to utilize cellulose or polyester-based porous synthetic 
sponges for personal care, packaging, and household cleaning. The synthetic sponge 
available for commercial use can also be employed as an effective substrate for 
developing supercapacitors [122]. 

6.6 Cable-Type Substrates 

The cable-type stretchable supercapacitor which has also been described as a new 
type of FSC, may be used for a variety of wearable electronics since it can be 
weaved into any shape or location. The performance and integration of the cable-type 
capacitors may be maintained while being bent into any intricate shape [123]. 

7 Challenges 

In light of their many advantageous properties, supercapacitors have found 
widespread use in several fields including industry, automotive, the military, and 
consumer electronics. However, this technology also has some significant draw-
backs. The following four categories best characterize the present issues that require 
fixing (Fig. 7).
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7.1 Engineering or Technical Issues 

Supercapacitors have low energy density with a gap of around 20 Wh/kg as compared 
to batteries, which have an energy density gap of 30–200 Wh/kg [124, 125]. To over-
come this gap is one of the problems faced by the supercapacitor community. Super-
capacitor storage capacity can be increased by upgrading manufacturing processes 
and technologies, but finding new electrolyte- and electrode-active materials with 
improved electrochemical performance will be challenging and time-consuming. 
Low energy density supercapacitors lead to bulkier devices, therefore they aren’t 
very portable. Increasing the energy density of supercapacitors may be accomplished 
in a few different ways: by enhancing the surface area of the electrode materials in 
double-layer capacitors, by increasing the operating voltage window, or by doing 
both of these things. Synthesizing innovative materials with vast surface areas and 
using appropriate organic electrolytes which can sustain a broader voltage window 
are the primary concerns to eliminate this issue. Supercapacitors energy densities 
might catch up to batteries if these gaps are adequately closed. 

7.2 Establishment of Electrical Parameter Model 

The supercapacitor model may be comparable to the ideal model in some circum-
stances, but in military uses, satellite and spacecraft main power applications, several 
non-ideal factors must be taken into consideration. Due to its limited energy, reso-
nance induced by regular signal, filter, and energy storage capacitor has a mature 
solution. Moreover, supercapacitors have the capacity for immediate throughput and 
enormous energy. The stability of the system must be analyzed in terms of the load 
fluctuation, load type, or external environment, as well as inadvertent interruption; 
hence, a trustworthy layout is crucial. 

7.3 Consistency Detection 

As supercapacitor exhibits low rated voltage (less than 2.7 V), several series connec-
tions are necessary for use in real-world applications. As applications usually need 
substantial current charging/discharging, and because overcharging shortens the 
lifespan of capacitors, checking the stability of the voltages on selected in-series 
capacitors is essential.
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7.4 Industrial Standard 

Supercapacitors with high operating speeds are growing rapidly. Since superca-
pacitors are a novel kind of energy storage device, their healthy growth is inex-
tricably linked to market and industry regulation, which strives to create workable 
regional, national, and even global standards. A method for the classification model, 
a test method for measuring the electrical performance, technical requirements for 
ensuring the safety, broad specifications, and detailed requirements for the elec-
trode material, electrolyte, transportation guidelines, recovery guidelines, charger 
series, and destruction guidelines should all be entrenched. Storage and manage-
ment systems for scrap monomers and modules, as well as processing of electrolyte 
capacitor shells, disassembly of scrap monomers, recycling and handling of superca-
pacitor modules, plate handling, and diaphragm preparation, are all part of the larger 
goal of guiding and normalizing the supercapacitor industry toward environmentally 
friendly, economical recycling disposal. It is an essential tool for encouraging the 
industry’s healthy growth. 

8 Future Opportunities 

8.1 Requirement of the Society 

The applications of supercapacitors are crucial for addressing societal requirements 
and advancing industrial growth. The need for large-capacity portable power supplies 
is becoming important as the electronic sector develops quickly. On the one hand, 
environmental preservation and energy use are topics that people all around the world 
are becoming more and more interested in. The researchers are actively looking for 
solutions, and they are trying to utilize more renewable energy. The invention of 
supercapacitors, on the other hand, is a result of the pressing demand for portable 
backup power to be available for all types of electronic equipment due to the rise of 
the electronics industry. These societal needs help the supercapacitor sector expand 
quickly to some level, and the market opportunity is huge. 

8.2 Flexible Device and Microminiaturization 

Rapid advances in portable electronics and the concept of wearable technology have 
increased interest in flexible systems for storing energy. The development of flex-
ible, compact energy storage systems with strong electrochemical capabilities is 
crucial [126]. Traditional supercapacitors, on the other hand, are significantly limited 
in terms of device shape due to the electrode’s rigidity, and their electrochem-
ical performance is further decreased by the use of metal collectors and bonding
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agents during the manufacture of the electrode [127]. The next era of flexible storage 
systems will thus be developed that pairs a flexible supercapacitor with a portable 
device. Numerous reports have been made on flexible supercapacitors with various 
macro morphologies and microstructures. Unlike traditional non-flexible superca-
pacitors, the flexible supercapacitors of desirable shape and size can be fabricated 
expanding their prospective use in malleable and wearable fields. This is because flex-
ible supercapacitors have negative as well as positive electrodes, electrolyte levels 
diaphragm packaging that are all flexible [128]. The flexible electrode serves as 
the flexible device’s core. Flexible electrodes may now be made using a variety of 
techniques. Incorporating active chemicals, flexible substrates, and electrolytes into 
electrodes that have simple procedures, excellent electrochemical efficiency, and flex-
ibility will be a primary focus of future research. For making lightweight electrode 
without losing energy density, it has to be made of nanostructured materials that are 
engineered to offer more electrochemically reactive functional groups. This may be 
accomplished by using nanostructures that have been specially designed to give an 
excess of redox reaction sites and increased surface area. For instance, the construc-
tion of a flexible all-solid-state supercapacitor employing co-doped graphene with 
oxygen, nitrogen, and phosphorus was tested for energy storage application [106]. 

8.3 Hybridization 

The issue of the low energy density of supercapacitors may be effectively solved by 
building hybrid battery-supercapacitors, which are systems in which one electrode 
stores charge using only a battery-type faradaic process and the other does it using 
a capacitive mechanism. Devices that combine a supercapacitor with a battery, such 
as lithium/sodium/potassium/magnesium ion hybrid battery-supercapacitors, inherit 
both the high power (∼0.1–30 kW/kg) and high energy density (∼5–200 Wh/kg). 
These devices also benefit from steady extended cycle performance and affordable 
prices [129]. For instance, Wang et al. [130] assembled a sodium ion hybrid battery-
supercapacitor with a retention rate of 85% after 1200 cycles using mesoporous 
graphene (MG) and amorphous carbon (DC) as the negative and positive electrodes. 
This device had an energy density of 168 Wh/kg at 501 W/kg and a maximum power 
density of 2432 W/kg (98 Wh/kg). 

8.4 Intelligentization and Transparency 

There is an urgent requirement of an intelligent and controlled multipurpose elec-
trochemical energy storage system for the fast growth of sophisticated electronic 
gadgets. Electronic devices may be programmed to do a variety of tasks in response 
to various demands in real life owing to their smart features. Through the use of
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novel materials, novel architectures, supercomputer modeling, and artificial intelli-
gence, we may foresee the development of flexible devices to build user-friendly and 
personalized interactions between bio-integrated and wearable electronics [131]. A 
biodegradable, ecologically friendly, and biocompatible main battery was reported 
by Yin et al. [132]. It is interesting to note that Wang et al. [133] proposed an edible 
supercapacitor and demonstrated that a single capsule-sized edible supercapacitor 
had sufficient energy and power to operate as a standalone device. 

8.5 Improvement of the Cost Performance 

The first and most important factor to take into account for every industry to survive 
is enhancing product performance and lowering manufacturing costs. The study in 
this area is primarily focused on enhancing the technology of the supercapacitor 
itself, as well as the manufacturing process. Finding reliable and effective materials 
that can serve as both electrodes and electrolytes will help in improving performance 
and are also economical. An American company called Full Power Technologies is 
creating affordable ultracapacitors. To achieve the goals of superior performance 
and low overall price, it is necessary to: (a) find and use underutilized native mineral 
resources; (b) save money by blending high- and low-priced components; (c) enhance 
the manufacturing process and the manufacturing systems; (d) examining how well 
different electrode materials work with various electrolytes; and (e) research into the 
group module need to focus more on the service as a whole. As a result, this will 
serve as both the product’s primary direction and strategic goal in the future. 

9 Conclusions 

Supercapacitor is a promising energy storage technology that is both environmentally 
friendly and affordable. The vast untapped market offers limitless possibilities for the 
advancement of supercapacitors. Supercapacitors are utilized in many applications 
and have been theoretically proven to be a source of sustainable energy storage, but 
their performance still has to be improved in order to keep up with the growing energy 
demands of society today. Future research will continue to concentrate on the material 
which is used as electrode to limit the cost as well as enhance the performance of 
supercapacitor in light of increasing demand in applications such as smart wearable 
gadgets and new electric vehicles.
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Chapter 3 
Functionalized Nanomaterials, 
Classification, Properties, 
and Functionalization Techniques 

D. Lakshmi, M. Infanta Diana, P. Adlin Helen, and P. Christopher Selvin 

1 Introduction 

Nanotechnology involves creating particles, more technically referred to as “nanopar-
ticles (NP)” that are one billionth of a meter (10–9 m). Due to the quantum confine-
ment effect, scaling down bulk material to nanoscale results in a variety of marvels. 
The application of nanotechnology has enabled the creation of compact, lightweight, 
malleable, and portable machinery and devices. Nanomaterials are already used in 
almost all industries, including those in farming, health care, aesthetics, fabrics, and 
energy storage devices [1–3]. These particles are produced using either by top-down 
or bottom-up approach, and they have exceptional qualities like low toxicity, chem-
ical stability, surface functionality, and biocompatibility [4]. Due to the well-known 
fact that these nanoparticles’ physicochemical qualities are superior to those of bulk 
materials, their properties are further improved through functionalization, surface 
and structural engineering, etc. This causes the formation of more active sites, an 
enhancement in surface-to-volume ratio, and an increase in structural defects with a 
reduced ion diffusion distance which is carried over through many ways.
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2 Functionalized Nanomaterials 

The addition/combination of certain chemical groups and functional entities that 
are physically and chemically decorated to the nanomaterial surface by changing the 
surface chemistry helps in developing distinct active sites based on the needs (Fig. 1). 
To have a broad range of potential applications, the solubility, uniform dispersion of 
nanoparticles in a medium, as well as their interactions with other molecules must be 
examined. The functionalization of nanomaterials via surface modifications aids in 
the interaction of nanomaterials with their surroundings which can be purposefully 
designed to exhibit the desired properties [5]. Without modification, the surface of 
nanoparticles has lesser interaction (physical or chemical contact) with the matrix or 
any other substance under process. 

Unmodified nanoparticles form agglomerations as a result of intermolecular inter-
actions which hinder its dispersion into the solvent [6]. Functionalized nanomate-
rials not only improve existing properties but also contribute to the development 
of new ones. Other properties, such as cluster formation, colloidal stability, and 
dispersibility, are greatly influenced by functionalization. Furthermore, utilizing the 
suitable functionalization method, surface attributes such as corrosivity, hydrophilic/ 
hydrophobic nature, and conductivity may be readily on hand [7]. As a result, the 
distinct properties of functionalized nanomaterials make them an appealing candidate 
for a wide range of applications. 

Creating composite materials is one of them, as is synthesizing metal oxide 
nanoparticles with carbon, doping with heteroatoms using gases, liquids, and solids. 
In addition to being employed in various energy devices including DSSCs, batteries, 
supercapacitors, fuel cells, LEDs, etc., functionalized nanoparticles are also discov-
ered to have less toxicity and are used as catalysts in biomedical applications and 
toxic removants in environmental applications [8, 9]. It has been discovered that func-
tionalized nanomaterials can get over problems like aggregation caused by strong 
van der Waals forces at close proximity or overlapping of bandgap in nanoscale 
dimensions. These chemical alterations increase the probability that the solubility 
and processability of the nanoparticles for various applications will be enhanced.

Fig. 1 Need for functionalized nanomaterials 
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3 Choice of Functionalizing Strategy 

The functionalization strategy is chosen based on the specific needs of the application, 
and it varies depending on the type of NP. Typically NP are functionalized through 
covalent or non-covalent means. Covalent functioning involves the formation of a 
bond between the functional entities and the skeleton of the NP. For example, covalent 
functionalization of graphene has been shown to disrupt the pi–pi conjugation and 
the properties associated with it, whereas non-covalent functionalization does not 
disturb the electronic or atomic structure of graphene. The electronic properties 
at the quantum level, as well as carrier concentration and mobility, are altered by 
adsorbents upon functionalization and are extremely useful for the application of 
photovoltaic devices. 

Non-covalent functionalization involves the use of attractive forces such as van der 
Waals, hydrogen bonds, electrostatic force, and pi–pi stacking interactions between 
the NP and additives. The surface functional groups modify the surface charge func-
tionality and reactivity, increasing its stability and dispensability in different phases 
[10]. Different chemical and physical methods, such as exfoliation, intercalation, and 
hybridization, have been used to improve the functionalities and properties of NP. 

4 Response to the Functionalizing Agents 

Generally, adsorption of functional groups is classified into two types: physisorption 
and chemisorption. Physisorption involves the formation of non-covalent bonds with 
longer bond lengths as a result of weak interaction, whereas chemisorption involves 
the formation of strong bonds with shorter bond lengths. Chemisorptions caused 
by orbital hybridization produce the majority of covalent bonds. Doping is another 
aspect of physisorption caused by adsorbate on the material’s surface. Substitutional 
doping can be achieved by introducing a hole or additional electrons into the material. 
Surface doping is the process of exchanging electrons at the surface with another 
heteroatom such as boron, nitrogen, aluminum, phosphorous, or sulfur via reactive 
binding sites. The atomic size of the adsorbate and its electronegativity has a large 
impact on doping [11, 12]. 

For example, carbon-based graphene functionalized with nitrogen has been found 
to effectively increase electronic conductivity, charge storage capacities, and agglom-
eration due to the presence of a lone pair of electrons and the protonation of some 
nitrogen groups such as pyridinic, pyrrolic, and pyridine. Modified graphene is 
often synthesized using the traditional Hummers method, in which oxygen is strictly 
adhered to the graphitic layer and oxidized, causing the van der Waals forces present 
within the graphite to move away from each other and, as a result, graphene oxide is 
formed. This chapter discusses the properties, synthesis strategies, and case studies of 
functionalized nanoparticles [13–15]. Figure 2 broadly explains the different modes 
of functionalization and their relative effects on the various properties of the materials.
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Fig. 2 Different functionalization techniques versus respective impact on material properties 

5 Properties of Functionalized Nanoparticles 

5.1 Morphology and Porosity 

NP can have varied dimensions ranging from 10 to 100 nm and its shape is discovered 
to be crucial in increasing their qualities for a variety of applications. However, 
aggregation of NP is a significant disadvantage that might be avoided by utilizing 
functional groups to modulate shape. It is discovered that the functionalized NP 
display more intriguing characteristics than the pristine nanoparticles in terms of 
morphology [16].
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The porosity of the nanoparticles plays an important role in promoting host–guest 
interactions during targeted drug delivery in pharmaceutical or medical systems, as 
well as in energy storage systems like EDLC supercapacitors to enhance the storage 
of ions for excellent capacity. The surface-to-volume ratio of NP prepared with high 
porosity is significantly higher than that of bulk materials. The functionalization of 
pores present in NP is found to have a significant influence on the pore size, volume 
of the porous cavity, interconnected porous structure, specific surface area as well 
as the surface-to-volume ratio. Better porous property of NP improves the efficacy 
of nanoparticles in a wide range of applications, including drug delivery, catalysis, 
sensing adsorption, separation, and biomedical. 

In general, materials are classified into three types based on their porosity: micro-
porous (less than 2 nm), mesoporous (2–50 nm), and macroporous (>50 nm). This 
requirement is met by the functionalization of NP at the inner and outer surfaces 
of the pores and is accomplished by using steric hindrance or electrostatic repul-
sion to control the site selectivity of the functionalization [17]. Such regularity in 
allowing only certain type of molecules to enter the pores, promotes the controlled 
environments, and unwanted side reactions are avoided. This is particularly evident 
in mesoporous silica NP prepared with anionic functional groups attached to the 
outer surface of silica, which exhibit hydrophilicity and repel other submicron struc-
tures [18, 19]. This has been shown to inhibit specific adsorption while promoting 
biomolecular conjugation. The addition of specific cationic or anionic functional 
groups has been found to specifically interact with biomolecules such as lipids and 
plasma proteins, while inhibiting the adsorption of other unwanted groups. This 
clearly demonstrates that surface modification is critical in increasing surface area 
reactivity with the targeted molecules of interest. 

Functionalization is further useful in the development of 3D carbon materials for 
supercapacitors loaded with multiple active sites and mesoporous structures at the 
micro- and nanoscale, which in turn helps to obtain high capacitance by reducing 
ion diffusion length. Controlling the pore size of the electrode material improves 
supercapacitive behavior significantly. This means that the electrode material’s pore 
size should be significant compared to that of the solvated ions in the electrolyte 
solution. If the pore size is too small, ions will find it more difficult to accumulate 
at the pores on the electrode surface, reducing the capacitance of the double layer. 
Generally capacitance of a supercapacitor can be improved by creating electrode 
materials with a large active surface area which act as a network for efficient electron 
transfer. However, producing electrode materials with a high specific area would 
result in a large pore volume, which could eventually cause the density and volumetric 
specific capacitance to decrease. The shape of the pores influences the pore size 
distribution when selective ion adsorption occurs at the electrode surface, where ion 
size also has a significant impact [20]. Cone-, inverted cone-, and cylindrical-shaped 
pores are just a few of the many different types of pore shapes that have been reported 
thus far. The electrode materials prepared with these shapes of pores are reported to 
have nearly identical capacitance, resistance, and maximum charge storage capacities 
[21, 22].
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5.2 Optical Properties 

The functionalization of nanoparticles confers better optical properties, which 
broadens their applications in luminescent fields. Functionalization improves the 
recombination of localized electron–hole pairs for improved luminescent proper-
ties in pristine nanomaterials. This is especially noticeable in nanoparticles prepared 
through functionalization via heteroatom doping of nitrogen or metal doping, which 
results in a high fluorescence yield. The band structure can be tuned as a result 
of this functionalization, and the excitation independence behavior due to passi-
vated surface states can be determined. The fluorescent properties are affected by the 
surface structure and electron distribution in nanoparticles, which is related to the 
energy gap between HOMO and LUMO. After surface passivation, the functional-
ization groups tend to attach or bind on the surface of nanoparticle, and the emission 
caused by surface energy traps becomes more stable [23]. For example, doping of 
heteroatom like nitrogen results in the formation of a new surface state (N-state) 
that traps electrons and increases the radiative recombination while suppressing the 
non-radiative recombination. Also, because of the increased probability of an elec-
tronic transition from ground state to lowest singlet state, nitrogen amino groups act 
as electron donors, indirectly increasing quantum efficiency. While functionalization 
has little effect on the band gap in graphene-based quantum dots, it does change their 
redox potentials by covalently attaching groups with lone pair of electrons such as 
carbonyl and amine groups. The development of these new sub-bands enabled optical 
transition in the near UV and visible ranges, resulting in positively and negatively 
charged surface sites. 

In optoelectronic applications, achieving high color purity with narrow line width 
luminescence and warm colors is critical. This has been accomplished through the 
development of functionalized nanomaterials [24]. 

5.3 Mechanical Properties 

The mechanical properties of functionalized nanoparticles are found to be better than 
pristine nanoparticles in terms of elasticity, rigidity, strength, stiffness, and hardness. 
This is heavily influenced by the concentration, type of functional groups as well 
as the interfacial bonding between the functional groups and the NP. In some cases, 
Young’s modulus of covalently functionalized NP such as single-walled nanotube 
is significantly lower than that of pure. On the other hand, Young’s modulus of the 
Cu–O-CNT composite is found to be increased with increasing functional group 
concentration. This is due to the fact that the appropriate amount of oxygenation 
improves the bonding between the CNTs and the Cu matrix, resulting in only minor 
structural changes to the nanotube backbone and an increase in elastic modulus. 
Especially, for CNT-based NP, the effectiveness of the CNT (single or double walled)
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used also plays a role in determining differences in mechanical properties of the 
resulting composite [25]. 

The effectiveness of bonding is demonstrated in the graphene oxide sheet prepared 
with functionalized SiO2, in which the f-SiO2 NP acted as cross-linking points 
to connect the GO sheets, resulting in improved mechanical properties. However, 
increasing the f-SiO2 content above 10 wt% causes aggregation, which causes 
enhanced stress, resulting in reduced mechanical properties such as Young’s modulus, 
tensile strength, and toughness. The improved mechanical property below 10 wt% is 
due to strong interfacial interactions such as hydrogen bonds and covalent interactions 
between graphene oxide sheets and f-SiO2, which in turn resulted in effective load 
transfer during deformation process. This is quite opposite in a simple oxygenated 
graphene nanoparticles where the mechanical robustness is found to be reduced than 
the defect-free graphene [26]. 

5.4 Reduced Toxicity 

There are more chances for NPs to have non-specific side effects than there are in the 
bulk, which is why they are discovered to be harmful as well. This is substantially 
mitigated by the use of functionalized nanoparticles [27]. The toxicity of nanoparti-
cles must be taken into consideration because it is a significant issue for applications 
such as using nanoparticles as nanodrug carriers and removing heavy metal compo-
nents from the environment. It has been discovered that functionalizing nanoparticles 
reduces the generation of reactive oxygen species and enhances the biocompatibility, 
pharmo-kinetics, and assembly of biomolecules [28]. This is also because there are 
several opportunities for nanoparticles to aggregate and cause adverse side effects 
with biological, environmental, and cell surfaces. Particularly when functionalized 
with polymers, nanoparticles can be contained inside the polymer layer, acting as a 
protective layer. In the case of drug delivery, this can lessen the direct interaction of 
the nanoparticle with the antioxidant molecules or core molecules. Ultimately, this 
restricts the flow of oxygen to the polymer’s core surface, reducing the oxidation 
process that results in the breakdown of NP and undesired side effects. It has been 
discovered that functionalized magnetic NP can deliver drugs more effectively and 
with less toxicity [29] (Fig. 3).

5.5 Electronic/Electrochemical Properties 

It has been observed that the introduction of functional groups can be used to adjust 
electrochemical properties, including tuning of energy levels, surface area, shape, 
porosity, and stability. The functionalized graphene dots are particularly effective at 
transferring electrons for proton reduction in photocatalysis applications. Addition-
ally, it has been discovered that the graphene dots functionalized with amine groups
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Fig. 3 Types of nanocarriers. Adapted with permission from reference 30

have significant inherent solubility. The surface functionalization of carbon dots is 
anticipated to increase performance by improving detection sensitivity and designing 
new composite functional materials or donor–acceptor arrays [30]. 

High diffusion profile, high collision rate, high loading capability, and preserving 
electroactive species from degradation are some of the improved qualities that these 
functionalized NP are discovered to display in electrochemical sensing applications. 
Also, doping the nanoparticles with heteroatoms like boron, nitrogen, and phos-
phorous is observed to subsequently speed up the charge transfer kinetics of the 
electroactive species at the electrode surface, particularly in the case of electrochem-
ical sensors. The use of functionalized nanoparticles as electrodes in supercapac-
itors favors the migration and penetration of electrolyte into the electrode mate-
rials, thereby improving the electronic conductivity and enhancing the kinetics of 
electrochemical reactions while reducing charge transfer reactions. 

Pd–Ni nanoparticles supported in functionalized multi-walled carbon nanotubes 
were created in order to boost the electroactivity of glucose sensors, and this increase 
in electroactivity is visible through an increase in the intensity of anodic peak current 
for glucose detection. The electrochemical sensing property has also been observed 
to have high sensitivity, improved stability, high selectivity, low detection limit, fast 
current response, and great repeatability [31]. 

When compared to pristine TiO2 NP, amino-functionalized ones showed stronger 
crystallinity. After functionalization with TiO2 nanoparticles, it is discovered that the 
conduction band and valence band energy levels have been elevated to greater levels, 
and larger open-circuit voltage values have also been noted. Further, NP’s ambient 
stability has been improved upon functionalization, enabling a greater resistance to 
the infiltration of moisture [32].
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Additionally, the sp2 carbon network is weakened, producing defects and 
increasing back-scattering in the system, due to the adsorbates formation of cova-
lent bonds with the CNT surface. The functionalized carbon-based NPs are shown to 
have higher carrier densities and electrical conductivities. In particular, N2 doping and 
surface modification limit the aggregate formation and shield the nanoparticles from 
bulk oxidation in ambient circumstances. Further, it can reinforce carbon systems and 
raise the carrier density of those systems, which will improve their electrical conduc-
tivity during catalysis. For example, nitrogen’s substitution in MWCNTS enhances 
the electrical conductivity rather than only impeding their aggregation. 

The concentration of functionalized groups on the NP determines how many 
electronic states there are at the Fermi level whereas significant suppression of the 
transmission channels below Fermi energy is covalent functionalization. The type of 
functional groups used has a significant impact on the electrical characteristics of the 
nanoparticles. In particular, it is discovered that O2 atoms function as carrier traps, 
decreasing carrier density and increasing back-scattering in the system, whereas N2 

dopants virtually double locally, increasing transmission through the nanotube and 
lowering back-scattering in the nanoparticles matrix. The total density of states of 
NPs at the Fermi level is increased by the presence of functional groups like O2. 
By creating novel states related to electron injection through functionalization, new 
conduction channels can be opened in the nanoparticles [33]. 

6 Functionalization Techniques 

By altering the solvents, surfactants, and reaction temperature, functionalization may 
be done via covalent or non-covalent interactions, allowing for control of desired 
and unique functionalities. Because of this sort of functionalization, nanomate-
rials become hydrophilic and easily soluble in organic solvents. Functionalization 
occurs in non-covalent interactions by means of hydrogen bonding, ionic bonding, 
or hydrophobic contact. The electronic arrangement and characteristics of the atoms 
on the surface are unaffected in this form of interaction [34]. To improve the prop-
erties of nanomaterials such as solubility, biocompatibility, and the inclusion of new 
active sites, several functionalization pathways such as chemical techniques, ligand 
exchange processes, and synthetic polymer grafting are employed. Nanomaterials 
can be functionalized with a variety of ligands via various strategies such as phys-
ical or chemical routes to confer novel properties that cannot be exhibited as in 
bulk counterparts. Functionalized nanomaterials are majorly categorized according 
to their functionalizing agent and nanomaterial composition [35]. The following 
section explains various forms of functionalization techniques (Fig. 4).
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Fig. 4 Functionalization techniques 

6.1 Chemical Functionalization 

Chemical functionalization method involves a chemical process that occurs at the 
nanomaterial’s interface in a medium. This method is mainly developed to function-
alize unmodified nanomaterials in order to improve their solubility, reactivity, and 
hydrophobic interaction. Among various chemical techniques for the functionaliza-
tion of nanomaterials, treatment with metal alkoxides, ethoxides, and silane coupling 
agents is widely used [36]. To remove surface contaminations acid treatments are 
employed. Besides alkali treatments, treatments with hydrogen peroxide, and heat 
treatments are the most popular chemical treatment procedures [37–39].



3 Functionalized Nanomaterials, Classification, Properties … 75

6.2 Ligand Exchange Process 

Ligand exchange process is second widely employed method which mediates a 
dynamic interaction mechanism that exchanges ligands bound to the surface of 
nanoparticles. During the synthesis process, certain organic compounds or poly-
mers are utilized to stabilize the nanoparticles. Nanomaterials may be broadly deco-
rated by numerous ligands using this technique, depending on the needs. The addi-
tional components get attached to the nanoparticles’ surface, improves their shape 
and size. Polyvinyl alcohol, polyvinyl pyrrolidone, oleylamine, oleic acid, cetyl 
trimethyl ammonium bromide, and ascorbic acid molecules are considered to act 
as capping agents, ligands, or surfactants depending on their chemical composition 
and functionality [40]. 

As an organic protector, the capping ligand materials deposited on the nanoparticle 
surfaces deter reactant molecules from approaching the surface of the nanomaterials. 
A few nanometers thick ligand layer is sufficient to shield the nanoparticles and 
prevent the transit of electrons among the nanoparticles before the occurrence of 
recombination [41]. But one major drawback of the choice of bulky organic ligand 
is that these material-deficit functionally active groups can participate in charge 
transfer between the nanoparticles. In order to maximize the transferring of charges 
and reduce the recombination loss, synthesis ligands must be removed from the 
nanoparticle surface [42]. This can be consummate by substituting the bulky ligands 
with more appropriate ones. To obtain better conductivity and charge separation, 
the incorporated or substituted ligand should be readily altered by annealing or any 
vacuuming. Because, in some cases, the presence of capping ligands might inject 
complexity into the system, such as unpredictable random charge transfer and non-
covalent interaction between nanomaterials [43]. 

6.3 Grafting of Synthetic Polymers 

A further popular surface modification technique that improves kinetics and changes 
the shape or form of nanomaterials is grafting of polymers. The three different 
polymer grafting functionalization techniques are grafting-to, grafting-from, and 
grafting-through. The final stage polymer is directly bonded to the suitable nanopar-
ticle exterior using the grafting-to process. The grafting-from procedure produces 
polymer chains from a surface starting point. During the grafting-through procedure, 
a small monomer copolymerizes with another monomer on the surface of the nano-
material [44]. Due to the fact that these low molecular weight monomers can interact 
with the active regions on the surface of the aggregated nanoparticles by permeating 
them. Also, by doing this, the nanoparticle surface will become hydrophobic, which 
is a crucial need for the blending of any metal oxide matrix or filler. On the other 
hand, introducing any kind of groups on the nanoparticle surfaces results in effective 
grafting.
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Other methods of surface functionalization include in vivo passivation and the 
deposition of polymeric emulsifiers on the surface of the nanoparticle. Furthermore, 
synthetic methods including coating with amorphous nanoparticles and intrinsic 
surface engineering are used to functionalize nanomaterials. 

6.4 The Adsorption of Polymeric Dispersants 

To prevent aggregation, surfactants or capping agents like oleylamine, oleic acid, etc. 
are incorporated in the reaction system. On the flip, hydrophilic nanoparticles are 
dispersed in organic solvents which are polar using cationic and anionic additives. 
The polymer chains are exposed to steric opposite charges by the dispersants, which 
raise surface charge and enhance nanoparticle miscibility. Numerous polycarboxilic 
chemicals and their derivatives are used as anionic surfactants to scatter different 
kinds of metal oxide nanoparticles [45]. 

6.5 In Situ Surface Modification 

During any nanoparticle synthesis, in situ surface modification approaches are used. 
In situ surface modification techniques include reverse micelle procedures, thermal 
breakdown of organometallic compounds, and polyol approaches [46, 47]. 

6.6 Covalent Configuration 

The term “covalent modification/functionalization” of nanomaterials refers to the 
covalent bonding of several chemical species to nanoparticles. The attachment of 
certain polymers, biomolecules, and inorganic/organic compounds to the surface of 
nanomaterials via this complexation technique is a potential strategy for enhancing 
distributions, colloidal stability, and adaptability. Covalent functionalization is 
frequently used to alter common nanomaterials like nanoclays, 2D nanomaterials, and 
metal oxide nanoparticles since it suggests a very strong coupling and a stable surface. 
The application of nanomaterials in a wide range of cutting-edge industries, including 
biosensors, catalysis, bio-imaging, packaging, cosmetics, environmental remedia-
tion, and agriculture, is considerably increased by this form of functionalization 
[48].
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6.7 Non-covalent Configuration 

Non-covalent configuration/functionalization involves the formation of relatively 
weak bonds between guest molecules and the nanomaterials. Electron donor– 
acceptor ligand systems, polymer hydrogen bonding, and interactions according to 
van der Waals are the most common methods of non-covalent functionalization. Such 
functionalization is highly helpful in close proximity and simple to access at ambient 
temperature since it is mostly reliant on weak forces like hydrogen bonding and van 
der Waals interactions. These feeble forces are predicted to have an impact on the 
solvation of nanomaterials as well as hydrophobic and hydrophilic surface interac-
tions. Non-covalent functionalization has the potential to enhance bioactivity, misci-
bility, sensitivity, binding affinity, catalytic action, and other properties. The impli-
cations of the big interfaces are comparable despite the fact that the energy produced 
during non-covalent bond formation is substantially smaller than that released during 
covalent contact [49, 50]. 

6.8 Amorphous Nanoparticle Coating 

Inorganic materials like amorphous silica and polymers can be used to form a 
covering of amorphous nanoparticles on the surface of metallic nanomaterials. Addi-
tionally, by allowing therapeutic ligands to be attached on their surface, coating the 
surface of nanoparticles, particularly with polymers, provides capabilities to the 
nanomaterials. Moreover, the decorating of nanomaterials with amorphous entities 
is possible by covering organic monomer, organic polymer, and inorganic metal 
oxide materials with different entities. Silica or polymers are arranged amorphously 
on nanoparticles to increase stability and create a conducive environment for later 
functionalization [51]. 

6.9 Intrinsic Surface Functionalization 

The atomic-level change of a nanomaterial’s crystal referred to as intrinsic surface 
functionalization may be achieved largely by defect engineering and heterogeneous 
integration. The structural, electrical, and catalytic characteristics of nanomaterials 
are altered by the addition of electron-donating and electron-accepting elements 
including S, O, N, B, P, and other metals [52].
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6.10 Self-assembly 

The phrase “self-assembly” refers to an important method in supramolecular chem-
istry. Self-assembly is the spontaneous construction of specified components into 
ordered superstructures that may be used for a variety of purposes by nanoscale parti-
cles or materials [53]. The same mechanism that permits supramolecular organization 
also stabilizes molecular assemblies, but it has an effect on the number of connec-
tions, the presence of structural complementarities, and recognition phenomena. 
Mechanisms involved in self-stabilization include ionic stabilization, van der Waals 
forces, dipole–dipole interactions, and hydrophobic associations. Further, static and 
dynamic self-assembly are the other two types of self-assembly processes. External 
impacts are absent in a static process, and structure self-assembly is driven by energy 
minimization; however, external influences are present in a dynamic process, and the 
self-assembling system will adapt to its surroundings [54]. 

At the molecular, meso-, and macro-levels, self-assembly emerges. The spon-
taneous clustering of molecules under steady state into balanced, physically well-
defined clumps connected by non-covalent connections is known as molecular self-
assembly [55]. The self-assembly of a mesoscopic entity, like nanomaterial engi-
neering, is referenced to mesoscopic self-assembly. Intramolecular and intermolec-
ular self-assemblies are two further types of molecular and nanoscale self-assembly. 
In intramolecular self-assembly, molecules self-assemble from a random coil into a 
well-defined stable structure; on the other hand, intermolecular self-assembly refers 
to molecules’ capacity to form supramolecular ensembles. 

6.11 Supramolecular Functionalization 

To create functional materials from molecular and nanounits, a unique notion 
combining procedures associated with nanotechnology together with supramolec-
ular chemistry approaches is required. The molecular structures and nanostructures 
are inextricably linked. Solvents, temperature, pH, and physical factors such as 
light intensity all have an impact on the arrangement of molecules into a stable 
nanoassembly [56]. Besides, few structures are transitional that may be modified 
further. Unlike simple self-assembling processes, functionalization is often based on 
non-symmetrical processes that mandate extensive knowledge of nanostructures and 
their communications utilizing analytical methodologies [57].
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7 Methodical Designing of Advanced Functional 
Nanomaterials: A Broad Split-Up 

The introduction of functionalized nanomaterials has opened up innumerable possi-
bilities for constructing high-performance membranes with customized features. 
Functionalizing nanoparticles have emerged as a new class of high-performance 
materials that have provided a viable foundation for modernizing traditional 
membranes. To meet the various applications, the use of functionalized nanocom-
posites is a possible option. With required state-of-the-art performance, the materials 
made of functionalized nanomaterials as additives exhibit their enormous promise in 
a variety of emerging sustainable technologies. Among various materials, few groups 
of materials are way more functionalized at maximum to acquire advanced proper-
ties. To name a few, titanium dioxide (TiO2), copper oxide (CuO), zinc oxide (ZnO), 
carbon nanotubes (CNT), iron oxide (Fe3O4), silicon dioxide (SiO2), graphene 
oxide, and various carbon-based functionalized nanomaterials are widely used in 
the development of various nanocomposite-based applications [58–65]. 

Carbon exists in three hybridization states and may combine with other carbon 
atoms or nonmetallic elements to produce a wide range of structures, from small 
molecules to massive polymeric complexes. Carbon nanoallotropes are classified 
into two primary categories depending on the predominant covalent link in the struc-
ture; the first group consists mostly of sp2 hybridized carbon atoms that are posi-
tively packed in hexagonal crystal lattices that resemble honeycombs. Graphene and 
graphene-like structures such as CNTs, quantum dots, and fullerenes are common 
forms of this group, whereas the second category is an aggregation of mainly sp3-
bonded carbon atoms that may not be classified as graphene derivatives. Fullerenes 
are hollow spherical nanostructures comprised of carbon atoms that have been sp2 
hybridized. 

To meet the crucial demand for innovative materials for nanocomposite appli-
cations, graphene and CNT have the capacity to change the material’s properties, 
which can be used in a wide range of applications and a relevant schematic is given 
in Fig. 5. Many researchers have recently reported significant advances in the utiliza-
tion of carbon-based nanoparticles, namely, carbon nanotubes (CNTs) and graphene 
oxide (GO), in nanocomposite membranes for a variety of existing and upcoming 
research disciplines [66]. CNTs and GO are promising nanomaterials for the devel-
opment of next-generation membranes with selectivity, high flux, and low fouling 
characteristics.
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Fig. 5 Modification of CNT nanoparticles 

7.1 Functionalization of CNT 

The characteristics and performance of CNT-reinforced nanocomposites are heavily 
reliant on the homogeneous dispersion of individual carbon nanotubes inside the 
polymer matrix surface, as well as the interfacial contact between the CNT and 
matrix phase. However, the smaller diameter, along with a greater aspect ratio and 
much larger surface area, complicates CNT dispersibility within the matrix when 
compared to other traditionally used metal oxide fillers [61]. Because the commer-
cial CNT resides in the cluster due to van der Walls interactions, dispersion of these 
nanotubes in the polymer phase is particularly difficult. Another common restriction 
is a lack of interfacial contact with the polymer matrix. Because of the aromatic nature 
of the connection, carbon atoms on CNT walls are often chemically stable. CNT inter-
acts with the surrounding matrix mostly by van der Walls’ force of interactions, which 
is unable of delivering enough load transmission across the nanotube and the matrix 
interface [67]. Massive efforts have been put into sophisticated strategies to change 
the surface property in order to overcome the aforementioned concerns. According 
to the interactions between the carbon atom on the CNT and active molecules, func-
tionalized techniques may be generally separated into covalent and non-covalent 
modifications.



3 Functionalized Nanomaterials, Classification, Properties … 81

7.2 Functionalization of Graphene and Graphene Oxide 

All of the remarkable features and properties of graphene and its derivatives’ give a 
glimpse of a supremacy over other nanostructured carbon allotropes. Because of its 
unusual structure, graphene dispersion in water and organic compounds is extremely 
difficult to achieve. Furthermore, graphene has a zero bandgap and is exceedingly 
inert to most chemical processes, limiting its potential applicability in the domain of 
energy applications. Despite the fact that graphene and its derivatives have acquired 
importance in technological growth, its ease of agglomeration severely limits their 
applicability in a variety of composite and nanocomposites domains. Despite CNTs, 
graphene and GO are often functionalized using one of three methods: covalent 
functionalization, non-covalent functionalization, and elemental doping [66]. As 
a result, graphene functionalization reduced aggregation and enhanced graphene 
processability, widening its breadth of applications in numerous sustainable devel-
opment domains. Furthermore, functionalization aids in the modification of inherent 
properties such as electrical property, which allows for the control of bandgap and 
conductivity for the usage of novel nanoelectronic devices [68]. 

7.3 Functionalization of Metal and Metal Oxide 
Nanoparticles 

Metal and metal oxide-supported nanoparticles, primarily Au, Ag, Cu, ZnO, CuO, 
TiO2, etc. are in the spotlight of current nanotechnology due to their superior physic-
ochemical characteristics as well as their exceptional conductivity and antibacterial 
activity. Metal’s unique size-dependent feature makes it a more promising material 
than other large-scale materials. Metal nanoparticles are classified into four types: 
metal-based nanomaterials, metal oxide-based nanomaterials, doped metals, metal 
sulfides, and metal–organic frameworks. 

Metallic nanoparticles are produced and chemically modified using different func-
tional groups. This method allows them to be combined with ligands or of any anti-
bodies. All these metal and metal oxide-based nanomaterials can modify the surface 
of a material to provide functionalities and stabilize it. The functionalization with 
metals and metal oxide nanoparticles are widely used because of its easy processing 
methods and expansion. Moreover, all these materials are highly stable, less toxic, 
and low cost. As a result, it offers a surprising range of potential applications in the 
field of energy storage and conversion technology [69–71].
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7.4 Functionalization of Silica-Based Nanomaterials 

The functionalization of silica-based nanomaterials is highly employed and 
approached which enables their utility in numerous advanced applications by making 
them compatible with a wide variety of polymer molecules. In general, a typical 
method, namely, the silanol organ functionalization method, has been used to func-
tionalize mesoporous nanosilica and zeolite. However, functionalization of zeolite 
differs slightly from that of mesoporous silica in that it occurs only on the zeolite’s 
external surface. The channel dimension of zeolite is extremely narrow, limiting 
access to the internal surface for the majority of the reactants [72]. There are two 
commonly used methods to functionalize both of these nanomaterials which are 
co-condensation and post-synthetic grafting. 

It is important to understand these two techniques because of its easy methodolog-
ical strategy. Co-condensation is an advantageous method for functionalizing meso-
porous silica nanomaterials because they crystallize more easily which is a one-pot 
synthesis. The main disadvantage of the co-condensation functionalization method 
is that it affects the final product’s high crystallinity [73]. This procedure involves 
the addition of one or more organosilane and silicon sources, namely, tetraethy-
lorthosilicate, so that functionalization occurs concurrently with the formation of 
the framework. The co-condensation method results in high functionalization and 
uniform deposition of functional units on the entire inner pore surfaces, with no pore 
blockage or shrinkage [74]. Furthermore, the particle morphology of the function-
alized mesoporous silicate is easily controlled by this process, whereas the post-
synthetic approach refers to the further alteration of pre-shaped nanomaterials prior 
to functionalization. For surface functionalization of silica nanoparticles by grafting, 
a well-known silylation technique is most typically used. Using this functionaliza-
tion technique, nearly all functional groups such as amino, thiol, sulfonic acid, and 
carboxylic acid have been introduced on the material surface [75]. Nonetheless, the 
method’s main disadvantage is the uneven distribution of functional entities on the 
pore surface. Typically, a large number of functional groups are adorned around the 
outer surface of nanomaterials and the entrance of pores. 

7.5 Polymeric Nanomaterials 

The commercial polymeric nanoparticles’ inertness limits their development for 
long-term uses in a variety of sectors. The surface of the polymer must next be 
modified to improve its printing, wetting, and adhesion capabilities. This may be 
accomplished by coating polymeric surfaces and nanostructures with a range of polar 
and functional groups. Several surface functionalization approaches have been devel-
oped during the last several decades, most of which follow the following paths: first, 
main reactive functional groups are attached to the polymer chain’s surface. Second, 
active/bioactive substances, oligomers or polymers, hydrophobic and hydrophilic
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Fig. 6 Illustration of various applications of functionalized nanomaterials 

monomers are used to modify the reactive surface in order to achieve particular 
surface properties that meet the demands of the end use [76]. 

As discussed so far, functionalization is essential to extract the virtues of nanoma-
terials to the whole extent. These functionalized nanomaterials hold applications in 
all the technological advancements. The tree chart given in Fig. 6 indicates the few 
appliance sectors of these systems. Among different fields, energy storage systems 
such battery and supercapacitors are the most practical applications in these era. 
The following portions discover the effect of functionalization of the supercapacitor 
materials. 

8 Role of Functionalized Nanomaterials in Supercapacitors 

Supercapacitors (SC) are extremely promising energy storage devices that use two 
types of electrode materials with surface adsorption to store charges and the other 
one Faradic redox reaction to store charges. The first type of SC is known as an
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electrochemical double-layer supercapacitor (EDLS), whereas the second type of 
supercapacitor is known as a pseudocapacitor. Carbonaceous nanomaterials such as 
CNTs, activated carbon, graphene oxide, and graphene are often employed in the 
EDLS for electrode fabrication. However, several types of conducting polymers, 
metal oxides, and hydroxides are employed as electrode materials in pseudocapaci-
tors. The adjustment of bandgap, structural adaptability, charge carrier mobility, and 
electrical conductivity are the most important elements in improving the electro-
chemical energy storage mechanism of SCs. The usage of modified nanomaterials 
as EDLS and pseudocapacitive electrode materials was discovered to boost energy 
and power density while also providing outstanding electrochemical performance by 
enhancing the available free charge carriers [77]. 

8.1 Case Studies 

As a comparative picture, few common metal oxide SC electrodes have been collected 
and effects of different functionalization modes are analyzed. Functionalization such 
as of synthesis techniques, dopants, metallic coating, composites with other metal 
oxides, and surfactant additions provide different effects on the performance and 
physical chemistry of the host materials. Extensive analysis on each of these param-
eters can occupy a volume of discussion. Further, the famous SC electrode candidates 
such as RuO2, MnO2, NiO, Co3O4, Fe2O3, and V2O5 are compared for their theoret-
ical capacitance, potential window (in neutral electrolyte), and stability on cycling 
conditions have been plotted as a comparative chart (Fig. 7). Functionalization on 
each of these materials significantly affects the above-mentioned parameters as seen 
in Table 1. 

0 1 2 3 4  

Theoretical capacitance (F/g) 

Potential Window (Neutral 
electrolyte) 

Stability 

V2O5
-Fe2O3 

Co3O4 
NiO 
MnO2 
RuO2 

Fig. 7 Comparative illustration between significant parameters of popular supercapacitor elec-
trodes
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9 Conclusion 

Functionalized nanomaterials are superior than their pristine versions due to the 
improved physical, chemical, optical, and other targeted performance-oriented prop-
erties. This review extensively focuses on the significance of functionalization, 
different methodological aspects available for the process, and their respective 
improvements in the end results of the nanomaterials. Figure 2 provides a broad 
overview on the impact of different functionalization strategies on the various prop-
erties of nanomaterials. Each strategy imposes a specific change in the matrix and the 
process involves in few limitations as well. For example, inclusion of polymer reduces 
the rigidity of the nanomaterials whereas inclusion of dense composites reduces the 
flexibility of the nanocomposites. Hence, the choice of functionalization technique 
requires deep survey suitable for that particular system. The present review gives an 
insight into the choice, impact, and different modes of functionalization technique. 
Finally, a short literature review has been compiled for the popular supercapacitor 
electrode materials and impact of different functionalizers on its SC performances. 
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4. Rashid MM, Simončič B, Tomšič B (2021)Recent advances in TiO2-functionalized textile 
surfaces. Surf Interfaces 22:100890 

5. Krueger A, Lang D (2012) Functionality is key: recent progress in the surface modification of 
nanodiamond. Adv Func Mater 22(5):890–906 

6. Heinz H, Pramanik C, Heinz O, Ding Y, Mishra RK, Marchon D, Flatt RJ, Estrela-Lopis I, Llop 
J, Moya S, Ziolo RF (2017) Nanoparticle decoration with surfactants: molecular interactions, 
assembly, and applications. Surf Sci Rep 72(1):1–58 

7. Kumar SSA, Bashir S, Ramesh K, Ramesh S (2021) A comprehensive review: super 
hydrophobic graphene nanocomposite coatings for underwater and wet applications to enhance 
corrosion resistance. FlatChem, 100326 

8. Guo R, Li L, Wang B, Xiang Y, Zou G, Zhu Y, Hou H, Ji X (2021) Functionalized carbon dots 
for advanced batteries. Energy Storage Mater 37:8–39 

9. Mahalingam S, Manap A, Omar A, Low FW, Afandi NF, Chia CH, Abd Rahim N (2021) 
Functionalized graphene quantum dots for dye-sensitized solar cell: Key challenges, recent 
developments and future prospects. Renew Sustain Energy Rev 144:110999 

10. Rathinavel S, Priyadharshini K, Panda D (2021) A review on carbon nanotube: An overview 
of synthesis, properties, functionalization, characterization, and the application. Mater Sci Eng 
B 268:115095 

11. Mauro N, Utzeri MA, Varvarà P, Cavallaro G (2021) Functionalization of metal and carbon 
nanoparticles with potential in cancer theranostics. Molecules 26(11):3085



88 D. Lakshmi et al.

12. Zhu W, Chen Z, Pan Y, Dai R, Yue W, Zhuang Z, Wang D, Peng Q, Chen C, Li Y (2019) 
Functionalization of hollow nanomaterials for catalytic applications: nanoreactor construction. 
Adv Mater 31(38):1800426 

13. Ortiz-Medina J, Wang Z, Cruz-Silva R, Morelos-Gomez A, Wang F, Yao X, Terrones M, 
Endo M (2019) Defect engineering and surface functionalization of nanocarbons for metal-free 
catalysis. Adv Mater 31(13):1805717 

14. Chen Z, Cao W, Zhang Z, Wangping W, Wang X, Zhiqiang Y (2018) Synthesis, functional-
ization, and nanomedical applications of functional magnetic nanoparticles. Chin Chem Lett 
29(11):1601–1608 

15. Li Z, Ling Wang Y, Li YF, Feng W (2019) Carbon-based functional nanomaterials: preparation, 
properties and applications. Compos Sci Technol 179:10–40 

16. Wu Y, Deng P, Tian Y, Magesa F, Liu J, Li G, He Q (2019) Construction of effective electro-
chemical sensor for the determination of quinoline yellow based on different morphologies of 
manganese dioxide functionalized graphene. J Food Compos Anal 84:103280 

17. Yu Z, Tetard L, Zhai L, Thomas J (2015) Supercapacitor electrode materials: nanostructures 
from 0 to 3 dimensions. Energy Environ Sci 8(3):702–730 

18. Olivieri F, Castaldo R, Cocca M, Gentile G, Lavorgna M (2021) Mesoporous silica nanoparticles 
as carriers of active agents for smart anticorrosive organic coatings: a critical review. Nanoscale 
13(20):9091–9111 

19. Zou Y, Huang B, Cao L, Deng Y, Jiacan S (2021) Tailored mesoporous inorganic biomaterials: 
assembly, functionalization, and drug delivery engineering. Adv Mater 33(2):2005215 

20. Young C, Park T, Yi JW, Kim J, Hossain MS, Kaneti YV, Yamauchi Y (2018) Advanced func-
tional carbons and their hybrid nanoarchitectures towards supercapacitor applications. Chem-
SusChem 11(20):3546–3558 

21. Saraf M, Rajak R, Mobin SM (2019) MOF derived high surface area enabled porous Co3O4 
nanoparticles for supercapacitors. ChemistrySelect 4(27):8142–8149 

22. Luo X-Y, Chen Y, Mo Y (2021) A review of charge storage in porous carbon-based 
supercapacitors. New Carbon Mater 36(1):49–68 

23. Chen BB, Liu ML, Li CM, Huang CZ (2019) Fluorescent carbon dots functionalization. Adv 
Colloid Interface Sci 270:165–190 

24. Kou X, Jiang S, Park S-J, Meng L-Y (2020) A review: recent advances in preparations and 
applications of heteroatom-doped carbon quantum dots. Dalton Trans 49(21):6915–6938 

25. Milowska KZ, Burda M, Wolanicka L, Bristowe PD, Koziol KK (2019) Carbon nanotube 
functionalization as a route to enhancing the electrical and mechanical properties of Cu–CNT 
composites. Nanoscale 11(1):145–157 

26. Johnson AP, Gangadharappa HV, Pramod K (2020) Graphene nanoribbons: a promising 
nanomaterial for biomedical applications. J Controll Release 325:141–162 

27. Buchman JT, Hudson-Smith NV, Landy KM, Haynes CL (2019) Understanding nanoparticle 
toxicity mechanisms to inform redesign strategies to reduce environmental impact. Acc Chem 
Res 52(6):1632–1642 

28. Wang Y, Rui H, Lin G, Roy I, Yong K-T (2013) Functionalized quantum dots for biosensing 
and bioimaging and concerns on toxicity. ACS Appl Mater Interfaces 5(8):2786–2799 

29. Jung JH, Lee JH, Shinkai S (2011)Functionalized magnetic nanoparticles as chemosensors 
and adsorbents for toxic metal ions in environmental and biological fields. Chem Soc Rev 
40(9):4464–4474 

30. Hossen S, Hossain MK, Basher MK, Mia MN, Rahman MT, Uddin MJ (2019) Smart 
nanocarrier-based drug delivery systems for cancer therapy and toxicity studies: a review. J 
Adv Res 15:1–18 

31. Karimi-Maleh H, Cellat K, Arıkan K, Savk A, Karimi F, Şen F (2020) Palladium–Nickel 
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1 Introduction 

Today’s fast-evolving global economy has led to substantial environmental issues 
and overconsumption of fossil fuels, both of which represent serious dangers to 
the survival and advancement of humanity. Therefore, it is critically necessary to 
utilize efficient energy conversion and storage technologies as well as sustainable 
and clean energy. Energy storage systems suitable for both high energy density and 
high-power density applications are currently in high demand. The goal of future 
research is to produce and store renewable energy. Due to their high energy density, 
rechargeable batteries, particularly lithium-ion batteries, have received a lot of atten-
tion. However, their limited performance includes a short cycle life, relatively slow 
charging and discharging rates, and consequently lower power densities. Superca-
pacitors have emerged as an alternative to batteries. Supercapacitors, also known as 
electrochemical capacitors, provide lower energy densities than batteries, but they 
can be charged/discharged in seconds, long lifecycle, and have minimal mainte-
nance costs [1–4]. Electrical double-layer capacitors and pseudocapacitors are two 
categories of supercapacitors based on their energy storage technique. Electrical 
double-layer capacitors’ capacitance could be attributed to the accumulation of elec-
trostatic charges at the electrode. Whereas pseudocapacitance is related to reversible 
redox reactions at electro-active materials such as polymer, metal oxides/hydroxides, 
metal composites, etc., it has associated with the electrolyte interface [5]. For EDLC
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electrodes, carbon-based materials such as activated carbon and carbon nanotubes 
are widely used. But from the other hand, the pseudo capacitance’s charge storage 
method is based on the Faradaic process, in which a redox reaction takes place at 
the electrode surface. Common electrode materials with a strong pseudocapacitance 
effect includes material such as metal oxides and conducting polymers. Pseudocapac-
itance is typically higher than EDLC due to the Faradaic process, but at the expense 
of the electrode’s long-term stability. To create high-performance supercapacitors 
with long-term stability, it may be possible to combine EDLC with pseudocapaci-
tance in a single device [6–8]. Recently, the development of flexible supercapacitor 
devices is provided sustainable energy storage devices for wearable devices such as 
sensors, displays, and mobile phones [9]. Compared to unfunctionalized nanomate-
rials, functionalized nanomaterials have a higher specific capacitance, owing to the 
physical and chemical properties of functionalized materials that could be changed 
in supercapacitor devices [10]. In this chapter, we have summarized the current 
trends in supercapacitors for the next generation and has been discussed recently 
published articles, we have given a brief on the future perspective of supercapacitor-
based devices and why supercapacitor devices are needed for next-generation energy 
storage devices for wearable electronic devices at end of the chapter. 

2 Functionalized Materials for Supercapacitor Devices 

In the past decade, functionalized materials have been performed in various appli-
cations such as organic synthesis [11–13], degradation [14], sensors [15], solar cell 
[16], water spitting [17] and energy storage device [18]. Supercapacitors are one of 
the many energy storage devices that stand out for their unique properties like excel-
lent power density, rapid charge/discharge process, and long cyclic stability [19, 20]. 
The electrode material is responsible for the majority of the supercapacitor’s activity 
[21]. The active electrode consists of mainly carbonous/non-carbonous materials, 
metal oxides/hydroxides, and conducting polymers. They have their advantage and 
disadvantage. For example, carbon-based materials like graphene [22], nanofibers 
[23], nanotubes [24], and activated carbon [25] which have high-power density and 
cyclic stability, are extensively used in supercapacitor-based devices. Functionalized 
materials give high energy density than that of pure form with long cycle life. The 
specific capacitance of the prepared electrode was calculated by following Eqs. 1 
and 2 from CV and GCD, respectively, and the energy density (E) and power density 
(P) of the assembled device were obtained from following Eqs. 3 and 4, respectively. 

Csp =
ʃ V2 

V 1idv 
mv(V2 − V1) 

(1) 

Csp = I△t 

m△v 
(2)
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E = 1 
2 
CspV 

2 (3) 

P = E 

tdischarge 
(4) 

where Csp is specific capacitance in F/g, ‘m’ is mass of material (g), ‘v’ is scan  rate  
in V/s and (V 2 − V 1) is a potential window (V), ‘I’ is current density (A), △t is 
discharging time (s), ‘E’ is energy density, ‘P’ is power density. 

2.1 Functionalization of Carbonous Materials 

Due to high energy density with long cycle life, functionalized carbonaceous-based 
electrodes have been used in supercapacitors in the recent year, such as carbon 
nanofibers (CNFs), graphene derivatives, carbon nanotubes (CNTs), carbon cloth 
(CC), carbon sphere, fullerene-based carbon materials, these functionalized carbon-
based materials have been developed as supercapacitor for next-generation electronic 
devices. 

2.1.1 Functionalized Carbon Nanofibers 

Among the carbon-based materials, carbon nanofiber (CNF) has been used in energy 
storage devices as well as supercapacitor devices. Owing, it has surface area in high 
and electrical conductivity. CNF has been prepared by the most common methods 
such as electrospinning and chemical vapor deposition (CVD). CNF has been func-
tionalized by heteroatom or metal oxide or hydroxide to increase the capacitance in 
recent years. Functionalized carbon nanofiber provides a good specific capacitance, 
high energy, and power density with long cycle stability. 

Selvaraj et al. synthesized porous CNF, CNF/MnO2, and CNF/rGO by electro-
spinning and hydrothermal methods for supercapacitor application [26]. A specific 
capacitance of CNF/MnO2 is about 271.4 F g−1 with 90.2% of cyclic stability than 
that of MnO2. The assembled CNF/MnO2 (positive electrode) and CNF/rGO (nega-
tive electrode) as an asymmetric supercapacitor (ASC) device was performed in a 
range of electrochemical windows between 0 and 2 V in 2 M Na2SO4. It provides a 
gravimetric capacitance of about 245.5 F g−1 with an energy density of 34.4 Wh kg−1 

(at a power density of 192.2 W kg−1) and after 6000 cycles, 84.4% retention capacity 
was found at 5 A g−1. As suggested by the authors in these findings, indicates that 
1D MnO2/CNFs nanocomposite is an efficient electrode for the next generation of 
supercapacitors. 

Aydın and co-workers developed ZrO2-CNF by a simple electrospinning method 
for a flexible supercapacitor device. As prepared CNF-20 ZrO2 was investigated 
a specific capacitance in three and two-electrode systems in 6 M KOH electrolyte
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solution [27]. In a three-electrode system, the CV curves are showing a rectangular 
shape at 10 mV s−1 and maintained that shape when the scan rate increases to 
200 mV s−1, which indicates superior rate capability. The GCD curves were recorded 
at 1–7 A g−1 (current densities) with a potential window between −1.0 and 0.0 V. 
The specific capacitance of 125 F g−1 at 1 A g−1. In a two-electrode system, the 
symmetrical supercapacitor (SSC) is fabricated of CNF-20ZO2//CNF-20ZO2. The  
SSC cell was investigated at different scan rates in the range of 10–200 mV s−1 at 
various current densities from 1 to 7 A g−1. The highest specific capacitance of the 
SSC device was showing 140 F g−1 at 1 A g−1 than other samples. The cyclic stability 
was investigated up to 10,000 cycles of CNF-20 ZO2//CNF-20 ZO2 and the energy 
density of CNF-20ZO2//CNF-20ZO2 is 4.46 Wh kg−1 at a specific power of 1250 W 
kg−1 

, which is four times higher than that of pure CNF (1.04 Wh kg−1). The results 
suggest that this material can be used for supercapacitor-based devices. 

Yuan et al. developed NiCo2S4 (nanosphere and nanosheets) were uniformly 
coated on C-CNF by solvothermal method and C-CNF was prepared from cellu-
lose by electrospinning method for symmetric supercapacitor application [28]. The 
prepared C-CNF-NiCo2S4 electrodes were investigated in a three-electrode system, 
C-CNF-NiCo2S4 nanosheets show high specific capacitance (1784 F g−1 at 1 A g−1) 
than C-CNF-NiCo2S4 nanosphere (1319 F g−1 at a current density of 1 A g−1), due 
to high surface area and well dispersion of nanosheets. The cyclic stability of the 
nanosphere (84.1% retention capacity) was better than nanosheets (79.3% retention 
capacity), due to nanospheres being strongly in contact with C-CNF. The assembled 
all-solid-state symmetric capacitor (ASSC) of C-CNF-NiCo2S4 nanosheets exhibited 
a specific capacitance of 428 F g−1 at A g−1. The energy density of 85.23 Wh kg−1 

at a power density of 1200 W kg−1 were obtained. The assembled ASSC showed 
good cyclic stability (62.4% retention capacity) after 5000 cycles. 

Qiu et al. successfully synthesized NiS/CNFs via electrospinning and 
hydrothermal methods for supercapacitor application and investigated that DEA 
presence in the composite as named NiS/CNFs-1, NiS/CNFs-2, NiS/CNFs-3, and 
NiS/CNFs-4 are 1:0, 2:1, 1:1 and 1:2, respectively. The prepared samples investi-
gated these specific capacitances at various scan rates in the range of 10–80 mV s−1 at 
several potential windows in 6 M KOH electrolyte [18]. Among four electrodes, NiS/ 
CNFs-2 exhibited higher capacitance than others. After that, the assembled hybrid 
supercapacitor of NiS/CNF-2 as a cathode and activated carbon as an electrode as 
shown in Fig.  1a. Figure 1b shows the CV curves of NiS/CNFs-2 are displayed two 
redox peaks, which is faradaic redox behavior. No significant change in the CV curve 
even after 100 mV s−1, which indicates reversible faradaic properties. From GCD 
curves as shown in Fig. 1c, d, the maximum specific capacitance of NiS/CNFs-2 is 
calculated to be 29.8 mA h g−1 at 1 A g−1 and capacity retention of 68% at 5 A 
g−1. Figure 1e shows the energy density of 22.35 Wh kg−1 at a power density of 750 
W kg−1, while at a higher power density (7500 W kg−1) at an energy density (of 
12.69 Wh kg−1). Figure 1f shows the cyclic stability of the hybrid capacitor, 91.14% 
retention capacity was obtained after 1000 cycles at 2 A g−1.

Amiri et al. synthesized (25, 50, and 70%) NiMoO4/ECNF composites through 
electrospinning and thermal methods. The fabricated binder-free (70% NiMoO4/
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Fig. 1 a Schematic device, b CV curves, c GCD curves, d specific capacity versus current density, 
e Ragone plots, and f cyclic stability of hybrid capacitor. Reprinted with permission from [18]. 
Copyright (2022), American Chemical Society

ECNF) electrode as the symmetric supercapacitor (SSC) was performed in a 6 M 
KOH electrolyte [29]. The specific capacitance was calculated to be 122.5 F g−1 at 
1 A g−1 with retained capacitance is about 78% at 1 A g−1 (current density). This 
device delivered a high energy density of 43.9 Wh kg−1 at 1567.9 W kg−1 (power 
density) and a higher power density of 32,582 W kg−1 at an energy density of 18 
Wh kg−1. Figure 8a shows the cyclic stability of the SSC device for 3000 cycles 
about 92% retention capacitance at 5 A g−1 and Fig. 8b displays EIS performance 
before and after 3000 cycles, the value of (Rs) about 0.92 Ω which indicates a good 
contact between the electrode and nickel foam, the charge transfer (Rct) of 5.60 Ω

was calculated from semi-circle at higher frequency region in EIS results. After 3000 
cycles, the Rs and Rct (1.47 and 7.03, respectively) do not significantly rise in contrast 
to the first cycle, indicating outstanding reversibility. The binder-free supercapacitor 
device has great potential to be used for scalable energy storage devices. 

Yoo et al. designed RuO2 nanorod on electrospun CNF by precipitation and recrys-
tallization methods [30]. The electrode (PPMRu(220)) exhibits a maximum specific 
capacitance of 190 F g−1 at 1 mA cm−2 and an energy density of 22 Wh kg−1 at a 
power density of 400 W kg−1 and was retained after 10,000 cycles. In an asymmetric 
capacitor of PPMRu(220) as positive and PPM as negative, the voltage increases 
from 1.2 to 1.3 V, and energy density increases from 29 to 36 Wh kg−1. 

Li et al. developed an all-solid-state supercapacitor device of N-doped hollow 
CNFs (by electrospinning method)/NiCo2O4 by solvothermal method [31]. The fabri-
cated device investigated the specific capacitance as 1864.1 F g−1 at a current density 
of 1 A g−1 that of CNFs/NiCo2O4, due to HCNFs having a large surface area to be
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Fig. 2 a CV curves of ASSC at various voltages, b CV curves of ASSC at various scan rates, 
c GCD curves of ASSC at several scan rates, d cyclic stability of ASSC, e Ragone plots of ASSC 
with reported NiCo2O4 based devices, and f the LED light ‘DHU’ logo of five electrode series as 
ASSC. Reprinted with permission from [31]. Copyright (2022), American Chemical Society 

electron between electrolyte and electrode interfaces. The cyclic stability of HNCFs/ 
NiCo2O4 was about 91.7% retention than CNFs/NiCo2O4 (81.9%) after 5000 cycles 
at 8 A g−1. The assembled ASSC of HNCFs/NiCo2O4 was performed in PVA-KOH 
as an electrolyte. In Fig. 2a, c, the CV and GCD curves of the ASSC device at different 
scan rates and potential windows. Figure 2d shows a good cyclic stability of ASSC 
was about 94.3% retention after 1000 cycles. As seen in Fig. 2e, the ASSC device 
was compared with reported other Ni-based devices, ASSC device exhibited a higher 
energy density of 44.3 Wh kg−1 at 814.8 W kg−1 than other devices. Furthermore, the 
ASSC device is connected as five series with LED light and has shown the ‘Donghua 
University’ (DHU) logo in Fig. 2f. 

Huang et al. prepared different wt% of Fe3O4 on N-doped CNFs nanocomposites 
by electrospinning and high-temperature methods [32], which are listed as 2 Fe3O4-
CNFs, 4 Fe3O4-CNFs, 6 Fe3O4-CNFs,  and 8 Fe3O4-CNFs with mass loading of 20, 
40, 60, and 80%, respectively. The electrochemical properties of all these samples 
were examined in 6 M KOH in the potential window between −0.5 and 0.4 V. Among 
these electrodes, 4 Fe3O4-CNFs proved high specific capacitance than others. During 
the electrochemical performance, Fe2+ is oxidized to Fe3+ at first, then Fe3+ is reduced 
to Fe2+ by entering the OH− to the composite. The CV curves are recorded at different 
scan rates and the GCD curves are recorded at various current densities between 1 and 
5 A g−1. Specific capacitances were calculated to be 128.5, 277.78, 481.6, 398.65, 
and 162.52 F g−1 of 2 Fe3O4-CNFs, 4 Fe3O4-CNFs, 6 Fe3O4-CNFs, and 8 Fe3O4-
CNFs, respectively. The principles for the charge–discharge reaction of 4 Fe3O4-
CNFs are summarized in three paths. (i) Fe2+ is oxidized to Fe3+ by entering OH− 
at while charging, (ii) Fe3+ is reduced to Fe2+ by releasing OH− at while discharge
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and certain amount storage behavior of pseudocapacitors, (iii) K+ and OH− ions are 
transferred to surface electrodes (positive and negative) which are exhibits EDCL 
effect. Furthermore, assembled all-solid-state asymmetric supercapacitor (SASCs) 
of activated carbon and 4 Fe3O4-CNFs was evaluated in the three-electrode system 
using PVA-KOH electrolyte. The specific capacitance of the SASCs device delivered 
a maximum capacitance of 203 F g−1 at 1 A g−1. The specific capacitance was 
maintained at 184.5 F g−1 at 2 A g−1 and retention capacitance of 86.2% after 5000 
cycles. 

Ahmad and co-workers successfully fabricated porous MnMoS4 on CNF and N, 
S doped CNF by electrospinning and hydrothermal method [33]. The pure CNF and 
MnMoS4-CNF were examined in a three-electrode system with 6 M KOH electrolyte, 
the specific capacitances of pure CNF and MnMoS4-CNF are 168.2 F g−1 and 2187.5 
F g−1 at a current density of 1 A g−1, respectively. The capacitance was retained at 
around 87% even after 5000 cycles. Due to better wettability of hybrid electrode 
had low resistance (0.64 Ω) than pure CNF (1.57 Ω). The assembled ASC device of 
N, S-doped CNF as negative and MnMoS4-CNF positive electrode was optimized 
6 M KOH. The distorted rectangular CV curves are behaviors likely both EDCL and 
pseudo capacitor effect. The GCD curves are optimized at different current densities, 
the maximum capacitance was obtained at 188.6 F g−1 at 0.5 A g−1. The capacitance 
values were decreases with increase in the current density. Furthermore, the ASC 
device was optimized in the different electrolytes, ASC device delivered an energy 
density of 72.5 Wh kg−1 at power density (2.7 kW kg−1) in 1 M Na2SO4 as the 
optimized electrolyte. the cyclic stability of the ASC device was retained at 93.4% 
after 5000 cycles. This binder-free metal sulfide-CNF is an electrode to be used for 
the next generation of ASC devices. 

Sonsupap et al. reported on CeO2/CNF nanocomposites were prepared by elec-
trospinning and thermal treatment methods for supercapacitor application [34], and 
that CeO2 was prepared in different weight % ratios (10, 20, and 40) on CNF. The 
average size of the CeO2 is about 10–70 nm and the diameter of CNF and CeO2/CNF 
are in the range between 200 and 700 nm. The prepared electrodes were evaluated 
for specific capacitance in the presence of a 6 M KOH electrolyte solution. Among 
these electrodes, 20% CeO2-CNF exhibits a high specific capacitance of 232.68 F 
g−1 at 0.5 A g−1 and shows a higher power density of 136.88 W kg−1 energy density 
of 37.97 Wh kg−1 with 97% retention capacity retained after 1000 cycles. This work 
suggests a promising electrode for supercapacitor application in the next generation. 

Liu et al. prepared porous NiO/CNF by electrospinning and calcination methods 
[35]. The prepared electrode exhibited a high specific capacity of 461.26 C g−1 at 1 
A g−1 in 2 M KOH electrolyte along with 82.7% capacity retention at 10 A g−1 and 
was excellent rate capability of 82.7% retained at 10 A g−1. A hybrid supercapacitor 
of NiO/CNF (positive)/AC (negative) delivered an energy density of 31.82 Wh kg−1 

at 816.36 W kg−1 (power density) with outstanding cyclic stability (90.9% retention) 
even after 5000 cycles at 5 A g−1.
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2.1.2 Functionalized Carbon Nanotubes (CNTs) 

Generally, carbon nanotubes are classified into two types of Single-walled carbon 
nanotubes (SWCNT) and multiwalled carbon nanotubes (MWCNT). Carbon 
nanotube—a highly porous, tube-like structure, and highly electrical conductive 
material that can be functionalized with metal oxides/hydroxides, conducting poly-
mers, and other carbon-based materials to enhance its electrochemical properties. 

Agarwal et al. prepared the cost-effective and facile chemical method of the self-
growth of the Co2P2O7 nanodots on the multiwalled carbon nanotubes coated present 
in the stainless steel it forms as core–shell type [36]. Energy storing capacity of the 
heterostructure shows the high-level extrinsic electrochemical pseudocapacitance. 
Figure 3 shows the schematic structure of Co2P2O7/MWCNT and the CV curves of 
MWCNT and Co2P2O7/MWCNT which was recorded at the scan rate of 50 mV s−1. 
The Co2P2O7/MWCNT composite exhibits a significant advantage in pseudo capac-
itance compared to bare MWCNT. This dominance is attributed to the rich reversible 
redox chemistry of Co (Co2+ to Co3+) in the presence of KOH. The symmetric super-
capacitor was fabricated with positive and negative electrodes Co2P2O7/MWCNT/ 
Co2P2O7/MWCNT (solid-state) and electrolyte PVA-KOH. The composite shows 
a resistance of 0.54 Ω cm−2 which exhibits a good conductor. The device shows 
a specific capacitance of 114.5 mAh g−1 with an energy density of 57.3 Wh kg−1 

and a power density of 1500 W kg−1. It has good cyclic stability with a retention 
of 105% even after 5,000 cycles. As the fabricated device can illuminate up to 21 
light-emitting diodes with practical evidence. 

The efficient nanostructured supercapacitor devices were fabricated by Shakir and 
co-workers [37]. Flower-like Cu(OH)2 nanoflakes and CNTs composite were synthe-
sized by the co-precipitation method and followed by ultrasonication. The prepared 
material shows the electrochemical experiment which was carried out with varied 
scan rates 5–70 mV s−1. It resulted in high redox chemistry due to the non-rectangular 
nature in Cu(OH)2. It exhibits pseudocapacitance and CNTs show quasi rectangular. 
When comparing the specific capacitance, the values obtained for Cu(OH)2 and

Fig. 3 Schematic structure of Co2P2O7/MWCNT (left), CV curves of Co2P2O7/MWCNT and 
MWCNT (right). Reprinted with permission from [36]. Copyright (2022), American Chemical 
Society 
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the composite material were 415 F g-1 and 733 F g−1, respectively, at the current 
density of 1 A g−1. High capacity up to 4 × 103 cycles. This shows the effect between 
the CNTs and Cu(OH)2 which paved the way for the next-generation supercapac-
itor devices. The booming field of the supercapacitor gives the way to add a binder 
with composite to enhance the specific capacitance such as MnO2/CNT as an active 
material with polyvinyl difluoride incorporated with silver as a binder fabricated 
successfully [38]. 

Fahimi et al. developed an asymmetric solid-state supercapacitor device with 
gel polymer electrolyte [39]. The binary metal oxide such as Co3C2O8 nanosphere 
prepared by the hydrothermal method and loaded CNT by ultrasonication method. 
PVA-H2SO4 act as a polymer gel electrolyte. The positive and negative electrodes are 
Co3C2O8/CNT//Activated Carbon (AC) as an asymmetric device. Figure 4a shows  
CV curves of the Co3V2O8/CNT//AC devices assembled with various electrolytes 
such as aqueous (KOH), organic (LiPF6-EC/DEC), and gel polymer (PVA/H2SO4) 
electrolytes. Figure 4b, c displays the electron transfer mechanism in organic (LiPF6-
EC/DEC) electrolytes and the hopping mechanism in gel polymer (PVA/H2SO4) 
electrolytes, and the potential window of 1.5 V. The device shows a high capacitance 
of 120.17 F g−1 with energy and power densities of 37.55 Wh kg−1 and 0.66 W kg−1. 
The cyclic stability after 3000 cycles resulted in a retention rate of 95.26%. 

Cha et al. synthesized bimetallic Ag-Bi nanoparticles on the CNT for high-power 
supercapacitors by vacuum filtering and combustion [40]. The composite was coated 
on the nitrocellulose membrane to construct the electrode material. The homoge-
neously mixed bimetal was used to perform with the different scan rates 2 and 
5 mV s−1 with a high specific capacitance of 1372 and 1093 F g−1, respectively.

Fig. 4 a CV curve of Co3C2O8/CNT//activated carbon (AC) with different electrolytes, b and 
c electron transfer and mechanism of gel polymer. Reprinted with permission from [39]. Copyright 
(2022), Elsevier 
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Thus, the specific capacitance value denoted that an increase in scan rate decreases 
the specific capacitance of the material. Initial capacitance shows 10,000 cycles of 
retention at 101.3% at 100 mV s−1. The functionalized carbon nanotubes by oxygen 
show high every supercapacitor fabricated by Kariper and co-workers [41]. The 
different radiation source was used to fine-tune including Am-24, Sr-90, Co-60, and 
Na-22 for the functionalized using oxygen. The CNT (irradiated by Am-241) shows 
worthier super capacitance than other sources offering 489.6 F g−1 at the current 
density of 0.1 A g−1. The excellent energy density of 56.90 Wh kg−1 accounted high-
power density value of 9992.19 W kg−1. The capacitance retention of the fabricated 
symmetric device was considered as 98.50% even after 5000 cycles. 

Feng et al. synthesized the efficient supercapacitor asymmetric device by the 
electrode deposition method [42]. NiCo2S4 nanosheets/CNT composite morpho-
logical evidence shows effective electrochemical performance. Figure 5 accounted 
discharging nature of the supercapacitor device using a light-emitting diode. The 
composite shows the superior advantages are current density at 1 A g−1 with a high 
specific capacitance of 2498.12 F g−1. The asymmetric device shows a specific capac-
itance of 215.06 F g−1 at 0.25 A g−1 retention rate of 89.03% after 10,000 cycles 
with an excellent energy density of 76.47 Wh kg−1 at 201.01 W kg−1 with good flex-
ibility. The electrodeposited porous NiCo2S4 nanosheets/CNT composite has broad 
potential application in the supercapacitor area. 

The binder-free CoMn2O4/CNT composite electrode was synthesized through the 
electrodeposition method done by Tai and co-workers [43]. This uniformly coated 
CMO nanosheet on the CNT confirmed by morphological evidence shows excellent 
pseudocapacitance with a high oxidation potential of the Cobalt and the fast electron 
transfer ability of the Manganese. The CMO60/CNT450 exhibited excellent electro-
chemical properties with a high specific capacitance of 732 F g−1. An asymmetric 
supercapacitor device fabricated CMO/CNT electrode as a cathode and activated 
carbon as an anode. The device consists of CMO60/CNT450//AC with a specific 
capacitance of 133.28 F g−1 at a current density of 0.5 A g−1 and a power density of

Fig. 5 Discharging supercapacitor. Reprinted with permission from [42]. Copyright (2022), 
American Chemical Society 
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400 Wh kg−1 with an energy density of 47.39 W kg−1. The fast charge and discharge 
cycle test at a scan rate of 100 mV s−1 even after 5000 cycles. This device shows a 
high excellent in the electrochemical cost-effective asymmetric system with 76.8% 
retention. 

Ramesh et al. synthesized a composite of excellent morphology and surface area 
paved the way for enhanced electrochemical activity [44]. Hydrothermal method 
was used for the synthesis of V2O5 loaded on the MWCNT bonded with carboxy 
methyl cellulose has a high surface due to the presence of ultrathin sheets morphology 
shows high specific capacitance 138 F g−1 at a current density of 0.5 A g−1 has the 
cyclic stability till 5000 cycles with 98.6% retention in presence of sulfuric acid as 
electrolyte. 

2.1.3 Functionalized Graphene 

Graphene is a two-dimensional (2D) monolayer of carbon atoms with packed honey-
comb lattices that displays abundant fascinating properties, such as large surface area, 
good thermal and chemical stability, high conductivity, and mechanical flexibility. 
Meanwhile, the unique features of graphene and its derivatives, such as graphene 
oxide (GO) and reduced graphene oxide (RGO). Graphene and graphene-based func-
tionalized materials have been used in various applications such as organic chem-
istry [45], photocatalyst [46], etc. Recently, a great deal of effort has been devoted 
to fabricating graphene-based electrode materials and designing flexible SCs. 

Paul et al. synthesized a novel Lanthanum (La) doped Nickel-tin oxide on rGO 
(LNSRG) using a one-step hydrothermal technique [47]. The addition of Lanthanum 
plays a vital role in the amplification of the electrochemical behavior of the metal 
oxides. As-synthesized LNSRG 2 (2 mM of La) shows an excellent specific capaci-
tance of 1238 F g−1 at 3 A g−1. The research group designed an asymmetric superca-
pacitor device (ASC) using LNSRG 2 and RGO as cathode and anode, respectively 
with a wide potential window of 1.6 V. The ASC device shows an energy density of 
38 Wh kg−1 and a power density of 870 W kg−1. The capacitance retention of 75% 
after 10,000 GCD cycles was observed and a 1.8 V red LED light was powered by 
this device (Fig. 6). Similarly, a nickel-tin oxide was loaded on N-doped reduced 
graphene oxide (NSR) by hydrothermal method from the same research team [48]. 
The specific capacitance of 1650 F g−1 at 3 A g−1 was observed which was slightly 
higher than the previously reported LNSRG 2 nanocomposite. This nanocomposite 
was fabricated into an asymmetric supercapacitor (ASC) device with RGO as a nega-
tive electrode. The energy density obtained was 38.41 Wh kg−1, with a corresponding 
power density of 2.026 kW kg−1. The capacitance retention of 89% was observed 
after 10,000 cycles. Additionally, the device demonstrated the capability of lighting 
a 1.8 V red LED for a 1 min duration.

A micro-flowered structured NiCo2O4/exfoliated graphene oxide (NCO/EGO) 
was synthesized by Pappu et al. using a facile hydrothermal method [49]. The NCO/ 
EGO electrode material exhibits a specific capacitance of 530 F g−1 at 1 A g−1. 
The NCO/EGO shows a retention rate of 82% after 10,000 cycles. The as-prepared
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Fig. 6 Digital images of a ASC device setup, b initial lighting, c light at 30 s, d discharged LED. 
Reprinted with permission from [47]. Copyright (2022), Elsevier

NCO/EGO as positive and commercial YP-50F carbon as an anode electrode was 
made into an asymmetric supercapacitor (ASC) device. The ASC device was studied 
using CV and GCD measurements. The results show an excellent energy density of 
37.8 Wh kg−1 and a power density of 1350 W kg−1 with cyclic stability of 98% 
after 10,000 cycles shown in Fig. 7. This device was capable of lighting a LED for 
a duration of 5 min. 

Fig. 7 Cyclic stability of 
ASC device. Reprinted with 
permission from [49]. 
Copyright (2022), Elsevier



4 Functionalized Nanomaterials as Supercapacitor Devices: Current … 105

Fig. 8 a GCD plot of CoMoS4/RGO-2, b Nyquist plot of as-synthesized nanocomposites. 
Reprinted with permission from [53]. Copyright (2022), Elsevier 

The hollow spheres of cobalt selenide provide an improved energy storage value 
than solid cobalt selenide. Wrapping of rGO around the hollow CoSe2 will poten-
tially increase the charge storage performance. Li et al. prepared this hollow CoSe2/ 
rGO nanocomposite in a two-step process [50]. The synthesis of hollow CoSe2 by 
solvothermal method followed by heat treatment of GO. A high capacity of 757 C g−1 

at 3 A g−1 with a retention rate of 92% after five thousand cycles were recorded. For 
practical application, a hybrid supercapacitor device was constructed with CoSe2/ 
rGO and N-doped carbon nanotube as the positive and negative electrodes, respec-
tively. The device shows an energy density of 50.1 Wh kg−1 at a power density of 
800 W kg−1 with capacitance retention of 94% after five thousand cycles. 

Ramesh et al. [51] synthesized bimetallic nanoparticles on N-doped graphene 
oxide (CuCo2O4@NGO) using a thermal reduction process. The electrochemical 
behavior of the as-prepared CuCo2O4@NGO composite exhibits a super capacitance 
of 475 F g−1 at 0.5 A g−1. Even after 10,000 GCD cycles, the capacitance retention 
of 96.5% was observed from the CuCo2O4@NGO nanocomposite. The addition of 
N-doped graphene oxide notably increases the performance of the electrode with the 
sheet-like CuCo2O4 nanoparticles. A low resistance (Rs) of 0.054 Ω and a charge 
transfer resistance (Rct) of 3.65 Ω were obtained by EIS measurements. These low 
values indicate good charge/ion transfer capability. The symmetric supercapacitor 
device was designed by CuO@NGO and CuCo2O4@NGO nanocomposites. The 
results provide a remarkable change in the electrochemical performance compared 
to pure CuO and CuCo2O4 nanoparticles [52]. 

Hydrothermally synthesized CoMoS4/RGO nanocomposite by Zhang et al., 
studied the electrochemical performance using CV, GCD, and EIS analysis [53]. 
It has been found that the CoMoS4/RGO nanocomposite shows a capacitance of 
123 mAh g−1 at 1 A g−1. The high capacitance is due to the uniform distribution 
of CoMoS4 on RGO nanosheets. The EIS measurements show the resistance (Rs) of  
0.5818Ω and the charge transfer resistance (Rct) of 0.003391Ω, shown in Fig. 8. An
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asymmetric supercapacitor (ASC) device is fabricated by CoMoS4/RGO as positive 
and activated carbon as negative electrodes. The device exhibits an energy and power 
density of 59 Wh kg−1 and 1125 W kg−1. After 6000 GCD cycles, the device shows 
a retention rate of 99.3%. 

The symmetric supercapacitor device was fabricated using rGO/RuO2 nanopar-
ticles and rGO/RuO2 aerogel by Shankar et al. [54] and Korkmaz et al. [55], respec-
tively. The electrochemical performance was studied using CV, GCD, and EIS anal-
ysis. The fabricated devices give an energy density of 41 Wh kg−1 at 1.2 kW kg−1 for 
rGO/RuO2 nanoparticles and 31.1 Wh kg−1 at 8.365 kW kg−1 for rGO/RuO2 aerogel. 
This symmetric supercapacitor shows a high cyclic stability of 96% (nanoparti-
cles) and 82.8% (aerogel) after 2000 and 5000 cycles, respectively. From the GCD 
measurements, the capacitance of rGO/RuO2 nanoparticles was 720 F g−1 at 1 A 
g−1 and aerogel of 321.5 F g−1 at 0.5 A g−1. 

Thalji et al. synthesized a novel tungsten oxide nanowires-reduced graphene oxide 
(W18O49 NWs–rGO) using the solvothermal method [56]. An asymmetric superca-
pacitor (ASC) device was constructed using an AlCl3 aqueous electrolyte. The Al3+ 

ion will facilitate the intercalation of ions and rGO’s conductive nature results in 
excellent electrochemical performance. The rGO is positive and the W18O49 NWs– 
rGO is a negative electrode in the ASC device. The energy and power density of 28.5 
Wh kg−1 and 751 W kg−1, respectively, with a capacitance retention of 96.7 after 
12,000 cycles was observed. 

A novel asymmetric supercapacitor device was fabricated by Morenghi et al. using 
Ni nanoparticle-anchored graphene as a positive electrode and pure graphene as a 
negative electrode with a potential window of 1.5 V [57]. This ASC device shows 
a specific energy and power of 37 Wh kg−1 and 5 kW kg−1, respectively with a 
retention rate of 72% over 10,000 cycles. The excellent specific capacitance of 1900 
F g−1 was obtained and can be used in various energy storage systems. 

2.1.4 Functionalized Other Carbonous Materials 

Significant interests have been attracted to these novel nanostructured carbon mate-
rials since then due to their high surface area, tunable pore size, diversified pore shape, 
and controllable pore dispersibility. It has been demonstrated that porous carbons with 
high super-capacitive performance can be obtained from various biomass resources, 
such as corn, bamboo, starch, soybean, and bacterial cellulose. These functionalized 
materials are suitable for supercapacitor applications. 

Cai et al. engineered oxygen vacancies into NiCo2O4 on carbon cloth (VO-
NiCo2O4@CC) via a mild solvothermal method [58]. The prepared electrode exhib-
ited a maximum specific capacitance of 1389 mF cm−2 at a current density of 
0.5 mA cm−2 with 93.8% retention maintained even after 10,000 cycles when 
used as a cathode for SCs. The assembled aqueous asymmetric supercapacitor of 
VO-NiCo2O4@CC (as a cathode) and AC (as an anode) was delivered 43.6 Wh 
kg−1 (energy density) at 281 W kg−1 (power density). Therefore, the cost-effective 
electrode is to be used as a flexible supercapacitor for wearable devices.
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Javed and his group developed vanadium disulfide (VS2) on carbo-cloth (CC) 
by hydrothermal method [59]. The specific capacitance of VS2/CC is about 972.5 
mF cm−2 at 1 mA cm−2, with 77.5% retention after 10,000 cycles at 10 mA cm−2. 
Furthermore, the assembled asymmetric supercapacitor of VS2/CC-12 and AC/CC 
delivered a high energy density of 0.22 mWh cm−2 at 4.24 mW cm−2, and the energy 
density was maintained to be 0.16 mWh cm−2 even the power density at 8.26 mW 
cm−2. 

Dong et al. fabricated a MnO2 layer-modified activated carbon cloth (ACC-MnO2) 
by controlling deposition time [60]. The flexible quasi-solid-state asymmetric SCs 
(FQSASCs) device was assembled by ACC-MnO2 and ACC as positive and negative 
electrodes, respectively. The device shows an excellent retention capacity of over 
100% even after 5000 cycles at 10 mA cm−2 in the potential window up to 2.0 V in 
as PVA-LiCl electrolyte. The energy and power density of the device was found to be 
0.78 mWh cm−3 and 71.86 mW cm−3, respectively, with excellent retention capacity. 
Similarly, the same electrode was prepared as a film by Fan et al. for a supercapacitor 
in PVA-H2SO4 electrolyte [61]. The specific capacitance of the fabricated electrode 
film is 886.7 mF cm−2 at 1 mA cm−2 with good cyclic stability of 87.69% after 
10,000 cycles. 

Zhang et al. demonstrated a novel approach to the synthesis of NiCoS on activated 
carbon cloth (ACC), the NiCoS was converted from NiCoAl LDH [62]. The specific 
capacitances of layered hydroxide and NiCoS exhibited 195.8 and 413.3 F g−1, 
respectively. The assembled asymmetric device by NiCoS/ACC and ACC electrodes 
and was determined the specific capacitance of 193.5 F g−1 at 1 A g−1 with 88.5% of 
retention after 2000 cycles at 20 A g−1. The device delivered a high energy density 
of 107.7 Wh kg−1 at a higher power density of 1000 W kg−1. The two ASC devices 
related to a red LED and performed for at least 8 min as shown in Fig. 9. 

Fu et al. prepared carbon cloth (CC) supported Ni-based hybrid electrodes for 
supercapacitors such as Ni(OH)2/CC, NiS2/CC, NiO/CC, and Ni2P/CC [63]. NiS2/ 
CC was showing a maximum capacitance of 1166.3 F g−1 at 0.4 A g−1. After that, 
they made flexible asymmetric supercapacitors (FASCs) by NiS2/CC and AC/CC 
with excellent cyclic stability of 96% after 8000 cycles. The device delivered energy 
and power density of 34.1 Wh kg−1 and 34.1 Wh kg−1, respectively. 

Gong et al. investigated the specific capacitance and energy density of prepared 
NiCoS nanosphere and carbon sphere in an ASC device [64]. A high specific capacity 
(819.9 C g−1) of NCS-B3 was recorded and retained at 91.8% retention after 8000

Fig. 9 LED light examined for 0–8 min. Reprinted with permission from [62]. Copyright (2022), 
Elsevier 
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Fig. 10 Cycling performance of ASC, (inset) before and after a cycle. Reprinted with permission 
from [65]. Copyright (2022), Elsevier 

cycles and the CS as anode’s capacitance was about 196.5 F g−1. The assembled 
device of NCS-B3/CS has excellent electrochemical performance, the energy and 
power density of the device are 65 Wh kg−1 and 850 W kg−1 with 82.8% retention 
after 10,000 cycles at 10 A g−1. 

Huang et al. designed hollow NiO/N-doped carbon as a cathode and N-doped 
carbon as an anode for boosting energy density in supercapacitor applications [65]. 
The prepared NiO/NC-700 was performed in a three-electrode system and exhibited 
the specific capacitance of 1026 F g−1 at A g−1 with 80.2% retention capacity after 
8000 cycles as shown in Fig. 10. The assembled device of NiO/NC-700 and NC 
delivered a high energy density of 40.2 Wh kg−1 at a power density of 750.4 W 
kg−1. 

Liu et al. developed metal-free nitrogen and phosphorous-doped carbo micro-
sphere (MLCM) by pre-oxidation and carbonization methods [66]. The prepared 
functionalized carbon sphere was examined for electrochemical performance in 1 M 
H2SO4 electrolyte and the capacitance reached 338.2 F g−1 at 0.8 A g−1 (current 
density). Furthermore, the functionalized carbon microsphere was assembled as a 
symmetrical capacitor and exhibited 194 F g−1 at 1 A g−1 with 97.3% retention 
maintained after 5000 cycles. In addition, an energy density of 7.81 Wh kg−1 was 
achieved at a power density of 62.5 W kg−1. 

Mohanty et al. synthesized activated fullerene decorated over zinc cobaltite (A-
C60-ZCO) and evaluated electrochemical performance in a three-electrode system 
[67]. As-synthesized nanocomposite displayed a specific capacitance of 593.3 F g−1 

at 1 mV s−1 and 83.7% retention observed 5000 cycles at 8 A g−1 which indicates 
pseudo capacitive nature. The assembled flexible asymmetric supercapacitor of A-
C60-ZCO as positive and AC as the negative electrode was provided an energy density 
of 36.43 Wh kg−1 at 1681.47 W kg−1 (power density) with cyclic stability of 91.06%
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Fig. 11 a Ragone plot of energy density compared with previously reported, b CV curves at 
50 mV s−1. Reprinted with permission from [67]. Copyright (2022), Elsevier 

after 5000 charge–discharge cycles at 6 A g−1. This is compared with previously 
reported and the bent ASC device was examined in CV as seen in Fig. 11. 

2.2 Functionalization of Non-carbonous Materials 

The functionalized non-carbonous materials have been investigated in different appli-
cations [68] and are known as energy storage devices. The synthesis of self-growing 
Ni-Co LDH (Layered double hydroxide) decorated on the g-C3N4 nanosheets via 
microwave method by He and co-workers [69]. The electrochemical properties of 
the as-prepared electrode material were examined by CV, GCD, and EIS in three-
electrode systems. The specific capacitance of the CN-LDH electrode of 1936.36 F 
g−1 at 1 A g−1 and it maintained cyclic stability of 87.79% for 6000 cycles. This 
electrode was performed with excellent energy and power density of 50.63 Wh kg−1 

and 8.00 kW kg−1, respectively. Due to the strong synergetic effect between g-C3N4 

and CN-LDH. 
Meftahi et al. prepared the silver iodide/graphitic carbon nitride (AgI/g-C3N4) 

nanocomposite by a simple method of sonochemical and co-precipitation [70]. Three 
different types of electrolytes were used for the study of CV, GCD, and EIS exper-
iments with three-electrode setups. The specific capacitances of three electrolytes 
of H2SO4, KOH, and Na2SO4 are 219, 272, and 210 F g−1 at a current density of 
1.5 A g−1. The overall stability of the electrode with different electrolytes H2SO4 

(85%), KOH (84%), and Na2SO4 (87%) after 2000 cycles at a minimum scan rate 
of 30 mV s−1. A hybrid electrode can act as an excellent supercapacitor device. 

The concept of the new heterojunction of p-n was introduced in electrochemical 
energy storage by Wang et al., and the 3D urchin-like CoNixSy/g-C3N4 microspheres 
were prepared by the solvothermal method [71]. The high-efficiency charge transfer 
takes place between the p-type semiconductor (CoNixSy) and the n-type semicon-
ductor (g-C3N4). The GCD was performed in the three-electrode system optimizing
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Fig. 12 a GCD curves, b specific capacitance at various current densities, c CV curves of CoNixSy/ 
g-C3N4, inside are the b-values for the CoNixSy/g-C3N4, d capacitive contribution percentages of 
CoNixSy/g-C3N4 at different scan rates, and e cycling stability tests at 20 A g−1. Reprinted with 
permission from [71]. Copyright (2022), Elseiver 

the mass ratio of the g-C3N4 and CoNixSy at different current densities in Fig. 12a. 
Figure 12b shows the specific capacitance decreases with increase in the current 
density. Figure 12c shows that the CV curves are recorded at different scan rates. 
Figure 12e denotes that the cycle number is up to 5000 with a maximum specific 
capacity of 1029 C g−1. The assembled asymmetric device of the positive electrode 
(CoNixSy/g-C3N4) and a negative electrode (AC) was performed at different current 
densities and delivered a high energy density of 71.9 Wh kg−1 with a retention 
capacity of 72.2%. 

Wan and co-workers synthesized flower-like g-C3N4 nanosheets decorated on 
the zeolite imidazole frame derived from Co2NiO4 cubes with excellent super-
conducting materials by the simple solvothermal method [72]. The different mass 
ratios of the cube-like Co2NiO4 and the nanosheets of g-C3N4 were optimized using 
electrochemical experiments such as CV, and GCD. 

The various kinetics of Ni/Co-5%CN electrode were given the highest charge 
storage with CV curves at 5–100 mV s−1 (scan rates). Figure 13a denotes the b-
value between the cathodic and anodic peak which is close to 0.65 and affected by 
the diffusion-controlled redox process. The b-value of Co2NiO4 is 0.68. Figure 6b 
shows the capacity contribution ratio of Ni/Co-5%CN and Co2NiO4 is 33.1% and 
23.1% at a scan rate of 5 mV s−1, respectively. Ni/Co-5%CN electrode exhibited a 
specific capacitance of 1701 F g−1 at 1 A g−1 and delivered a high energy density of 
49.37 Wh kg−1 with a retention rate was 91.5% after 5000 cycles at 5 A g−1. This  
device indicates a safe and efficient energy-storing device.

Subhash et al. fabricated the new supercapacitor device of NiS/g-C3N4 nanocom-
posite was prepared using the one-pot synthesis of the hydrothermal method [73],
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Fig. 13 a The log(i) versus log(v) plot of the cathodic peak and anodic peak, b capacitive contri-
bution of Ni/Co-5% CN at different scan rates. Reprinted with permission from [72]. Copyright 
(2022), Elseiver

due to the transition metal sulfide-based nanocomposites showing excellent elec-
trochemical properties according to the faradaic concept. The prepared NiS/g-C3N4 

exhibited the highest specific capacitance of 2661.25 C g−1 at 1 A g−1 than that of 
pure NiS (733.50 C g−1). Therefore, the capacitance of constructed hybrid electro-
chemical device was displayed at 181.8 C g−1 at 1 A g−1 with an energy density 
of 53.09 Wh kg−1 at a power density of 31537.5 W kg−1, the cyclic retention of 
95% after the 10,000 cycles were obtained. Thus, this composite is showing a very 
excellent supercapacitor with chemical stability and cyclic retention and is to be used 
for the next-generation device. 

Ghosh et al. decorated nickel–cobalt oxalate on the nanoporous graphitic carbon 
nitrate sheet prepared by the co-precipitation method [74]. The specific capacitance 
of NiCo2C2O4 is 1009 F g−1 at 1 A g−1. The hybrid device of NiCo2C2O4/g-C3N4 

as positive and activated charcoal (AC) as the negative electrode displayed a specific 
capacitance of 1263 F g−1 at the current density of 1 A g−1. The nanoporous graphitic 
carbon nitride was used to increase the specific capacitance. The device shows a very 
excellent specific energy value of 18.4 Wh kg−1 at the specific power value of 732 
W kg−1 with a retention of 70% even after 3000 cycles. 

Zhu et al. prepared copper oxide by hydrothermal method from the MOF material 
such as CuBTC and doped it with graphitic carbon nitride [75]. The CuO/g-C3N4 

showed a specific capacitance of 1530.4 F g−1 at 2 A g−1 as anode material. The 
assembled asymmetric hybrid device of NiCoMOF as a cathode and CuO/g-C3N4 as 
an anode achieved an excellent energy density of 50.8 Wh kg−1 at a power density 
of 800 W kg−1 with a retention rate of 70% after 3000 cycles. Facile synthesis from 
the MOF-derived CuO/g-C3N4 has a synergistic effect and gives high capacitance 
due to the unique hollow structure and C-coated material shows high-power density 
to the device. 

Zhang et al. [76] made the hybrid interconnected electrode for the supercapacitor 
application pC-carbon nitride prepared by the solvothermal method and in addition
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to the method COF material caCTF, 1 doped into it act as the negative electrode 
and the NiCoTe2 as the positive electrode derived from the Ni, Co-MOF material 
by the hydrothermal method. These electrodes are highly nitrogen-rich materials 
interconnected with each other and quickly accelerate the charge between one another 
is an advancement in formulating the device with the high specific capacitance of 
535.8 F g−1 at 1 A g−1. The hybrid setup of NiCoTe2 gives a high specific capacitance 
of 2006.0 F g−1 at 1 A g−1 and good stability. The retention rate of 87.88% after 
25,000 cycles and the power density of 790.05 W kg−1 at an energy density of 50.84 
Wh kg−1 were obtained. 

Teng and his team reported Ag loaded on cubic g-C3N4 for supercapacitor appli-
cation [77]. The specific capacitance of Ag/c-CN and c-CN is 10.44 mF cm−2 and 
3.79 mF cm−2, respectively. The high capacitance is due to the morphology of the 
cube carbon nitride. The crystal lattice has two kinds of the facets such as (002) and 
(100) planes but the performance of the (002) facet is stable for 2500 cycles. The 
electrochemical setup of an asymmetrical system that holds the two-electrode one is 
Ag/c-CN and another is activated carbon, which shows a high-power density of up to 
17 mW cm−2 with retention of 86.1% after 2500 charge–discharge cycles. Flexible 
devices can also be used for the other resources of power supply. 

The crystalline nature of boron nitride shows its identity through the different 
shapes such as hexagonal [78], cubic [79], and wurtzite [80] forms that are analo-
gous to graphite [81], diamond [82], and lonsdaleite [83]. It possesses good thermal 
stability and chemical stability [84]. Metal oxides are limited to the supercapacitor 
due to poor electrical conductivity and low proton diffusion will occur. To erad-
icate such problems support materials play a vital role in electrode construction. 
Nanocomposites are made with highly stable support by Lin and co-workers [85]. 

Maity et al. prepared SnS2/mK-BN/CNT composite by the solvothermal method 
[86]. The composite shows a high specific capacitance of 433 F g−1 in the aqueous 
medium. The fabricated device shows a maximum capacitance of 87 F g−1 and an 
energy density of 49 Wh kg−1 with a retention capacity of 101% stability. 

Yesilbag et al. [87] prepared the high specific capacitance WS2 coated on the 
vertically aligned BCN nanotubes. The specific capacitance of the electrodes such as 
VA-BCN-NTs and VA-BCN-NT@WS2 are 364 and 690 F g−1 at the current density 
of 0.5 A g−1. VA-BCN-NTs have an initial capacitance of 97% after 10,000 cycles 
at 20A g−1. VA-BCN-NT@WS2 shows 74% after 5000 cycles at 20 A g−1. The  
fabricated symmetrical device shows 170 F g−1 at a current density of 1 A g−1. The  
retention stability of 85% was maintained even after 10,000 cycles. 

Chen et al. prepared an interesting non-carbonous material such as nitrogen-
doped carbon aerogel from the cellulose nanofiber by hydrothermal method [88]. 
Manganese oxide used as a metal oxide electrode shows poor capacitance to conquer 
that different kinds of support from the carbon material were used. The mass of the 
CTOCN: urea is 1:40 showing the acceptable specific capacitance 275.5 F g−1 at 1 
A g−1 current density. The maximum energy density recorded was 23.3 Wh kg−1 at 
a power density of 600 W kg−1 and an applied current density of 0.5 A g−1. They  
retain the initial capacitance of 99.2% even after 3000 cycles, implying the MnO2/ 
N-doped CTOCN aerogels to accountable supercapacitor electrode.
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2.3 Functionalized Polymers for Supercapacitor 

Polymers are flexible with a unique identifier such that many monomers polymerize to 
form. It consists of repeating unit and is divided into natural and synthetic polymers, 
whereas the conducting polymers [89] are used for energy-storing applications and 
supercapacitors [90]. 

Bathula et al., nowadays organic molecules play a role in the energy storage 
application giving a way to invent the flexible device in polymeric supercapacitors 
[91]. The carbon nanotubes are taken in 1 mg/mL toluene solution with PDP added to 
it. Probe sonication was used at 50% amplitude for an hour. This polymeric network 
was formed and centrifuged at 11,000 rpm for 30 min to remove the unreacted tube 
left to form the solution. Dried and characterized to fabricate an electrode for further 
analysis. The morphology paves good conditions in CNT on PPDT. The specific 
capacitance shows 319.2 and 105.7 F g−1 for PPDT/CNT and PPDT at the current 
density of 0.5 A g−1. 

Wu et al. [92] contributed to increasing the specific capacitance of the material by 
using carbon spheres/CN/PPy. Here the carbon nitride possesses the nitrogen atom 
but shows low specific capacitance and low surface area. To exclude those demerits 
the core–shell carbon spheres were added as a composite with polymer. The diameter 
of the sphere was 300 nm morphology was mentioned in the SEM images. BET 
surface area analysis shows CS/CN/PPy (47.9 m2 g−1) and CS/CN (40.6 m2 g−1) are  
higher than that of Bare CN (12.1 m2 g−1). The pore-size distribution shows that a 
sharp peak at 2 nm confirms microporous material. It has a specific capacitance of 
353.4 F g−1 at the current density of 1 A g−1. The results were comparatively higher 
than that of bare electrodes. 

One-step synthesis of the polymer with nitrogen-rich porous carbon was done by 
Zhang and co-workers [93]. Co-pyrolysis of urea and poly(acrylic acid-co-maleic 
acid) sodium salt (PAMS) directly fabricated at 550 °C. This polymer and porous 
carbon show electrochemical evidence for the device fabrication and have a high 
specific capacitance of the mesoporous material N-PC of 210 F g−1 which is more 
than that of bare PC of 93 F g−1 at 1 A g−1. The fabricated device shows a specific 
capacitance of 140 F g−1 at 1 A g−1. It has high cyclic stability of capacitance 
retention at 97% even after 7000 cycles. 

Pourfarzad et al. [94] in situ synthesis of the C3N4/PPy/MnO2 by the sonica-
tion of the pyrrole mixed with the graphitic carbon nitride presence of potassium 
permanganate. The nanocomposite was characterized by SEM, TEM, XRD, and 
FTIR spectroscopy. The bare PPy/MnO2 shows low specific capacitance but for the 
C3N4/PPy/MnO2 composite specific capacitance of 509 F g−1 at a current density of 
1 A g−1. The device constructed using the composite and activated carbon electrode 
PPy/MnO2/C3N4/AC shows a specific capacitance of 11.5.1 F g−1 at 1 A g−1, it has 
a cyclic stability of 95.7% retention after 5000 cycles. 

Dhandapani et al. [95] prepared a high-performance supercapacitor device such as 
the Polyindole/g-C3N4 composite. The composite PIn/g-C3N4 possesses the specific 
capacitance value of 440.8 C g−1 at 6 A g−1 with sulfuric acid as an electrolyte.
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The construction of the asymmetric device PIn/g-C3N4//rGO shows a high specific 
capacitance of 73.84 C g−1 at 3 A g−1. The cyclic reliability of 72% was achieved 
at an applied current density of 18 A g−1 after 5000 cycles. 

The synergistic effect between NCNFs leads to the formation of the high-powered 
supercapacitor showing the specific capacitance of 26 F g−1 at 1 A g−1 [96]. To 
enhance the efficiency of the supercapacitor surface redox process, durability and 
synergistic effect of the Ti3C2TX@PEDOT [97] All temperature-stable polymers 
prepared by Lu and co-workers [98]. This is stable even at −50 °C and flexible 
material showing that the next-generation device is in the future. Montmorillonite 
(MMT) and PVP were self-assembled sheet hydrogel materials. It has a high specific 
capacitance of 161 F g−1 with a high rate of capability and stability after 10,000 cycles 
at the current density of 1 A g−1. The new generation of solid-state material with 
high energy storage application at variable temperatures and excellent flexibility are 
a promising class of materials for next-generation batteries. 

2.4 Nanocomposites for Supercapacitors 

Incorporating the advantages of nanocomposites, the researchers devoted their efforts 
to establishing nanocomposite-based materials for the better enhancement of the 
supercapacitor’s performance. There are two kinds of composites that are prepared 
such as binary and ternary composite and which are functionalized with other mate-
rials. Therefore, synthesizing nanocomposite materials using mixed metal oxides/ 
hydroxides, graphene, nanofibres, nanotubes, and polymers can provide high energy 
density, power density, long cyclic stability, and rate capability. 

Shah et al. synthesized CuO/TiO2 nanocomposite of different ratios by the wet 
chemical process [99]. Though CuO is cost-efficient, non-toxic, and has a high theo-
retical capacity, its poor electrical conductivity makes it difficult to use in asymmetric 
supercapacitors. To overcome its disadvantages, CuO nanoparticles are combined 
with nanostructured TiO2. The maximum specific capacitance of 533 F g−1 at 1 
A g−1 is obtained for the ratio of 70% TiO2–30% CuO nanocomposite as shown 
in Fig. 14. The high specific capacitance of CuT-3 is due to a high electrolyte ion 
penetration during the electrochemical process. The decrease in the specific capaci-
tance value of CuT-4 is due to the increased agglomeration of TiO2 on the electrode 
surface. Further, the asymmetric supercapacitor cell (ASC) is designed by taking 
CuT-3 and activated carbon as positive and negative electrodes. The ASC shows an 
energy density of 34 Wh kg−1 at 1 A g−1 at a power density of 800 W kg−1 and 
excellent stability (96% capacitance retention after 10,000 cycles).

A ternary mixed metal oxides were synthesized by Padmadevi et al. using the 
hydrothermal method [100]. The MnO2/CuO/ZrO2 nanocomposite was stable and 
the formation is confirmed by XRD, XPS, SEM, and TEM. The MnO2/CuO/ZrO2 

(1:2:1 ratio) nanocomposite shows a specific capacitance of 1964 F g−1 at 1 A g−1 

with an energy density of 20.93 Wh kg−1 at a power density of 4013 W kg−1.
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Fig. 14 The capacitance of 
CuO, TiO2, CuT-1, CuT-3,  
and CuT-4 at various current 
densities. Reprinted with 
permission from [99]. 
Copyright (2022), Elseiver

Shah et al. [101] synthesized TiO2/CuSe nanocomposite by simple wet chemical 
methods. The nanocomposite shows excellent electrochemical activity due to the 
rich redox property of CuSe nanoparticles. The composition TiO2-30% (ZT-3) CuSe 
shows a specific capacitance of 184 F g−1 at a current density of 2 A g−1. The  
synthesized nanocomposite ZT-3 shows a low Rs value of 2.99 Ω. An asymmetric 
supercapacitor device (ASC) is designed by ZT-3 and AC as positive and negative 
electrodes, respectively, as shown in Fig. 15. The designed ASC shows a specific 
capacitance of 40.5 F g−1 at 1 A g−1 with a capacitance retention of 90% after 20,000 
cycles.

In addition to that, Shah et al. [102] fabricated a novel metal oxide/metal sulfide 
(TiO2/CuS) nanocomposite by wet chemical and sol–gel methods. The mixed 
nanocomposite prevents agglomeration during GCD cycles and adequate redox-
active sites. The 30%TiO2/CuS (ST-3) nanocomposite gives a specific capacitance 
of 853 F g−1 at 1 A g−1. An ASC device was prepared by taking ST-3 and AC as 
cathode and anode, respectively. Energy and power density of 68.4 Wh kg−1 and 
8150 W kg−1 with 87% retention rate after 25,000 cycles. 

Ehsani et al. [103] reported a ternary nanocomposite of TiO2-ZnO/MCM-41 by 
a two-step synthesis method. The MCM-41 was synthesized by the sol–gel method 
followed by calcination. TiO2-ZnO was then loaded onto the surface of the porous 
material by the solvothermal method. The resultant ternary nanocomposite gives a 
high specific capacitance of 642.4 F g−1 at the current density of 2 A g−1. After 5000 
cycles, 98.7% of the capacitance was retained. 

A series ofMn3O4 and WO3 nanoparticles were mixed with various proportions by 
Rudra et al. [104] using a one-pot hydrothermal process. Mn3O4-WO3 (10:1) shows 
a maximum specific capacitance of 358 F g−1 at 1 A g−1 in neutral electrolyte. The 
promising formation of these nanocomposites is from a simple one-pot hydrothermal 
process. The author constructed a symmetric supercapacitor device (SSD) using 
Mn3O4-WO3 (10:1) and graphite sheet and studied its electrochemical behavior with 
an amplified potential window of 2.0 V in a neutral environment. From galvanostatic
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Fig. 15 Schematic illustration of fabricated (ZT-3//AC) ASC device. Reprinted with permission 
from [101]. Copyright (2022), Elseiver

charge–discharge measurements, the SSD gives a high specific capacitance, energy 
density, and power density of 101 F g−1 at 2 A g−1, 56.11 Wh kg−1 at 1 A g−1, and 
5 kW kg−1 at 10 A g−1, respectively. The SSD shows 95.5% retention after 5000 
cycles. The findings of this study give an excellent idea for future energy storage 
systems. 

A bimetallic impregnation of iron oxide and copper oxide on rGO (FeO-CuO-
rGO) as support was synthesized by Rahaman et al. using a wet chemical oxidation– 
reduction method [105]. The electrodes are made using as-prepared nanocomposite, 
PVDF, and carbon black [106]. From Brunauer–Emmett–Teller (BET), the surface 
area of the GO, RGO, and FeO-CuO-RGO composite was found as 240.9, 180.3, 
and 168 m2 g−1, respectively. The electrochemical studies of the as-synthesized 
composite were studied by CV, GCD, and EIS. The amplified voltage range for 
the hybrid supercapacitor is from −0.2 to 0.8 V. The specific capacitance of the 
FeO-CuO-RGO composite calculated from GCD measurements is 626 F g−1 at 1 A 
g−1 and the capacitance retention is 94.4% after 1000 cycles. From these studies, it 
is evident that it behaves as an electric double-layer capacitor. Besides, the hybrid 
supercapacitor provides an energy density of 86.94 Wh kg−1 at 1 A g−1. With RGO 
as support, this mixed metal oxides show superior super capacitance and energy 
density values. 

Similarly, Farshadnia et al. synthesized a 3D porous spongy nanocomposite 
(CoNi2S4@MoS2@rGO) by hydrothermal method [107]. In a three-electrode
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system, the synthesized CoNi2S4@MoS2@rGO displays a maximum specific capac-
itance of 3268 F g−1 at 1 A g−1 in a 3 M KOH solution. The cyclic stability of 
the CoNi2S4@MoS2@rGO nanocomposite after 3000 GCD cycles was 93.6%. The 
asymmetric supercapacitor device (ASC) is constructed by taking the nanocomposite 
as a positive electrode and activated carbon as a negative electrode. The specific 
capacitance of the ASC device was found to be 158.2 F g−1 at 1 A g−1. This ASC 
device has a high retention of 86.1% after 3000 cycles. The device has a notable 
energy density of 41 Wh kg−1 at a power density of 700 W kg−1. The authors also 
tested this electrode to light up the LED and got consecutive output within various 
time frames. 

Li et al. [108] have developed a CoS/MnCo2O4–MnO2 (CMM) nanocom-
posite using a hydrothermal method followed by electrochemical deposition. This 
nanocomposite shows a specific capacitance of 2320 F g−1 at 1 A g−1. Besides, 
72.8% of the initial capacitance was retained after 8000 cycles. The Rs (resistance) 
value from the EIS test of the prepared nanocomposite was 1.23 Ω. The  CMM  
nanocomposite as a positive electrode and activated carbon as a negative electrode 
were made into an asymmetric supercapacitor device. The electrochemical perfor-
mance was recorded by CV and GCD. The specific capacitance recorded for this 
ASC was 887.86 F g−1 at 1 A g−1 with an electrochemical reproducibility of 81.58% 
after 8000 GCD cycles. 

Liu et al. reported a NiSe/NiTe2 nanocomposite by microwave method [109]. 
The homogenous dispersion of NiTe2 on NiSe was confirmed by SEM images. The 
electrochemical performance of NiSe/NiTe2 nanocomposite displayed a maximum 
specific capacitance value of 1782.7 F g−1 at 1 A g−1. The capacitance retention 
of 81.5% after 30,000 cycles was observed. The author fabricated an asymmetric 
supercapacitor device (NiSe/NiTe2/AC) which gives the specific energy of 23.26 
Wh kg−1 with an 84.8% retention rate after 20,000 cycles. 

Khan et al. reported a NiSe2/CuO (ST-1) nanocomposite using co-precipitation 
and hydrothermal methods [110]. The cubic structure of NiSe2, monoclinic CuO, and 
NiSe2/CuO crystal patterns were confirmed by XRD analysis. The NiSe2 provides 
a rapid electron/ion diffusion which accounts for excellent capacitive behavior. The 
as-synthesized nanocomposite offers a specific capacity of 396 C g−1 at 1 A g−1. A  
hybrid supercapacitor device is constructed by taking NiSe2/CuO (ST-1) as a positive 
electrode and AC as a negative electrode. The device exhibits a notable capacitance 
of 120 F g−1 at 1 A g−1 with a high energy and power density of 29 Wh g−1 and 4950 
W kg−1, respectively. The retention rate of 86% after 10,000 cycles was attained. 

Similarly, A novel 1D nanowires/2D nanosheets-based nanocomposite (NiSe/ 
CoSe/Ni3Se2) was reported by Zhu et al. using a mixed solvothermal method [111]. 
The superior mass-specific capacitance of NiSe/CoSe/Ni3Se2 nanocomposite was 
1666 F g−1 at a current density of 0.5 A g−1 with a retention rate of 85.19% after 5000 
GCD cycles. The internal resistance value (Rs) of NiSe/CoSe/Ni3Se2 nanocomposite 
was 1.33 Ω. A solid-state asymmetric supercapacitor device (SSAS) was fabricated 
by NiSe/CoSe/Ni3Se2 nanocomposite and activated carbon as positive and negative 
electrodes, respectively. From the CV and GCD curves, the areal energy and power
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density of SSAS were 0.33 mW h cm−2 and 7 mW cm−2. A retention rate of 80.11% 
after 10,000 cycles was observed in the SSAS device. 

Liang et al. prepared g-C3N4@NiMoO4/CoMoO4 nanocomposite by 
hydrothermal method [112]. The synthesized g-C3N4@NiMoO4/CoMoO4 electrode 
shows a specific capacitance of 641.5 F g−1 at 1 A g−1 with an electrochemical 
reproducibility of 84.21% after 8000 cycles. The ASC device was made using 
g-C3N4@NiMoO4/CoMoO4 and AC and the electrochemical behavior was studied 
by CV and GCD. The specific capacitance of 63.6 F g−1 was recorded at a current 
density of 1 A g−1. Besides, a retention rate of 110% after 10,000 GCD cycles was 
obtained. 

Chameh et al. reported an ultrasound-assisted-CeO2/CoFe2O4 on pristine g-C3N4 

and Oxygenated g-C3N4 were prepared [113]. From the BET measurements, the 
surface area of Ox-g-C3N4/CeO2/CoFe2O4 is 83.05 m2 g−1. The 10% Ox-g-C3N4/ 
CeO2/CoFe2O4 nanocomposite shows 255.5 F g−1 (specific capacitance) at a current 
density of 1 A g−1 in a 6 M KOH electrolyte. The resistance value (Rs) of 10%  
Ox-g-C3N4/CeO2/CoFe2O4 nanocomposite was 0.51 Ω. Using 10% Ox-g-C3N4/ 
CeO2/CoFe2O4 nanocomposite as a cathode and activated carbon as an anode, an 
aqueous asymmetric supercapacitor device was prepared. This ASC device shows 
a remarkable energy and power density of 4.79 Wh kg−1 and 11,904 W kg−1 with 
capacitance retention of 91% over 3000 GCD cycles, shown in Fig. 16. Such excellent 
capacitive behavior is attributed to 10% Ox-g-C3N4/CeO2/CoFe2O4 nanocomposite 
shows promising materials for supercapacitor application. 

Hasan et al. synthesized a CuCo2S4-MoS2 nanocomposite by hydrothermal 
method [114]. The synthesized nanocomposite provides a specific capacitance of 
820 F g−1 at a current density of 0.5 A g−1. The ASC device was fabricated by 
CuCo2S4-MoS2 nanocomposite as a positive and activated carbon as a negative elec-
trode. This device was amplified to work in a large potential window of 1.6 V. The 
fabricated device shows a notable energy and power density value of 38.22 Wh kg−1

Fig. 16 Cyclic stability (left) and Ragone plot (right) of fabricated ASC device. Reprinted with 
permission from [113]. Copyright (2022), Elseiver 
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and 400 W kg−1. In addition to that, the capacitance reproducibility of 89% after 
1000 GCD cycles was attained. 

Tan et al. reported a novel biocarbon-supported nanocomposite (CAS@Ni3S4/ 
CeO2) by hydrothermal technique [115]. The Chingma Abutilon Seed (CAS) was 
taken as a source for the biocarbon. The Ni3S4/CeO2 were uniformly loaded on 
the CAS support which has a large surface responsible for fast ion/electron transfer 
between electrode and electrolyte. The composite was prepared with varying different 
temperatures in the hydrothermal method to examine its electrochemical properties. 
The electrochemical performance tests carried out by CV and GCD show the specific 
capacitance of 1364 F g−1 at 1 A g−1. An asymmetric supercapacitor device was made 
by using CAS@Ni3S4/CeO2-150 as a cathode and CAS as an anode. The device 
is also made up of activated carbon as an anode for a comparative electrochemical 
study. In these two systems, the CAS-containing nanocomposite shows a high specific 
capacitance of 289 F g−1 over the AC-containing nanocomposite (261 F g−1 at 1 A 
g−1). 

Kumar et al. designed a novel WS2/FeCo2O4 nanocomposite on Ni foam by a two-
step hydrothermal method [116]. The transition metal disulfides loaded on binary 
metal oxide makes a new pathway to enhance the electrochemical behavior with a 
highly porous Ni foam as support [117]. The as-synthesized nanocomposite exhibited 
an excellent specific capacitance of 2492.9 F g−1 at 1 A g−1 with a retention rate 
of 98.1% after 5000 GCD cycles. The WS2/FeCo2O4 nanocomposite and activated 
carbon were made into an asymmetric supercapacitor device as a pair of electrodes 
with a specific capacitance of 110 C g−1. The device shows an energy and power 
density of 85.68 Wh kg−1 and 897.65 W kg−1, respectively. Besides, it shows 98.7% 
capacitance retention after 4000 cycles making it a promising tool for an energy 
storage system. 

Li et al. synthesized MnCoP/(Co,Mn)(Co,Mn)2O4 nanocomposite by 
hydrothermal method [118]. The electrochemical performance of MnCoP/ 
(Co,Mn)(Co,Mn)2O4 nanocomposite was studied by CV and GCD analysis. 
The specific capacitance of 230 F g−1 at a current density of 0.1 A g−1 was obtained. 
An aqueous asymmetric supercapacitor device (ASC) with MCP/MCO as a cathode 
and activated carbon as an anode. 

3 Future Perspective on Functionalized Materials 

Functional groups like hydroxides, carbonyl, carboxylic acids, amine, and amides 
have been extensively used for the better enhancement of supercapacitors. In addition 
to that, carbonous materials like 1D nanofibers, nanowires, nanotubes, 2D graphene 
nanosheets, 3D nanoparticles, and 3D architecture materials were used in energy 
storage applications because of their large surface area, highly porous nature, elec-
trical conductivity, and thermal stability. Recently, the non-carbonaceous g-C3N4 

and BN, polymeric materials like polydimethylsiloxane (PDMS), polysulfones, 
polyether ether ketone (PEEK), polytetrafluoroethylene (PTFE), polyaniline (PANI),



120 P. Paunkumar et al.

polyvinylidene fluoride (PVDF), bio-polymers like keratin, pectin, carrageenan, 
lignin, cellulose [119], and starch were functionalized with various metal oxides/ 
hydroxides, metal–organic frameworks [120] and used in supercapacitor electrodes 
for flexible and wearable devices, electric vehicles, micro-supercapacitors, on-chip 
energy storage devices. Despite its disadvantages like water insolubility and poor 
structural stability, MnO2 is making ground-breaking results in energy storage perfor-
mance [121]. With suitable functionalization, these materials can give better output 
than previously reported works. 

Nowadays, electrolytes like aqueous, ionic liquids, organic, and gel polymers are 
mixed with different proportions as hybrid electrolytes and employed in the super-
capacitor application [122]. By using these hybrid electrolytes, large electron/ion 
diffusion and a wide electrochemical potential window can be attained. Enormous 
advancements in the field of science, biotechnology, and electronics require small, 
lightweight, highly compactable, and easily customizable materials for the foresee-
able future. Various findings on micro-supercapacitors (MSCs) address these issues 
by synthesizing miniatured devices, providing high super-capacitive results [123]. By 
empowering this idea, further reduction in the material size (nano-supercapacitors) 
will allow more redox-active sites which help in fast electron/ion transfer and enhance 
the specific capacitance and energy density of the supercapacitor device. 

A recent study on living microorganisms-based supercapacitors paves a new 
pathway for synthesizing natural, environmentally friendly, fast redox-active elec-
trodes [124]. These types of biologically-derived materials are still under exploration. 
3D printing is one of the fast-growing techniques that help to fabricate the desired 
supercapacitor electrodes for real-life applications [125]. A highly efficient, cost-
effective, graphene oxide (GO) gel was widely used as 3D printing ink because of 
its excellent rheological properties, functionalized nature, high porosity, and facile 
large-scale synthesis making it a promising candidate for supercapacitor device fabri-
cation. Unfolding the application of piezoelectric materials for flexible and wearable 
devices, a self-charging supercapacitor device can be designed [126]. These mate-
rials can provide non-stop power delivery by simple mechanical stress and are used 
for various day-to-day applications. 

A serious concern about environmental pollution by the usage of various chemicals 
during the synthesis of electrode materials and device fabrication should be taken 
under consideration and facile green synthesis methods should be studied well and 
implemented. 

4 Conclusion 

In this chapter, we have discussed functionalized materials for supercapacitor devices 
in current trends that exhibit outstanding specific capacitance with long cycle life. The 
functionalized materials could enhance capacitance and long cycle durability. Binary/ 
tertiary mixed metals or functionalized carbon and non-carbon-based materials have 
been used in supercapacitor-based devices. Especially, flexible-based supercapacitor
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devices are promising electrodes for electronic wearable devices. These functional-
ized materials were assembled as asymmetric, symmetric, and hybrid supercapacitor 
devices, and delivered an excellent energy density with long cycle life, which indi-
cates the supercapacitor devices to be used in electronic devices such as smartphones, 
sensors, and electric vehicles. 
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41. Kariper İA, Korkmaz S, Karaman C, Karaman O (2022) High energy supercapacitors based 
on functionalized carbon nanotubes: effect of atomic oxygen doping via various radiation 
sources. Fuel 324:124497 

42. Feng T, Jiao H, Li H, Wang J, Zhang S, Wu M (2022) High performance of electrochemically 
deposited NiCo2S4/CNT composites on nickel foam in flexible asymmetric supercapacitors. 
Energy Fuels 36(4):2189–2201 

43. Hsieh C-E, Chang C, Gupta S, Hsiao C-H, Lee C-Y, Tai N-H (2022) Binder-free CoMn2O4/ 
carbon nanotubes composite electrodes for high-performance asymmetric supercapacitor. J 
Alloy Compd 897:163231 

44. Ramesh S, Yadav HM, Bathula C, Palem RR, Arumugam S, Kathalingam A et al (2022) V2O5 
nano sheets assembled on nitrogen doped multiwalled carbon nanotubes/carboxy methyl 
cellulose composite for two-electrode configuration of supercapacitor applications. Ceram 
Int 48(19, Part B):29247–29256 

45. Diler F, Burhan H, Genc H, Kuyuldar E, Zengin M, Cellat K et al (2020) Efficient preparation 
and application of monodisperse palladium loaded graphene oxide as a reusable and effective 
heterogeneous catalyst for suzuki cross-coupling reaction. J Mol Liq 298:111967 

46. Vinoth R, Babu SG, Ramachandran R, Neppolian B (2017) Bismuth oxyiodide incorporated 
reduced graphene oxide nanocomposite material as an efficient photocatalyst for visible light 
assisted degradation of organic pollutants. Appl Surf Sci 418:163–170 

47. Paul A, Ghosh S, Kolya H, Kang C-W, Murmu NC, Kuila T (2022) High performance asym-
metric supercapacitor device based on lanthanum doped nickel-tin oxide/reduced graphene 
oxide composite. J Energy Storage 55:105526 

48. Paul A, Ghosh S, Kolya H, Kang C-W, Murmu NC, Kuila T (2022) Synthesis of nickel-
tin oxide/nitrogen-doped reduced graphene oxide composite for asymmetric supercapacitor 
device. Chem Eng J 443:136453 

49. Pappu S, Anandan S, Rao TN, Martha SK, Bulusu SV (2022) High-performance hybrid 
supercapacitor with electrochemically exfoliated graphene oxide incorporated NiCo2O4 in 
aqueous and non-aqueous electrolytes. J Energy Storage 50:104598 

50. Li Z, Hu B, Yu R, Tian T, Guo Z, Mu J et al (2023) Hollow cobalt selenide nanospheres 
wrapped with reduced graphene oxide nanosheets as electrodes for hybrid supercapacitor. 
Appl Surf Sci 608:155237 

51. Ramesh S, Karuppasamy K, Vikraman D, Santhoshkumar P, Bathula C, Palem RR et al 
(2022) Sheet-like morphology CuCo2O4 bimetallic nanoparticles adorned on graphene oxide 
composites for symmetrical energy storage applications. J Alloy Compd 892:162182 

52. Wang K, Dong X, Zhao C, Qian X, Xu Y (2015) Facile synthesis of Cu2O/CuO/RGO 
nanocomposite and its superior cyclability in supercapacitor. Electrochim Acta 152:433–442 

53. Zhang Z, Zhang X, Xu X, Xiong R, Tian X, Wang C (2022) In-situ directly anchored 
CoMoS4 particles on reduced graphene oxide nanosheets for the high-efficiency asymmetric 
supercapacitor. Colloids Surf, A 652:129762 

54. Shankar VU, Kumar PS, Govindarajan D, Nethaji P, Balji GB (2022) Ruthenium dioxide 
anchored on reduced graphene oxide nanocomposite for 1.2 V symmetric supercapacitor 
devices. Sustain Energy Technol Assess 53:102444 
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1 Introduction 

Additive manufacturing (AM) is evolved as a promising technology to convert the 
virtual model into real objects with the ease of advanced manufacturing technology 
with design accuracy and automation in the process [1]. The rapid, accurate method 
of printing complex structures encourages the widespread implementation of the 
process in the manufacturing of electronics, including energy storage devices like 
supercapacitors and batteries with tailor-made shapes to meet the need for IoTs 
and sensors [2, 3]. The requirement of integrated complex structure for flexible, 
substrate-free, and integrated electronics 3D printing technology is a breakthrough 
process. The controlled and regulated mass production of supercapacitors with a 
fixed area and mass is accessible by printing micro-supercapacitors, wire type, or 
flexible supercapacitors. The possibility of high mass loading and compact inte-
grated energy storage systems can be achieved by unique product design and proper 
selection of materials. Depending on the additive manufacturing techniques, the 
materials belonging to various categories need optimized parameters to provide a 
successful end product. To obtain the high-energy and power density supercapac-
itor for commercialization and real-time application materials with large surface 
area and excellent mechanical properties are highly desired. Currently, metal oxides, 
carbon-based materials, metal–organic frameworks, novel Two-Dimensional (2D) 
nanostructures (such as transition metal oxides and MXenes), composite materials, 
and conducting polymers are widely used for supercapacitor applications [4, 5]. The
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complexity of 3D printing these materials is the compatibility of materials with the 
3D printing software and parameters to print the real-time architecture. To overcome 
multi-step manufacturing, the 3D printing technique comes up with multi-material 
printing and coupling various printing processes to obtain the product without any 
complexity and delay in manufacturing. Polymeric materials as versatile binder help 
in printing, whereas ceramics contribute to printing electrodes with design flexi-
bility and functional energy storage properties. Implementation of the 3D printing 
strategy in the fabrication of electrodes and electrolytes subsequently to reduce the 
integration complexity and production time. Since the invention of the 3D printing 
technique in the 1980s, the process is upgraded with various printing techniques and 
standards as categorized by ASTM as (1) Material Jetting, (2) Extrusion, (3) Binder 
Jetting, (4) Vat-photopolymerization, (5) powder bed fusion, (6) Lamination, and (7) 
Direct energy deposition. The selection of materials plays a vital role in the fabri-
cation of ready-made products with tailor-made design features. AM technology is 
capable of providing precise control over electrode fabrication which is complicated 
to achieve with conventional printing methods. Though AM is not an easy process to 
achieve improved electrochemical properties, it is a gateway to rapid prototyping and 
industrialization of supercapacitors without any post-processing or material wasting, 
unlike traditional processes. Considering the benefits of AM technology, this chapter 
is focused on various nanomaterials for the 3D printing of supercapacitors via various 
printing techniques. 

1.1 Supercapacitors 

Supercapacitors (SCs) are superior in electrochemical energy storage devices due to 
their high-power density and reasonable energy density [6, 7]. Owing to the excellent 
power density, the supercapacitors achieve fast charge–discharge cycles and rise as a 
suitable alternative to batteries [8]. As shown in Fig. 1, based upon the charge storage 
mechanism, the SCs are categorized into 3 types such as (i) EDLC, (ii) Pseduoca-
pacitive, and (iii) Hybrid-SCs [9, 10]. The type of energy storage behaviour varies 
depending on the intrinsic qualities of the materials. The inherent properties can be 
tuned with particle size, surface treatment, and hybridization with compatible rein-
forcement for a better outcome. Capacitors that operate the charge storage mechanism 
by the creation of layers of ions at the electrode interface come under the EDLC-type 
SCs. The porosity of the electrode material plays a vital role in the performance of 
the SCs. The pseudocapacitors function by the surface redox reactions, which occur 
simultaneously in the electrodes to facilitate the energy storage mechanism. The 3rd 
category of SCs comes under the hybrid supercapacitor type, which works on asym-
metric configurations comprising two dissimilar type electrodes. Mostly this type of 
SCs works on redox reaction at the anode (Phase changing materials) and surface 
absorption desorption at cathodes (EDLC). For a clear idea, the capacitance of the SCs 
differs, which is the least for the EDLC as compared to the other 2 types of SCs, but 
the cyclic life of EDLC SCs is a million times with an excellent rate capability of 90%.
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Fig. 1 Classification of supercapacitors and materials used for different types of SC application 

The pseudocapacitive obtains higher energy storage capacity, whereas the cyclic life 
is less than EDLCs. The hybrid SCs comprising phase-changing materials and EDLC 
electrode provides the highest capacity but the least cycle life among the SCs. Apart 
from these SCs, micro-supercapacitors are in trend for energy storage applications 
and are applicable for powering microelectronics and IoT devices [11–14]. 

The types of SCs mostly rely on material properties. The EDLCs comprise carbon-
based materials and allotropes, including CNTs and graphene. The pseudocapacitors 
are mostly transition metal oxides such as ruthenium(IV) oxide, manganese dioxide, 
nickel oxide, and iron oxide. Among these materials, nanomaterials are desired to 
be the suitable candidate for the energy storage application due to their high surface-
to-volume ratio, providing an excellent active site for energy storage applications 
[15–17]. The various synthesis strategies, including top-down and bottom-up for 
the nanomaterials, are essential steps in manufacturing the SCs. However, for better 
electrochemical performance, the electrodes for SCs application nanomaterials are 
desired [18–22]. Carbon-based materials, metal oxides, and MXenes, are preferred 
for 3D printing SCs. The detailed versatility of nanomaterials coupled with AM 
techniques is discussed later in this chapter.
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2 Additive Manufacturing Process for Electrode Printing 

Additive manufacturing technology (AM) is a sophisticated process of printing a 
pre-assigned design in STL format to the printing machine to develop the structure 
layer by layer [23]. Depending upon the precursor material, the printing can be 
assisted with extrusion-based deposition or curing-based methods [24]. The broad 
classification of AM techniques for 3D printing of SC electrodes is highlighted in 
Fig. 2. The design compatibility with material property is a key characteristic for the 
classification of AM technique for electrode printing using AM technique. 

2.1 Stereolithography (SLA) 

SLA is a 3D printing technique developed by 3D systems, works on the principle of 
layer-by-layer deposition of photocurable resins exposed to ultraviolet (UV) lights 
[25]. The mechanism of curing resin is a photopolymerization process that deals with 
the intensity of exposed UV light. Nozzle devoid technique is the primary advantage 
of this technique, which gives a very fine and smooth final printed product [26].

Fig. 2 Various 3D printing techniques and energy storage materials for supercapacitor application 
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The process is time-consuming and the raw material is quite expensive, which is the 
drawback of this printing process [27]. 

2.2 Selective Laser Sintering (SLS) 

The SLS technique of 3D printing involves laser-assisted growth of powdered mate-
rials layer by layer according to the CAD design [28, 29]. The laser power generated 
thermal energy sinters the powders and helps to build the final structure. The particle 
size and purity matter for the quality of prints of this process [30–32]. The laser and 
raw material costs make it also expensive and the limited raw materials restrict the 
vast usage of this 3D printing technique. The high precision dimensional accuracy 
of printed parts can be achieved by this technique [33, 34]. 

2.3 Inkjet Printing (IJP) 

IJP is a versatile extrusion-based 3D printing technique that is assisted with low 
temperature and pressure to deposit ink drops through the nozzle over the substrate for 
building the structure [31, 35]. The ink rheology is the major parameter to obtaining 
quality products through this process. Ink purity governs the final properties of the 
end product. The compatibility of IJP with various fluids containing functional mate-
rials makes it suitable for printing electronic devices with tailor-made architecture 
[36–39]. 

2.4 Direct Ink Writing (DIW) 

Direct ink writing is a versatile technique for the 3D printing of viscous material 
in the form of slurry. The printing technique is capable of achieving high precision 
and complex geometry with functional properties. The end product properties rely 
on the slurry quality and purity [40]. The rheology of slurry plays a major role in 
obtaining stable structures. A wide range of ceramics and polymers can be printed 
by this technique. Printing of functional devices and electronics is possible through 
the DIW process. The resolution depends on the nozzle size, and a complex design 
with high precision can be obtained with the ease of the DIW process [41–43].
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2.5 Sheet Lamination 

Sheet lamination is defined as the lamination object manufacturing (LOM) process. 
The feedstock for LOM is films or sheets sandwiched one over another until the 
required thickness is achieved. The product accuracy depends on the sheets’ stacking 
layers and thickness. The LOM products may undergo post-processing to acquire 
the desired shape by drilling or machining. 

2.6 Direct Energy Deposition (DED) 

Direct energy deposition is an AM technique dependent on the focused energy source 
of a laser, electron beam, or plasma to melt the material for printing into the desired 
shape. The raw materials for the DED process can be powder or wire [44, 45]. 
The process is high-energy-dependent and quite complex. The process can be used 
to repair any metal or ceramic structure by additive manufacturing technique. The 
process can be carried out on curved surfaces, unlike other techniques that need a 
flat surface. 

2.7 Fused Deposition Modeling (FDM) 

Fused deposition modeling is an extrusion-based 3D printing technique in which 
thermoplastic polymer filament acts as the feedstock material [46–49]. The process 
is economical, and energy-efficient has wide material options for printing, and can be 
easily equipped with other 3D printing techniques for automation in manufacturing. 
Dual nozzle-assisted multi-material printing can be achieved by this process [50–53]. 
The printing parts fail to provide an excellent smooth surface. Composite filaments 
with active fillers have the ability to print functional devices [54–56]. 

3 Nanomaterials for SCs 

The electrochemical properties of energy materials are dependent on the size, 
crystal structure, morphology, and existing phases. However, nanomaterials have 
been proven for excellent electrochemical activities owing to the high surface-to-
volume ratio, which provides abundant active sites for superior electrochemical 
reactions by fastening the transfer of ions and allowing the penetration of the liquids 
throughout the active surface area [57]. The conventional process of fabricating 
supercapacitors fails to provide a hike in manufacturing advanced energy storage 
devices with unique architecture and tailor-made configurable properties [9, 58]. To



138 J. P. Das et al.

achieve this goal and commercialize the existing nanomaterials, 3D printing tech-
niques are implemented for SC electrodes. However, the existing nanomaterials and 
compatible 3D printing techniques are summarized in this chapter to bridge the gap 
between existing technology and the commercialization of SCs by 3D printing of 
nanomaterials [59–61]. 

3.1 Carbon-Based Nanomaterials 

The AM techniques largely depend on the inherent properties of the materials for 
the optimum performance of the printed part. Irrespective of the purity, the pore 
size also plays a major role in the enhanced electrochemical performance of the 3D-
printed part [62–64]. For carbon-based materials, the porosity of carbon provides 
abundant active sites for the electrochemical reactions and interconnected channels 
for the electrolyte penetration into the electrode, which plays a vital role in the 
enhanced capacitance of the SCs [65–67]. Various carbon-based materials like acti-
vated carbon (AC), vulcanized carbon, bio-derived carbon, CNTs, graphene, etc., 
are suitable for supercapacitor applications [68–71]. Graphene is a 2D thin layer 
of carbon having a 1-atom thickness widely used in energy storage applications 
for both EDLCs type and hybrid supercapacitors since its introduction. Researchers 
have implemented AM techniques with graphene and graphene-based composites 
for energy storage applications [72, 73]. The major necessity for AM technique of 
graphene is that the material should be in the viscous form (powder, liquid) to be 
processed by the 3D printing process to acquire stacked layers one over another 
without any rigidity or discontinuity [74]. Fast curing also matters to obtain the final 
product without any adverse impact from the surrounding atmosphere. Among a 
number of processing methods for carbon and graphene-based materials to fabricate 
composites are mechanical mixing, self-assembly by chemical reactions, molec-
ular level mixing, in-situ synthesis, electrodeposition, hydrothermal, etc. are widely 
implemented. 

The researchers have developed graphene oxide (GO) and graphene nanoparti-
cles as functional ink for DIW of supercapacitors (Fig. 3). In this work, the GO ink 
precursors along with silica powder and RF catalyst are formulated for the printing 
process. The printing of micro-lattice structures involves several phases, including 
i) ink gelation, ii) supercritical drying, iii) carbonization of the printed portion, and 
iv) hydrofluoric acid etching to remove the silica from the lattice structure. The 
graphene nanoparticles (GNPs) enhanced the conductivity and maintained the 
rheology of the aerosol for printing a 1 mm thick electrode capable of delivering 
63.6 F g−1 at 10 A g−1 with an excellent cycle life of 10,000 cycles, as shown in 
Fig. 4a–d. The excellent stability of the quasi-solid-state symmetric supercapacitor 
(SSC) is evident from the overlapped initial and final CV scan over 10,000 cycles. The 
obtained power density of 4 kW kg−1 makes it a promising material for AM of SC 
electrode [75].



5 Additive Manufacturing for Functionalized Nanomaterials Dedicated … 139

Fig. 3 Schematic representation of the GO-GNP ink for 3D printing of aerosol micro lattice. The 
fumed silica powder, GNP, and RF catalyst precursor were used for printing the micro lattice 
through the extrusion technique and dried using carbon dioxide, followed by heating at 1050 °C in 
an N2 atmosphere for 3 h. The silica fillers were finally etched using hydrofluoric acid for the final 
prototype. Reproduced with permission [75]. Copyright © American Chemical Society, 2016

CNT are superior feedstock materials for the DIW process. The thick electrode 
was fabricated using a composite of Activated carbon and rGO with CNT. The 
porous composite achieved a capacity of 41.3 F cm−3 at 10 A g−1. The thickness 
obtained was tenfold with a mass loading of 256 mg cm−3. The high mass loading 
with ultrahigh capacitance is desirable for commercializing the SCs. Excellent cycle 
stability of 93.3% over 5000 cycles shows the reliability of the material for energy 
storage applications [76]. A fully printed CNT-based SC was obtained by the DIW 
process using a polyvinyl alcohol (PVA)-based gel electrolyte. A high capacitance 
of 15.34 F cm−3 with an energy density of 1.2 mWh cm−3 and power density of 11.8 
W cm−3 at 1.32 A cm−3 shows the repeatability of using the DIW process to obtain 
3D-printed SC [43]. 

Graphene electrodes with powder bed fusion technique provide a unique strategy 
to fabricate the SC electrodes without any crack by incorporating Pd nanoparti-
cles, reducing the resistance between layers during stacking. The rGO with a higher 
surface area combined with binders was undergone printing layer by layer to obtain 
the desired thickness. After reaching the required thickness, the electrode delivered a 
specific capacitance of 260 F g−1 at 5 A g−1 [77]. The researcher printed transparent 
electrodes with graphene using Inkjet printing technique (Fig. 5a–f). Owing to the 
advantage of inkjet printing, the author has obtained interdigitated structure elec-
trodes by hard mask printing which is later removed by nitric acid. The as-prepared 
interdigitated structure of 600µm width and 2.5 mm length with a gap of 200 µm
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Fig. 4 Electrochemical analysis of 3D-printed graphene composite aerogel (3D-GCA) SSC. a 
cyclic voltammetry (CV) curves in 3 M KOH electrolyte. b Galvanostatic Charge/Discharge (GCD) 
profiles at various current densities. c Capacity retention is calculated for various current densities, 
and the 3D-GCA SSC is shown in the inset. d Cyclic stability was tested for 10,000 cycles at a 
higher scan rate. The inset represents the first and last scan during the stability test. Reproduced 
with permission [75]. Copyright © American Chemical Society, 2016

is studied after applying the electrolyte dropwise over the active surface. The trans-
parency with respect to electrode thickness was studied and obtained at 99 µF cm−1 

at 71% transmittance, as shown in Fig. 6a. The transmittance of the printed elec-
trode was found to be reduced by increasing the thickness (Fig. 6b). The thinnest 
device achieved 90% transparency with a thickness of 550nm. The drying tempera-
ture of the ink was optimized to avoid any irregularity of the printed part to obtain a 
uniform transparent electrode and homogeneous thickness all over. The uniformity 
in thickness can provide less variation in the surface resistance of the electrodes as 
evident from the atomic force microscopy (AFM) analysis (Fig. 6c). Further, the 
scanning electron microscopy (SEM) analysis depicts (Fig. 6d) the uniformity in 
graphene flake structure with higher surface area for allowing better adhesion of the 
electrolyte for enhanced electrochemical performance.

The integration of FDM and paste extrusion was carried out by the researchers to 
print the SC casing and active material, respectively. Activated carbon with sodium 
carboxymethyl cellulose slurry was paste extruded over the 3D-printed frame. The
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Fig. 5 Fabrication steps for the transparent micro-supercapacitors. a Graphene flakes printed on 
the substrate. b Silver ink for printing of a hard mask. c The etching of graphene flakes with O2 
plasma. d The removal of the hard mask using nitric acid. e Gel electrolyte deposition using drop 
casting. f The device image during testing. The finger’s dimensions are ~600 µm wide and 2.5 mm 
long and the gaps between fingers are ~200 µm. Reproduced with permission [78]. Copyright © 
The Royal Society of Chemistry 2017

PVA gel electrolyte was rolled over the paste extruded part to assemble the SC. A 
specific capacitance of 238.42 mF g−1 and a power density of 95.36 mW g−1 at 15 A 
g−1 shows the promising performance of all 3D-printed SC by integrating multiple 
3D printing processes. The as-obtained 3D-printed SC is an instance of obtaining 
automated SC electrode printing for rapid mass production without varying the elec-
trochemical properties [79]. A similar technique was followed to print the SC by 
implementing PP casing and activated carbon as functional ink for the active mate-
rial. The capacitance achieved was 599.2 mF cm−2 at 10 mVs−1. The capacitance 
retention was 97.1% at 25 mV s−1 for 250 cycles. The cyclic stability though less 
the printed SCs, seems promising to achieve high-performance SC by integrating 3D 
printing technique tuning the active material properties [4]. Apart from the compos-
ites, carbon-based materials doped with various functional groups proved suitable for 
the 3D printing of energy storage devices. DIW process was used to print nitrogen-
doped GO ink. The rheology control is monitored by the dynamic mechanical anal-
ysis characterization. Promising storage modulus over relatively low loss modulus 
helped to achieve a solid prototype after printing. The vanadium nitride nanoparti-
cles reduced the resistivity of the electrodes following the printing process [71]. The
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Fig. 6 a The large area graphene films with transmittance spectra and inset image of 5L device. 
b The thin films of thicknesses from 5 to 20L with an area of 2 × 3.5 cm. c The AFM image of 
the 5L device. d SEM image of the electrode surface and close-up view of the surface in the inset. 
Reproduced with permission [78]. Copyright © The Royal Society of Chemistry 2017

3D printing process is not limited to virgin precursors. To set a circular economy 
and put an end to waste materials. Activated carbon synthesized from the packaging 
waste was converted into printable ink by adding PVA gel. The printed electrodes 
of thickness half a millimeter that have undergone electrochemical analysis show a 
capacitance of 328.95 mF cm−2 at 2.5 mA. The capacitance retention was obtained 
at around 90% after 500 cycles. The microporous carbon lacks intermittent ion diffu-
sion in the printed electrodes resulting in a decrement in the capacitance as a resultant 
at higher scans [80]. 

This technique was a breakthrough in printing stretchable, transparent 3D-printed 
SC [78]. The research in carbon-based 3D-printed SCs is envisioned to fabricate 
high-performance devices by obtaining the synergetic composition of precursors 
with novel designs and optimized printed parameters. High-mass loading with a
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tailor-made design aspect can enhance the capacitance and cycle life of the SCs. 
However, the carbon-based material’s purity and porosity will play a major role in 
tailoring the performance of the final prototype. Owing to the fabrication methods, 
it can be stated the carbon-based materials, due to their porous structure and ability 
to be functionalized and ease of making composites, make them a suitable candidate 
for 3D printing of SCs, whereas maintaining the porosity and composition with melt 
viscosity is a challenging task for the AM technique for carbonaceous materials. 

3.2 Transition Metal Oxides (TMOs) 

The transition metal oxides are noble-energy storage materials that exhibit surface 
redox reactions and the energy storage mechanism belongs to the pseudocapacitive 
type. The surface redox reactions felicitate oxidation and reduction of the material 
during charging and discharging, respectively [81]. Despite having better capaci-
tive properties, the TMOs exhibit lesser cycle life as compared to the EDLC-type 
materials [82]. The hybridization of conductive components with TMOs helps it 
achieve better cycle life and higher capacitance by increasing the redox-active sites 
and structural stability [83]. 

DIW was used to print the graphene aerosol structure, followed by the deposition 
of MnO2. The graphene acted as a scaffold, whereas the deposited MnO2 electrode 
provided a redox-active area leading to achieving outstanding electrochemical prop-
erties. Mass loading of 45.2 mg cm−2 archives 11.55 F cm−2 at 0.5 mA cm−2. The  
capacitance increase directly proportional to the active mass loading. 3D printing can 
govern the increased mass loading of the electrodes leading to the enhanced capacity 
of the electrodes. The 3E study was performed under 3 M lithium chloride electrolyte 
and paved the way to fabricated 3D-printed electrodes with redox-active materials 
grafted over the carbonaceous framework [84]. The tailor-made structure and deposi-
tion of redox-active material seem promising for the 3D printing of SCs with TMOs. 
The TMO nanorods and MnO2 nanosheets grown over 3D-printed rGO were fabri-
cated to frame the pseudocapacitive 3D-printed electrode and studied under 1 M Poly 
(vinyl alcohol)/Potassium hydroxide gel electrolyte provides 166.6 mF cm−2 and 
70.4 mF cm−2, respectively. The obtained cyclic stability of 80% over 10,000 cycles 
seems promising for 3D printable pseudocapacitive electrodes for SC application. 

3.3 Transition Metal Dichalcogenides (TMDCs) 

Transition metal dichalcogenides (TMDCs) are thin semiconducting materials 
comprising of MX2 structure, where M stands for transition metal atom and X 
comprises a chalcogen atom where M is sandwiched between two X atoms [85]. 
The unique band structure of these materials makes them superior for electronic 
applications. However, the AM technology with unique design prospects opens up
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the opportunity of implementing the TMDCs in energy storage applications [86]. 
The abundant redox-active sites, flexibility, and ability to transport charge between 
stacking layers make the TMDCs versatile energy storage materials. The structure of 
the material provides high efficiency to accommodate metal ions. The existence of 
TMDCs in various phases makes them suitable to coexist in various states like semi-
conducting and metallic. Besides the conventional manufacturing steps of TMDCs-
based SCs, 3D printing has been established by a few researchers. Laser-assisted 
direct writing was employed for printing 1T-MoS2-based micro-SC. The 1T-MoS2 
films are used for fabricating interdigitated electrodes. PVA-based hydrogel is used 
for 3E measurement to analyze the electrochemical properties of the materials. As 
obtained, quasi-rectangular cyclic voltammetry (CV) profiles portray low ESR and 
highlight the excellent energy storage behavior of 1T-MoS2 with 93% capacitance 
retention for 5000 cycles. A capacitance of 36 mF cm−2 proves the excellent energy 
storage ability of TMDCs by 3D printing techniques. The pulse control and ultra-
short pulses played a vital role in maintaining the inherent properties of MoS2 
toward achieving high-performance electrodes [87]. The high electrical conduc-
tivity and superior hydrophilicity help to achieve energy storage ability and faster 
ion transportation path in the electrodes to accelerate the electrochemical activities. 
The enhanced surface area with 3D crumpled technology led to obtaining higher 
surface area and volume. MSCs were printed benefiting the energy storage ability 
of the material and ASCs constructed with rGO as nematode resulted in excellent 
areal power density of 12.6 mW cm−2 and energy density of 3.85 µWh cm−2 with 
96% capacitance retention over 20,000 cycles make it a promising material for 3D 
printing of SCs (Fig. 7a–g). Further, the CV curves of a single MSC and three 
series-connected devices exhibit symmetry, with a decrease in current rating and an 
increase in the potential window. The connected devices can be able to power minia-
ture electronics with a widened potential window. As proven in earlier studies, the ink 
property is prime in printing the stable electrode. The mixture of IPA and 2-butanol 
provided uniform dispersion of the functional ink for the electrode printing.

The limited research in the 3D-printed TMDCs can be widened by implementing 
various functional inks with phase-engineered nanoparticles for high-performance, 
stable SC electrodes. The stacking ability of ultrathin TMDCs can provide unique 
morphology as well as redox-active sites for successful and effective energy storage 
devices. 

3.4 MXenes 

The current research trend on SCs is focused on MXenes, a 2D layered material with 
a general formula of Mn+1XnTx, where M is a transition metal, X is carbon or nitrogen 
atom, T is the termination group (−O, −OH, −H, −F, −Cl) and x is the number 
of functionalities [89, 90]. The excellent physical and electrochemical properties 
make MXenes stand alone among the layered and versatile futuristic materials [91– 
94]. Among the number of MXenes, few series are proven to be suitable for energy
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Fig. 7 a Schematic showing the asymmetric microsupercapacitor by ink-jet printing (AMSC) with 
electrodes of 3D 1T c-MoS2 (left) and rGO (right). b CV curves of the printed AMSC in 1.0 M 
MgSO4 aqueous electrolyte. c GCD curves at various current densities. d Output voltage of a 
single AMSC around 1.75 V, which exceeds the previously reported works. e Ragone plot with a 
comparison with other reported articles. f Comparison of CV curves of single AMSC and 3 devices 
connected in series. g Excellent cyclic stability for 20,000 cycles with excellent retention of 96%. 
Reproduced with permission [88]. Copyright © American Chemical Society, 2020

storage applications. But the Ti3C2 MXene is reported for AM technique. The pure 
form, hybridized, or foreign atom-doped MXenes are suitable for efficient energy 
storage applications [95, 96]. The pseudocapacitive behavior with excellent cycle 
life provides a better alternative to the other existing material for the SCs electrode 
fabrication [77, 97–101]. Compared to the conventional pseudocapacitive materials, 
the MXenes provide better capacitive properties and exhibit excellent cycle life with 
high-rate capability [102, 103]. Mass production with the top-down approach is desir-
able for the pure phase extraction of the material and the incorporation of the same 
into various EDLCs and pseudocapacitive materials for enhanced electrochemical 
activities [104–106]. 

MXene electrodes fabricated by stamping technique from the precursor of 
Ti3C2Tx open up a way to 3D print the MXene-based electrodes. The MXene ink 
was painted over a substrate using the 3D-printed stamp. Stamping is a faster and 
more economical way to produce large-scale MSC with uniform properties. An areal
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capacitance of 61 and 50 mF cm−2 at 25 and 800 µA cm−2 was recorded, respec-
tively [105]. The highly concentrated water-based MXene ink was synthesized to 
fabricate solid-state MSCs by the DIW process (Fig. 8a–c). The optimized rheolog-
ical properties with the dispersion of 290 mg mL−1 MXene dispersion could print 
stacked layers of electrode materials. The cross-sectional view as observed in the 
SEM examination proves the uniformity in the printing technique and optimized 
ink rheology (Fig.8d–h). The smooth patterned interdigitated structure with uniform 
dimension has promise for next-generation customised electrode designs for energy 
storage applications. Poly (vinyl alcohol) (PVA)-based gel electrolyte with stacked 
layers of 10, denoted as MSC-10, exhibited a capacitance of 1035 mF cm−2 at a scan 
rate of 2 mV s−1 (Fig. 9a–d). The fabricated devices acquire excellent flexibility 
that exhibits homogeneous CV profiles despite varying bending conditions (Fig. 9e). 
The MSC can withstand strong bending circumstances without degrading its capac-
itance (Fig. 9f). Furthermore, the series-connected MSCs perform well on the larger 
potential window (Fig. 9g). 

Fig. 8 a Schematic of MSCs with interdigital structure. b Optical image of the MSC-10 printed 
on a glass substrate. c Optical images of the printed logo. d, e Cross-sectional SEM image of the 
electrodes with different magnifications. f Side view of the MSC with the alignment of Ti3C2Tx 
flakes. g MSC-1 and h MSC-5 printed over glass and polymer. Reproduced with permission [107]. 
Copyright © American Chemical Society, 2020
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Fig. 9 a The 3D-printed devices with excellent mechanical strength. b CV curves of MSCF-1 at 
different scan rates. c CV curves at 5 mV s−1 for various MSCFs. d Areal capacitance versus scan 
rate for various flexible MSCFs. The inset graph shows areal capacitance derived as a function 
of the mass loading of the electrodes in MSCFs. e Electrochemical performance of MSCF-1 at a 
10 mV s−1 scan rate under various bending angles of 60°, 120°, 180°, and 0°. f Areal capacitance 
versus scan rate for the MSCF-1 device at different bending angles. g Voltage profile of the MSCs 
at 0.2 mA cm−2 for a different number of cells connected in series. Reproduced with permission 
[107]. Copyright © American Chemical Society, 2020 

Owing to the salient features, the material is suitable for electrochemical energy 
storage applications. Nitrogen-doped MXenes are structurally more stable as the 
doped atom helps to retain the stacked layers allowing better ion transportation and 
faster redox reaction (Fig. 10a–g). As seen in the SEM image, the screen-printed MSC 
electrode has a homogeneous structure (Fig. 10b). The ink rheology study demon-
strates the ink’s optimal non-Newtonian behaviour, in which viscosity decreases as 
the shear rate increases (Fig. 10c). When shear stress is minimal, the inks become 
elastic, but when the shear rate is increased, it can print tiny micropatterns without 
short-circuiting (Fig. 10d–e). Furthermore, the digital photos clearly show the MSCs’ 
exceptional flexibility, which makes them appropriate for wearable and bendable 
applications in the future (Fig. 10f–g). Inkjet printing carried out with water-based 
ink exhibited 66.7 F g−1 at 12 mA cm−2. Further, a simple and scalable MXene ink 
was formulated with optimised ink rheology (Fig. 11a–c). The comparative thick-
ness of the printed filament (Fig. 11d) and SEM analysis (Fig. 11e–f) highlights 
the uniformity in the printed architecture portraying excellent ink rheology. The 3D
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printed electrodes exhibit enhanced capacitance as compared to the 2D electrodes 
irrespective of the type of materials. The excellent energy and power density of the 
3D printed MSC outperforms many early reported works making it a promising 
process for next-generation high-scale production of energy storage devices. At a 
scan rate of 10 mV s−1, the material portrays an areal capacitance of 8.2 F cm−2 with 
a remarkable energy density of 0.42 mWh cm−2 (Fig. 11g–i). 

As obtained CV plots from this study, it was observed that the electrochemical 
performance of the MSCs directly depends on the stacking layers [109]. Irrespective 
of composition, the no of layers is also responsible for the energy storage capacity 
of the electrodes. The excellent electrochemical performance seems promising for 
the 3D printing of flexible devices over polymer substrate for wearable devices and 
sensors integrated with minimal power supply units for integrated energy storage 
devices. The ink rheology, MAX phase of the active material, and hybridization of 
the same with other dopants play a major role in implementing MXenes for the 3D 
printing of SCs [107]. The simple automation process can establish a commercial 
approach for the mass production of MXene-based SCs with excellent energy storage 
capacity.

Fig. 10 a Schematic depicting the fabrication process of MXene-N micro-supercapacitors via 
screen printing. b Cross-sectional SEM image of the printed electrode and corresponding elemental 
maps of Ti, C, and N. c–e Apparent viscosity of as-fabricated MXene-N ink as a function of shear 
rate and the storage modulus (G') and loss modulus (G'') of MXene-N ink as functions shear stress 
and frequency respectively. f Digital photos of all-MXene-N printed MSC on various substrates 
at the bent and flat states. g Photo showing the flexibility of MSC devices connected in series. 
Reproduced with permission [108]. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim
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Fig. 11 a Schematic illustrating the preparation procedure of 3D-printed designs. b 3D-printed 
photograph patterns using the prepared AC/CNT/MXene-N/GO ink. c Rheological analysis of the 
inks. d The thickness of the printing filament by applying two different nozzles. e, f SEM image of 
the filaments. g Relationship between different layers and areal capacitance at various scan rates. 
h Comparison of the areal capacitance of various electrodes at a scan rate of 10 mV s−1. i Ragone 
plots of 3D-printed SCs compared with other reported works. Reproduced with permission [108]. 
Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The carbon-based active materials incorporated with the MXenes provide a print-
able viscosity to the as-prepared ink. GO, AC, CNT, and MXene are proven to be 
printable SC materials for rapid prototyping and mass production of the printed SCs 
by inkjet printing technology [108]. 

3.5 Polymer Nanocomposites 

The composites of carbon-based, TMOs, TMDCs, and MXenes were discussed 
earlier, whereas the 3D printing of polymer-based materials has the highest scope for 
3D printing of SCs [110]. The easy processability, low melting point, compatibility 
with a wide variety of fillers, and a wide range of precursor materials make polymer 
a versatile option for 3D printing [111, 112]. In conventional manufacturing of SCs, 
polymers act as a suitable binder, in contrast, many works have been carried out 
to 3D print the supercapacitor casing and packaging due to its excellent insulating 
properties [113]. The inherent insulation characteristics restrict its direct use in elec-
tronics, including supercapacitors. Though few conducting polymers are available
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that show pseudocapacitive behavior, the high internal resistance hinders its electro-
chemical performance. So, compounding polymer with active nanofillers can help 
to overcome the barrier for using electronics applications. The addition of functional 
nanoparticles like ceramics and carbon-based materials can be incorporated into a 
polymer matrix and the inherent properties of the additives can be reflected over the 
insulating properties. Among conducting polymers, PANI, PPy, and PEDOT: PSS 
play a major role in electronics applications. However, when it comes to the 3D 
printing of supercapacitors, the active material loading and printing process plays a 
major role [57]. 

Graphene has excellent capability to be mixed with polymer matrix [72]. The 
addition of graphene enhances the mechanical strength and sometimes acts as a fire 
retardant. Researchers have compounded graphene with a conductive polymer PANI 
by a self-assembling process carried out in the water and NMP medium, as shown 
in Fig. 12a–c. The inclusion of rGO in PANI enhanced the viscosity of the ink to 
make it suitable for printing a stable structure. The simple water base precursors 
system with conductive ink and GO efficiently printed the 3D scaffold (Fig. 12a). 
Further, the reduction and dialysis of the printed part provided the final structure for 
the energy storage application. The apparent viscosity vs shear rate (Fig. 12b) and 
modulus vs shear rate (Fig. 12c) plots show the optimized viscosity, which makes 
PANI-GO an injectable ink for 3D printing with high moduli that can produce a 
stable shape. The 3D printed honeycomb-type structure provides a high surface 
area due to the unique lattice stacking layers and active exposed surface areas for 
the electrolyte which can accelerate the ion migration faster and provide excellent 
electrochemical kinetic reaction (Fig. 13a–h). The controlled rheology of the ink 
after rGO incorporation provided a stable 3D structure and the printed part delivered 
a capacitance of 1329 mF cm−2 at 5 A g−1. A cyclic stability of 75% was obtained 
after 10,000 cycles at 50 A g−1 [69]. PPy-GO composite was synthesised for energy 
storage application portraying pseudocapacitive property. The 3D printing process 
is feasible and can print a stable structure followed by material extrusion, annealing 
and electrodeposition, respectively (Fig. 14i). The woodpile lattice with orthogonal 
layers is evident from the SEM analysis (Fig. 14ii). The printed aerogel lattice shows 
uniform high-quality printing with excellent structural integrity for next-generation 
energy storage devices. The areal capacitance of 1255 mF cm−2 at 5 mA cm−2 was 
recorded as a reliable method for 3D printing of energy storage device [116].

Stretchable MSC was printed using AM and coating techniques together. The 
printing process was combined with DIW and the casting process. A flexible 
substrate was coupled with a 3D-printed template for making PANI-based MSC. 
The composite of PANI-Multi-walled carbon nanotubes was used as electrode mate-
rial for the MSC. The specific capacitance obtained was 44.13 mF cm−2 and the 
cycle stability obtained was 87% after 20,000 cycles [114]. The unique stretchable 
properties obtained from the composite were excellent stretchability under various 
mechanical deformations. PANI/rGO composite was used to print electrodes via the 
DIW process. The 3D structure was formed by rGO sheets which share a strong 
pi-bonding with the PANI molecules. The ability of energy storage device is not 
only reliable on nanostructure but also the dispersed active area that accelerates the
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Fig. 12 Additive manufacturing of PANI/GO inks. a Synthesis of PANI/GO inks and fabrication 
of PANI/rGO electrode by 3D printing. b Apparent viscosity of PANI/GO inks, GO dispersion, and 
PANI solution at various shear rates. c The measurement of storage modulus (G') and loss modulus 
(G'') of PANI/GO inks, GO dispersion and PANI solution with respect to the function of shear 
stress. Reproduced with permission [69]. Copyright © American Chemical Society, 2018

electrochemical reactions. Another 3D printing approach was followed for manufac-
turing a porous ternary composite of iron, nickel, and PANI via the laser sintering 
method. The cage of Ni was formed by AM technique to produce the frame to load 
the supporting materials. The AM process was followed by the electrodeposition of 
PANI over it. The highest capacitance obtained was 540.68 F g−1 at the scan rate of 
5 mV s−1. Silica also played an active material in the 3D printing of electrochemical 
devices by compounding with PANI and PEDOT, respectively [115]. 

PPY/graphene composite was applied to print the SC using the DIW method [69]. 
Instead of direct printing, the graphene-based aerogel was coated by PPy to obtain a 
higher surface area with a conductive path. A specific capacitance of 2 F cm−2 and 
energy density of 0.78 mWh cm−2 was obtained, respectively, displaying a reliable 
approach to 3D printing the energy storage devices [116]. The overall nanocomposite-
based SCs highlight the unique feature of functional nanomaterials for 3D printing of 
energy storage devices. Apart from this, fused deposition modeling with functional 
filaments was carried out to fabricate mechanically stable conducting filament. The
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Fig. 13 3D-printed PANI 0.4/GO electrode. a Layer-by-layer orthogonal column lattice formation. 
b Honeycomb structure. c, d Microphotograph of the surface of the honeycomb. e–h SEM images 
of PANI0.4/GO electrode. Reproduced with permission [69]. Copyright © American Chemical 
Society, 2018 

Fig. 14 (i) Schematic representation of the fabrication process of 3D hierarchical polypyrrole 
(PPy)-coated graphene aerogel (GA) composites. (ii) Optical images of 3D-printed structures a 
radial circular, b square and c triangle GA micro lattices. SEM images showing the cross-sectioned 
microstructure of d GA micro lattice, and e PPy–GA composite obtained from 0.1 m pyrrole 
solution. Inset in e higher magnification image of coated PPy. Reproduced with permission [116]. 
Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

composite filaments comprised of various graphene loading in polylactic acid matrix 
was used as the feedstock for the 3D printing process [117]. Further, FDM is one 
of the most straightforward 3D printing processes. The development of nanocom-
posite filaments has a vast scope toward commercializing 3D-printed SCs using FDM 
technology.
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4 Challenges and Future Prospects 

The current trend of energy storage devices needs portable, scalable, and high-
performance electrochemical devices to fulfill the need for electronic gadgets and to 
get rid of the adverse effect of hazardous materials generally obtained from battery 
wastes. 

i. Performance evaluation of electrode materials 

The need of miniaturized devices are an intermittent power supply with fast 
charging ability. The SC electrode needs to be evaluated with reasonable energy 
density with excellent power density for the application aspect. The performance 
of electrode materials need to be evaluated before finalization for the printing 
application. The compatible 3D printing process can be beneficial for developing 
high-performance supercapacitors. 

ii. Cost–benefit analysis 

Cost–benefit analysis is crucial for the real-time implementation of any tech-
nology or production sector. In supercapacitor fabrication, the electrode mate-
rial, electrolyte, and packaging of the final product are considered the major 
production elements. The mass production of the supercapacitor needs automa-
tion in the processing technology, which can be faster and smarter with automa-
tion in fabrication techniques to meet the need of the market. The overall produc-
tion cost can be converted into profitable capita by implementing the 3D printing 
technique as the manufacturing process, which is capable of supplying the end 
product faster than any other fabrication technique of supercapacitor by skip-
ping the manual steps of integrating the final device. The viability of the elec-
trode material should be high-performance and long cycle life for a sustainable 
application. 

iii. Enhanced energy density 

The major drawback for the SCs is lower energy density, making it difficult to 
replace the batteries in various application sectors. The mimic of battery material 
needs to be implemented in SCs applications to obtain higher energy density. The 
software-controlled manufacturing process can fabricate supercapacitors with 
an optimized mass ratio for enhanced device capacitance, providing high-energy 
density supercapacitor devices for real-time application in the automobile and 
industry sector. 

iv. High-mass loading 

3D printing techniques can achieve the controlled mass loading of active mate-
rials. The software can control the mass deposition to acquire the required depo-
sition of the active materials, which is difficult to achieve with conventional 
techniques. So, 3D printing with controlled mass deposition is a significant 
advantage in obtaining high-performance supercapacitors.
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v. Process parameter optimization 

The automation is the process provides various options to customize the printed 
part from design to final product aspect. The optimization of printing parameters 
can provide defect-free electrodes with a unique morphology. The porosity and 
thickness of the layers, along with printing directions, can help to govern the 
performance of the SCs. Various 3D printing parameters like deposition rate, 
printing direction, and infill percentage can be optimized by multiple theoretical 
calculations or simulation software to reduce complexity and make it easy to 
print the 3D-printed energy storage device. 

vi. Automation in fabrication 

The printing of SCs needs to be continuous to fabricate the device as the end 
product to minimize the manufacturing complexity and maintain the product’s 
quality without any flaws. The manual assembling of electrodes, electrolytes, 
and separator needs optimum parameters to fabricate the final device, which 
makes the production process longer. So, the automation in fabrication by a 
production line with hybridized different 3D printing processes for smooth 
automatic production of energy storage devices. 

5 Conclusion 

This chapter covers various 3D printing processes, printing mechanisms, and nano-
materials for the 3D printing of electrodes. Additive manufacturing has a high poten-
tial to commercialize the supercapacitor by printing efficiently, economically, and 
eco-friendly way with minimal wastage of active materials. The uniqueness of the 
fabrication technique is the mass scaling of ready-made devices with tailor-made 
properties. The complex design can be obtained with the ease of 3D designing 
software for next-generation integrated energy storage systems and for powering 
IoT devices and sensors. The multi-material and various printing methods provide 
consumers with a wide range of options to meet the demand. The properties and 
performance can be tuned with the variation of process parameters and the wise 
selection of materials. The material properties can be assumed by implementing 
analysis software to formulate the composition of the active material for the electro-
chemical application. Structure stability and custom design on a microscopic scale 
is the advantage of AM technique which can be regulated during the design of the 
experiment stage before the fabrication of the final product. Integrating different 3D 
printing techniques can reduce the assembling timing of SCs and establish an auto-
matic production line to manufacture devices rapidly. The ability to print multiple 
materials is another salient feature of this technique which can configure in-situ 
printing composite materials without any external reaction. So, the application of 
nanomaterials, which are used in conventional SCs fabrication, adds the possibility
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for printing electrodes with intrinsic complex designs, flexible electrodes, and tailor-
made properties without any post-processing in a flawless process without compro-
mising the electrochemical performances. Implementing simulations in the material 
formulation and rationally designed electrode architecture is the future direction of 
the 3D-printed supercapacitors with functional nanomaterials. 
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Chapter 6 
Photolithographic Fabrication 
of Supercapacitor Electrodes 

Tanuj Kumar, Jyoti, P. Kiran, N. Abhishek, Vandana, and Ashima 

1 Introduction 

The supercapacitor is a novel power source that will be critical in addressing the 
needs of new energy storage devices and systems both today and in the future. To 
fulfill the current and future needs of novel energy storage devices and systems, 
the supercapacitor is an up-and-coming power source. Compared to batteries, it 
has a greater power output, longer shelf life, and more cycles before depleting. 
Electrochemical supercapacitor energy storage technologies have garnered a lot of 
interest in recent years because of their potential usage in electric cars, pulse power, 
and backup generators. Several research teams from across the globe are working on 
high-energy density supercapacitors for use in these systems [1]. 

Both the double layer and the pseudo-capacitance in supercapacitors are used to 
store energy. Carbon material has lately been the most popular choice among all 
supercapacitor electrode materials. Activated carbon, carbon black, aerogel particu-
late matter, and carbon cloth have all been used to create electrodes for double-layer 
capacitors [2]. In contrast, monolithic porous carbon aerogels are ideal for use in
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supercapacitors and rechargeable batteries thanks to their advantageous characteris-
tics such as high electrical conductivity, high porosity, tuneable pore structure, and 
great surface area [1]. 

Significance of Supercapacitors: 

When it comes to electrical storage devices, electrochemical double-layer capacitors 
also known as supercapacitors or ultra-capacitors are at the top of the heap. This is 
due to the fact that they have a large energy capacity and output. Supercapacitors are 
now a crucial instrument for short-term energy storage in power electronics due to 
advancements in fundamental research, materials, and manufacturing. Supercapaci-
tors may be utilized in novel ways to store power in electronics and industries since 
they have a higher energy capacity than conventional capacitors. A form of energy 
storage device with a very high capacity and low internal resistance is a supercapac-
itor. The electrolytic double layer of a supercapacitor is where the electrical energy is 
kept. Due to this, these energy storage devices are often referred to as electrochemical 
double-layer capacitors (EDLC). In 1879, Helmholtz had the first idea for the storage 
strategy. In an electrolytic double layer, charged species are separated. Supercapaci-
tors, sometimes known as ECDLs, also go by the names ultra-capacitors, boost caps, 
best caps, and best caps (i.e., Supercars). Because of their high energy and power 
density, extended lifetime, and large number of cycles, supercapacitors are a suitable 
method to store energy. Supercapacitors offer a greater specific power than conven-
tional batteries and the ability to store energy in a manner that can be reversed. 
Electronic applications need passive components that can store electrical energy 
while being as tiny and light as feasible. How much power the program requires 
will have a significant impact on the storage device that is employed. Because they 
don’t need an inverter and don’t require as much maintenance, uninterruptible power 
supplies (UPS) that employ ECDL capacitors might save money. Capacitors make 
it possible to deliver electricity for a short period of time at a considerably greater 
voltage than batteries can. 

2 Supercapacitor 

Often referred to as electrochemical capacitors, supercapacitors (SCs) are a kind 
of energy storage device recognized for their rapid power generation and excellent 
cycle stability. The capacitance of SCs may be many orders of magnitude larger than 
that of a conventional capacitor because SCs use thin dielectric liquids and materials 
with a huge surface area as electrodes. Supercapacitors have a higher energy density 
and power density than traditional capacitors [3]. 

SCs may be categorized as Electric Double Layer Capacitors (ELDC) pseudo-
capacitors based on the way they store their charge. In contrast to EDLCs, which 
generally store charge by rapid physical adsorption/desorption of ions at the carbon-
based electrode/electrolyte interface, pseudo capacitors employ fast reversible redox
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processes at the surface, and/or near-surface, of pseudocapacitive materials to store 
charge (e.g., conducting polymers, transition metal oxides, etc.). 

The SCs are a novel kind of capacitor that effectively replaces batteries and elec-
trolytes in terms of performance. While SCs normally have a lower energy density 
than batteries, their power density maybe 10–100 times higher. As a result of its 
high-energy storage capacity and rapid discharge rate, SCs are used in a wide range 
of industrial applications, including microgrids, consumer electronics, transportation 
vehicles, and regenerative braking systems. In order to ensure the SCs’ long-term 
survival in the face of high peak powers that would otherwise deplete their limited 
power stores, high energy–density batteries are used as a backup (Fig. 1) [3]. 

SCs have a lower power density than electrolytic capacitors but a far greater energy 
density (up to 3 kW kg). The need for energy storage devices that can rapidly store 
and release a significant quantity of energy has grown as the market for high-tech 
consumer items expands. SCs are attractive answers to the increasing power needs 
of future electronic goods because of their high-power capacities [4]. A graphical 
representation of history of supercapacitors is shown in Fig. 2 [5]. 

Fig. 1 Ragone plot for various energy storage devices [3]. Permission taken 

Fig. 2 History of supercapacitors [5]. No permission required
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3 Supercapacitor Electrodes 

Supercapacitor electrodes are highly essential for storage applications and they are 
the main component of a supercapacitor. To select supercapacitors the following 
attributes are considered. 

High specific surface area: Ions from electrolysis interact with the electrode surface; 
hence a high specific surface area is necessary. With a large surface area, more of 
the electrode material is available to be ionized by the electrolyte. Both the electrode 
material’s specific capacitance and energy density are improved as a result of this. 

Porosity control: It has an effect on the electrode material’s specific capacitance and 
rate capabilities. In order for electrolytic ions to be adsorbed at the electrode surface, 
the pore size must be larger than the ionic size of the cation. 

High electronic conductivity: A high electronic conductivity is crucial since it 
defines a material’s rate capability and power density. Low resistance and smooth 
electron transport from electrode to current collector are the results of high 
conductivity. 

Surface electroactive sites: Electroactive regions at the surface attract the elec-
trolytic ions and boost pseudo-capacitance. Pseudo-capacitance is experienced by 
many electroactive species, including oxygen and nitrogen functional groups, which 
improves the electrode material’s conductivity. 

High thermal and chemical stability: Involvement of ion movements during 
repeated charge/discharge cycles may raise the temperature of the device, thus it’s 
important that it has high thermal and chemical stability. The electrode’s stability is 
enhanced if it is impervious to chemical and corrosion damage. 

Low cost and environment-friendly: The low price of the electrode contributes to 
the supercapacitor’s overall low cost. The use of an electrode made from eco-friendly 
materials is a responsible choice [5]. 

It is possible to classify the electrode material used in supercapacitors into two 
groups, i.e., EDLC-type electrodes, which store charges electrostatically at the 
electrode–electrolyte interface, and pseudocapacitive-type electrodes, which store 
charges through Faradaic processes [5]. 

EDLC-type behavior is seen in carbon-based materials, where charges are stored 
on the electrode surface through a non-Faradaic mechanism. These materials are 
perfect for the EDLC electrode because of their large surface area and the fact that 
their pore size may be adjusted. Nanostructured materials with high conductivity, 
such as carbon nanotubes, carbon fibers, carbon nanofibers, activated carbons, and 
graphene, reduce the device’s resistance. Allotropes of carbon have good corro-
sion resistance and are safe for the environment [6]. In contrast, metal oxides and 
conducting polymers have a charge storage mechanism similar to that of pseudoca-
pacitors. This is a Faradaic process, where a reversible redox reaction takes place 
at the electrode. Because of its ability to change oxidation states, metal oxide may
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acquire or lose electrons when it is charged or discharged. Faradaic behavior is also 
exhibited by conducting polymer via doping and de-doping in response to charging 
and discharging. The material as a whole participates in the process of storing charges, 
resulting in a very high capacitance value and a high-energy density. It has been 
documented elsewhere on the many characteristics of the metal oxides utilized in 
supercapacitor electrodes [5]. 

4 Fabrication Methods—Photolithography 

Synthesizing supercapacitor materials can be done in a few distinct ways. A few 
examples are the electrochemical deposition, chemical bath deposition, chem-
ical vapor deposition, and the sol–gel technique. Spray coating, inkjet printing, 
photolithographic technique, and direct writing are only a few of the technologies 
used to create electrodes for supercapacitors [6]. 

In this photolithography is a commonly used technique for the fabrication of 
supercapacitors. Photolithography is widely utilized in Micro Electro Mechanical 
Systems (MEMS) and Nano Electro Mechanical Systems (NEMS) because of its 
easy production method, cheap cost, high resolution, and maturity as a technology. 
Photoresists with intricate in-plane patterns can be created using photolithography 
with the use of a mask. Thus, it’s a promising approach for laying the ground-
work for the patterning of electrochemically active materials in in-plane micro-
supercapacitors. Depositing a layer of active materials and a current collector on 
the photoresist in two distinct steps is one approach. Energy conversion using 
programmable materials and nano-bio interface integration are two main areas of 
study. After the photoresist is peeled away, electrode finger arrays may be used 
to create the desired patterns. Electrostatic-spray deposition of a graphene oxide 
and carbon nanotube (GO/CNT) coating over the photoresist pattern, followed by 
peeling off the photoresist to produce the electrode finger arrays, yielded over-chip 
micro-supercapacitors with an areal capacitance of 6.1 mFcm−2. To create micro-
supercapacitors with MnOx/Au electrode fingers, electron-beam evaporation was 
used on the photoresist pattern, followed by a lift-off technique. Selective deposi-
tion of active materials on patterned current collectors is another photolithography-
based approach to fabricating electrode finger arrays. Commonly, the electrochem-
ically active materials are selectively deposited on current collector arrays that 
have been created using photolithography and a lift-off procedure. For instance, 
lateral ultrathin rGO interdigitated electrode finger arrays have been produced by 
utilizing photolithography to build the current collector arrays and an electrophoretic 
method to deposit graphene sheets. The pyrolysis of the patterned photoresist is 
another straightforward method for fabricating electrode finger arrays. This proce-
dure pyrolyzes the photoresist, transforming it into porous carbon with high conduc-
tivity and a wide surface area. Electrode fingers with both 2D and 3D architectures 
have been manufactured. In-plane electrode arrays for micro-supercapacitors are 
commonly made using photolithography; however, the printed photoresists used
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as templates must be stripped away in a buffer solution. When heated to a high 
enough temperature, the photoresist can be pyrolyzed immediately into active elec-
trode arrays. Due to these difficulties, photolithography is rarely used for the direct 
integration of electrode arrays on electronic devices [7]. 

A glass or silicon substrate is covered with a thin layer of metal, such as chromium. 
Above the metal surface is a coating made of a positive or negative photoresist 
substance, such as a polymer. Radiation causes the positive photoresist material to 
deteriorate or cause certain chemical bonds to be broken. However, when the negative 
resist material is exposed, the material becomes harder. The resist-coated surface is 
covered with a mask. Then, depending on the opaque and transparent portions of the 
mask, the UV radiation is exposed to the mask, causing weaker or stronger regions 
on the resist. An appropriate chemical is used to develop the picture. Utilizing the 
proper chemical treatment, the remaining unexposed material is retrieved [8]. The 
process is shown in Fig. 3 [8]. 

There are several types of photolithographs used in industries, depending on the 
radiation or light applied to the mask. Laser and UV photolithographic methods are 
mostly used among them. As the name suggests if the mask is subjected to UV 
radiation, then it is known as UV photolithography, and if a laser source is applied 
on the mask, it is known as laser photolithography. Micro Super Capacitors (MSCs) 
have long been created using the traditional photolithography methods. As shown 
in Fig. 4a, for the fabrication of carbon-based electrodes and the deposition of gold 
current collectors, ordinary photolithography is always applied. The usage of conven-
tional photolithography is widespread in biodegradable micro-supercapacitor created

Photoresist 

Metal 

Substrate 

(1) (2) 

UV Radiation 

Mask 

(4)                                                                                          (3) 

(5)                                                                            (6) 

Fig. 3 Process of photolithography [8]. No permission required 
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Fig. 4 a The fabrication of carbon-based electrodes and the deposition of gold current collectors. 
b Electrode active material films using photolithography [9]. Permission taken Copyright 2023 

using a photolithography technique, and an encapsulation strategy that involves 
managing the constituent material’s thickness, chemistry, and molecular weight has 
been used to have a flexible way to construct various functional longevity. 

However, oxygen plasma can only employ to etch a few types of mate-
rials, including certain conducting polymers, graphene, and other carbon-based 
compounds. Figure 4b shows the shaping of various electrode active material films 
using photolithography. Glass substrates were spin-coated with photoresist, which 
was then exposed to create patterns in the photoresist. The electrode materials were 
then applied to the designed photoresist and coated. The photoresist was eventu-
ally pulled off and dropped onto the primed electrodes. By employing this tech-
nique, the majority of electrodes, including those made of carbon, polymers, and 
metallic oxides, may be produced by photolithography. This technique made it 
simple to build electrode hetero-structures. All of these supercapacitors exhibited 
excellent cycling performance and stability. The production of tiny supercapacitors 
and practical structures is made possible by the innovative and universal technique, 
which makes photolithography universally applicable. In order to create flexible 
conducting polymer MSCs like PEDOT/Au, a lift-off technique (Fig. 4b) can be 
used that combined traditional photolithography with electrochemical deposition. In
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Fig. 5 Schematic diagram of the lignin laser lithography (LLL) technique [10]. No permission 
required 

1 M H2SO4 aqueous electrolyte, the MSCs’ maximal areal capacitance and volu-
metric stack capacitance, respectively, were 50 F/cm3 and 9 mF/cm2. The PEDOT 
MSCs’ energy density of 7.7 mWh/cm3 was equivalent with that of a thin-film lithium 
battery [9]. 

For example: lignin-based laser lithography is utilized for the fabrication of 
micro-supercapacitors (MSCs) by use of 3D graphene electrodes. 

In particular, lignin films may be transformed into 3D laser-scribed graphene 
(LSG) electrodes by irradiation of CO2 laser. Finally, 3D graphene with the desired 
electrode patterns is retrieved through water lift-off, leaving behind any unexposed 
lignin that was not removed in the initial stage of processing. The resultant LSG 
electrodes have a high specific surface area (338.3 m2g−1), electrical conductivity 
up to 66.2 S cm−1, and hierarchical porosity. The unnecessity of binders and current 
collectors makes them ideal for use as MSC electrodes. Because of their high volu-
metric energy density (1 mWh cm−3), volumetric power density (≈2 W cm−3), and 
areal capacitance (25.1 mF cm−2), the MSCs created using lignin laser lithography 
have outstanding electrochemical performance. Flexible electronics, sensors, and 
on-chip micro-supercapacitors are taking advantage of the versatility of lignin laser 
lithography [10]. 

Steps: 

1. Lignin-polyvinyl alcohol (PVA) composite film is made on the surface of an 
ozone-treated polymer substrate by blade-coating lignin-PVA solution (10 wt%) 
on it. 

2. The prepared lignin-PVA film is dried and irradiated by CO2 laser. The exposed 
regions are converted into comb-like interdigitated electrodes (in Fig. 5, Step 2  
and Step 3). 

3. Alkaline lignin is dissolved in water.
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4. The unexposed lignin film parts to the laser are removed by the water lift-off 
process. The electrode of the desired pattern is left on the substrate surface. 

Because laser and water-soluble lignin may be used to print any active shape 
on the substrate, this simple lithography method which we refer to as lignin laser 
lithography [LLL] is made possible [10]. 

5 Supercapacitors Performances 

• He et al. [11] documented the fabrication of poly-ethylene terephthalate substrate-
based high-performance and flexible planar micro-supercapacitors as portable 
energy storage devices. In order to take advantage of the low processing cost and 
great cycle stability, they fabricated crosslinked polyaniline (PANI) based MSCs 
by the thermal crosslinking route and a simple laser printing technology. Following 
heat treatment in an Argon atmosphere, the flexible PANI MSCs displayed a 
capacitance of 54 mF cm−2 at a current density of 0.3 mA cm2. Capacitance 
retention of 79.8% after 1000 cycles is indicative of the devices’ superior cyclic 
stability. 

• Wu et al. [12] showed the fabrication of ultrahigh rate, all-solid-state, planar inter-
digital graphene-based micro-supercapacitors (MSCs) on silicon wafers using 
reduction aided by methane plasma and photolithographic micro-fabrication of 
graphene oxide films. Mainly, addition of interdigital fingers from 8 to 32 and 
decreasing the finger width from 1175 to 219 µm significantly improves the 
electrochemical performance of MSCs, demonstrating the crucial significance of 
adjusting widths and number of fingers during the fabrication of high-performance 
MSCs. Area capacitance of 116 Fcm−2 and stack capacitance of 25.9 Fcm−3 

were achieved by the graphene-based MSCs after fabrication. In addition, they 
provided a remarkable cycling stability of 98.5% retention in capacitance after 
50,000 cycles, a power density of 1270 Wcm−3 that was substantially higher 
than that of electrolytic capacitors, and an energy density of 3.6 mWhcm−3 that 
was similar to that of lithium thin-film batteries. The microdevice also functions 
effectively at ultrahigh scan rates of up to 2000 V s−1, which is three times more 
than regular supercapacitor. 

• Zhang et al. [13] reported the use of reduced graphene oxide and photolithog-
raphy technique to fabricate ultrahigh power all-solid-state planar on-chip micro-
supercapacitors. Using a modified spin coating technique, they were able to 
prepare an ultrathin-reduced graphene oxide film having 8 nm thickness, which 
imparts higher power characteristics to the micro-supercapacitors in the form of 
fast charge and discharge rates and high conductivity. The electrodes are fabri-
cated using photolithography, and their 150 µm width makes them narrower than 
those currently in use. These micro-supercapacitors are highly efficient, with a 
time constant of only 0.03 ms, a power density of 17.94 W cm−3, and cycle 
stability with a capacitance retention of 94.6% after 10,000 cycles.
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• All-solid-state, planar, on-chip MSCs were successfully demonstrated by Zhao 
et al., using a manufacturing process based on RGO film and photolithography. 
There was promise for this class of IPC-MSCs to play a role in the long-term 
improvement of micro-integrated devices. Additionally, they had broadened the 
MSC’s usefulness. Moreover, it demonstrated the benefits and future potential of 
IPC-MSC in the evolution of MSCs. Stack capacitance and Area of IPC-MSC 
were 7.90 Fcm−3 and 9.48 µFcm−2, respectively, with an energy density of 1.10 
mWh cm−3 at a small scan rate of 0.01 Vs−1. With a scan rate of 100 Vs−1, its 
power density was particularly high at 12.7 Wcm−3. High cycle life, fast charging 
and discharging, stability, and a 98.5% capacitance retention rate after 10,000 
charging and discharging cycles were all hallmarks of this class of IPC-MSCs 
[14]. 

• Jiang et al. [15] fabricated the planar on-chip MSCs based on NO-GQDs. Patterns 
of interdigital micro-electrodes have been fabricated using photolithographic 
methods. Modified liquid–air interface self-assembly approach was used for 
electrode film fabrication. A superior 99.23% capacitance retention rates were 
measured after 10,000 cycles at 5000 Vs−1. The MSCs showed more great cycle 
stability than electrode materials reported earlier. The area capacitance of the 
MSCs with interdigital micro-electrodes was 18.74 µFcm−2. The areal power 
density and areal energy density were 116.43 µWcm−2 and 2.60 nWh cm−2. 
All forms of energy and power’s responsiveness were significantly increased. 
However, at the same moment, the time constant corresponding to it was 10.03 µs. 
The findings show that NO-GQDs utilized as electrode materials can improve 
MSC performance. 

• Pal et al. [16] documented the utilization of silk protein in the construction of 
flexible, biodegradable energy storage devices. They constructed a biocompatible 
and biodegradable thin-film microSC using silk protein Herein. Photopatternable 
biocomposite ink used is made up of a protein carrier with conducting polymer 
poly (3,4-ethylenedioxythiophene) polystyrene sulfonate, and reduced graphene 
oxide dopant. Photolithography is employed to create active electrodes in a non-
toxic environment using water as the only solvent. In order to create biodegradable, 
organic devices with a non-toxic agarose-NaCl gel electrolyte, these electrodes are 
fabricated on flexible protein sheets. An LED may be powered with demonstrated 
high capacitance, power density, and cycling stability over 500 cycles. The device 
is flexible and can withstand cyclic mechanical loads over 450 cycles, and its 
capacitive qualities are maintained even after several days in liquid. It’s important 
to note that the micro-SCs are cytocompatible and entirely degraded after about 
a month.
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6 Applications of Supercapacitors 

Supercapacitors, promising electrochemical energy storage devices with the high-
power density and extended cycle life, are piquing the attention of researchers owing 
to their potential uses ranging from portable electronics to electric cars. Supercapac-
itors are classified as either electric double-layer capacitors (EDLCs) or pseudoca-
pacitors, depending on the process through which they store charge. While pseudo-
capacitors are run in accordance with the mechanism of reversible redox reactions 
happening at the surface or near the surface regions of active materials, EDLCs rely 
on the separation of charges at the interface of the electrolyte and electrode to store 
their charges. Because of their cheap cost, electrical conductivity, and large surface 
area, carbonaceous materials such activated carbons, carbon nanotubes, and graphene 
have been extensively used in the creation of supercapacitor electrodes [17]. 

Toy applications 

Toy applications are in a different category, with an average run time of less than 
10 h [18]. For this kind of use, a supercapacitor with a design life of ten years or 
several hundred thousand cycles is not the best choice; one with lower performance 
will do just fine. The biggest markets right now are for devices with voltages under 
12 V. It will be around 2004 before the markets for devices with voltages above 48 V 
reach the same size and give the supercapacitor industry a chance. 

GSM applications 

The length of the brief 1 A pulse of 0.5 ms is shortened due to the abrupt drop in 
battery voltage. To put it simply, if it falls below a certain threshold, the phone won’t 
work. The pulse takes much longer to reach the crucial low voltage when utilizing a 
supercapacitor since the voltage drop is much less. There is more time for real phone 
use. 

SAM 

Most supercapacitor applications need the use of a secondary battery to give some 
degree of autonomy. Montena Components cooperated with HTA-Lucerne to develop 
the SAM (Super Accumulator Module), a hybridization of supercapacitors and 
batteries with intelligent control for universal applications. This was made feasible by 
Lucerne’s considerable expertise of supercapacitor applications and their integrated 
intelligent electronic control management systems. Because batteries and capacitors 
function in fundamentally different ways, connecting the ECDL in parallel with a 
battery requires some imagination. The faradaic (redox) energy storage devices are 
used. When charging and discharging, their voltage remains constant. Capacitors are 
a kind of electrostatic storage device. Voltage changes as a function of charge Q. 

Voltage repartition 

The fundamental challenge with supercapacitors is the very low voltage at which 
they function. In organic electrolytes, this voltage varies between 2 and 3 V (with
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some hope to 4 V in future). For the most powerful applications, however, much 
higher voltages of up to 700 V are necessary. Reduced current necessitates smaller, 
lighter conductors, which is why these voltages are used, although voltage loss in 
semiconductors is far less of an issue at these higher levels as compared to a 2.5 V 
application. When connected in series, the supercapacitors form a “system” that 
achieves the required application voltage. The intercellular voltage gradient is deter-
mined by two electrodynamic laws. The voltage is distributed through continuous 
operation in accordance with the cells’ parallel resistance. Capacitance has an impor-
tant influence on how voltage is distributed across cells during transient operation. 
The time it takes for a voltage to change rises with device capacitance. If all of 
the cells had the same parallel resistance and capacitance, the voltage would be 
constant. This is not the case since the manufacturing process (which accounts for 
5–10% of the variance) and temperature both contribute to the dispersion of super-
capacitor properties. If the voltage between the electrodes exceeds the electrolyte 
breakdown potential, the supercapacitor will fail. Finally, the electrolyte as well as 
the electrodes, conductors, and container determine this. Voltage redistribution is 
critical for system safety, but it also assures that the cells age at the same pace. This 
is a well-known problem with electrolytic capacitors, where voltage redistribution 
is often managed by resistors. This implies that each and every supercapacitor cell 
must be regulated or protected. To equalize the voltage between the cells, external 
parallel resistances, Zener diodes, and active power electronics are all employed [19]. 
The outside resistance must be much smaller than the interior parallel resistances, 
frequently by a factor of ten or more. This increases the magnitude of the ensuing 
losses. The typical system efficiency is estimated to be about 16%. When the voltage 
exceeds the cut-off voltage, the Zener diode starts to conduct. This method might be 
seen as a kind of cellular defence. The system does not adjust for the unequal voltage 
across the cells while running at a voltage level lower than the nominal one. As a 
consequence, aging will appear differently in different cells. The efficiency has now 
reached 90% depicts how active electronics might increase the system’s efficiency 
to 97%. The power output decreases are caused by transistor resistance. Electronic 
component selection, especially in terms of the current must be handled. The extent 
to which this occurs is determined on the degree of imbalance in the cell’s charac-
teristics. Costs must be maintained as low as possible, thus efficient manufacturing 
techniques and temperature distribution across the system are critical. The size of 
electronic components is determined by an examination of the voltage stresses expe-
rienced in the application. Constant and varying stresses are often piled on top of one 
another. Capacitors benefit from having their resistance dispersed in parallel since 
they can store energy forever. T =RC denotes the time constant necessary to achieve 
steady-state behavior, which is typically 500 h. 

Electric Composite Automobiles 

Supercapacitors may be used in electric composite vehicles. Their acceleration and 
regenerative braking have both been made possible by supercapacitors. In contrast to
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conventional gasoline and diesel-powered vehicles, they produce no harmful emis-
sions. Electric buses equipped with CSRCAP supercapacitors have been manufac-
tured by the Chinese business company “Ningbo CSR New Energy Technology”, 
and they utilize 30–50% less energy than conventional electric buses. Supercapaci-
tors were first implemented in a vehicle by PSA in 2010; the company’s goal was to 
create a more efficient starting mechanism by dividing the machine when the car is 
stopped in neutral. This would allow the car to save more energy than its conventional 
gasoline or diesel-powered counterparts [20]. 

Aircrafts and Protection 

Aircraft applications for supercapacitors are useful in a wide variety of aircraft appli-
cations due to their rapid power supply, long lifespan cycle, and low-temperature 
operations. These applications include power backup in military vehicles and elec-
tronics, armored vehicles, fire control systems in tanks, black boxes in helicopters, 
backup power/memory hold-up for disaster handheld radios, GPS-guided missiles 
and projects, airbag organization, and more. Due to their high-power density, they are 
also used in the aerospace industry, specifically in actuator systems for step departure 
approaches in launch vehicles, satellites, and on-board systems for spacecraft. Ions 
such as power backup in military vehicles and electronics, armored vehicles, fire 
control systems in tanks, black boxes in helicopters, backup power/memory hold-up 
for disaster handheld radios, GPS-guided missiles and projects, airbag organization, 
and due to their high-power density also finds use in the aerospace sector, including 
in actuator systems for step departure approaches in launch vehicles, satellites, and 
on-board systems for spacecraft [20]. 

Other applications 

Supercapacitors are affordable and have many exciting uses because of their great 
power density. Elevators, cranes, and pallet trucks are all examples of transportation 
equipment that may be powered electrically. Tools like flashlights and even hands are 
used in the military. The use of these devices in medicine ranges from defibrillators to 
cardiac pacemakers. Pulsed laser welding is a popular method used in manufacturing. 
Memory modules for mobile devices and computer hard drives are only two examples 
of consumer-facing software and hardware applications [19]. 

7 Future Outlook 

There has been a rise in demand for micropower sources and compact energy storage 
units due to the current technical trend toward compact and portable electronic prod-
ucts. Implantable Maintenance-free biosensors, microelectromechanical systems 
(MEMS), nanorobotics, mobile and remote environmental sensors, and wearable 
and portable personal electronics all rely heavily on micropower systems [21]. Wire-
less sensor networks (WSNs) are one such example; they are used in a wide variety



174 T. Kumar et al.

of contexts, including industrial and environmental surveillance, military, and agri-
culture applications due to their small discrete sensing nodes which communicate in 
a multi-hop fashion [22, 23]. 

Utilizing an electrolyte having a wider voltage window, fabricating structured 
electrodes that favor electrolyte ion diffusion, or investigating new materials that 
facilitate double-layer capacitance and pseudo-capacitance are all ways that micro-
supercapacitors can contend with Li-ion batteries for energy storage applications. 
Micro-supercapacitors will become more widely used in on-chip electronics as novel 
micro-fabrication techniques become available that allow for their production with 
high precision and throughput, and as encapsulation techniques become more refined. 
Additionally, artificial skin, wearable electronics, and even brain-computer systems 
are anticipated to incorporate flexible and elastic in-plane micro-supercapacitors [7]. 

In fabricating flexible micro-supercapacitor arrays, Ha and colleagues 
used elastic serpentine interconnections between micro-supercapacitors [24–27]. 
However, micro-supercapacitors, which are stretchable, have received less atten-
tion. Therefore, in the future, it will be important to concentrate on the engineering 
of stretchable micro-supercapacitors that maintain good electrochemical behavior 
throughout stretching and releasing processes and can be implemented as a power 
supply in stretchy devices. It’s true that numerous high-resolution micro-fabrication 
technologies have been discovered for MSCs, but each one still has its own limits 
that need to be overcome. For instance, while photolithography has several advan-
tages, such as high resolution, high throughput, and interoperability with commercial 
microelectronic products, the process is undermined by issues such as buffer solution 
damage and photoresist contamination to micro-electrodes [28]. 

The electrochemical performance, including areal energy and power densities, 
of most MSCs achieved using semiconductor-based methods was unsatisfactory, 
despite the excellence of high-resolution MSCs, particularly for the nanometre scale 
size. To begin with, the aforementioned micro-fabrication process typically places 
severe limitations on the thickness of micro-electrodes, which in turn leads to low 
mass loading of active materials. Thus, more emphasis should be placed on 3D 
structure design which is capable of effectively increasing active electrode materials 
per unit area. Building high electron–ion transport channels is a promising area of 
research, and one significant path is to create thick electrodes with high mechanical 
strength based on 3D porous current collector. The brittleness problems that come 
with increased mass loading also need special attention [28]. 
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Chapter 7 
3D Printing of Supercapacitor 

Lolly Maria Jose, Sreehari S, and Arun Aravind 

As next-generation energy storage devices, supercapacitors find numerous appli-
cations in portable and wearable electronics and conformal other energy storage 
systems. They are an attractive alternative to conventional batteries due to their higher 
power density and longer life cycles. Past years have witnessed a boom in solid-state 
supercapacitor research. The success of supercapacitor research lies in the proper 
designing and customization of suitable electrode materials. In recent years, many 
materials using transition metal oxides like MnO, RuO, NiO, many transition metal 
dichalcogenides and various carbon-derived materials and their hybrid composites 
have been exploited for their synergistic effects in electrochemical energy storage 
devices. Though these materials are competent to their carbon-based counterparts, 
this class of material misses very attractive features of carbonaceous materials like 
high specific surface area, high electrical conductivity, better cyclic stability and low 
cost. 

Many synthesis methods are being consequently developed to fabricate electrode 
materials with better performance. Recently, research on additive manufacturing, 
otherwise 3D printing has been conducted with the prime focus of fabricating a 
functional electrode system. Along with the context of sustainable fabrication, 3D 
printing provides the benefit of producing complex 3D structures with high precision 
and accuracy than that offered by conventional manufacturing techniques. These 
methods include fused filament printing, direct ink writing and extrusion. 

This chapter summarizes the prior reports on 3D printed electrodes till date. 
Discussion on advantages as well as challenges is necessary for the betterment of 
electrode fabrication. This chapter also addresses the current challenges as well as 
future perspectives of 3D electrode printing technique.

L. M. Jose · S. Sreehari · A. Aravind (B) 
Centre for Advanced Functional Materials, Department of Physics, Bishop Moore College, 
Mavelikara, Affiliated to University of Kerala, Alappuzha, Kerala, India 
e-mail: arun@bishopmoorecollege.org 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
C. M. Hussain and M. B. Ahamed (eds.), Functionalized Nanomaterials Based 
Supercapacitor, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-99-3021-0_7 

177

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3021-0_7&domain=pdf
mailto:arun@bishopmoorecollege.org
https://doi.org/10.1007/978-981-99-3021-0_7


178 L. M. Jose et al.

1 Introduction 

1.1 Supercapacitors 

Supercapacitors are high-capacity capacitors. That is the capacitance value of these 
devices is much higher than normal capacitors. It is considered as a clean energy 
technology that works on the principle of electrochemical energy conversion [1]. 
Hence a lot of research is going on in the supercapacitance properties of various 
materials and device fabrication techniques that improve supercapacitance perfor-
mance. They are now evolved as devices that bridge the gap between electrolytic 
capacitors and rechargeable batteries. Rechargeable batteries have the advantage of 
high energy density and long storage span. But they have serious limitations in terms 
of low power density and high internal resistance, which significantly reduce their 
ability to deliver power under high current load [2]. The charge–discharge cycles are 
slower in batteries. In contrast to that, capacitors can store energy faster, but their 
lower energy density limits the amount of energy they can store. 

Supercapacitors, also referred to as electrochemical capacitors or ultracapacitors 
have higher power higher energy than conventional capacitors and extremely higher 
energy density than rechargeable batteries. High specific capacitance (Cs), mainte-
nance free design and long life cycle are some other noticeable features of superca-
pacitors. Figure 1 represents the Ragone plot that represents the energy density and 
power density of various devices.

Supercapacitors can be classified into two based on their energy storage mech-
anism: electrical double layer capacitor (EDLC) and pseudocapacitor. EDLCs rely 
completely on the pure electrostatic charge deposited at the electrode/electrolyte 
interface, and their capacitance is strongly reliant on the accessible surface area of 
electrode material for the electrolyte ions [5]. Carbon nanomaterials such as carbon 
nanotubes (CNTs), graphene, carbon aerogels, activated carbons (ACs) and carbide-
derived carbons are some of the unique materials for ELDCs with large specific 
surface area (SSA). Pseudocapacitors, on the other hand, utilize a fast and reversible 
faradic process, that causes the transfer of electrons between electrode and electrolyte 
by de-solvated and absorbed ions. This charge transfer is the only interaction that 
takes place between the ions and the material, as there is no chemical interaction. The 
storage of charge increases linearly with applied voltage. Materials chosen for pseu-
docapacitors should exhibit oxidation–reduction behavior in order to facilitate the 
intercalation of electrons. Some of such materials used for pseudocapacitors are Tran-
sition Metal Oxides (TMOs), Conducting Polymers (CPs), Transition Metal Sulfides 
(TMDs), etc. The faradic process in pseudocapacitors results in their higher specific 
capacitance and energy density compared to EDLCs [1]. Schematic representations 
of ELDC and pseudocapacitor are given in Fig. 2a and b respectively.

Supercapacitors have the potential to be used as a replacement for non-renewable 
energy devices, because of their clean electrochemical energy conversion mecha-
nism. But there are still limitations in terms of cost, temperature sensitivity, storage
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Fig. 1 Ragone plot for various energy storage devices. Reproduced with permission from [3]. 
Copyright 2004, ACS publications

Fig. 2 Schematic representation of supercapacitors. a EDLC. b pseudocapacitor (M represents 
metal atom). Reproduced from [4] with permission from the Royal Society of Chemistry
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duration, etc. However, research and development in the field of supercapacitors is 
ongoing and many of these limitations are expected to be overcome in the future. 

To get beyond these constraints, advancements in the development of energy 
materials are essential. It is crucial to use manufacturing processes that can accurately 
structure such materials in order to create completely functioning and effective energy 
conversion and storage systems. 

1.2 Introduction to 3D Printing 

The world is constantly led by revolutionary inventions. They have surely altered 
our world, beginning with the stone-age tools and continuing with the steam engine, 
electricity, computers, microchips, quantum computers, robots and space rockets (to 
name just a few). 

In the early 1950’s John Parsons and Frank Stulen at the Massachusetts Institute of 
Technology (MIT) introduced the concept of Numerical Control (NC) machines [6]. 
These were the forerunners of computer numerical control (CNC) machines. CNC 
enables the automated control of machine tools with the aid of a software embedded in 
a microcomputer attached to the tool. This technique is commonly used in industries 
that use techniques like abrasive water jet cutting, laser cutting, and electric discharge 
machining (EDM) for the manufacturing of machining metals and plastic parts. Since 
the various shapes were created by removing material, these methods were later 
dubbed “subtractive manufacturing.“ In 1981, it was Hideo Kodama who demon-
strated an automatic manufacturing technique that uses photosensitive polymer to 
create a component layer by layer, bringing out the revolutionary concept of Additive 
Manufacturing. 

American Society for Testing and Materials (ASTM) defines AM as ‘the process 
of joining materials to make objects from three-dimensional (3D) model data, usually 
layer upon layer’ [7]. AM develops products additively rather than by subtracting 
material from a larger piece. With time, 3D printing has developed to the point that 
it can now benefit many different business sectors. These benefits include reduced 
material use, lower costs, and higher production. Additionally, it gives engineers 
and designers the ability to create anything they need, including prototypes, fits, and 
visual assistance. 

AM is a group of bottom-up technologies that, like the building blocks we used 
as children, produce objects by adding elements one at a time. Huge machineries 
or build-up inventories can be discarded or reduced for many products providing 
environmentally benign and economical productivity. A 3D model of the object 
created by computer-aided design (CAD) serves as the basis for the AM process. This 
model is then divided into cross-sectional layers using specially designed software, 
generating a computer file that is fed to AM machine. Finally, objects are made by 
the careful addition of each layer of material. Here, products can be sent instantly 
anywhere on the planet as digital files which can be printed in 3D by any printer that
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Fig. 3 Classification of 
different AM methods 
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meets the design parameters thereby reducing the transportation cost and lessening 
CO2 emission. 

Additive manufacturing is often interchangeably used with the more popular term 
3D. 3D printing is actually a subset of additive manufacturing. Apart from the first 
stereo lithographic apparatus patented in 1984, the technology is now advanced in a 
number of printing methods. ASTM accounts for AM as a collection of more than 
50 printing technologies which come under seven different processes (Fig. 3). These 
techniques are again subcategorized into fused deposition molding (FDM), direct ink 
writing (DIW), inkjet printing (IJP), stereolithography (SLA), laser metal deposition 
(LMD) and selective laser sintering (SLS). The physical state of the raw materials 
used—whether they are in liquid, solid, or powder form—can be used as the basis 
for classification. Process categorization can also be based on the method utilized to 
fuse the material (thermal, UV, or electron beam) [8]. 

Similar to how Gutenberg’s invention of the printing press in the fifteenth century 
AD helped establish the groundwork for the spread of knowledge and building 
up of contemporary civilization, 3D printing has shown promise for changing the 
electronics sector and human society as a whole. 

2 3D Printing and Supercapacitors 

Due to its ability to produce highly personalized and complex designs, 3D printing 
has become a popular method for producing supercapacitors. Highly promising SCs 
with suitable structures, such as micro, flexible, asymmetric, etc., can be produced in a 
way that is more straightforward, adaptable, time-saving, and kind to the environment 
and the economy. Additionally, it offers the potential for reduced prototype costs and 
the implementation of devices on big, unconventional substrates [9]. Hierarchically 
structured porous materials can offer a large surface area for reaction, which is
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why they are extensively utilized in energy conversion and storage systems. The 
morphology of active materials also plays a significant role. [10] The establishment 
of a controllable manufacturing of objects with precisely required shape, facets, and 
surface chemistry continues to present significant obstacles. [11] AM technologies’ 
comparatively low cost and design flexibility can help with these problems. There are 
countless benefits to 3D printing, which has led to a boom in energy storage research. 
Figure 4 shows an overview of the prominent AM methods used for supercapacitor 
fabrication. 

Along with the standard benefits of low cost, big area, creation of complex struc-
tures, and time savings AM also offers several special characteristics. (1) By allowing 
for precise control of electrode shape, which encourages the formation of active 
porous sites, this method raises the specific energy/power density per unit mass, 
area, and volume of SC. Furthermore, 3D printing can be used to precisely tune the 
weight of the two electrodes in the case of asymmetric supercapacitors [12, 13]. 
They show great potential for the manufacturing of ASCs because they can quickly 
deposit various materials with variable mass loadings/thicknesses on substrates. This 
is because printing makes it simple to optimize the two electrodes. (2) There are 
no material restrictions when using 3D printing. By meticulously patterning mate-
rials into electrodes using 3D technology, materials where conventional production 
methods fall short can be selected from a wide spectrum [8]. (3) Since 3D printing 
encourages less electrode material waste, it positions itself as a more sustainable 
method of producing electrodes. [14]. 

SC printing generally entails the preparation, deposition, and solidification of ink. 
Here, active materials are dispersed into a suspension or a viscous paste followed by 
deposition and solidification. The ink characteristics, the desired resolution, and the 
material being printed all play a significant role in the printing process. While ink with 
a wide variety of viscosities can be patterned using pen-based direct ink writing, inkjet 
printing requires ink with low, medium, and high viscosities. Even the very minute

3D printing 

Transfer printing 

Pen based direct ink writing 

Patterened coating 

Roll to roll prinitng 

Inkjet printing 

Screen printing 

Supercapacitors 

Fig. 4 Prominent printing methods to fabricate SCs 
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features of the electrode design have to be preserved while depositing and solidifying 
the ink. For example, while printing a micro supercapacitor the width of interdigital 
finger electrodes and the distance between adjacent electrodes are in the microm-
eter range. Getting well-defined electrodes with micrometer-level accuracy, adequate 
adherence to the substrate/current collector, and no shorting between the positive and 
negative electrodes is a challenging process. Additionally, to prevent concerns with 
mechanical fatigue and film delamination, the thermal expansion coefficients of each 
layer should be the same. 

2.1 Printable Supercapacitor Materials 

Advent of different printing methods has resulted in the easy fabrication of SC 
components including electrodes, electrolytes and current collector (Fig. 5). All most 
all the traditional fabrication techniques demand complex, cost intensive supply 
chains and was unfavorable for mass production. 

The possibility of printing the full supercapacitor device is appealing and advanta-
geous. Seol et al. [15] demonstrated an approach where sequential additive manufac-
turing is used to create all-printed in-plane SCs (Fig. 6). They used different printing 
techniques and unique inks with every component. Both the representative types of 
supercapacitors, EDLC and PC, are constructed and tested. Ag nanoparticle ink can 
be used for printing the current collector. EDLC ink was made from a mixture of acti-
vated carbon, carbon black, polyvinylidene difluoride (PVDF), terpineol and OC-40, 
the surfactant. Each ink is specially formulated such that any mismatches between 
viscosity and particle size are avoided. Fused deposition method was used to print the 
substrates. Current collector, active layer and the electrolyte were printed by direct 
filament writing. For the EDLC and PC, respectively, the all-printed supercapacitors 
exhibit specific power and specific energy of 800.3 W/kg and 1.17 Wh/kg (at 0.5 A/ 
g) and 1601 W/kg and 10.6 Wh/kg (at 1 A/g), respectively. The EDLC showed low

Fig. 5 An overview of 
printable supercapacitor 
materials 
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Fig. 6 Final all-printed 
supercapacitor. Reprinted 
with permission from [15]. 
Copyright 2020 American 
Chemical Society 

performance departure after 100 000 charge/discharge cycles, according to extended 
durability testing, whereas the PC shows less than 10% capacitance loss after 25 000 
cycles. Having the advantage of maximum resource usage, the all-printed devices 
are attractive for space applications [16]. 

AM has the potential for manufacturing small quantities of customized compo-
nents in a one-step process at a relatively low cost with increased functionality with 
wide substrate compatibility. 

2.2 Fabrication of SC by Different AM Processes 

This section goes through an overview of six of the numerous AM techniques 
presented. 

1. Inkjet printing 

By giving accuracy as fine as 50 μm lateral spatial resolution, which other 3D tech-
niques like screen printing and spray deposition fail to offer, inkjet printing opens 
up a new route for manufacturing supercapacitors. IJP is a non-contact printing 
process capable of simultaneous deposition and patterning of electrodes by rapid 
and controlled impaction and deposition of ink droplets onto desired substrates with 
the aid of software thereby reducing process complexity [17]. Highly intricate designs 
with highest accuracy, down to the micrometer scale can be fabricated using IJP. SC 
printing success depends on the quality, processability, and long-term durability of 
printing ink. Ink must satisfy the demands of every separate component depending
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on the specific printing method. Almost all components including electrode, elec-
trolytes and current collectors can be well produced by the proper formulation and 
design of printing ink. Every ink used for a particular printing application needs to 
have compatible qualities (viscosity (μ), surface tension (σ), density(ρ)). For a fixed 
nozzle diameter (d), a stable inkjet drop will be achieved if the Ohnesorge number 
Z = √

ρdσ/μ  is between 1 and 10. Ink is viscous enough if viscosity lies within the 
range of 8-25mPas and surface tension is ≈30 Nm−1 [18]. Additionally, inks must be 
designed so that they do not interact at the interface, lowering device performance. 
Figure 7 is a schematic representation of ink/resin-based AM technique. 

Le et al. [20] followed inkjet printing method for the fabrication of SC electrodes 
of graphene oxide nanosheets, stably dispersed in water. Electrodes were coated on

Fig. 7 Schematic illustration of ink/resin-based AM technique. Reprinted from [19], Copyright 
(2021), with permission from Elsevier 
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to Ti foils and the printed electrodes were thermally reduced at 200 ˚C in N2, prob-
ably a new method for the fabrication of graphene electrodes. Specific capacitance 
ranged from 48 to 132F/g in the scan range of 0.5−0.01 V/s. The electrochem-
ical performance of graphene oxide electrodes was comparable to other electrodes 
prepared by conventional power-based methods [21, 22]. Carbon-based hybrid ink 
is a promising option for SC electrodes since it exhibits an enhancement in areal 
capacitance, flexibility and cycling stability compared with that of pure GO ink. The 
overall effectiveness of inkjet printable electrodes is significantly influenced by the 
ink, thus it must adhere to viscosity and particle size requirements. Micro super-
capacitors (MSCs) fabricated using hybrid ink composed of graphene oxide (GO) 
and commercial pen ink exhibited nearly 780% enhancement in areal capacitance 
compared with that of pure GO ink [23]. Moreover, it showed excellent flexibility and 
commendable cyclic stability with nearly 100% retention of the areal capacitance 
even after 10,000 cycles. Li et al. [24] developed a flexible and binder-free electrode 
for supercapacitors using IJP. They featured a three layer Ni-Co LDH/Ag/rGO@CC 
electrode by combining inkjet printing and electrochemical deposition methods. For 
the battery-type electrode, the Ni-Co LDH/Ag/Rgo@CC electrode generates a high 
capacity of 173 Ma h g1 at 1 A g1, as well as outstanding capacity retention and 
cycling stability in 1 M KOH electrolyte solution. 

2. Direct ink writing (DIW) 

The term “DIW” refers to the extrusion-based AM technique, in which paste or ink 
is directly deposited at predetermined flow rates. To create 3D structures layer by 
layer, deposition occurs following digitally defined paths. The substance is trans-
formed into pellets or a paste. The melting point of the pellets or the viscosity of 
the paste is a crucial criterion to be noted. Figure 8 shows the schematic illustration 
of DIW method. In contrast to other AM processes where solidification occurs with 
high temperatures, UV radiation, laser, etc., DIW depends on the ink characteristics 
including solvent evaporation or concomitant chemical changes for pattern solidifi-
cation. Ink must satisfy some fundamental rheological properties to maintain good 
ink fluidity and material shape retainment. The paste/ink should have a suitable high 
yield stress, viscosity and shear thinning behavior [25]. Viscosity decreases with 
increasing shear rates and it favors ink flow through nozzle as well as ink extruding 
[26]. The ink at a reduced viscosity under driven force is extruded from the nozzle 
like a continuous filament and should keep its self-supporting qualities in order to 
sustain filament shapes after the ink is deposited. Another important parameter to 
be noted is the high solid content of the ink. This could avoid the change of volume 
or shape of ink during the post-deposition treatments. Post-processing is a vital step 
for manufactured supercapacitors. Thermal annealing, material etching or surface 
polishing are usually done for the final printed device. Electron transfer and ion 
intercalation should be properly maintained throughout the printed electrodes by 
optimizing the distance between printed layers and layer thickness. Therefore in 
DIW, the selected ink must have an adequate rheology with σ, electronic conduc-
tivity and energy density of raw materials [27]. Ink for DIW usually satisfies the 
Herschel-Bulkley model given by [28].
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Fig. 8 UV-DIW additive manufacturing of BMI. a General route of UV-DIW using the BMI ink, 
b high-resolution structure after UV-DIW c after thermal cure. Reprinted from [29], Copyright 
(2021), with permission from Elsevier 

τ = τy + K n γ 

where τ is the shear stress, K is the viscosity parameter, n is the flow index and τy 
the yield stress. 

There is a wide range of ink selection for DIW technique, including polymer melts, 
wax-based materials, graphene based materials and sol-gels, noted that they should 
have the composite modulus of 103–105 Pa and the storage modulus (G’) higher than 
the loss modulus (G”). But an increase in material content beyond a certain limit leads 
to the clogging or aggregation phenomena that affect the extrusion of ink which in 
turn deteriorates the device performance. For example, GO dispersion concentration 
is found to affect the rheological properties of printing ink deeply [30]. As shown in 
Fig. 9 (a), viscoelastic liquid-like behavior was observed at low GO concentrations 
(from 0.05 to 0.25mgml−1). When GO concentration is increased to 0.25mgml−1, 
G’ value dominated over G” values and nematic ordering appeared (b&c). Only until 
the concentration reached 0.75mgml-1 did the fluid characteristics of GO ink match 
those of inkjet printing (Fig. 10 (d)). Up to 2.5mgml−1, weak gel-like properties were 
exhibited. When GO concentration is about 4.5mgml−1, distinct G’ and G” values 
were obtained. It was when the concentration was as high as 13.35mgml−1, the  ink  
became best suitable for hazzle-free extrusion through the nozzle tip.

Highly concentrated MXene ink can be used to deliver high power and energy 
densities from a limited foot-print area. DIW enables the room temperature fabri-
cation of interdigital Ti3C2Tx MXene electrode with exceptional electrochemical 
performance with the high areal capacitance of ~ 1035mFcm−2 [31] The combi-
nation of 2dimensional Ti3C2Tx MXene and 3D interdigital electrode architecture 
provides them high electrical conductivity and outstanding electrochemical prop-
erties. Viscoelastic properties owned by MXene ink make it flexible for the scal-
able fabrication of SC electrodes with different architectures and dimensions on any 
desired substrates. Also, they achieved an energy density as high as 51.7 Mw h cm−2 

which is higher than those MXene-based devices reported earlier in the literature. 
Shen et al. [13] demonstrated asymmetric micro-supercapacitors in which both elec-
trodes and electrolytes are patterned through DIW. Cathode and anode inks were
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Fig. 9 Storage and loss moduli (filled squares and open squares, respectively) of GO suspensions 
as a function of frequency accompanied by their polarized optical micrographs (POMs) and the 
schematic illustrations of the proposed model for the evolution of LC phases in GO dispersions 
upon increasing concentration. Reproduced with permission from [30]

made of Vanadium pentoxide (V2O5) and graphene-vanadium nitride quantum dots 
with high concentrations of graphene oxide dispersion. The two inks were sepa-
rately loaded into a syringe and deposited layer by layer successively. The spacing 
(200 μm) between cathode and anode was filled by the gel-like electrolyte (PVA-
LiCl). The interdigitated electrodes displayed exceptional structural stability and a
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Fig. 10 Schematic illustrations: a SLA 3D printing procedure to generate a 3D free-standing retic-
ular configuration of a pyrolyzable photopolymer resin. b Synthesis and self-assembly of the MnO2 
nanostructures onto the surface of the 3D printed polymer network through the WCBD method. 
c Original.stl models of the honeycomb, gyroid, and reticular geometries and digital photographs 
of their SLA 3D prints before and after decoration with MnOx. Reproduced with permission from 
[36]

high areal mass loading. More importantly, it possesses a high areal capacitance of 
207.9mFcm−2 and an aerial energy density of 73.9μWhcm−2. 

3. Fused Deposition Modeling (FDM) 

FDM is another extrusion-based AM technique in which a spool of thermoplastic 
filament is used as the raw material. In FDM, the thermoplastic filament is melted 
in a liquefier and extruded through the nozzle onto a desired substrate. Additionally, 
the deposition follows the pathways that were digitally defined. Prior to deposition, 
the ink material is heated to its melting point. The deposited material, after cooling 
below its glass transition temperature, gets solidified on the substrate [27]. Conduc-
tive fillers are frequently added to thermoplastic polymers for FDM printing SCs, 
including acrylonitrile–butadiene–styrene (ABS), poly(lactic acid), poly(vinylidene 
fluoride), and polycarbonate. Layers are deposited one at a time, with the platform 
being lowered once each layer is complete. Additionally, it enables the simultaneous 
deposition of various materials, enabling the printing of multifunctional components 
at the same time. Due to its ability to cut down on time requirements as well as avoid 
using complicated and expensive tools or molds, FDM is frequently employed in the 
automotive and aerospace industries. FDM makes it possible to design and realize 
lightweight automobile parts with no compromise in functionality, performance and 
fuel efficiency. This method previously helped Urbee, the first ever fuel-efficient 
car, achieve a spectacular weight reduction of 230 kg and aerodynamic performance 
optimization [32]. By employing a sparse-fill build technique, the BMW AG Regens-
burg facility was able to reduce the weight of hand-held assembly devices by 72% 
[33]. Another keynote feature of FDM is that the possibility of redesigning the intake 
geometry with lighter weight, better charge distribution, and more torque. In addition, 
it provides higher accuracy and repeatability than other conventional procedures. The 
various printing parameters to be taken care of and its description is given in Table 1.
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Table 1 FDM parameters 

Parameter Description 

Layer thickness Thickness of the deposited layer was measured vertically. This parameter 
depends on the nozzle diameter, ink viscosity and material type 

Build 
orientation 

Orientation of the printed material on the substrate in direction of X, Y or Z 
on FDM machine 

Extrusion 
temperature 

Temperature at which the filament material is heated before the extrusion 
process. Affects the layers bonding and raster bonding 

Raster angle Angle of extruded material in the X direction 
If the direction of load applied on the printed component is known, it is best to 
use 0˚ else use 0º/45º/90º/−45º 

Print speed Speed of nozzle tip in the X and Y directions during printing. Closely 
connected to the extrusion speed 

Air gap Defined as the distance between two rasters on one layer of the printed 
component 

Infill density Density of internal structure of the printed material 

Infill pattern Pattern of internal structure. Honeycomb structure has the greatest mechanical 
strength 

Post-processing of printed electrodes improves the electrochemical performance. 
Srinivasan et al. [34] in their work evaluated the electrochemical performance of an 
EDLC supercapacitor with FDM printed electrodes. Electrode printing was carried 
out at a printing speed of 40 mm/s, nozzle temperature of 230 ˚C, nozzle diameter 
of 0.8 mm and a layer height of 0.32 mm. Two types of electrolyte salts- Potassium 
chloride (KCl) and Ammonium sulfate ((NH4)2SO4) in polyvinyl alcohol (PVA) in 
100 ml of water were used for the supercapacitor assembly. The electrodes which 
are post-processed in DMF for 2 min performed better in both electrolytes with a 
specific capacitance of 0.340Mf/g and 0.295Mf/g in KCl and ((NH4)2SO4) respec-
tively. Foster et al. [35] developed a graphene-based polylactic acid (PLA) filament 
to fabricate electrodes with 3D disc configurations. A mixture of PVA and H2SO4 

acted as the electrolyte solution. The printed SC filaments with 8wt% of graphene 
and 92wt% of PLA characterized a capacitance of 28 Mf at 0.5 Ma. FDM can be 
combined with other conventional techniques to prepare SC electrodes. 3D electrode 
was manufactured using a conductive filament with a conductivity of 2.13 S cm−1 

at a speed of 30 mm s−1 with 110% filament flow [6]. Gold was sputtered as a 
thin layer over the 3D printed electrode (3DE/Au). They followed an in-situ electro-
chemical polymerization method for the deposition of polypyrrole/reduced graphene 
oxide (Ppy/Rgo) nanocomposites as electroactive material on 3DE/Au electrodes. 
The fabricated SC with PVA/KOH gel electrolyte provides a specific capacitance of 
98.37 F g−1. 

4. Stereolithography (SLA) 

SLA, along with selective laser sintering (SLS) and fused deposition modeling 
(FDM), is one of the most popular 3D printing techniques (SLS). SLA is a member 
of resin printing category where a high-powered laser is used to harden liquid resin
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contained in a reservoir that is to be used for patterning the desired shape. In a sense, 
this procedure uses a low-power laser and photopolymerization to transform the 
photosensitive liquid into 3D solid polymers layer by layer. Moreover, it produces 
high-precision, isotropic, and watertight prototypes and end-use parts in a variety of 
sophisticated materials with fine details and a smooth surface finish. In SLA, laser 
or projector is used to transform liquid resin to hardened plastic. Short molecular 
chains form when SLA resins are exposed to specific light wavelengths, polymerizing 
monomers and oligomers into hardened rigid or flexible geometries. Main advan-
tage of SLA method is its versatility, sharpest details with the highest resolution and 
accuracy. Here, laser beams can be adjusted to create very fine structures. Earlier 
SLA systems required expensive monolithic printer maintenance and the services of 
experienced specialists. But now, affordable compact desktop printers are available, 
delivering high-quality output. 

The overall performance of a supercapacitor greatly relies on the morphology and 
architecture of the electrodes. We can anticipate greater energy density and improved 
charge–discharge density in the combination of efficient pseudocapacitive materials 
and macroporous carbon materials. Psuedocapacitive MnO2 was self assembled over 
3D printed pyrolytic carbon via a facile wet chemical deposition method [36]. Further 
thermal annealing of the deposited structure resulted in the formation of electrode 
with unique properties. SC electrode showed gravimetric capacitance of 186Fg−1 

and areal capacitance of 968mFcm−2 and a higher cyclic retention of 92% after 5000 
cycles. The printing process and final product are illustrated in Fig. 10. 

In another work, Xue et al. [37] reported the realization of hierarchically cellular 
lattices for supercapacitors. They fabricated polymeric lattices with octet-truss 
topology as the substrate for supercapacitor. Substrate was then made conductive via 
electroless plating. Hierarchically porous graphene was then electrodeposited over 
the substrates. Electrochemical measurements using a gel-type electrolyte composed 
of PVA and KOH showed a promising areal capacitance of 57.75mFcm−2 and a long 
life span of 96% after 5000 cycles. 

5. Selective Laser Sintering/Melting (SLS/SLM) 

SLS and SLM are very similar processes but differ simply in the materials they 
use. 

SLS involves the sintering of powdered material using a selected laser as the heat 
and power source while SLM also does the same thing but uses the laser to achieve 
a complete melt. In sintering, instead of concentrating on a complete melt of the 
powder, components are heated until they are fused together. Rather than just merely 
fusing together, the particles are really melted in SLM. The laser is automatically 
targeted using well-established computer models, binding the material to produce 
the required structure. Schematics for a) Selective Laser Sintering and b) Selective 
Laser Melting is shown in Fig. 11. SLS printing provides for the loading of active 
metal in a good quantity, which reduces the use of binders or solvents for processing 
[38]. Higher active metal loading results in higher volumetric energy densities in the 
case of SC electrodes. Additionally, because SLS doesn’t require any post-deposition 
procedures, such as heat treatment or sintering, it requires less processing time while
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Fig. 11 Schematics for a Selective Laser Sintering/Selective laser melting b FDM. Reproduced 
with permission from [39] and Reproduced from [40] with permission from the Royal Society of 
Chemistry 

still being able to produce complex structures and provide higher electrochemical 
performance. 

Interdigitated Ti6Al4V electrodes are printed using SLM. Ti-6Al-4 V metal 
powder is melted and fused in a layer by layer manner to form the desired structure. 
Ppy was electrodeposited over Ti alloy electrode as electroactive material. PVA-
H3PO4 polymer was used as the electrolyte for the symmetric solid-state pseudoca-
pacitor. The 3D printed symmetric SC exhibited a volumetric capacitance of 2.4 F 
cm−3, an energy density of 213.5 Wh m−3 at a current density of 3.74 Ma cm−3, and 
a power density of 15.0 Kw m−3 at 37.4 Ma cm−3[41]. Choi et al. [42] demonstrated 
the SLS printing of Ag nanoparticles on polycarbonate substrate using SLS in the 
form of a grid. Graphene was then coated over the grid followed by the deposition of 
MnO2 and Au. Electrodeposition of Au onto the Ag grid significantly improved the 
supercapacitor’s cycle charge/discharge stability and is competing to a pure graphene 
electrode. 

6. Binder Jetting (BJ) 

In binder jetting process, a liquid binding agent is deposited over a powder bed-
sand, ceramics or metals- bonding the materials together to form a solid layer one-
by-one. It is regarded as the fastest 3D printing technique where highly dense and 
precise parts are produced. BJ is similar to traditional paper printing in its simple 
way of approach (Fig. 12). Here powder bed can be compared to a paper and binder 
to the ink. When binder is rolled over the powder bed, printing occurs. Azhari et al. 
[43] fabricated thick graphene electrodes using BJ method for the first time. Printed 
SC demonstrated high gravimetric capacitance of 260 Fg−1 and areal capacitance of 
700 mF cm−2 with a capacity retention of 80% over 1000 cycles.
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Fig. 12 Schematic illustration of powder based AM techniques. Reprinted from [19], Copyright 
(2021), with permission from Elsevier 

3 Conclusion, Recommendation and Future Scope 

This chapter covered the fundamentals of AM techniques and some of the most 
common printing methods used for SC production. The electrochemical performance 
of 3D printed capacitors was also studied in the chapter, which demonstrates that SC 
devices developed using printing techniques are comparable to those produced using 
conventional methods. The overall performance of the device was improved by the 
use of complex structures and geometries created using 3D technology. Transition 
metal oxides, transition metal dichalcogenides and graphene based materials are 
noted as the common or well explored materials in SC manufacturing industry. 

AM is still at its growing phase, where a number of obstacles are present, such 
as a lack of standardization, reliability, productivity, quality and environmental as 
well as economic challenges. Although it is always commendable that complicated 
geometries may be rendered in three dimensions, more materials need to be made
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compatible with 3D printing, particularly those used in ink-based techniques. The 
production of real 3D architecture to achieve greater energy storage is significantly 
constrained by the strict rheological protocols ink related preparation methods. 

One advantage may be the root of one disadvantage, particularly supply chain 
problems. Many vendors or supply chains are intended to be eliminated or reduced 
since raw data can be transmitted in electronic format. In the case of FDM, lack of 
mechanical strength and functionality is a great challenge which have to be addressed 
seriously. Techniques that use post-deposition treatments are susceptible to device 
malfunctions or shrinkage, which renders the printing process useless. Each material 
differs in its own unique way and is ideal for a certain AM approach. 

The need and demand for AM techniques will increase as the world requires 
increasingly miniature designs. More materials, improved deposition conditions, 
highly advanced apparatus, and digitally skilled workers are needed to meet the 
growing demands. From a business standpoint, creating an assembly line that simpli-
fies the entire procedure, starting with the 3D printing of the electrodes and ending 
with the assembly of the supercapacitor, is essential for commercial viability. To 
make it possible to mass produce these devices, simple, affordable modular designs 
and standardization of the assembling procedure may be of interest. 

AM is on track to develop from a fledgling technology into one that can genuinely 
change the world. Local printing of practically any designable object would have a 
significant impact on every aspect of our culture. The revolutionary technology of 
additive manufacturing requires foresight and prior planning, even though the future 
is undoubtedly difficult to foresee. 
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Ag Silver 
ASC Asymmetrical Supercapacitor 
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CV Cyclic Voltammetry 
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Emf Electromotive Force 
ETPTA Ethoxylated Trimethylolpropane Triacrylate 
FCPF Flexible Composite Protein Film 
GCD Galvanostatic Charge–Discharge

K. R. H. Narayanan · S. Kannan · A. Ramadoss (B) 
Advanced Research School for Technology & Product Simulation (ARSTPS), School for 
Advanced Research in Petrochemicals (SARP), Central Institute of Petrochemicals Engineering & 
Technology (CIPET), T.V.K. Industrial Estate, Guindy, Chennai 600 032, India 
e-mail: ananth@cipet.gov.in 

K. R. H. Narayanan 
e-mail: harinarayananakr@gmail.com 

S. Kannan 
e-mail: kannan.shruti19@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
C. M. Hussain and M. B. Ahamed (eds.), Functionalized Nanomaterials Based 
Supercapacitor, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-99-3021-0_8 

197

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3021-0_8&domain=pdf
http://orcid.org/0000-0002-6616-7693
mailto:ananth@cipet.gov.in
mailto:harinarayananakr@gmail.com
mailto:kannan.shruti19@gmail.com
https://doi.org/10.1007/978-981-99-3021-0_8


198 K. R. H. Narayanan et al.

GO Graphene Oxide 
IJP Inkjet Printing 
KI Potassium Iodide 
δ-MnO2 Delta Manganese Dioxide 
MP Mxene/PEDOT:PSS 
MSC Microsupercapacitor 
MWCNT Multi-Walled Carbon Nanotube 
NF Nickel Foam 
Ni(OH)2 Nickel Hydroxide 
Ni-Co LDH Nickel-Cobalt-Layered Double Hydroxide 
NGP/PANI Graphene/Polyaniline 
NiO Nickel Oxide 
NSFE Nano Silver Flexible Electrode 
PC Printed Circuit 
PD Power Density 
PEDOT: PSS Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate 
PET Polyethylene Terephthalate 
PVA Poly (vinyl alcohol) 
PVA–H3PO4 Poly(vinyl alcohol)-Phosphoric Acid 
PVA-KOH Poly (vinyl alcohol)-Potassium Hydroxide 
PVDF Polyvinylidene Fluoride 
rGO Reduced Graphene Oxide 
RuO2 Ruthenium Oxide 
SC Supercapacitor 
SDBS Sodium Dodecyl Benzenesulfonate 
SEM Scanning Electron Microscopy 
SWCNT Single-Walled Carbon Nanotube 
Ti Titanium 
UV Ultraviolet 
XRD X-ray Diffraction 

1 Introduction 

An increase in the demand for electrochemical energy storage devices may be 
attributed to the growing popularity of portable consumer electronics as well as the 
need for energy storage devices in autonomous vehicles [1, 2]. The growing reliance 
of mankind on energy-harvesting technologies has fueled the never-ending search 
for energy sources that are dependable, highly efficient, low-cost, and inventive. As 
a potential replacement for batteries, SCs have garnered a lot of interest due to their 
unique properties, including a greater power density, quick charge-discharge rates, 
and long cycle life [3, 4]. They have the potential for groundbreaking new uses, 
improved performance, and fresh approaches to building useful gadgets. And yet,
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due to high material prices and difficulties with prototyping, a cost-effective, and an 
adaptable manufacturing technique is required. IJP to create SC device topologies is 
a recently developed field of study and has matured into a powerful tool for producing 
various functional devices [5]. 

IJP of functional materials has several benefits over traditional manufacturing 
processes, including reduced complexity, lower production costs, and faster product 
development times [6, 7]. IJP works on par with direct ink writing (DIW), in which the 
substances are produced in each process by layered deposition of digitally controlled 
liquid ink [8]. This makes it highly possible to realize complex structures that are 
made up of different components and by the distribution of these main substances in 
an aqueous phase, these processes produce inks with different rheological properties 
[9, 10]. Highly viscous inks with reduced shear behavior are formulated for shape 
maintenance and material extrusion through the DIW process. On the other hand, 
inks with low viscosity (2–102 m Pa) and a Newtonian formulation are necessary for 
IJP [11–13]. Compared to the DIW procedure, IJP offers superior print quality and 
uniformity, and it can even print chemicals by pinpointing the precise location. 

IJP has attracted a lot of research interest in printed electronics because of its 
appealing features, which led to the development of goods, including power devices, 
transistors, optoelectronics, and sensing equipment. This is certainly relevant to SCs, 
and energy storage devices that have benefited greatly from IJP’s deployment in 
recent years [14, 15]. This technique allows for contactless printing technology that 
facilitates a wide range of substrates to be employed in this printing process and 
these substrates may vary in terms of their material composition, size, and the degree 
of flexibility [15, 16]. On the whole, IJP is a sequential methodology to boost the 
output volume in manufacturing. In this chapter, we have covered several fabrication 
methodologies of SCs utilizing IJP. 

2 Basics of the InkJet Printing 

Mainstream printing methods include drop-on-demand (DoD) and continuous inkjet 
printing (CIJ). Continuous inkjet printing when charged under the effect of an electric 
field by the electrodes, involves the ejection of ink droplets that are precisely displaced 
during its deposition on the substrate. DoD printing, on the other hand, produces ink 
droplets when they are required, and they do so by either a piezoelectric or a thermal 
process. With the piezoelectric IJP method, the ink receptacle is distorted by applying 
an electromotive force (emf) to the piezoelectric substances. This causes an abrupt 
increase in pressure, causing a drop of ink to be expelled from the ink receptacle [17]. 
During the thermal IJP methodology, the ink is quickly heated to create inflation, 
and the force of the plumes pushes the ink out of the receptacle as droplets of ink. 

Compared to other IJP technologies (Fig. 1), CIJ printing’s quicker jetting speed 
provides maximum printing efficiency. However, its broad use is limited by the 
complexity of controlling the ink’s expulsion, deflection, and recirculating process 
[18]. On the other hand, DoD printing has become the predominant IJP methodology
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Fig. 1 Depiction of nanoparticle deposition strategy using IJP. Copyright © 2022 Elsevier, 
Reproduced with permission from [18] 

due to its easier operation. Moreover, fluidity and composition are essential for the 
optimal printing of elevated motifs. Hence, there has been much research on better 
solvents for printable inks. In a broad sense, the ink’s viscosity should be regulated 
between a few centipoises (cP), and ideally 100 cP of viscosity is preferred for IJP, 
which makes it compatible with the printhead in ink-jetting highly viscous solutions 
[19]. 

3 Formulation of Ink Behavior 

The rheological characteristics of inks are determined by the amalgamation of the 
functional ink materials (i.e., soluble substances, additives, and operational mate-
rials) and the relationship between them. The ink’s adhesive consistency and rheo-
logical properties are largely determined by the solvent system, which transports the 
functional materials and other ink elements during printing [20]. Depending on the 
intended use, the operational ink may include active elements with varying degrees of 
functionality, such as electroactivity or conductivity. The rheological qualities of the 
ink may be modified by adding various additives such as surfactants and polymers. 
They can significantly alter the ink’s printability and the quality of the completed



8 Inkjet Printing Fabrication of Supercapacitors 201

designs. While aiming to achieve a better printed pattern, one of the most important 
factors to consider is how the ink droplets interact with the substrate [21, 22]. 

When placed on a substrate, the behavior of ink droplets is related not only to 
the ink formulation but also to the surface adhesive propeties and the velocity of 
different base materials with which the droplets hit the surface. Two further proce-
dures will occur after a droplet has impaired itself onto a substrate [23]. In the 
beginning, the droplet’s kinetic energy will force it to spread out over the surface of 
the liquid. The behavior of the droplet as it spreads outward is determined by the 
wettability of the surrounding substrate, defined by an apparent contact angle [24]. 
Better behavioral quality of the substrate often ramifies in a modest angle of contact 
(<90°), whereas an angle >85° indicates poor wetting. Further, the solvent evaporates 
during the drying process, leaving behind a solid coating on the substrate, achieving 
consistent and high-resolution patterns during solidification, which is a significant 
claim. The coalescence behavior of successive inkjet droplets significantly impacts 
the consistency of uniformly printed patterns. This can be achieved by careful regula-
tion of the drop spacing and delay duration which will be free of wavering or bulging 
impairment [25, 26]. 

4 Inkjet Printed Electrodes for SC Applications 

IJP has so far influenced the evolution of high-performance supercapacitors. The 
intrinsic structural properties of the active substance mostly determine the efficiency 
of SCs. There are three categories of IJ-printed electrodes: carbon, hybrid, and non-
carbon electrode materials. 

4.1 Inkjet-Printed Carbon-Based Electroactive Materials 

Workable inks for IJ-printed SCs whose active substances made from carbon 
materials are promising due to their numerous sources, enhanced power conduc-
tance, easy manufacturing, and amenability to mass production. Activated carbon, 
reduced graphene oxide (rGO), carbon black, graphene, graphene oxide, and carbon 
nanotubes are all examples of printable nanomaterials based on carbon. The SCs’ 
energy storage performance is clearly influenced by the electrode material. In this 
respect, graphene has emerged as a prominent electrode material due to its intrinsic 
properties, such as enormous theoretical surface area, >95% purity, high flexibility, 
better thermal and electrical conductivity. 

This encouraged the mass production of IJ printed highly-precise graphene films 
in a reliable manner. Since graphene oxide can be facilely disseminated in aqueous 
solvents like water, it has been a favorable option for ink articulation and IJP of 
graphene-based electrodes [27]. During this study, Le et al. successfully fabricated 
graphene-based SCs on titanium (Ti) foils using IJP with aqueous graphene oxide
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inks at various heat reduction rates (T = 200 °C). The system, which benefited from 
the printing technique, displayed an energy density (ED) of 6.74 Wh kg−1 at a power 
density of 0.190 kW kg−1 respectively [28]. 

Similarly, SC electrodes printed with carbon nanotube thin films were incorpo-
rated in individual sheets of paper proving their potential as a novel entity power 
source for wearable electronics. In order to avoid the short circuit, electrodes were 
IJ printed with single-walled carbon nanotube (SWCNT) coated with polyvinyle-
dene fluoride (PVDF) onto a substrate made up of paper. In an outcome, printed SC 
displayed a high specific power of 250,000 W kg−1, specific capacity of 33 F g−1, 
and an excellent cyclic efficiency with a minimum capacity degradation up to 2500 
cycles [29]. For the passive experiment of rGO layers and binder-free substances 
printed on different fabrics (Fig. 2a), Stempien et al. [30] chose the reactive IJP 
methodology. Initially, ink-based graphene oxide (GO) was printed onto a substrate 
and subsequently, another ink containing ascorbic acid acting as a reducing agent was 
printed onto the exact location using various nozzles to result in rGO films. 

A SC system was built utilizing an electrode made up of rGO and phosphoric acid 
(H3PO4)-polyvinyl alcohol (PVA) gel electrolyte. The fabricated device provided 
an ED of 1.18 mWh cm−2, a PD of 4.6 mW cm−2, and a maximal areal capac-
itance of 13.3 mF cm−2 at 0.1 mA cm−2 (Fig. 2b–e). The resultant SC system 
remained mechanically flexible since the specific capacitance did not change at a 
bending angle of 180°, respectively [30]. Moreover, a flexible solid-state superca-
pacitor was fabricated with functionalized azide-based multi-walled carbon tube (f-
MWCNT) electrodes, which were then IJ printed on the polyethylene-terephthalate 
(PET) substrate. The erected SC delivered 235 F g−1 of specific capacitance and

Fig. 2 a Textile SC erection using the IJP technique. Electrochemical performance of a textile SC 
based on rGO: b Voltammetric profiles for varied scan rates, c Charge and discharge profiles at 
various current densities, d Nyquist plot for the as-fabricated textile SC device, and the e Capacitive 
performance of the SC with bending at 180° and without bending. Copyright © 2019 Elsevier, 
Reproduced with permission from [30] 
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16.2 Wh kg−1 of energy density, respectively [31]. Similarly, activated carbon is 
employed as a commercialized SC electrode due to its enhanced pores, huge surface 
area, and simple production. However, its uses are limited by its poor capacity due to 
difficulties in manipulating the structure and allocation of pore dimensions. Hence-
forth carbon electrodes with good surface functionality and porosity are desired for 
use in SCs due to their enhanced performance. 

4.2 Inkjet Printed Non-carbon-based Electroactive Materials 

Over a decade, an extensive range of other 2D materials, such as MXenes and non-
layered materials like Ni(OH)2, Co(OH)2, and MnO2 have been found and investi-
gated as functional inks for SC electrodes, in addition to conventional carbon-based 
materials. IJP not only facilitates swift prototype transfer to the fabrication process 
but also allows for printing flexible, artistic, and cross-functional patterns useful 
for energy storage devices. More recently, employing water transfer and fused IJP 
methodologies, coated SCs were created on three-dimensional objects by Giannakou 
et al, where Ag ink followed by NiO based nanoparticle ink was IJ printed on a 
water-soluble substrate based on PVA. Then, the obtained planar substrate was 
dissolved in water, and were transferred to the submerged three-dimensional plastic 
hemisphere by gradually reducing the water level in the container. 

Drop cast solid-state electrolyte consisting of a triacrylate polymer which is 
ultraviolet curable, is used in this SC device. When this device was moved to a 
simple PVA substrate, micro-cracks occurred. This was effectively addressed by 
adding a thin silicone polymeric coating to the PVA-based substrate, which formed 
a double layer by maintaining a better printing resolution, thereby hindering the 
micro-crack development. The device exhibited an areal capacitance of 87.2 mF 
cm−2 in the potential window of 0–1.5 V. In addition, the IJP device was effectively 
transferred into the human dermis, resulting in the formation of epidermal SCs. The 
electrochemical behavior of epidermal IJ printed SCs was remarkably robust across 
a wide range of mechanical strains, proving the material’s suitability for stretchable 
electronics [32]. In addition, delta manganese dioxide (δ-MnO2) having a layered 
architecture, was utilized as inks for fabricating integrated SCs that are thinner and 
much more flexible than conventional supercapacitors. 

A huge dispersal ink comprising two-dimensional delta nanosheets made up of 
MnO2 with an average lateral dimension of over 89 nm with an estimated thickness 
of 1 nm was created. Further, polyimide and glass film substrates were exposed 
to plasma made up of O2 and were then utilized to generate an IJP MnO2 pattern 
with a discernible “coffee ring” effect on the substrate, using which most of the 
SCs were printed [33]. The device’s improved performance was attributed to the 
MnO2 ink which had long cycling stability and better flowability without the use 
of binder [34]. Moreover, Farraj et al. created a copper (Cu) ink that has a self-
disintegration capability. At 140 °C in an environment of nitrogen, Cu formate was 
complexed with 2-amino 2-methyl 1-propanol to make conductive Cu patterns.
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Fig. 3 Cu metal ink. a Disintegration of a complex Cu ink from its octahedral structure to planar 
square form to form a Cu metal (inset images are displayed at each stage). b Relationship between 
decomposition temperature and sheet resistance depicted at different temperatures and their corre-
sponding SEM images. c IJP of Cu designs on PET films. Copyright © 2015 Royal Society of 
Chemistry, Reproduced with permission from [35] 

A mechanism for the breakdown of the Cu complex ink was postulated after studying 
its dissolution (Fig. 3a). The ink was chemically stable in the air and user-friendly 
for IJP [35]. At 190 °C, the printed Cu film’s resistance was <10.5 μ Ω cm−1 

(Fig. 3b, c). Thus non-carbon-based electrodes due to their remarkable versatility, 
hydrophilicity, inherent structural stability, and viscoelasticity collectively contribute 
to desirable IJ printed SC fabrication. 

4.3 Inkjet Printed Multilayered Electroactive Materials 

Printing with a variety of inks in a layered pattern is also a viable option for creating 
electrodes for SCs. The capacitive behavior of inkjet-printed SCs can be enhanced by 
the integration of each functional ink, and the device’s characteristic efficiency may 
be improved by a layer-by-layer IJP methodology that uses different inks to reduce
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restacking and clustering of building components. A broad variety of pseudocapac-
itor materials including conducting polymers, metal oxides, and metal hydroxides are 
widely employed as electrode materials in supercapacitors. Out of which Ni(OH)2 
is favored due to its ability to sustain higher mass loadings, and deliver greater 
capacitance with facile erection efficiency [36]. 

In this context, the researchers Li et al. described the methodology of the manu-
facture of nickel hydroxides Ni(OH)2 and rGO composite electrodes that possess 
a layered structure. The following two methods were performed in order to create 
multiple layered Ni(OH)2/rGO nanoflake substances with various layered architec-
ture in the following designations as Ni(OH)2/rGO (one layer) with NF (RNN-1), 
and Ni(OH)2/rGO (two layers) with NF (RNN-2) (i) An inkjet printing process was 
used to place the graphene oxide (GO) film onto the nickel foam (NF) substrate. 
(ii) Using the hydrothermal technique, nanoflakes of Ni(OH)2 were produced over 
graphene oxide thin films. When put next to one another, the Ni(OH)2 with NF 
and the Ni(OH)2/Ni(OH)2 with NF are referred to as both NN-1 and NN-2 at their 
respective places. In the end, the actions that were just described were repeated 
in order to raise the total number of layers. The hydrothermal and IJP processes 
progressively increased the number of layers while maintaining the same Ni(OH)2 
nanoflake vertical structure and the graphene oxide’s ultra-thin film structure. The 
NN-1 and NN-2 composites are displayed in Fig. 4a. Images captured by a scan-
ning electron microscope (SEM) compared the untreated NF with the as-prepared 
samples in Fig. 4b–g. Figure 4b shows the bare NF denoting an interconnected 
smooth surface with the skeletal structure, thereby building a three-dimensional 
structure that is concerned with macro-pores. In addition, the IJP method was 
used to adorn NF with GO film, which has the characteristics of being coiled and 
evenly distributed, thus fully covering the pores of NF with graphene oxide sheets, 
resulting in the substrate being used to its maximum potential. In Fig. 4c, we can 
see that the hydrothermal process resulted in a three-dimensional structure with 
interconnected macro-pores produced by linked Ni(OH)2 nano-flakes. These archi-
tectures remain unchanged even after several iterations of the hydrothermal and IJP 
procedures (Fig. 4d, e) [37].

Seemingly, when the Ni(OH)2@NF was immersed again in Ni2+ solution, the 
dimensional volume of the pore gets reduced and the emergence of profuse flake 
cross-like structure is observed. The Ni(OH)2 continues developing NF laterally, 
showing the essential function played by rGO film in anchoring the top layer of 
Ni(OH)2. In addition to the hydrothermal method, the solid-state reaction method can 
also be employed to synthesize Ni(OH)2 nanoparticles which could aid in delivering 
better specific capacitance [38]. Consequently, the electrode prepared with controlled 
microstructures demonstrates exemplary electrochemical behavior. An asymmetric 
supercapacitor (ASC) device made using the Ni(OH)2/rGO/Ni(OH)2/rGO compos-
ites exhibits outstanding power density and energy density as shown in Fig. 5a–f (30.7 
Wh kg−1 at 16,000 W kg−1 and 64.8 Wh kg−1 at 800 W kg−1). Their enhanced elec-
trochemical performance is owed to the layered fabrication process with greater mass 
loading [39]. Thus the as-erected Ni(OH)2-based ASC outperformed the previously 
synthesized SCs [40, 41].
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Fig. 4 a Fabrication of multi-layered Ni(OH)2/rGO on nickel foam (NF) by merging the 
hydrothermal and IJP techniques. SEM images of b Pristine nickel foam, c RNN-1, d GO/Ni(OH)2/ 
rGO@NF e RNN-2. EDX mappings of f RNN-1 and g RNN-2. Copyright © 2019 Elsevier, 
Reproduced with permission from [37]

Fig. 5 a Representation of the as-prepared SC with RNN-2 and activated carbon serving as the 
cathode and anode material. The ASC’s CV profiles functioned at b Various potentials and, c Various 
scan rates. d GCD profiles in the potential range of 0–1.6 V for the ASC with various current 
densities, e Ragone plot of the ASC device with a glowing LED as an inset, f Cycling stability 
of an ASC for 3000 cycles at 10 A g−1 with an inset of 1st and 2400th cycles. Copyright © 2019 
Elsevier, Reproduced with permission from [37]
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A fundamental limitation of the IJP technology is that there are no environmentally 
safe liquid inks devoid of various substances such as surfactants and toxic solvents. To 
address this, hybridized MXene-based inks were utilized in order to facilitate better 
electrical conductivity, optical, and mechanical properties to enhance the capacitance 
of the SC [42]. Ma et al. demonstrated that a water-based printable MXene/PEDOT: 
PSS [Poly (3,4 ethylenedioxythiophene): poly (styrene sulfonate) (MP) hybridized 
ink is an essential component for the scalable industrialization of self-powered inte-
grated systems. The fabricated MP-MSCs had a phenomenal ED of 9.4 m Wh cm−3, 
which is predominant to the IJ-printed MSCs that have been reported in the past. 
Additionally, the MP-MSCs have an unusual 754 F cm−3 volumetric capacitance. 
This exceptional performance may be ascribed, in part, to the better conduciveness 
of PH 1000, allowing for rapid electron and ion transport across the microelectrodes 
playing a significant role. Figure 6(a–b) is a simplified flowchart of the steps required 
to print and assemble MSCs using MP ink [43]. 

Correspondingly, at room temperature an HP Deskjet 2132 IJ printer was used to 
IJ-print MXene/graphene composite films [44], where the MXene/graphene ink was 
fed into a drained cartridge, and the nozzle was finessed with a piece of paper (Fig. 7). 
The paper type was adjusted to be consistent with other vivid IJP sheets for the best 
results. In order to complete the electrode design, the films were printed on PET tapes 
using text editing software. The printed films were quickly dried before the next IJP 
process begins, with an induction heater allowing the solvent to evaporate as quickly 
as possible. Also, Li et al. in Fig. 8(a–f) successfully researched the IJP method-
ology of rGO film electrodes for SCs, which allowed for layering nickel–cobalt dual

Fig. 6 a Fabrication of MP-MSCs using hybrid aqueous MP ink, b IJP of self-powered temperature 
MP-MSC sensor connected to the solar cell made of Si films. Copyright © 2021 Springer Nature, 
Reproduced with permission from [43] 
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hydroxide in the absence of the binder. This was achieved by printing several layers 
on top of each other, where the thin rGO films might work as a highly-conductive 
anchor for additional active components. Further a one step electrochemical depo-
sition was used to increase the electrochemical activity of the system, where Ni–Co 
LDH is used as the main active component. 

So Li et al. successfully printed Ag nanoparticles and graphite oxide on the 
flexible carbon cloth, creating a layer that is both flexible, conductive, as well as 
hydrophilic. The enormous surface area of this material makes it a novel candidate 
for electron transport. This binder-less Ni–Co LDH/Ag/rGO@CC electrode attained 
173 mAh g−1 of capacity at 1 A g−1, demonstrating its superior electrochemical 
performance. Similarly an ASC fabricated with Ni-Co LDH/Ag/rGO@CC as posi-
tive electrode, and the AC as negative electrode, yielded 95 mAh g−1 of high capacity 
at 0.6 A g−1 and 76 Wh kg−1 of maximum energy density at 480 W kg−1 [45]. 

By repeatedly depositing the electroactive materials through IJP, electrochem-
ical performance is enhanced in terms of greater energy efficiency, lesser reaction 
time and thermal treatment, which makes them compatible for practical applica-
tion requirements [46]. In later works, Li et al. IJ printed conductive rGO patterns 
onto which Ni-Co LDH was electrodeposited to form the Ni–Co LDH/rGO/Ni–Co 
LDH/rGO electrode, which achieved a capacity of 227 mAh g−1, and the capacity 
value was retained at 78.7% over crossing 5000 cycles. The positive electrode of the 
two-electrode SC was made out of Ni–Co LDH/rGO/Ni–Co LDH/rGO, while the 
negative electrode was made out of commercially activated carbon. As a result of 
the enhancements made to the electrochemical characteristics of Ni–Co LDH/rGO/ 
Ni–Co LDH/rGO//AC, it was possible to obtain an energy density of 284.9 Wh kg−1 

and a power density of 424 kW kg−1respectively [47]. Similar work was reported by 
M. Li et al. in which Ni-Co LDH was prepared by the electrochemical deposition 
method where rGO film was used to maintain homogeneity and continuity [48]. 

Fadakar et al. developed a supercapacitor by sandwiching a gel electrolyte made 
up of potassium hydroxide and polyvinyl alcohol (PVA-KOH) with and without

Fig. 7 Pictorial representation of IJP and its ink concoction. Copyright © 2022 Elsevier, 
Reproduced with permission from [44]
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Fig. 8 a Schematic of the Ni–Co LDH/Ag/rGO@CC and AC-coated CC electrodes assembled 
into an ASC. b, c CV profiles of the ASC at various potentials and scan rates. d, e GCD curves 
in the potential window of 0–1.6 V at varied potential and current densities of the as-fabricated 
ASC. f, Ragone plot of ASC; inset is glowing LED. Copyright © 2019 Elsevier, Reproduced with 
permission from [45]

adding potassium iodide (KI), between two inkjet-printed nanosilver flexible elec-
trodes (NSFEs). This SCs electrochemical performance was studied by using cyclic 
voltammetry (CV) in conjunction with galvanostatic techniques. By testing PVA-
KOH systems with a broad variety of salt concentrations, it was determined that KI 
worked best at a concentration of 0.072 M. This conclusion was reached after testing 
PVA-KOH systems with a range of salt concentrations. CV curves of NSFEs, which 
were in contact with a gel electrolyte such as PVA-KOH-KI were collected at varying 
scanning speeds, and the results of these voltammograms suggested that the NSFEs 
exhibited diffusion-limited behavior. The specific capacitance of the IJ printed NSFE 
employed in the SC was then calculated to be 0.22 F g−1 by using galvanostatic 
(GCD) charge–discharge cycles [49]. Similarly, MSCs stacked and inkjet printed 
with RGO/MoO3 (molybdenum trioxide) electrode was erected with PVA-H2SO4 

electrolyte, which relatively responded with 22.5 F cm−3 of specific capacitance 
in 0-0.8 V of broad voltage window, exhibiting improved flexibility and cyclic 
efficiency [50]. Some of the mature inkjet printing technologies have been incor-
porated into the printing of superior-quality layered graphene [51] and poly(4-
vinylphenol) based inks onto the polyimide film substrates for SCs [52]. 

4.4 Inkjet Printed Hybrid Electroactive Materials 

The IJP approach facilitates the creation of highly efficient electrodes involved in 
constructing hybrid nanomaterials with complementary functions. In this context,
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Liu et al. successfully IJ printed solid-state bendable SCs using a hybrid ink 
containing GO and carbon quantum dot particles, which were then cast with concen-
trated sulphuric acid on PVA to form an electrolyte. After scanning at 100 ppm with 
100 prints, a specific capacitance of 10 mF cm−2 was achieved with an increase of 
approximately 150 prints. The device as a whole had good flexibility and durability 
due to the notable mechanical strength of the GO platelets which led to a specific 
energy density of 0.078 m Wh cm−3 and a specific power density of 0.28 m W cm−3, 
and they retained 98% of their capacity at a bent radius of 76 mm even after being 
bent 1000 times. This study provides hope for the mass manufacturing of lightweight, 
cost-effective, flexible, and environmentally friendly energy receptacle devices on 
carbon-based paper and ink substrates (Fig. 9a–l) [53]. In order to achieve increased 
capacitance, the nature and amount of oxygen functional groups must be specifically 
tailored. Rich functional groups that contain oxygen such as carboxyl, hydroxyl, 
and carbonyl groups are anticipated to offer rich reactive redox sites to produce 
pseudocapacitance in GO or CQDs [54–59]. 

To create a finger-structured interdigitated electrode, Ag nanoparticle ink was IJ 
printed onto a coarse flexible composite protein film (FCPF) substrate [60]. Figure 10 
(a,b) is a schematic depiction of the manufacturing process of the electrode. Each of 
its eight sets of interdigitated “fingers” was 350 mm wide, and 8 mm long, separated 
by a gap (space) of roughly 450 mm. As a further step, Ni was electrochemically 
deposited over the Ag layer to boost its conductivity. Moreover, diverse combina-
tions of flexible, and high-performance MnO2 are widely preferred as electroactive

Fig. 9 a Illustration depicting the fabrication of a solid-state SC. SEM images of b a paper, and 
c–f Hybrid ink printed papers for varied printing time durations, g, h CV and GCD profiles of the 
HSC at 100 mVs−1 scan rate and current density at various printing durations, i Scan rate vs areal 
capacitance, j, k Voltammetric and GCD profiles of GO-SCs, CQDs-SCs, and H-SCs at a scan rate 
and current density of 100 mVs−1 and 100 μA cm−2, and  l Comparison of GO-SCs, CQDs-SCs, 
and H-SCs w.r.t scan rate. Copyright © 2018 Elsevier, Reproduced with permission from [53] 
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materials for IJP [61, 62]. In this respect, a hierarchical MnO2@Ni/Ag electrode was 
then created by electrochemically depositing MnO2 on top of the Ni/Ag layer. Corre-
spondingly, from Fig. 10c, we can observe three different layers of the fabricated 
electrode and their corresponding morphologies whereas in Fig. 10d FCPF serves as  
the base for the printed Ag particles (about 20–50 nm). Following the Ni electrochem-
ical deposition, it is shown that Ni particles (60–120 nm) cover the conducting silver 
networks consistently. From Fig. 10e–g, the electrode’s conductivity is improved by 
60 factors after which the nickel has been deposited upon it even after 1000 times of 
bending (Fig. 11). In addition to IJP, similar works have been reported using laser 
direct writing for wearable electronics [63] and for protein-based sensors as well for 
motion detection [64]. 

Graphene/polyaniline (NGP/PANI) inks were formulated by Xu et al. to produce 
NGP/PANI thin-film electrodes using IJP technology. In order to produce the NGP 
ink, 100 ml of water, 200 mg of SDBS surfactant, and 200 mg of NGP powder 
were combined. After that, the mixture was ultrasonically agitated for an hour at a 
temperature of 10 °C (400 W, 24 kHz) (Fig. 11a–f). After centrifuging this solution 
at 500 revolutions per minute (rpm) for 10 min, the supernatant was collected and 
utilized to make NGP ink. Then 200 mg of PANI was put into the NGP mixture 
and ultrasonically probed, while keeping the temperature at 10 °C for half an hour 
(400 W, 24 kHz). After the aforementioned combination has been mixed, it is then 
centrifuged at 500 rpm for 10 min. The produced supernatant was then gathered

Fig. 10 a Depiction of the MSC’s erection procedure with its magnified image, b–d SEM photos 
of the Ag, Ni, and MnO2 layers, e XRD analysis of MnO2@Ni/Ag/FCPF, XPS spectrum of f Mn 
2p, g CV profiles of before and subsequent to 150th cycle. Copyright © 2021 Elsevier, Reproduced 
with permission from [60]
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Fig. 11 a SC device, Voltammetric profiles of b NGP electrode and c PANI\NGP electrodes eval-
uated under various scan iterations in 1 M H2SO4 using a dual-electrode setup, d Nyquist plots 
of NGP and PANI\NGP supercapacitor device. e Specific capacitance (Cs) as a function of scan 
iteration for a dual-electrode system with a water-based electrolyte containing 1 M H2SO4. f Cyclic 
stability of the SC for 1,000 charge and discharge cycles at a steady CD of 1.4 A g−1. Copyright © 
2014 Elsevier, Reproduced with permission from [65]

and used as NGP/PANI ink. The experiment was further carried out at an ambient 
temperature, and the conditions of printing are mentioned henceforth: a strobe delay 
of 400 microseconds (ms), a voltage of 86 V, a pulse duration of 40 ms, a frequency 
of 500 Hz, and a pressure of −5 bar were all used in this process. A grid was utilized 
for printing with a spacing between points of 0.013 mm and a size of 800 pts. The 
as-printed grids underwent a drying process that lasted for two hours at a temperature 
of 80 °C. The mass of the NGP/PANI electrode substances were determined to be 
1.5mg cm−2, which was resolved by calculating the difference between the weight of 
the substrates before and after printing. The electrochemical studies provide 82 F g−1 

of specific capacitance at a PD and ED of 124 kW kg−1 and 24 Wh kg−1, respectively, 
at 20 mV s−1, which is utilized in the SCs to have an extended life cycle of more than 
a thousand cycles [65, 66]. Similarly, electrodes such as graphene/polyaniline can 
also be printed using a similar technique for supercapacitors for achieving ultra-
high capacitance [67, 68]. Also, freestanding porous three-dimensional electrodes 
IJ printed onto the paper-based substrate using graphene/PANI hybrid inks, were 
erected into a flexible solid-state SC, which delivered 24.02 Wh kg-1 of ED, and 
400.33 W kg-1 of PD respectively [69]. 

Using SWCNT ink substances in the standard of IJP, SWCNT thin film electrodes 
have been produced on fabric substrates with great success (Fig. 12a–f ). These 
electrodes may be adjusted in terms of their unique electrical conductivity, position, 
texture (20–200 nm), and template (0.04–6.0 cm2). The polymer electrolyte and the
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as-printed SWCNT sheets were bonded to create wearable and flexible SCs. After 
being put through a total of 1,000 cycles, the capacitive performance of these SCs was 
still outstanding. Also, a predominant method was employed for making ruthenium 
(RuO2) oxide/SWCNT hybrid ink films. Compared to bare SWCNT electrodes with 
∼158 Hz of frequency, integrating RuO2 with SWCNT electrodes increased the 
frequency to about 1500 Hz, which is much higher. Adding RuO2 nano-wires also 
considerably boosted the behavioral characteristics of the printed SWCNT SCs. An 
improvement of 138 F g−1 in specific capacitance, 96 k W kg−1 in PD, and 18.8 
Wh kg−1 in specific energy density were all achieved in the printed SWNT SC [70]. 
Parallely, utilizing a carbon-based hybrid ink containing GO-commercial pen ink, 
and GO-FGO (Few Layered Graphene) ink flexible micro-supercapacitors (MSCs) 
and sensors were successfully fabricated via inkjet printing [71, 72]. Likewise, hybrid 
Ni-Co oxide inks and Ti3C3Tx/C nanospheres were inkjet printed and were utilized 
as electrodes for supercapacitors [73, 74]. This demonstrates the immense potential 
of printed SWCNT SCs for usage in wearable energy storage systems. 

There is a possibility that flexible printed circuits (PC) of all planar SCs based 
on graphene might find use in wearable and portable electronic devices. Because of 
their restricted surface area and their sluggish dispersal rate of ions, the specific 
capacitance of the device is low and has a deficient performance rate as well. 
Enhancing the device’s energy-storage capacity requires overcoming a fundamental 
challenge, (i.e.) enhancing the dispersion of PVA-based gel electrolyte onto the 
produced graphene microelectrodes (Fig. 13a–h) [75]. In this context, utilizing N-
doped hydrophilic graphene combined with the PVA-H3PO4 gel electrolyte, the

Fig. 12 CV profiles of a SWCNT/PET SC, b SWCNT/fabric SC with a PVA/H3PO4 polymer 
electrolyte at various scan iterations, GCD profiles of c an SWCNT/PET SC and d an SWCNT/ 
fabric SC with a steady current density of 1 A g−1, e CV profiles of SWCNT/RuO2 nanowire SC in 
PVA/H3PO4 polymer electrolyte. f GCD curves of hybrid SWCNT/RuO2 nanowire SC at a current 
density of 8 A g−1. Copyright © 2010 Springer Nature, Reproduced with permission from [70] 
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authors of this study attempted the formulation of hybrid ink made of PVA-H3PO4 

with soluble graphene oxide for printing the SCs [76, 77]. This ink formulation 
was intended for use in gravure-printed planar SCs. It was feasible to gravure print 
graphene@PVA-H3PO4 microelectrodes by refining the quality of the ink and then 
researching the reaction between gravure cells and the inks. This made it possible to 
gravure print graphene@PVA-H3PO4 microelectrodes. The printed microelectrodes 
have graphene-active surfaces that are more easily accessible to the electrolytes 
directly responsible for the improved electrochemical performance of flexible planar 
SCs. These SCs were flexible and planar in shape, and a high value of areal capac-
itance of the order of 37.5 m F cm−2 was observed at the scan speed of 5 m V s−1. 
This results in an ED value of 5.20 m Wh cm−2 at an areal PD. of 3.2 m W cm−2. 
This value is equivalent to a volumetric ED of 2.08 m Wh cm−3 [78]. 

Choi et al. [79] created a SC that was entirely produced by a desktop IJ printer 
used commercially. The SC was printed on a standard A4 paper directly. In order to 
accomplish this goal, mediated (CNF) cellulose nanofibril nanostructured mats were 
initially IJ printed onto an A4 sheet of paper to serve as a priming layer (Fig. 14a). 
The production of electrodes was accomplished by first printing an SWCNT which 
is active electrochemically or by using ink made up of AC, followed by the printing 
of Ag ink based nano-wires which conducts electrically (Fig. 14b).

Fig. 13 a, b Micrographs of inked and un-inked gravure cells and their subsequent transportation 
medium, c, d Cross-sectional and a top SEM images of graphene @ PVA-H3PO4 microelectrode 
produced by gravure. Electrochemical performance of graphene@PVA-H3PO4 microelectrodes in 
planar SCs, e Voltammetric curves at various scanning speeds between 5 and 100 mV s−1, f GCD 
profiles at the current densities between 0.5 and 4.0 mA cm−2, g Corresponding CV curves of three 
units in parallel & series at a scanning speed of 100 mV s−1, h GCD profiles of three units in series 
and parallel at 0.5 mA cm−2 of current density. Copyright © 2018 Springer Nature, Reproduced 
with permission from [75] 
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Fig. 14 a IJ printed SC, b Representation of the manufacture of IJP SC electrodes, c SEM micro-
graphs of the IJ printed electrodes on varied substrates, d IJ printed electrolytes with their respec-
tive schematics and EDX pictures, e GCD profile of the IJ printed SCs coupled in either parallel or 
series, f An IJ-printed circuit connected to an LED. Copyright © 2016 The Royal Chemical Society, 
Reproduced with permission from [79] 

Silver nano-wire sintering using photons was carried out onto the electrodes 
printed to bring about an additional enhancement in the conductivity, which is 
demonstrated in (Fig. 14c). When compared to the control substrates, the CNF prime 
layer made it possible to deposit electrode materials in a homogeneous manner (i.e., 
PET and A4 paper). IJP of an ionic liquid or a polymer solid-state electrolyte such 
as triacrylate, which is UV cured, i.e., BMIMBF4 (1-butyl-3-methylimidazolium 
tetra- fluoroborate) or ETPTA (ethoxylated trimethylolpropane triacrylate) was done 
atop of the electrode to finish the production of the device. Both water and ethanol 
were tested as potential electrolyte ink solvents throughout the product development 
process. According to EDX findings, the use of aqueous-based inks resulted in the 
production of printed high-resolution electrolytes. This was due to the fact that water 
has a greater surface tension than other liquids (72 mN m−1) (Fig. 14d). Besides, 
IJ printed SCs were combined in parallel or series, which led to the customized 
user-defined control of the overall capacitance or output voltage (Fig. 14e). Thus 
the IJ-printed SCs with aesthetic designs were united with the IJ-printed electrical 
circuits to light an LED lamp as an application, further exemplifying the functionality 
of the manufactured SCs (Fig. 14f) [80]. Wide range of instances are being printed 
using diverse patterning strategies by employing IJP technique [81, 82]. 

Using the IJP methodology, streamlined and adaptable solid-state SCs with a 
PD of 0.036 W cm−2 and an ED of 0.59 m Wh cm−2 were successfully created. 
By employing a material such as PEDOT: PSS/Ag grid electrodes, these SCs were 
even operated at a PD of about 0.036 W cm−2 

. Fabricating SCs with various motifs,
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Fig. 15 a Internal construction of SC, b Depiction of a transparent SC with an electrode made of 
PSS (3 layers)/Ag grids and PEDOT-S, c–e Images of the aesthetically pleasing SC with a variety 
of exquisite designs. Copyright © 2015 Springer Nature, Reproduced with permission from [83] 

including logos, flowers, and dragons, was done to demonstrate the remarkable versa-
tility of patterning offered by IJP (Fig. 15a–e). Because of their outstanding flexibility, 
aesthetically pleasing look, and relatively high optical transparency, the printed SCs 
showed a great deal of promise for the development of wearable and flexible elec-
tronic systems. Efforts are being made to enhance the conductivity of PEDOT: PSS 
[83]. 

4.5 InkJet Printed Current Collector Substrate 

The Ag current collector was manufactured by Giannakou et al. utilizing IJP method-
ology. In a ground plane, consisting of an interdigitated arrangement on a flexible 
substrate material (Fig. 16a), NiO electrode material is printed on top of the active 
area of the interdigitated fingers (Fig. 16b). Subsequently the structure is thermally 
treated to enhance nanoparticle sintering and to evaporate the organic components 
in both inks (Fig. 16c, d), and lastly the inks are drop-casted. The existing collector’s 
silver layer has to cure or at least be mostly dry before the NiO material can be printed 
on top of it. A time delay of about five minutes is to be implemented. To provide a 
seamless interaction among the two substances, the Ag layer is not annealed prior 
to the NiO layer’s printing. This permits multiple layers to be annealed in a single 
phase, yielding superior results. During the printing procedure, using a piezoelectric 
printer, a dramatic material is printed via DOD methodology (model number DMP
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Fig. 16 Steps in the production of an IJ printed NiO SCs, a Fabrication of current collector using IJP 
of Ag nanoparticles onto a substrate with an interdigitated coplanar structure, b NiO nanoparticles 
IJ printed above the interdigitated current collector made up of Ag, c The substrate annealed for 
prompting the sintering of nanoparticles on both sides, d Drop-casting of the electrolyte substances 
on top of the device with dynamic interdigitations. Copyright © 2020 Springer Nature, Reproduced 
with permission from [84] 

2800), enabling cartridges of pl (the model number of cartridge DMC-11610) to be 
used. 

Wang et al. printed various patterns (Fig. 17) which are conductive using IJP 
methodology on paper using soluble (MWCNT) multi-walled carbon nanotube with 
hybridized Ag inks with the assistance of sodium dodecyl benzene sulfonate (SDBS). 
Fabrication of patterns that are highly conductive in the nature of MWCNT/Ag, 
by proliferating the number of printing processes to about 50 was able to attain 
a low sheet resistance of 300 sq−1. In addition, the printed patterns demonstrated 
an improvement in sheet resistance by about 10% after being subjected to bending 
for even 2000 cycles. After printing the conductive pattern, ink based on MnO2 was 
printed over the top of it to provide the positive electrode for the asymmetric Schottky 
barrier. The MWCNT sheet served as the adjacent electrode in this experiment. The 
completed SC displayed a high PD of 96 m W cm−3 at an ED of 1.28 m Wh cm−3 

and an outstanding capacity retention of nearly 97% after 3000 GCD cycles were 
achieved although the power density was higher than the energy density [85].



218 K. R. H. Narayanan et al.

Fig. 17 a Number of prints vs. logarithmic sheet resistance, b Plot of variations in the resistivity 
of the conducting patterns versus curvature, c Bending cycles vs. modifications in the resistivity 
of the conducting patterns, d GCD profiles of the MWCNT//MnO2-Ag-MWCNT at varied current 
densities, e Plot of energy vs. power density of the as-fabricated ASC device, f Long-term cyclic 
performance of the MWCNT//MnO2-Ag-MWCNT. Copyright @ 2015 The Royal Society of 
Chemistry, Reproduced with permission from [85, 86] 

5 Conclusion and Future Perspective 

This chapter provides a concise summary of the most recent advancements that 
have been made in the area of IJ printed SCs, which are considered to represent 
the contemporary condition in which the state-of-the-art IJP has been utilized as a 
technique in the fabrication of active components of SCs as a direct consequence 
of its appealing characteristics, which has led to this technology’s widespread use. 
Significant progress has been made in the reasonable combination of jetable optical 
ink substrate and in pattern optimization for printing. These two areas of research 
are closely related. Graphene, MXene, metal oxides, and other similar materials 
have been the focus of the research that has been conducted to generate IJ-printed 
electrode materials capable of better performance. In addition, it has been stated that 
the predominant process has been made in creating IJ-printed electrolyte substrates, 
with the ultimate goal of realizing various IJ-printed SCs. In this respect, several 
fascinating cases with exceptional performances have been highlighted. 

Progress made in this area of IJP SCs is hampered by the scarcity of electrochem-
ically active printed materials, which is another barrier to progress. It is necessary to 
accomplish the rising need for high-performance SCs, and the library of IJ-printable 
materials must be expanded to include more substances that have a better specific 
capacity and a wide range voltage. Another obstacle is that the bulk of the research
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has concentrated on creating electrodes that are produced using an inkjet printer. 
However, in spite of the fact that electrolytes are an essential part of SCs, only a 
small number of studies have documented inkjet-printed electrolytes. This presents 
a significant challenge to the development of SCs that are entirely printed using inkjet 
technology. Therefore, in order to increase the repository for electrolyte materials 
that can be printed using an inkjet printer, more research and investigations will need 
to be conducted. 

The significance of the investigation into the use of IJP technology in the produc-
tion of SC components is still in its early stages. Increasing the size of the library of 
items that can be printed using an inkjet printer should get a more significant focus 
from researchers. In particular, studies integrating IJP SCs with other printed elec-
tronic devices to construct all-printed circuits may lead to many desired properties 
for potential developments related to energy. 
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Chapter 9 
Pre & Post-Treatment of Functionalized 
Nanomaterials in Fabricating 
Supercapacitor Electrodes 

Soumya Jha and R. Prasanth 

1 Introduction 

Ever since electricity was discovered, one of the major tasks the scientific community 
has faced is to store it. Energy consumption is rising in tandem with the increase in 
daily needs [1]. The storage issue is more critical for renewable energy systems since 
it is intermittent. In the current global power production scenario, we are moving 
more toward clean energy. The chronic depletion of these resources & emerging 
concern about global warming accelerates this process. However, the location- and 
time-specific nature of renewable energy sources make storage an inevitable part 
[2]. Among various energy storage devices, Electrochemical Energy Storage (EES) 
device has gained quite a lot of attention in the scientific community due to their high 
efficiency, adaptability & versatility [3–5]. Additionally, the current use of wearable 
and portable devices has increased the pressure to build high-performance EES. The 
capability of addressing these technology challenges provides a promising future for 
the EES. 

Among various EES devices, batteries & supercapacitors (SC) are prominent. To 
date, conventional batteries are widely used in storage systems. They can provide 
high energy densities, storing up to 150–200 WhKg−1 [6, 7]. Even though they have 
a very high energy density, dealing with their low power density, heat production, 
and short operational lifetimes leads to high operational costs and tedious waste 
management [8]. The key factor contributing to batteries’ short cycle life is volume 
changes that occur along with the redox reaction in batteries. The inadequacy of 
batteries to produce fast and high power significantly hinders their widespread use
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as energy storage technologies. In a better storage device, these problems need to be 
tackled [9–11]. 

Supercapacitors, as a novel storage system as well as a conversion system, have 
sparked a lot of interest because they have the potential to bridge the gap between 
a battery and a capacitor. Hermann von Helmholtz pioneered the initial concept 
of SCs in the nineteenth century with his work on colloidal suspensions, and later 
in 1957, General Electric Company introduced a double-layer capacitor [12, 13]. 
When compared to conventional physical capacitors and batteries, have demon-
strated significant advantages such as rapid charge–discharge capability, high charge– 
discharge efficiency, extended cyclic lifespan (>100,000 cycles), good stability, and 
high power density (>10 kW kg−1) [8]. The fundamental flaw of supercapacitors, 
despite having a very high power density, is their poor energy density. High energy 
density is influenced by the electron transport process during the oxidation/reduction 
process. This exemplifies the importance of high surface area electrode material in 
SC devices. 

An ideal electrode material for SC devices must be economical, widely accessible, 
non-toxic, exceptionally high specific capacitance, large rate capability, and durable. 
These electrode materials should preferably be composed of porous structures with 
large surface area, excellent cycling stability, and high electrical conductivity [14, 
15]. As active energy storage electrode media, nanostructures of only a few transi-
tion metal oxides, conjugated polymers, carbon compounds, and composite mate-
rials have been explored yet. Nanomaterials undoubtedly have distinctive & native 
properties as a result of their size in the nanoscale range [3]. Despite the inherent 
benefits of nanomaterials, producing them in large quantities with consistent surfaces 
remains a difficult task. Functionalized nanomaterials, i.e., the addition of new func-
tional groups in existing nanomaterials, are known to address these issues & and are 
supposed to enhance the electrochemical properties of electrode materials [1]. 

In this chapter, the most current, cutting-edge studies on various pre and post-
treatments functionalized nanomaterials in fabricating supercapacitor electrodes are 
summarized. The objective of this chapter is to account for these methodological 
elements within the context of contemporary specialized literature. We will then 
discuss various synthesis routes & further post-treatment various groups of FNM. 
Finally, it wraps up with a general overview of this chapter and a look ahead at the 
current state of research on diverse functional nanomaterials. 

2 Brief of Functionalized Nanomaterial for Supercapacitor 
Application 

Nanotechnology has been a boon to the scientific discipline that enables the prepara-
tion of versatile materials beneficial to people and the environment. With improved 
qualities and characteristics, these next-generation nanomaterials have found a niche 
in the fields of green energy technologies and energy storage technologies [16].
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Nanomaterials (NMs) herein are particles with diameters ranging from 1 to 100 nm 
that serve as the foundation of research in the field of material science [17]. Their 
physical and chemical properties are radically altered when materials come to exist in 
the nanoscale range due to quantum confinement, high surface-to-volume ratio, plas-
monic effects, etc. [16]. Although NMs provide many benefits, they also have certain 
constraints, which include agglomeration, interaction with substrate and reaction 
media, and insolubility in many solvents. In the current scenario, many researchers 
are invested in incorporating novel chemicals or functional groups in nanomaterials to 
exploit these as functionalized nanomaterials (FNMs). FNMs offer superior physical, 
chemical, and mechanical properties compared to their counterparts [18]. Because 
FNMs have specialized surface locations for targeted molecule attachment, they 
are considered promising materials for supercapacitor electrode material [19–21]. 
However, studies on the synthesis, characterization, and applicability of multifunc-
tional NMs are still in their infancy. It is essential to know more about this excellent 
material. 

Due to their remarkable electrochemical characteristics, such as high specific 
power, superior cycling life, and a quick charging-discharging rate, Supercapacitors 
(SCs) have attracted a lot of research interest. Supercapacitors are similar to a capac-
itor, with a substantial capacitance that fills the void between batteries and capacitors. 
The absence of dielectric material in the SCs distinguishes them from regular capac-
itors. The device consists of electrodes (anode & cathode), an electrolyte, and a 
separator that isolates the electrodes. In addition, selecting suitable active materials 
and understanding their physical and electrical properties are essential for achieving 
high capacitance. Electrode material for supercapacitors plays a very important role 
in achieving high capacitance, high energy density as well as high power density of 
supercapacitors. The charge storage characteristics of SCs are influenced by their 
large surface area, electronic conductivity, and robust interconnectivity of the elec-
trode material. Figure 1 represents the flowchart’s various physiochemical properties 
affecting supercapacitor performance [17].

It is possible to offer a beneficial charge storage mechanism using a diverse 
range of materials. Because of its inexpensive cost and large surface area, activated 
carbon is the most commonly utilized active material. A wide range of function-
alized nanomaterials has been studied as electrodes in supercapacitor applications. 
Figure 2 describes the specific capacitance of various substances evaluated as super-
capacitor electrodes [8]. This section elaborates on different kinds of FNMs used as 
supercapacitor electrode materials.

2.1 Carbon-Based Functionalized FNM 

Carbon exists in several solid-state allotropes with various structures and proper-
ties, such as sp2-bonded graphite and sp3-bound diamond [22]. Over the past few 
decades, novel carbon nanomaterials with only sp2 hybridized carbon atoms have 
been created in a variety of dimensions, from zero-dimensional (0D) fullerenes to
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Fig. 1 The flowchart’s 
various physiochemical 
properties affecting 
supercapacitor performance

Supercapacitor 
Performance 

one-dimensional (1D) carbon nanotubes (CNTs) to two-dimensional (2D) graphene 
[23–25]. Due to their adaptable architectures, whose dimensionality extends from 
0 to 3D, and their changeable surface chemistry, carbon nanomaterials have been 
widely exploited as the basis matrices or as functional additives in several applica-
tions. Carbon nanomaterials can be chemically functionalized using elements like 
nitrogen and fluorine, functional groups like hydroxyl and carboxyl groups, and poly-
mers. Carbon nanotubes (CNT), graphene, and its derivatives are the most common 
functionalized carbon nanomaterial whose succinct overview is discussed in the 
proceeding paragraphs.
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Fig. 2 The specific capacitance of various substances evaluated as supercapacitor electrodes. [8] 
Reproduced with permission from Ref.. Copyright © 1948, IOP Publishing

Carbon nanotubes (CNTs): Since the first high-resolution TEM photos of “Helical 
microtubules of Graphitic Carbon” were published by Sumio Iijima et al. in 1991, 
describing their astonishing finding, CNT became one of the astonishing carbon 
nanomaterials [23]. These sides of the nanotube are constructed of hexagonally 
shaped particles. Their sizes are typically in the range of 1 nm, and they include sp2 

hybridized carbon atoms. The two main subtypes of CNTs are single-walled carbon 
nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNTs), which are 
made up of two or more CNTs stacked concentrically [26]. CNTs have potential in 
many areas of study since their electronic characteristics, which typically range from 
metallic to semiconducting, depending on their geometric shapes. The remarkable 
electronic properties of CNTs result from their one-dimensional structure, which 
allows for electron conduction without scattering. They form excellent reinforcing 
fibers in hybrid composites due to their distinct covalent atomic tube structure, ultra-
high aspect ratio, and distinct mechanical, electrical, and thermal conductivity. Since 
CNTs have a lot of potential in composite materials, their production and chemical 
functionalization have been the subject of extensive study. Most chemical functional-
ization strategies fall into one of two categories: (i) Covalent bonds formed by chem-
ical interactions between functional groups or molecules on the conjugated side walls 
or defect groups present on the CNTs and (ii) The adsorption in CNT with specific sort 
of functional molecule leads to chemical interaction resulting them in wrapping up of 
tubes via non- molecular interaction [27]. Adding the requisite reactive species and 
groups, such as atoms, radicals, carbenes, nitrenes, or other newly developed chem-
ical functionalization techniques, can give CNTs the necessary molecular structures
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SiC Molecular Assembly 

Top- down Approaches: 

Bottom Up Approaches: 

Fig. 3 Schematic portrayal of various synthesis routes of graphene [87] 

Fig. 4 Schematics of ways to functionalize CNT

and properties. Additionally, chemical functionalization potentially inhibits the van 
der Waal contact between CNTs due to increased electrostatic repulsion [28–34]. 

Graphene & its derivative: Since its accidental discovery in 2004, graphene, the 
world’s thinnest material and a one-atom-thick single-layer planar nanosheet made 
of densely packed sp2 hybridized carbon atoms in a hexagonal crystal lattice, has 
been the subject of extensive research [35]. Graphene nanosheets exhibit a variety 
of remarkable properties, including good optical transmittance, excellent electronic 
transport properties, a large specific surface area (SSA), superior mechanical stiffness
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Fig. 5 a Describes the basic procedure of in situ polymerization method Reproduced from Ref. 
[117] with permission from the Royal Society of Chemistry, b desciribes the basic procedure of 
electrochemical polymerization method Copyright © 1969, Elsevier

- + 
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Fig. 6 Schematic representation of the electrochemical anodization of Ti foils

and flexibility, a high 3D aspect ratio, and exceptional thermal response, because of 
their exceptional microscale crystallinity and the two-dimensional π–π conjugation 
of the sp2 hybridized carbons in the planar atomic layer. Like CNTs, single-layer 
graphene has a propensity to aggregate when spread out in a solution. In addition 
to addressing the problematic issue of stacking, the chemical functionalization of 
graphene can also give it active functional sites [35–39]. Graphene oxide (GO) is a 
chemically functionalized derivative of graphene that is frequently made. Solvent-
assisted methods, including self-assembly, spin coating, and filtration, can be used 
to modify graphene chemically. Graphene oxide (GO) is a chemically functional-
ized derivative of graphene that is frequently made [40]. After GO is reduced, the 
natural molecular structure of graphene and its’ exceptional electrical conductivity 
are restored. To create reduced graphene oxide (rGO) in large quantities, it has been 
determined that the reduction of GO by moderate agents such as hydrazine, ascorbic 
acid, hydrogen gas, and strong alkali metals such as sodium and potassium is the most 
effective method to date [32]. Compared to traditional carbon-based nanomaterials, 
functionalized graphene demonstrates improved performance in hybrid composites
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and gives the hybrids significantly improved physicochemical properties in electrode 
materials of supercapacitors. 

2.2 Polymer-Based Functionalized FNM 

It is expected that supercapacitor electrodes and devices based on conducting poly-
mers will bridge the gap between present carbon-based supercapacitors and batteries 
to develop units of intermediate specific energy [41]. A conjugated bond structure 
along the polymer backbone makes conducting polymers conductive. They often 
result from the monomer being either chemically or electrochemically oxidized 
[42]. Two oxidation reactions happen simultaneously: monomer oxidation and 
polymer oxidation, with the simultaneous incorporation of a dopant/counter ion [43]. 
Conducting polymers are often appealing because of their high charge density and 
inexpensive. There are three possible designs for supercapacitor devices constructed 
only from conducting polymers [44–47]: 

Type I (symmetric), where both electrodes are made of the same p-dopable polymer. 

Type II (asymmetric), utilizing two various p-dopable polymers with various 
electroactivity ranges. 

Type III (symmetric) uses the same polymer for both electrodes, with the positive 
electrode being composed of the p-doped form and the negative electrode being 
composed of the n-doped form. 

Polyaniline, polypyrrole, polythiophene, and derivatives of polythiophene, are the 
main conducting polymer materials used as an electrode material for supercapacitor. 
Conducting polymer materials can undergo a variety of processes to enhance their 
characteristics, leading to the synthesis of functionalized conducting polymers. 

Polyaniline (PANi): As a supercapacitor or battery electrode material, polyaniline 
has received substantial research. With its high electroactivity, high doping level, 
great stability, and high specific capacitance, polyaniline possesses numerous qual-
ities that make it an ideal material for use in supercapacitors. According to reports, 
polyaniline has a capacity range of 44 to 270 mAhg−1 [48, 51]. Furthermore, it can be 
easily processed, has exceptional environmental stability, and has controllable elec-
trical conductivity [49, 50]. The fact that polyaniline needs a proton to be effectively 
charged and discharged is a significant drawback; as a result, a protic solvent such as 
an acidic solution, or a protic ionic liquid is necessary [52]. Of all conducting poly-
mers, polyaniline exhibits the widest range of specific capacitance which is achieved 
by doping, the addition of new composite material such as activated carbon material 
etc. thus making functionalized conducting polymer. This capacity variation is influ-
enced by a variety of elements, including the synthesis route taken, the shape of the 
polymer, the quantity and kind of binders and additives, and the electrode thickness.



9 Pre & Post-Treatment of Functionalized Nanomaterials in Fabricating … 231

Polypyrrole: Due to its better electrochemical processing flexibility than the majority 
of conducting polymers, polypyrrole has received a lot of attention as a supercapac-
itor or battery electrode [48]. Unlike thiophene due to its inability to be n-doped 
polymer, polypyrrole has only been used as a cathode material which is one of the 
major setbacks for using this material. Moreover, polypyrrole offers high density 
due to which it has high capacitance per unit volume (400–500 F cm−3). The disad-
vantage of dense growth is that it restricts dopant ion access to the interior locations 
of the polymer [53, 54]. If multiple-charged anions, such as SO4 

2−, are added to 
polypyrrole, physical crosslinking of the polymer ensues, which is generally doped 
with single-charged anions like Cl−, ClO4−, and SO3− [43]. The mixture of polypyr-
role with polyimide (a high molecular weight dopant) is believed to enhance charge 
storage properties because the polyimide matrix guards the polypyrrole against oxida-
tive deterioration and the polyimide is cathodically electroactive. It has been reported 
both a Type I and Type II supercapacitor have been created using polypyrrole as an 
electrode and a combination of different types of conducting polymers such as PMeT 
and poly(3-methylthiophene) etc. 

Thiophene-based conducting polymers: Due to their remarkable optical and 
conductive qualities, thiophene-based conjugated polymers occupy an unrivaled 
position among the profusion of conjugated polymers that are constantly expanding. 
The majority of polythiophene derivatives, whether they are p-doped or undoped, 
are stable in air and moisture [42] whereas n-doped derivatives tend to have a low 
potential window and react with air and water [48]. In general, the n-doped form has 
a lower mass specific capacitance than the p-doped version. Additionally, it is discov-
ered that the n-doped form’s conductivity is often subpar. This restricts the usage of 
these materials as anode materials in their n-doped state. These derivatives include 
poly (3-(3,4- difluorophenyl) thiophene) (MPFT), poly(3,4-ethylenedioxythiophene) 
(PEDOT), poly (1-cyano-2-(2-(3,4-ethylenedioxylthienyl))-1-(2-thienyl)vinylene) 
(ThCNVEDT) and poly(3-(4-fluorophenyl)thiophene) (PFPT). By using carbon 
composite with n-doped polymer as the negative electrode in an asymmetric arrange-
ment and the p-doped polymer as the positive electrode, it is possible to successfully 
combat the issue of the n-doped polymer [55]. 

2.3 Metal-Based Supercapacitor Electrode Material 

High-performance energy storage applications hold promise for nanostructured 
metal-based compound electrodes with good electrochemical activity and electrical 
conductivity [56]. Metal oxides have proven appealing properties when used as 
supercapacitor electrode materials, enabling the fabrication of various supercapacitor 
devices over a wide voltage range [57]. Due to their abundant reserves, environmental 
friendliness, accessibility, and other intriguing qualities like their varied constituents 
and morphologies, large surface area, and high theoretical specific capacitance, tran-
sitional metal oxide materials have been identified as promising candidates to be used
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as electrode material for supercapacitors. They also serve as the primary electrodes for 
electrochemical supercapacitors, and by modifying and manipulating their flaws and 
surface/interfaces at a specific nanoscale, they provide a distinct capacitance improve-
ment [58, 59]. Although their energy density has increased to some extent, their 
practical uses have been limited by their poor electrical conductivity, unpredictable 
volume expansion, and slow ions diffusion in the bulk phase [60–63]. Metal oxide 
materials have been improved in terms of specific surface area, electrical conductivity, 
chemical stability, and electroactive sites because of the design-inclusive approach 
regarding their composition, the preparation of unique nanostructures, their electro-
conductivity, and oxygen vacancies. Metal-based FNM can be made from different 
approaches. First, two distinct cations coexisting in the same crystal structure tend 
to produce more electrons than a single metal oxide, improving electrical conduc-
tivity [64]. Second, enhancing complete interaction among the active materials and 
electrolyte, ion transport in the electrolytes, and high-rate charging-discharging of 
the active materials can offer a greater surface-specific area, which is advantageous 
for the electrode implantation and complete contact between the active materials 
and electrolyte [65–68]. This can be achieved by enhancing the porous nature of 
novel nanostructures compared to their bulk counterpart. Third, there have been 
more reports of metal oxide/C composites with carbon nanomaterials like graphene, 
CNTs, amorphous carbon, and carbon nanofibers, which have significantly increased 
electroconductivity and improved specific capacitance and charge–discharge rate 
performances [60–71]. Fourth, the presence of oxygen vacancies induces the inter-
layer spacing of metal oxides, which encourages the intercalation pseudocapacitive 
behavior, thus enhancing fast charge storage kinetics [72, 73]. Metal oxides, notably 
single metal oxides (such as TiO2, RuO2, MnO2, Fe2O3, V2O5, MoO3, and WO3), 
bimetallic oxides (conversion-type MN2 O4, were M or N = Fe, Cu, Co, Zn, Ni, 
Mn, etc.), transition metal dichalcogens and intercalation-type (LiCoO2, LiMn2O4, 
etc.) and metal oxide heterostructures, have been extensively researched as electrode 
materials for SCs over the past few years. 

2.4 Composite-Based Supercapacitor Electrode Materials 

Although conducting polymers, metal oxides/hydroxides, and carbon-based mate-
rials are the most prevalent electroactive materials for supercapacitors; each type has 
distinct benefits and drawbacks. For instance, carbon-based materials can offer long 
life cycles and high power density. Still, their employment in high energy density 
devices is constrained by their low specific capacitance (mostly double-layer capac-
itance) [74]. In addition to double-layer capacitance, metal oxides and hydroxides 
also contain pseudocapacitance. However, they have poor conductivity and a short 
cycle life [75]. Conducting polymers have low mechanical stability and cycle life 
despite being cost-effective, high capacitance, good electrical conductivity, and ease 
of synthesis. It is essential to control, develop, and optimize the structures and prop-
erties of electrode materials to improve their performance for supercapacitors. The
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characteristics of the composites are not only influenced by the choice of constituent 
components but also by their morphology and interfacial properties. Recently, signif-
icant effort has been made to fabricate various nanocomposite capacitive materials, 
including carbon nanotubes/ graphene combined with conductive polymers, metal 
oxides, or both, conducting polymer mixed with metal oxides/ hydroxides and Metal– 
Organic Framework (MOFs) [64–66]. It is necessary to consider various elements 
while designing and creating nanocomposite electroactive materials for supercapaci-
tors, including material choice, synthesis techniques, fabrication process parameters, 
interfacial properties, electrical conductivity, nanocrystallite size, surface area, etc. 

3 Pre-treatment of Functionalized Nanomaterials 

For excellent device performance, predefined properties (functions) must be attained 
through the fabrication technique. Hence, material scientists focus more on the perfor-
mance and characteristics of materials. This has led to the development of func-
tionalized nanomaterials by taking various pre-treatment methods/ synthesis routes. 
The energy storage materials research focuses on achieving a high surface area, 
good conductivity, better carrier transfer, and good interface. Pre-treatment methods 
play a crucial role in synthesis routes of nanomaterials with regulated morphology 
and tailored anisotropic nanostructures, including one-dimensional (1D) nanorods, 
nanowires, and nanotubes, as well as two- and three-dimensional (3D) hierarchical 
structures [77]. These nanoparticles can enhance the performance of energy devices 
thanks to their distinctive, adaptable, customizable structure, high surface-to-volume 
ratio, and wide surface area. The hierarchical frameworks for each type of FNM used 
for supercapacitor electrodes are mentioned above in Sect. 2. 

Fast electron transport in one dimension and a short ion diffusion length in the 
radial direction are significant features of 1D structures. Still, their fixed size and 
static structure restrict their ability to have adjustable specific surface areas and 
porosity qualities [78, 79]. On the other hand, due to their distinctive electrical, 
mechanical, and optical properties, as well as their huge surface area and surface 
orientation, 2D nanomaterials with high aspect ratios are particularly desirable mate-
rials for energy storage applications. Additionally, when their interior atoms become 
more exposed, numerous defects will undoubtedly occur and have a non-negligible 
impact on their chemical and physical properties [80–82]. The following qualities 
are typically associated with 3D structures: (1) Because nanoplatelet restacking is 
effectively prevented, the high specific surface area can be preserved. This results in 
accomplishing enough electrochemical reactions, and many electrochemically active 
areas are accessible to the electrolyte. (2) The formation of numerous pores or chan-
nels can efficiently reduce the distance that ions and mass must travel while forming 
3D structures using nanosized 2D nanoplatelets as the building blocks. (3) Since the 
3D structure is typically constructed directly on a conductive substrate or combined 
with a conductive material, such as a carbonaceous material, electron transport is 
greatly improved [83–86].
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Understanding the fundamental method by which nanomaterials grow anisotropi-
cally is crucial for designing controlled synthesis to create nanostructures appropriate 
for energy storage applications. In this section, we will discuss an elaborately impor-
tant study on the controlled synthesis and various pre-treatment methods of functional 
nanomaterials for electrochemical energy storage that is needed to advance related 
efforts in research and development to address the current energy problems. 

3.1 Pre-Treatment Methods for Carbon-Based FNM 

For the construction of high-efficiency electrodes with relatively lower effective 
series resistance and increased charge storage ability without compromising oper-
ating lifetime and high power density, carbon nanomaterials with high electrical 
conductivity and theoretical specific surface area are regarded as the best candidates 
[87, 95]. This section focuses on several pre-treatment techniques for carbon nano-
materials with outstanding supercapacitor performance that have been chemically 
functionalized and hybridized. 

One of the main areas of research in graphene is its functionalization. Graphene 
sheets have a lot of active sites, including functional groups, because they are created 
by peeling off the graphene oxide created by chemically oxidizing graphite. Func-
tionalization of graphene can be done by two significant strategies, i.e., by chemical 
route & non-chemical route [22]. The chemical functionalization process involves 
forming new covalent connections between the atoms of reduced graphene oxide 
(rGO) / graphene oxide (GO) and the desired functional groups (Fig. 3). 

The non-chemical functionalization, on the other hand, is mostly reliant on the 
π interaction between the guest molecules and rGO/GO. Even though both function-
alizations can give graphene various properties, chemical techniques are more effi-
cient. Several chemical pathways have been proposed and tested, including top-down 
methods, including sonication, reduction of graphene oxide, thermal exfoliation, 
electrochemical exfoliation, and micromechanical exfoliation [88–94]. The alterna-
tive bottom-up processes for growing graphene include pyrolysis, chemical vapor 
deposition, and epitaxial growth on silicon carbide. Figure 3 describes a schematic 
portrayal of various synthesis routes of graphene [87]. 

A one-dimensional type of carbon with a perfect hollow cylindrical shape is 
known as a carbon nanotube (CNT). Most of the physical characteristics of carbon 
nanotubes come from their base material (graphene). According to theoretical anal-
ysis, this CNT is notably unique in its cylinder shape made of thick sheets of swirling 
graphene, which can distinguish itself into one or more wells. Due to their remarkable 
thermal, electrical, mechanical, and optical properties, CNTs are used exclusively 
and functionalized to be used as supercapacitor materials. CNT functionalization 
processes can be divided into covalent and non-covalent functionalization [96]. A 
functional group and a carbon atom of CNT establish covalent bonds due to covalent 
functionalization. Covalent chemical bonds between CNTs and functional entities are 
formed during the covalent functionalization process, which entails several chemical
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reactions. There are two categories of covalent functionalization that fall under as: 
(i) oxidation and end/defects functionalization and (ii) side wall covalent functional-
ization. A strong chemical attacks the defects in the nanotube’s walls, leaving holes 
that have been functionalized with oxygenated functional groups [97, 98]. Figure 4 
represents the schematics of ways to functionalize CNT. 

Most often, oxidation is carried out using strong acids like HNO3, H2SO4, or  
their mixture and raising the reaction temperature, as well as strong oxidants like 
KMnO4 or utilizing ozone, or reactive oxygen plasma [99–104]. These pre-treatments 
enable the CNTs to develop acidic sites, which are then utilized to attach other 
molecules. These functional groups allow for various chemical reactions, including 
esterification, thiolation, silanization, polymer grafting, and the attachment of some 
biomolecules [105-107] (Fig. 4). 

A transition from sp2 to sp3 in the carbon hybridization and a concomitant 
loss of the p-conjugation characteristic of graphene’s aromatic rings are caused by 
the creation of the covalent link during the direct covalent sidewall functionaliza-
tion. Atoms at the ends and in the defects of the CNTs can combine with some 
compounds with high chemical reactivity to create this process. Because it offers 
substitution sites for further functionalization, allowing the replacement of the fluo-
rine atoms by hydroxyl, amino, and alkyl groups, fluorination of CNTs has gained 
popularity. The Diels–Alder cycloaddition, the bromination, carbene and nitrene 
addition, azomethineylides, chlorination, and hydrogenation are further potential 
chemical pathways. 

There are certain drawbacks to covalent functionalization, even though it offers a 
wide range of potential methods for grafting the desired molecules. Strong covalent 
bonds used for functionalization cause the aromatic rings of the CNT graphitic lattice 
to break. This affects the mechanical and electrical properties of CNT. To reduce the 
CNT damage caused by the functionalization, various efforts have been made to iden-
tify practical alternatives. Non-covalent functionalization allows for the preservation 
of CNT characteristics. One of the key benefits of non-covalent functionalization is 
that it preserves the hexagonal lattice with aromatic graphitic rings by leaving the 
carbon hybridization alone. Because the non-covalent functionalization is based on 
adsorption based on van der Waals forces, hydrogen bonds making supramolecular 
complexation, electrostatic forces, or -stacking interactions, the structural and elec-
trical properties of the CNTs are preserved. Lower stability brought on by potentially 
weak contacts between the grafted molecule and the CNTs is a major downside of 
non-covalent functionalization [108]. 

3.2 Pre-treatment of Polymer-Based FNM 

The discovery of conductive polymers (CPs) has advanced numerous basic scien-
tific fields, including quantum chemistry and the chemistry and physics of ∏ -
bonded macromolecules [109]. In recent decades, conducting polymer nanostruc-
tures have drawn increasing attention from both fundamental researchers and a
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variety of application fields. Because of the distinctive characteristics resulting from 
their nanoscaled size— large surface area, high electrical conductivity, high elec-
trochemical activity, and short path lengths for the transport of ions—conducting 
polymer nanostructures are anticipated to demonstrate improved performance in 
energy storage compared with bulk conducting polymers. Functionalized CP nanos-
tructures are key to the effectiveness of the supercapacitor electrode materials made 
from CPs [110]. Choosing appropriate polymerization techniques to regulate their 
nanostructures is crucial since the nanostructures are influenced by the polymer-
ization methods used to synthesize polymer-based FNM. Electrochemical polymer-
ization, in situ polymerization, template polymerization, interfacial polymerization, 
dilute polymerization, emulsion polymerization, and other processes are some of the 
polymerization techniques available for CP-based supercapacitor electrode mate-
rials [111–115]. The most prevalent of these approaches are in situ polymerization, 
electrochemical polymerization, and interfacial polymerization. 

In situ Polymerization 

Typically, in situ polymerization methods require dispersing nanomaterials in a neat 
monomer (maybe several neat monomers) or a solution of monomer, followed by 
polymerization in their presence. In this procedure, the sonication process’ phys-
ical vibration separates the monomers into an aqueous solution. The sample is then 
extracted using solution filtration after the oxidizing agent has been added to the solu-
tion as a polymerization initiator [116]. Figure 3(a) describes the basic procedure 
of in situ polymerization method [117]. 

This technique aids in the alignment of the functional nanomaterial (particularly 
carbon-based FNM), facilitates charge transfer by acting as a route, and supports 
the organic polymers. The lifetime during the charging-discharging process was 
increased because the constrained FNM prevented the CPs (such as PANi) from 
changing its’ structure. By implementing this polymerization technique, multiple 
types of CPs (for example, PANi, PPy, and PTh etc.) can be coated, and the resulting 
composite has diverse capacitive properties as a result of the synergistic interac-
tion between the CPs and the provided functional material (for example, rGO). An 
increased electrical double-layer capacitance was achieved by a more uniform CPs 
coating and reduced CPs aggregation on the underlying nanomaterial by this method. 
Thus, the in situ polymerization method is regarded as a quick, easy procedure that 
allows for good process control. Additionally, they can be used with a variety of 
substrates, including those made of carbon, metal, and even polymer, all of which 
have varied surface morphologies and shapes (e.g., curved, planar, or even porous 
surfaces) [119]. 

Electrochemical polymerization 

The process of creating polymer films using electrochemical polymerization mostly 
utilizes linearly scanned potential (potentiodynamic) or constant potential (poten-
tiostatic) which is under the influence of an electric field. The morphologies and 
mass loading of the nanostructured films developed using this approach are influ-
enced by the type of deposition solution. Various types of CPs, like PANI and PPy,
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can be synthesizedutilizing the electro-polymerization procedure, which operates 
under straightforward conditions and requires fewer hazardous toxins during the pre-
treatment. Electrochemical deposition offers the opportunity to adjust the synthesis 
parameters, allowing one to have control over the structure and morphologies of elec-
trode material [120]. However, this method is not appropriate for extensive manufac-
turing. Electrodeposition, which involves depositing films or coatings on substrate 
surfaces through redox processes employing an electric current, is the most common 
method of electrochemical polymerization. The salt ions with a positive charge are 
drawn to the negatively charged substrate (cathode), which was already submerged in 
the salt solution, and those ions accept the electrons to carry out a reduction reaction 
[121–123]. As a result, cathodic electrodeposition and anodic electrodeposition are 
the two reaction processes by which electrodeposition occurs. Figure 3(b) describes 
the basic procedure of electrochemical polymerization method. 

Interfacial Polymerization 

An example of step-growth polymerization is interfacial polymerization, which 
produces a polymer that is restricted to the interface when it occurs at the inter-
face of two immiscible phases (often two liquids). Surface topology and chemical 
attributes of the produced functional materials are very flexible due to interfacial 
polymerization [124]. As of now, interfacial polymerization has become a reliable 
and efficient method for creating a variety of useful polymer materials. The design and 
pre-treatment of polymer materials using interfacial polymerization typically relates 
to two key aspects: (i) the building of an interface between two immiscible phases 
and (ii) monomer dispersion in two immiscible phases. Liquid–solid, liquid–gas, 
liquid–liquid, and liquid-in-liquid emulsion interfaces are the four main categories 
of interfaces [125, 126]. When two immiscible liquids are used to create an inter-
face, either one or both of the liquid solvents contain monomers. The monomers 
may diffuse to the interface and then be initiated to polymerize there due to the 
difference in chemical potentials of two immiscible liquids at the interface. The 
resulting polymer is anchored to the interface when the interfacial pressure of the 
adsorbed monomer monolayer surpasses the equilibrium spreading pressure of the 
polymer. The polymer increases at the contact as the monomers diffuse and the 
polymerization process continues. As a result, interfacial polymerization has gained 
popularity as a process for creating a variety of polymer materials that are widely 
employed in several applications. Pre-treatment techniques using interfacial poly-
merization provide good control over structure and chemistry, as well as generality 
for categories of monomers and interfaces. Interfacial polymerization has produced a 
number of polymer materials, such as particles, and membranes, which are frequently 
employed as supercapacitor electrode materials. However, there are still a number 
of issues with interfacial polymerization that need to be resolved: The limitation of 
the interface surface makes it difficult to produce materials over a large area; the 
interfacial tension limitation makes it difficult to create anisotropic Janus particles 
during interfacial polymerization; and the preparation of uniform and size-tunable 
capsules via interfacial polymerization is still a challenge [124].
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4 Pre-treatment Methods for Metal-Based FNM 

Due to their low cost, adaptable valence states and morphologies, and high capac-
itance, transitional metal-based materials are frequently used in energy conversion 
and storage systems. Transition metal oxides, hydroxides, dichalcogens, and metal 
oxide heterostructures are new-generation materials used in the fabrication of super-
capacitor electrodes due to their meager resistance and suitable specific capaci-
tance, theoretically [127]. But there are still several restrictions for them to have 
widespread practical application. Their weak electrical conductivity, unpredictable 
volume expansion, and slow ions transport in the bulk phase have restricted their prac-
tical applications [128]. Pre-treatment of several metal-based electrodes is addressed 
in this section, enhancing its properties for practical applications. 

By customizing the structure and engineering, particularly the nanostructuring, 
which has been seen as a promising method for achieving high-performance electro-
chemical energy conversion and storage, researchers are now making great efforts 
to design high-performance transition metal-based nanomaterials for supercapac-
itor electrode material. Therefore, we outline some methods for creating high-
performance nanomaterials that can be used for energy storage and conversion. The 
first approach is introducing more active sites to nanomaterial surfaces, where elec-
trochemical processes occur. For example, building atomic metal-nitrogen molecules 
in a carbon matrix to form an M–N-C structure results in many vacancies exhibiting 
vigorous catalytic activity for electrochemical reactions and good atomic stability. 
The second approach is to create nanostructured materials with unique properties 
that set them apart from their bulk material equivalents, for instance, fabricating 
transition-based nanomaterial having dimensions of 0D, 1D, 2D & 3D nanostruc-
ture. More atoms could be exposed onto the surface of nanostructures by efficiently 
optimizing the surface-to-volume ratios of the particles. Additionally, geometric 
shape variations can significantly impact a nanostructure’s chemical and physical 
characteristics. The design of transition metal-based nanomaterials uses various pre-
treatment techniques. These include hydrothermal pre-treatment, sol–gel method, 
precipitation technique, electrochemical anodization, CVD, etc. All these methods 
are facile and controllable. 

Hydrothermal technique: The hydrothermal process is an easy-to-use yet effective 
tool for adjusting grain size and crystalline phase and increasing product perfor-
mance. To synthesize a crystalline nanostructure adequately, precursors must be 
combined with a solvent. The blended solvent is then placed into a Teflon container 
assembled with a stainless-steel autoclave and heated for a specific time and at a 
particular temperature. The internal pressure inside the autoclave is determined by 
the temperature and volume of the solution. Crystals are formed in an autoclave 
containing both components dissolved in water throughout this process. A tempera-
ture gradient is produced within the autoclave chamber’s opposite sides [128, 129]. 
The formation of desirable crystals with excellent quality results from materials 
dissolved at high temperatures deposited on the seed crystals at the cooler end. In
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contrast to other complex synthesis processes, the hydrothermal method is simple, 
quick, and cost-effective. 

Precipitation Technique: The materials can also be synthesized using the precipita-
tion synthesis method, which is another straightforward process. It incorporates the 
simultaneous processes of nucleation, maturation, coarsening, and agglomeration 
[130–133]. It has several qualities, which include-

1. the ability to produce insoluble species with high saturation levels. 
2. A large number of tiny particles are synthesized during nucleation. 
3. Agglomeration affects the morphology, construction, and shape of items. 
4. The conditions with supersaturation are essential for producing precipitation that 

results from a chemical reaction. 

It is a straightforward procedure that allows for precise control over size and 
composition, making it economical and energy-efficient. It can produce FNM based 
on metal sulfides, metal oxide, and metal-organic framework. 

Sol-Gel Method: The sol-gel approach is another particular category of wet chem-
ical processes. In this procedure, the molecular precursor (often metal alkoxide) is 
dissolved in water or alcohol and heated and stirred, known as hydrolysis/ alcohol-
ysis, until it gels. According to the desired qualities and use of the gel, which is 
wet or damp after the hydrolysis/alcoholysis process, it should be dried using the 
appropriate techniques. For instance, burning alcohol completes the drying process 
if the solution is alcoholic. The generated gels are pulverized after drying and then 
taken for further post-treatment. Because of the low reaction temperature and cost-
effectiveness of the sol-gel process, it is possible to effectively regulate the chemical 
composition of products. This method produces thin films of metal oxide for various 
applications. It is a very convenient method that can be used for commercial mass 
production [134-136]. 

Electrochemical Anodization: An example of a traditional electrochemical conver-
sion is electrochemical anodization. It includes electrode reactions as well as a metal 
and oxygen ion diffusion driven by an electric field, which creates an oxide layer 
on the anode surface. By changing the process variables, such as the anode poten-
tial, electrolyte composition, temperature, and current, the structural and chemical 
characteristics of the metal oxides (such as TiO2 and MoO3) can be altered over 
a wide range [137]. A well-known technique, anodic oxidation can create various 
protective oxide layers on metals with outstanding adhesion and bonding. The cell 
typically comprises two electrodes attached to a DC power source. In this instance, 
the metallic sheet acting as the anode is linked to the positive terminal and must be 
oxidized. On the other hand, the cathode can be made of any substance that is inert to 
the chemical process, platinum and graphite being the most popular options. An ion 
carries out the etching process in the electrolyte, which is made up of water. The ion 
of choice for the first four generations was fluoride (F-); for the fifth and sixth gener-
ations, it was chloride (Cl-) [8]. This procedure involves the oxidation of the anode,
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which results in the formation of a decorative protective layer with increased thick-
ness and enhanced oxide layer density over the metallic surface. Fig. 5 represents 
the schematic representation of the electrochemical anodization of Ti foils. 

Chemical Vapor Deposition (CVD): Chemical Vapor Deposition (CVD) is a versa-
tile technique for producing high-quality TMDs with high crystallinity and purity. 
Over the past few years, this technique has substantially matured. Different precur-
sors are deposited onto a substrate by chemical vapor deposition. The CVD process 
may manufacture TMDs/TMOs with a wide surface area, making it a suitable fit for 
industrial applications. A CVD method typically has a reaction temperature range 
between 600 and 800 ֯C [138–140]. FNM based on Transition metal oxide/ dichalco-
gens prepared by chemical vapor deposition is well discussed in the literature. Using 
chemical vapor deposition, Jian-Shan Ye et al. created a supercapacitor electrode 
material made of aligned carbon nanotubes and ruthenium oxide [141]. Similarly, 
Frances L. Heale et al. reported on aerosol-assisted chemical vapor deposition of 
porous TiO2/SnO2 nanocomposite infused with slipperiness liquid [142]. Large-
surface area MoS2 films were synthesized by Lee et al. using the CVD method on 
an amorphous SiO2 substrate at a reaction temperature of 650 °C in a nitrogen envi-
ronment [143]. The size of the nanosheets can be regulated in the CVD process by 
varying the carrier gas’s concentration and composition. Still, the carrier gas flow is 
necessary for creating the nanosheets and cannot occur without it. 

All the pre-treatment methods discussed above are not exclusively used for the 
pre-treatment of transition metal-based electrodes; these pre-treatment methods are 
also used for synthesizing various material-based FNM supercapacitor electrodes 
discussed in Sects 3.1 and 3.2. 

5 Post-treatment for Functionalized Nanomaterials 

A significant area in the developing field of nanotechnology is nanoparticle function-
alization and surface treatment. Because of the natural inclination of nanoparticles to 
agglomerate and their poor compatibility with other nanomaterials, FNM production 
poses significant technological obstacles. Modifying the fillers’ surface to strengthen 
their affinity with the matrix and create repulsive interactions among the particles 
is the primary strategy for resolving these problems. For high-added-value applica-
tions incorporating nanoparticles, controlling the surface chemical composition and 
managing its modification at the nanoscale scale are crucial concerns. We explored 
several pre-treatment techniques to improve the characteristics of FNM in earlier 
Sect. 4. It should be known that in addition to various pre-treatment techniques, 
post-treatment plays a significant role in improving the features of nanomaterials 
for applications in supercapacitors. In order to boost conductivity and enhance the 
structure of the FNM used for the supercapacitor electrode, various post-treatment 
procedures were applied to the FNM, which will be discussed in this section.
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5.1 Thermal Treatment 

The two essential key variables that cause the properties of nanomaterials to differ 
dramatically from those of typical bulk materials are surface area and quantum 
confinement effects. Thermal/Heat treating is a post-fabrication procedure used to 
change physical, and occasionally chemical, properties of nanomaterial. In order to 
harden, improve conductivity, or enhance the crystallinity of a material, heat treat-
ment involves heating or chilling it, typically to extremely high temperatures [144]. 
Different heat treatment methodologies can change functional nanomaterials’ chem-
ical and physical features after material pre-treatment. The following heat treatment 
methods are used: annealing, sintering & calcination. This technique is typically used 
to improve the electrical conductivity of metal-based electrode materials for super-
capacitors since it may produce crystalline structures by heat processing. Surface 
imperfections, grain boundaries, oxygen adsorbed on the surface, and unsaturated 
dangling bonds all have a significant impact on the electrical conductivity of the 
FNM. In practical terms, the divergence from stoichiometric composition results in 
a significant number of point and surface defects in the metal oxide nanocluster. 

Furthermore, creating oxygen vacancies in metal oxide nanoclusters may enhance 
the efficiency and precision of supercapacitor electrodes [73]. Numerous researchers 
discussed the synthesis of FNMs, followed by annealing in various atmospheres. 
They demonstrated that smooth surfaces, a reduction in structural flaws, and an 
improvement in the crystallinity of the FNM were all produced by annealing at 
the ideal temperature. A substantial number of dangling bonds, atoms and local 
atomic defects are found at the surface texture of nanomaterial rather than the inte-
rior cores due to the high surface area of nanomaterial [147]. As a result, the surface 
of FNM is unstable, exhibits high chemical activity, and has the propensity to absorb 
atoms from the surroundings. The active surface area of the nanomaterial greatly 
influences electrical conductivity. The electrical properties, which are needed in the 
field of energy storage application, are greatly influenced by the deformation in the 
surface structure and the local impurities. As a result, researchers anticipated that the 
annealing process would cause oxygen vacancies and enhance the nanostructure’s 
crystal quality. Sintering is another thermal treatment method in which nanomaterials 
are kept at a temperature below the melting point of the main constituent. Sintering 
helps preserve the nanomaterial’s high electrical conductivity, porosity, and surface 
area [146, 147]. Calcination is another technique for heating a material at a controlled 
temperature and in a controlled environment to eliminate volatile chemicals. In order 
to produce metal carbides, metal oxides, etc., sparingly soluble precursors are often 
thermally decomposed through calcination. Materials are calcined at various temper-
atures while loaded with various gases like argon or nitrogen in the furnace tube. 
The main benefit of calcination is that the end products will have variable crystallini-
ties, BET surface areas, and morphological properties depending on the calcination 
temperature. However, the items might occasionally get readily polluted when the 
porcelain boat reacts with other contaminants, which can be observed in the other 
two methods discussed above.
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5.2 Plasma Treatment 

Plasma treatment has already been successfully utilized to modify nanomaterials 
such as carbon nanotubes, nanoparticles, and nanofibers. Plasma treatment is an 
excellent technique for enhancing surface characteristics and reactivity because of 
its dry, environmentally friendly procedure and potential to deposit polymer films 
of organic compounds with customizable thickness. For many different purposes, 
plasma treatment was used. The surface of the nanoparticles was extensively cleaned 
to remove carbon contamination using oxygen plasma treatment. Moreover, there are 
several different approaches to functionalizing NPs and their surface, including so-
called “physical methods,” which mostly require wet chemistry and large amounts 
of chemicals. Before obtaining the final material, multiple lengthy reactions and 
purification stages are typically necessary [148, 149]. From an industrial standpoint, 
where mass production is desired, these methods seriously negatively affect the 
economy and the environment. Plasma methods seem to be worthwhile alternatives 
for the surface modification of nanomaterials because of these restrictions. 

5.3 Sonochemical Treatment 

A fantastic technology for mass-producing various functionalized materials is sono-
chemical treatment. This approach is a simple and effective way to create nano-
materials, and it allows you to customize the characteristics of the nanoparticles 
by altering the ultrasonic process conditions. Sonochemical treatment is a field of 
chemical research that examines the effects and uses of ultrasonic waves, or high-
frequency sound that is difficult for the human ear to process and eventually exceeds 
the human hearing threshold, which for adults is typically between 18 and 20 kHz 
[150]. Many theories have been presented to explain how chemical bonds can be 
broken by 20 kHz sonic radiation. They all concur that the formation, expansion, 
and collapse of a bubble in the liquid constitute the primary events in sonochemistry. 
Diffusion of solute vapor into the bubble’s volume causes the stage leading to bubble 
expansion to take place. When the bubble size reaches its maximum value, the bubble 
collapses in its final stage. Many studies have been conducted to explore the synthesis 
of nanomaterials using the sonochemical approach. The sonochemical method is a 
useful alternative technique for creating nanostructures in natural environments. This 
method is regarded as one of the simple, quick, affordable, and ecologically friendly 
one-pot processes. However, there still needs to be more information on the complete 
overview of these physicochemical and morphological nanoparticles [151, 152].
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6 Conclusion 

The use of nanostructured materials as supercapacitor electrode materials has 
received substantial research. The nanostructure can substantially improve perfor-
mance by shortening the ion diffusion pathway in addition to offering a large amount 
of active surface for energy storage. Researchers could concentrate on the following 
several factors to further enhance the performance of supercapacitors. Specific mate-
rial, surface, and interface qualities are given weight in study reports on energy 
conversion and storage. Additionally, those characteristics considerably alter the 
transport behavior of energy storage and conversion equipment. Energy conversion 
and storage efficiency were improved by altering the material properties using the 
aforementioned fabrication and processing procedures. Whatever the cause, it is 
evident that the interfacial characteristics of the electrode and electrolyte—active 
surface area and wettability—contribute significantly to the efficiency enhancement. 

However, there are still issues with device stability and manufacture. Every 
research report has some restrictions and flaws that merit extra consideration. 
Therefore, it is necessary to strengthen the investigation of the transport qualities 
concerning material alterations. There is a need for new gadgets that are highly 
efficient and stable in challenging environments, even though several are already 
commercially accessible. 
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Chapter 10 
Functionalization Techniques for Carbon 
Dedicated to Electrochemical Use 

Ismaila T. Bello, Langutani E. Mathevula, Bakang M. Mothudi, 
and Mokhotjwa S. Dhlamini 

1 Introduction 

This chapter discussed the functionalization techniques of carbon materials used 
in electrochemical applications. Functionalization of different allotropes of carbon 
materials such as diamonds, graphite, carbon nanotubes (CNTs), fullerenes, carbon 
black (CB), and carbon nanofibers (CNFs) is an important way to improve the elec-
trochemical systems [1–6]. The increased surface functional groups with additional 
faradic contribution generate higher energy-power densities and enhance the compat-
ibility of electrochemical devices with aqueous electrolytes and other active mate-
rials [7–10]. The graphical representation of different allotropes of CMs with their 
properties and applications is depicted in Fig. 1.

Over the ages, diamond and graphite are the most common sources of CMs, 
despite the fact the availability of CMs in nature in various forms of biomolecules, 
amorphous, and carbon in organic molecules. The unusual attribute of carbon’s elec-
tronic structure, which forms many hybrids including sp1, sp2, and sp3, is what gives 
it its multi-dimensional nature. As a result of the hybrids’ diverse orbital orientations, 
various structures with distinctly different characteristics have developed [11–13]. 
Diamond, for example, is made up of pure sp3 hybrids with bonds aligned along the 
major axis of a tetrahedron. Diamond is the hardest substance known to man, very 
transparent, and electrically insulating, yet with a significant thermal conductivity 
due to the four strong covalent bonds that are discernible in this structure [14–16]. 
Graphite, on the other hand, is created by pure sp2 hybrids. In this occurrence, three 
carbon bonds are in a plane and make a 120° angle with the three atoms that are
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Fig. 1 Graphical representation of different allotropes of CMs with their properties and applica-
tions. Reproduced with copyright from [50]

closest to them. This plane is perpendicular to the fourth bond. The layered structure 
of graphite is determined by this unusual electrical arrangement. The out-of-plane 
bond, which is weak compared to the covalent and exceptionally strong in-plane 
bonds, gives graphite its electrical conductivity, high absorption coefficient over a 
wide spectrum range, and softness [17, 18]. Therefore, the combination of these 
two types of hybrids in the other materials causes the bond orientation of the amor-
phous structure of CMs to be unpredictable [18]. Fullerenes are the other types of 
CMs that were discovered first in 1985 [19]. Fullerenes are particularly fascinating 
in terms of fundamental research as well as application potential. The family of 
spherical compounds known as fullerenes is made up of carbon atoms in various 
counts of 20, 60, 70, and more. The C60 molecule is the more prevalent, stable, 
and extensively researched system compared to other fullerenes. The arrangement 
of the C atoms in C60 creates the bond curvature necessary for the creation of a 
spherical structure (truncated icosahedron) by placing them nearby in pentagons and 
hexagons. All carbon atoms in C60 molecules are sp2 hybrids. Although the exis-
tence of pentagons prevents bond resonance from occurring, this is distinct from the 
organization found in a perfect hexagonal structure, such as in graphite sheets. As 
a result, fullerenes are effective charge acceptors, a quality that is crucial in inter-
actions with radicals and surface functionalization [20]. In contrast to fullerenes, 
graphene has perfect resonance because its atoms are arranged in a monoatomic 
layer that is a two-dimensional hexagonal lattice. Graphene has distinct features due 
to electron quantum confinement in a single atomic sheet. Graphene can be thought 
of as a zero-gap semiconductor due to its numerous properties, including its high 
absorbance throughout the whole visible optical range and the electron motion being 
ballistic [21]. While carbon nanotubes (CNTs) can be compared to folded graphene 
sheets, their curvature gives them distinctive electrical characteristics. Following the 
discovery of fullerenes, CNTs underwent substantial research from both a theoretical 
and practical standpoint. The orientation of the hexagonal bond directions concerning
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the CNT axis, or chirality, is a property that distinguishes CNTs from other mate-
rials. The electrical characteristics of CNTs are greatly influenced by their orientation 
[22, 23]. Other competing CMs that are widely used in industrial applications are 
carbon nanofibers (CNFs). The composite’s mechanical characteristics are improved 
by utilizing the strong covalent C–C bond. The carbon-based fibers have the highest 
specific strength and specific modulus among the group of fibers. As opposed to 
glassy and organic polymer fibers, CNFs do not have corrosion issues or stress-
induced breakdowns at ambient temperature. If CNFs are compared to other mate-
rials, they also exhibit exceptional strength and modulus at high temperatures [24]. 
Compared to carbon nanotubes, CNFs are a less expensive material and are generated 
in large quantities. Regarding CNTs, they are used as a reinforcing component in 
a wide range of substances, such as inorganic materials, organic materials, metals, 
and biomaterials [25–28]. Carbon black and other forms of CMs including glassy 
carbon and porous carbon are widely used in industrial applications. With the recent 
potentialities of the usage of carbon black, it is mainly employed as a pigment or an 
additive in polymers and rubbers to enhance their mechanical properties [29]. Glassy 
carbon is made up of microcrystalline stacks of interconnecting narrow graphite-like 
layers. This results in the formation of a closed pore tough structure that is hard but 
brittle and chemically inert. Glassy carbons are used in a variety of distinctly diverse 
applications due to their extremely robust, conductive, and inert network. They are 
employed in the fabrication of solid-state batteries as electrodes, high-temperature 
furnaces, and harsh chemical processes, and because of their inertness, glassy carbon 
is as well utilized in the fabrication of prostheses [30–32]. Like carbon black, porous 
carbon is also much softer than glassy carbon. Porous carbon has a large specific 
surface area, which improves the interactions with the surrounding medium. Despite 
having less conductivity than glassy carbon, it can be used to fabricate bioelectrodes 
for stimulation and sensing as well as electrodes for electrochemistry because of its 
high porosity and the presence of active sites [33–36]. 

These CMs can be prepared in the various dimension of 0 to 3D on different 
microtextures from powders to foams, crystals, composites, amorphous, and fibers 
[37]. Because these fillers are often hydrophobic and have low surface energy, they 
are incompatible with polar solvents and several polymer matrices. These materials 
tend to aggregate into macro-visible clusters as a result of the strong interparticle van 
der Waals force of contact and low surface energy [38]. Various CMs functionaliza-
tion approach has been significantly developed in order to reduce the agglomerating 
tendency of the fillers using chemical bonding channel to increase the interfacial 
adhesion of the filler–polymer [39–43]. Functionalization techniques of CMs can be 
categorized into two main approaches, namely, covalent (chemical) and noncova-
lent (physical) functionalization based on the type of interactions involved between 
the carbon atoms on the fillers and active molecules [38]. Covalent functionaliza-
tion (adsorption) necessitates the presence of reactive species capable of forming 
covalent adducts with the sp2 carbon of a CMs. Although it necessitates damage to 
the sidewalls, the primary benefit of covalent functionalization of CMs is that it is 
more powerful than noncovalent interactions. It alters the electronic structure, which, 
in contrast to noncovalent functionalization, causes the irreversible loss of double
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bonds. These modifications may impact the conductivity qualities, which may impact 
specific applications [44–49]. 

2 Functionalization Techniques of Carbon and Their 
Electrochemical Applications 

The modification of the surface chemistry of the materials to provide certain prop-
erties to suit some specific applications are termed Functionalization. Various func-
tionalization techniques have been applied to various species of CMs to change their 
surface energy as the main objective of the modification. This modification allows for 
stronger molecular interaction with other substances via the bonding of specialized 
active molecules such as medicines, genetic materials, luminous agents, metallic 
nanostructures for catalysis or plasmonic, and so on. Furthermore, it is possible to 
modify the surface’s wettability by adding polar or non-polar groups to it. This, 
on a macroscopic level, improves the surface’s ability to couple with solvents or 
other materials, such as in composites [51–53]. The surface of the material is addi-
tionally functionalized by grafting well-defined molecules to modify its reactivity 
toward specified chemical species. This includes the electrochemical characteristics 
that are adapted for certain uses, such as catalysis, batteries, supercapacitors, fuel 
cells, and organic photovoltaics. Additionally, the functionalization gives molecu-
larly based nanostructures that are made of carbon luminous characteristics or permit 
the bonding of such species to the surface of the material [18]. The detailed cova-
lent and noncovalent approaches shall be discussed in the subsequent sections, which 
include oxidation, polymer wrapping, salinization, surfactant adsorption, sialylation, 
amidation, and polymer grafting approaches. 

2.1 Oxidation 

The functionalization of CMs using oxidation can be categorized into wet and dry 
oxidation techniques. The wet oxidation method comprises the usage of nitric acid, 
sulfuric acid, hydrogen peroxide, potassium permanganate, and so on, while the dry 
oxidation approach oxidized CMs with air, ozone, plasma, etc., for the modification 
of CMs. 

2.1.1 Wet Oxidation 

Wet oxidation is a practical low-cost method for modifying the surface of carbon-
based materials. It uses strong oxidizing agents such as HNO3, HNO3 + H2SO4, 
H2SO4 + KMnO4, and H2SO4 + H2O2 to oxidize carbon fillers [54–59]. Surface
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oxidation attaches various oxygen-containing polar groups, known as volatile compo-
nents, to the surface of carbon compounds. The dispersion of carbon compounds 
in aqueous environments is significantly influenced by the volatile components or 
polar groups. The higher the volatile components that are present in the carbon 
compounds, the more hydrophilic they are, and the better they disperse in aqueous-
based binder systems [38]. Wet oxidation processes have been employed to modify 
different allotropes of CMs in both fundamental and industrial-scale applications. 
Such allotropes of carbon black, CNTs. CNFs, and MWNT have been functional-
ized to enhance their properties for specific use. Researchers have carried out several 
studies on the wet oxidation of CMs. The surface chemistry of Mesoporous carbon 
was modified via wet oxidation treatment using HNO3 and H2O2 under different 
oxidation conditions [60]. It was observed that the oxygen functional group attached 
to the surface of the mesoporous carbon was of higher amount when using nitric 
acid as the oxidizing agent than hydrogen peroxide. However, the pristine surface 
and structural texture of the mesoporous carbon were kept unchanged through the 
oxidation process. The original mesoporous carbon and the oxidized samples after 
the treatment are shown in the SEM images of Fig. 2a–d. Olive stone-activated 
carbons were oxidized by Moreno Castilla’s group in 2000, to introduce different 
oxygen complexes to their surfaces. They employed a wet oxidation process with 
three oxidizing agents of H2O2, (NH4)2S2O8, and HNO3 to alter the surface chem-
istry of the activated carbons. They observed that out of the three oxidizing agents, 
(NH4)2S2O8 treatment show the lowest amount of oxygen and surface acid groups, 
with the highest acid strength, which was attributed to the fixation of carboxyl groups 
close to other groups [61]. The surface chemistry, kinetics, and defect on microp-
orosity of four different microporous carbon were examined using a wet oxida-
tion process. The oxidation of the different carbon materials was carried out under 
different conditions with HNO3, H2O2, and/or (NH4)2S2O8 oxidizing agents. They 
observed that the effect of the functionalization depends on the type of oxidation 
methods and the nature of the materials. They concluded that the incorporated surface 
oxygen groups are no or less negligible impact on the measurement of the specific 
surface area and the micropore volume of the carbon [62].

In the electrochemical application, Oliveira et al. reported the electrochem-
ical determination of Methyl Parathion through oxidized CNTs. The effect of wet 
oxidation using nitric and sulfuric acids and sodium hydroxide was studied on the 
structural integrity of MWCNTs. Thereafter, the electrochemical determination of 
Methyl Parathion using a modified glassy carbon electrode with the oxidized CNTs 
shows a linear response. The electrodes’ analytical performance demonstrated similar 
voltammetric behavior, offering good sensitivity for the measurement of methyl 
parathion [63]. Tanaka et al. reported the effect of surface modification of ordered 
mesoporous carbon using wet oxidation techniques for electrochemical supercapaci-
tors. Nitric acid and ammonium peroxodisulfate were used as oxidizing agents for the 
functionalization and the introduction of more surface oxygen groups to the carbon 
materials. The nitric acid functionalized mesoporous carbon shows an excellent elec-
trochemical performance with gravimetric and volumetric capacitances of 290 Fg−1 

and 300 Fcm−3 respectively at a current density of 0.1 Ag−1. With an energy of
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Fig. 2 a–d SEM images of (A) raw mesoporous carbon and some carbons obtained by different 
oxidation treatments: (B) 30% (v/v) H2O2/room temperature/24 h, (C) 5 M HNO3/80 °C/5 h, and 
(D) 14.55 M HNO3/room temperature/1 h; the latter shows an isolated damaged area, but the 
general structure of this oxidized carbon is the same as that of the starting material. Reproduce 
with copyright [60]. e–h CV profiles of OMC (E) and Maxsorb (F) before and after oxidation at 
a potential scan rate of 1 mV/s and GCD profiles of OMC (A) and Maxsorb (B) before and after 
oxidation  at  a current  density of 0.1  A/g (solid line)  and 5 A/g (dashed  line) in 1 M sulfuric acid  
aqueous electrolyte. Copyright [64]

17.4 Wh/kg and a power density of 5.2 kW/kg, the device shows an excellent life 
cycle of over 70% capacitance retention at the high current density of 5 Ag−1 with 
remarkable performance [64]. The CV and GCD profiles of the ordered mesoporous 
carbon (OMC) before and after oxidation were shown in Fig. 2e–h. In 2023, Filimo-
nenkov et al. reported the performance of a wet oxidative functionalized carbon 
nanotube cloth (CNTC) as a flexible electrochemical supercapacitor electrode. The 
CNTC was functionalized using KmnO4 treatment in an acidic medium through the 
wet oxidation process. This is to enhance the surface of the CNTC and to change 
the composition of the surface oxygen functional group. The functionalized CNTC 
demonstrates an excellent supercapacitive performance of 71 Fg−1 capacitances with 
a 99% retention over 30,000 cyclic cycles in 0.5 M H2SO4 electrolyte [65]. 

2.1.2 Dry Oxidation 

The dry oxidation or gas phase oxidation technique is a simple process of function-
alizing CMs through various dry oxidation methods using air, steam, ozone, and 
the mixture of gases with air as oxidizing agents. The gas phase oxidation process is 
more attractive at the industrial scale oxidation of CMs than the wet oxidation process 
because of environmental and health risks emanating from the chemical used in the 
process. Also, dry oxidation eliminates other problems such as overoxidation and 
waste and drying stages associated with the liquid phase oxidation methods. For 
example, in Air-dry oxidation techniques, the CMs start to oxidize at a temperature
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higher than 300 °C, thereby increasing the surface area and surface hydrophilicity of 
the CMs [38]. The air oxidation method is time-consuming depending on the desired 
degree of oxidation and the nature of the functionalizing CMs. Amorphous carbon 
begins to oxidize at temperatures of 300 °C. Only at temperatures below 400 °C can 
an adequate number of oxygen groups be formed on the surface of carbon blacks. 
Compared to simple air, oxidation in the presence of nitrogen dioxide produces more 
surface oxides. The oxidation of the carbon surface is accelerated by nitrogen dioxide. 
To begin with, a mixture of nitrogen dioxide and the air is used to oxidize the carbon 
black. After that, in the following stage, hot air is used to treat the oxidized carbon 
black in order to remove the nitrogen dioxide that had become deposited on its surface 
during the oxidation process [66]. The dry oxidation effect on the surface chemistry 
and porous structure of activated carbon was reported by Jaramillo et al. [67]. The 
as-prepared activated carbon was oxidized in O2(air) or O3 atmosphere, via a dry 
oxidation process to study the porous structure and surface chemistry changes during 
the oxidation. They concluded that the most effective way to enhance acidic oxygen 
surface groups’ content in the material while preserving a considerable number of 
basic sites and microporosity and developing a significant amount of mesoporosity is 
through dry oxidation of AC at 100 °C in O3. The effect of thermal air oxidation was 
investigated on the surface and adsorptive properties of black carbon by Xiao et al. 
[68]. The authors observed that the functionalized black carbon after carbonization 
was found to have an underdeveloped pore structure and low surface area. It was 
also noted that the substantial effect of thermal air oxidation was only observed 
after post-pyrolysis treatment. Also, among the method to functionalize CMs in 
dry oxidation techniques is the plasma process. Plasma treatment is one approach 
for modifying the carbon structure, either chemically or physically. The surface area 
and pore size distribution of carbon are altered by physical treatment, while the chem-
ical alteration by oxygen plasma treatment has a significant impact on the oxygen 
functions on the carbon surface [69, 70]. A popular method for activating carbon 
and increasing surface energy by producing different functional groups is plasma 
technology. The type of functional groups generated on carbon surfaces is heavily 
influenced by the gas used [71]. In 2022, Pankratova et al. investigated the effect of 
plasma-induced surface chemistry of microfabricated pyrolytic carbon electrodes on 
their electrochemical performance. The Pyrolytic carbon electrodes were microfab-
ricated using pyrolysis (UV lithography) and functionalized using Ar, O2, N2, and 
air plasma gases. The electrochemical behaviors of the plasma-induced CMs were 
studied and their research offers a fundamental understanding of the electrochemistry 
of plasma-modified pyrolytic carbon surfaces and techniques for enhancing surface 
features while overcoming potential electron transfer restrictions for advancement 
in carbon-based electrochemical applications in the future [71]. Lota et al. reported 
a two-electrode system electrochemical measurement for plasma-induced carbon 
materials for supercapacitors application electrodes. The CMs were modified with 
various plasma gases (Ar, O2, and CO2), and the functionalized CMs were studied in 
the acidic medium as a supercapacitor’s electrode. They observed that the capacitive 
behavior of the modified electrode depends on the reactant gases of the function-
alization. They concluded that Ar and CO2-induced plasma electrodes have better
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capacitive properties for the negative and positive electrodes respectively [70]. The 
impact of a low-temperature plasma iodine modification of activated carbon was 
investigated for possible electrochemical capacitors. The electrochemical studies of 
the modified low-temperature iodine plasma activated carbon confirmed an improved 
capacitance value of the electrode and the unusual properties of the carbon-iodine 
interface that can be attributed to the redox activity of various oxidation states of 
the iodine. The reversible redox reaction of the iodide at the interface of carbon/ 
electrolyte made the electrode a perfect candidate for supercapacitor applications 
[72]. 

The ozonation process of activated carbon has been reported for energy storage 
applications. The modification of activated carbon was performed in a glass reactor 
under a continuous flow of ozone for 15, 30, 60, 120, and 240 min. The ozone-
modified activated carbon was observed to have oxygen functional groups to be 
increased after ozonation, thus making it a possible electrode material for electro-
chemical use. The results from the electrochemical investigation showed ozone-
functionalized carbon as a very attractive electrode material for the fabrication of 
asymmetric supercapacitors, as the negative electrode shows a higher capacitance 
value [73]. 

2.2 Silanization 

Silanization of carbon materials is an effective way to enhance the surface properties 
and the attachment of the reactive functional groups on the CMs through silane 
coupling agents [74]. The silane coupling agent serves as a bifunctional that interacts 
with both CMs and the polymers. Equation (1) shows the general chemical formula 
for silanes. 

R − (CH2)n − Si
(
OR')

3 (1) 

where OR'-the hydrolyzable alkoxy group, R-the nonhydrolyzable organic func-
tional group (i.e., R may be an aromatic ring, thiol, epoxy ring, vinyl or amine, 
etc.), and n = 0–3. The organo-functional group (R) in the coupling agent causes 
the interaction with the polymer matrix. The creation of the tri-silanol group from 
the hydrolysis of the OR' groups allows it to interact with the hydroxyl groups 
on the surface of carbon nanotubes that have already undergone various forms of 
oxidation or reduction [75–77]. The three stages in which the silanization of CMs 
occurred were shown in Fig. 3. In the first stage (a), silane is hydrolyzed, resulting 
in the formation of active silanol groups from labile alkoxy groups in silanes. In 
the second stage (b), silanol groups condense to form siloxane oligomers, and the 
silanol groups/oligomers make hydrogen bonds with the hydroxyl groups present on 
the surface of oxidized carbon materials. The third stage, known as the drying step 
or curing process, involves the loss of water and the formation of a covalent bond
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(C–O–Si) between the substrate and the siloxane linkage. Silanization of hydroxy-
lated multiwalled carbon nanotubes and its impacts on the properties of polyurethane 
rigid foam nanocomposites were reported by Yaghoubi and Nihje. The surface func-
tionalization of multiwalled carbon nanotubes was performed by silanization treat-
ment with 3-aminopropyltriethoxysilane (APTS) and dipodal silane (DSi) and the 
nanocomposites were prepared by a silanized multiwalled carbon nanotube. The 
results show that the mechanical properties of the silanized nanocomposites were 
improved. The enhanced mechanical properties were attributed to the presence of 
strong interfacial interaction between the polyurethane matrix and the nanotubes in 
polyurethane nanocomposites, which improved Young’s moduli and tensile strengths 
of the nanocomposite [74]. 

Durairaj et al. reported the electrochemical performance of the functional-
ized nanocellulose/multiwalled carbon nanotube composites. The composites were 
produced with functional groups of sulfate, carboxylate, and amino-silane to disperse 
multiwalled carbon nanotube. The electrochemical studies were carried out on the 
composite electrodes, and the studies show excellent stability in different electrolytes 
over a wide range (−0.6–+1 V) of potential difference. By modifying the properties 
of the constituent nano cellulosic materials, their work offers crucial insights into the 
development of customizable nanocellulose/carbon nanomaterial hybrid platforms 
for various electrochemical applications [78].

Fig. 3 Graphical representation of silanization method for surface modification of the functional-
ized CNTs. Reproduced with copyright permission [38] 
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2.3 Surfactant Adsorption 

Surfactant adsorption is a nondestructive approach to tuning the interfacial properties 
of carbon materials for specific use. The technique of adding surfactants to carbon 
to boost the capacity of the material to adsorb certain ions results in the creation of 
surfactant-modified carbon materials [79]. This approach has received considerable 
consideration in biomedical and polymer composite research than electrochemical 
applications for the colloidal stabilization of carbon materials via various surfactants 
[38]. The stable colloidal suspension of carbon materials is achieved using various 
ionic and nonionic surfactants. These surfactants separate the carbon particles from 
one another by either electrostatic repulsion or steric hindrance and are adsorbed on 
the surface of the carbon materials and during sonication for dispersion. Surfactant 
molecules’ repulsion-inducing force outweighs the van der Waals force that interacts 
with the carbon atoms. To stabilize the colloidal state of CMs, anionic surfactants like 
sodium dodecyl sulfate (SDS), lithium dodecyl sulfate (LDS), and sodium dodecyl 
benzene sulfate (SDBS) are frequently utilized, as well as nonionic surfactants like 
Triton X-100. The structure of surfactant molecules influences the colloidal stability 
of CMs, and the steady dispersion of CMs is improved by the presence of aromatic 
rings in surfactant molecules [80, 81]. A surfactant-modified activated carbon from 
rice husks was reported as an effective adsorbent for Ni(II) and Cr(VI). Sodium lauryl 
sulfate (SLS) surfactant was used to modify the activated carbon and the amount 
of the surfactant, contact time, and the optimum condition of the adsorption were 
investigated. It was observed that the surfactant-activated carbon has a negatively 
charged and more hydrophilic surface, which enhanced its adsorption efficiency 
and adsorption ability of the Ni(II) and Cr(VI) [82]. The adsorption studies of both 
cationic and anionic surfactants, isotherms, and kinetic have been investigated using 
activated carbon. The Langmuir’s isotherms and pseudo-second-order adsorption 
kinetics with an adsorption rate of 2.23 × 103 g m/g  hr−1, were recorded for the 
employed surfactant (SLS) by activated carbon [83]. 

2.4 Silylation 

Silylation is one of the most widely used surface-functionalization processes. The 
process of silylating carbon materials involves adding a silyl group to them in order 
to improve their interfacial adhesion to various polymer matrices or their ability to 
disperse in a particular solvent. Silylation occurs when oxidative carbon materials 
react with any silyl moiety in the presence of a base and become associated with a silyl 
group such as Si® 

3. To improve the mechanical properties and efficiently transfer 
mechanical load from polymer to carbon filler, Silanes serve as a coupling agent 
between carbon material and polymer molecules composites [38]. Various organosi-
lanes have been widely employed for the silylation of carbon materials, such silanes 
are vinyl triethoxysilane, octadecyltrimethoxysilane, 3-aminopropyl triethoxysilane,



10 Functionalization Techniques for Carbon Dedicated to Electrochemical … 263

and so on [84–86]. There are two common approaches to silylating a surface. The 
first method involves vaporizing a silane agent at elevated temperatures and exposing 
the surface to it [87, 88]. The silylation agent must have a high vapor pressure at the 
operating temperature, which is one of the requirements for this process. According 
to reports, commercial use of silanes with vapor pressures of greater than 5 torrs at 
100 °C has been attained [89–91]. Maintaining the substrate’s temperature between 
50 and 120 °C during vapor-phase treatment will help the silane agent and substrate 
react more quickly. In addition to high temperatures, a vacuum can be used to allow 
the silane agent to vaporize [92]. A fast deposition time of 5 min has been observed 
for cyclic aza silanes, and a 30-min deposition time has been reported for amino 
silanes without the use of a catalyst. Longer reaction times of about 4–24 h are 
needed for other silanes [91]. Consequently, only a few silylation agents can be 
used with the vapor-phase approach. The second approach is the functionalization 
from the liquid phase, by applying the liquid solution of the silylation agent to the 
surface of carbon materials [88, 93–95]. This method is regarded as the energy 
savings approach because it is frequently used at low temperatures. However, there 
is frequently no direct interaction between the silylation agent and the surface groups 
at these low temperatures [96, 97]. As a result, a further curing process is typically 
used to aid in the interaction between the silane with the substrate surface. The 
silylation agents may self-polymerize via this indirect approach, preventing them 
from reacting with the surface groups and decreasing the technique’s efficiency. This 
results in nonuniform surfaces since it is difficult to manage the quantity of silane 
on the surface [96, 97]. Silylation of pristine single-walled carbon nanotubes was 
first reported by Hemraj-Benny and Wong in 2006 [98]. The silylation of the single-
walled nanotubes was functionalized with trimethoxysilane and hexaphenyldisilane 
as the silane agents. It was observed from the microscopic studies that the oxidative 
reaction was nondestructive to the structure of the tube integrity and the chemical 
attachment of organosilanes on the carbon nanotubes was evidently shown from the 
spectroscopic studies. 

2.5 Amidation 

Amidation is another functionalization technique that uses the attachment of 
nitrogen-containing molecules to oxidize the surface of CMs to improve their solu-
bility with various solvents and in order to enhance polymer composites reinforce-
ment, to be used for various applications. The attachment of nitrogen-containing 
molecules on the various CMs surfaces has been reported with different techniques 
[99, 100]. Amidation occurs when oxidized carbon materials react either directly with 
amine-containing compounds or indirectly with thionyl chloride or a coupling agent. 
Active carboxyl groups initially interact with thionyl chloride, and this derivative 
subsequently interacts with other long-chain alkyl amines, such as octadecyl amine 
(ODA), 4-dodecyl-aniline, 4-CH3(CH2)13C6H4NH2, and glucosamine [101–105]. 
In 2015, Mostazo-Lopez et al. reported the functionalization of nitrogen-containing
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Fig. 4 Chemical modification sequences of the activated carbon for wet oxidation, amidation, and 
amination processes. Reproduced with copyright permission [106] 

activated carbon by amidation processes. A highly microporous activated carbon 
was oxidized with Nitrogen via three different functionalization methods: wet oxida-
tion, amidation, and amination by Hoffman rearrangement. The amidated activated 
carbon was investigated for electrochemical performance, and the amidated carbon 
electrode shows a specific capacitance value of 83 Fg−1 at the current density of 50 
Ag−1. The recorded excellent surface capacitance and highest capacitance retention 
for the electrode was attributed to the presence of functional groups that improve 
their electrical conductivity via electron donating characteristics [106]. The chem-
ical modification sequences of the activated carbon for wet oxidation, amidation, and 
amination processes were shown in Fig. 4. 

2.6 Polymer Grafting 

Polymer grafting is another functionalization approach for the modification of carbon 
materials which involves the grafting of polymer chains onto the surface of pristine 
or oxidized carbon materials. The surface grafting of polymers onto CMs can be 
prepared in four different ways. These approaches can be applied to the preparation of 
polymer-grafted particle and fiber surfaces. The grafting of polymer onto the carbon 
surface is achievable by the following methodologies, and one of the methods can 
be employed in the preparation of polymer-grafted carbon materials [53, 107]. 

(1) Grafting onto process: the deactivation of the living polymer chain ends with 
functional groups on the particle and fiber surface, as well as the termination 
of increasing polymer radicals, cations, and anions generated during the poly-
merization of diverse monomers begun by the conventional initiator in the pres-
ence of particle and fiber. Due to the preferential formation of ungrafted poly-
mers in this approach, the grafting percentage onto particles is less than 10%. 
However, polymers with well-defined molecular weight and limited molecular 
weight distribution can be grafted onto the particle and fiber surface using living 
polymer. 

(2) Grafting from the process: the application of radical and ionic starting groups to 
the surface of the particle and fiber to begin the graft polymerization of different 
monomers. This second process has been regarded as the method with a higher
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percentage of grafting and the most favorable approach for polymer-grafted 
particle and fiber preparation. 

(3) Polymer reaction process: the reactivity of surface functional groups on parti-
cles and fibers with polymers containing functional groups such as hydroxy, 
carboxyl, and amino groups. This process is important because of the commer-
cial availability of well-defined structure polymers that can be grafted, as well 
as the easily controlled number of grafted chains on the particle’s surface and 
fiber. 

(4) Stepwise growth process: the grafted polymer chains are created from surface 
functional groups using the iterative dendrimer synthesizing reaction of low 
molecular molecules. Furthermore, whereas theoretically structured dendrimers 
were difficult to graft using this procedure, the surface could be covered with 
hyperbranched polymers with a lot of terminal functional groups [53]. 

Other carbon functionalization techniques are Polymer Wrapping and encapsula-
tion methods which falls under noncovalent functionalization approaches. Readers 
are referred to the book [38], and the references cited therein. 

3 Conclusion 

This chapter summarized various carbon functionalization techniques that have been 
reported for electrochemical use. Both the covalent and noncovalent functionaliza-
tion techniques have been presented in this book chapter. Many of the modification 
techniques show various degrees of versatility in their usage rather than electrochem-
ical applications. Among the techniques, wet and dry oxidation have been largely 
reported for electrochemical use, which poses their potential as one of the best modi-
fication approaches for the electrochemical application of carbon materials. Mean-
while, the surface modification of carbon materials using the highlighted techniques 
in this chapter has shown great influence on the enhancement of the electrochemical 
behavior of the modified carbon materials. Furthermore, the hybridization of two or 
more techniques for the functionalization was suggested to have a great impact on 
the carbon materials’ capacitive properties in electrochemical applications. 
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Chapter 11 
Forms of Functionalized Carbon-Based 
Nanomaterials, Synthesis, Classifications, 
and Their Electrochemical Activities 
for Supercapacitors 

Moorthi Kanmani, Johnbosco Yesuraj, Kibum Kim, and Mohan Sakar 

1 Introduction 

The fast utilization of global energy and the non-consistent power supply from renew-
able sources have sparked the developments in advanced energy storage devices. The 
presently available energy storage systems for industrial applications are mainly clas-
sified under four types, which include (i) chemical, (ii) mechanical, (iii) electrical 
and (iv) electrochemical energy storage. Among them, a tremendous focus has been 
devoted to electrochemical energy storage (EES) via electrochemical supercapacitors 
(SCs) and batteries in powering the portable electronic devices and transportation 
sectors due to their long cycle life, sustainability, recyclability and easy maintenance 
[1–3]. A supercapacitor is a modern device for electrochemical energy storage estab-
lished between 1970 and 1980 to store the electrical energy by polarized electrolyte 
and these SCs are filling the gap between the typical capacitors and batteries. As 
illustrated in the Ragone plot (Fig. 1a), supercapacitors occupy a predominant posi-
tion in terms of improved power density and energy density as compared to many 
other energy conversion and storage devices. Supercapacitors demonstrate a higher 
energy density as compared to the traditional capacitors and batteries. The operating 
principle of SCs is similar to a traditional capacitor, where upon an applied poten-
tial difference, the polarized ions in electrolyte move toward the oppositely charged 
electrode and accumulate on the electrode surface [4].
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Fig. 1 a Ragone plot showing the specific power as a function of specific energy corresponding 
to various existing energy storage systems [5], b and c scheme diagram for electrical double layer 
capacitor and pseudocapacitors [6] 

The difference between traditional capacitors and supercapacitors (SCs) is the 
atomic range charge separation distance and larger interface for electrode and elec-
trolyte interaction. Based on the working principle, SCs can be mainly categorized 
into (i) electric double layer capacitors (EDLC) and (ii) pseudocapacitors as schemat-
ically represented in Fig. 1b, c, respectively. The former stores the charges electrostat-
ically (the establishment of an electric double layer at the interface of electrode–elec-
trolyte, which is a non-faradic process), whereas, the latter stores the charges via the 
oxidation and reduction reaction at the interface [6, 7]. Still in industries, achieving 
SCs with improved specific energy without sacrificing their specific power is a great 
challenge. Also, connecting the low energy density SCs in series or parallel toward 
enhancing the performance would end up in large-size devices that would not be 
compact for portable and miniaturized device applications. Numerous works are 
going on worldwide to enhance the energy density of SCs to make them suitable 
for real-time applications. The research outputs highlight that the electrodes with 
larger electro-active surface area for the greater adsorption of polarized electrolyte-
ions via the creation of an EDL at the interface of electrode–electrolyte and wider 
potential window are beneficial in improving the energy density of SCs [8]. In recent 
years carbon-based nanomaterials (CNMs) are utilized widely in the electrochemical 
energy-storage application owing to their inexpensiveness, rich availability, excel-
lent electrochemical stability, high active surface area, wider operating potential, 
and eco-friendly nature. Carbon nanomaterials store charges via electrical double-
layer capacitance [9]. When the EDLC-type materials are functionalized with redox 
species, a contribution from redox species (pseudo capacitance) along with double-
layer capacitance leads to an overall improvement in the electrochemical performance 
and hence results in improved energy and power density in supercapacitors.
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2 Classification of Carbon-Based Nanomaterials 

The soot and charcoal forms of carbon were discovered in prehistory. Precisely, 
around two centuries ago, many types of carbon materials such as graphite, diamond 
and amorphous carbon were found in the organic materials. The carbon atoms have 
the unique characteristics of forming a strong covalent bond with other carbon atoms 
in various hybridizations such as sp3, sp2, and sp bonding structures. When these 
carbon atoms are bonded with non-metallic elements, it allows them to form extensive 
structures ranging from small to long chain molecules [10]. In recent years, the 
discovery of new carbon materials with interesting properties and possibilities to 
use them in diverse applications facilitated the growing interest in carbon-based 
nanomaterials. In 1985, the C60 fullerenes were first reported and followed by C20 

and C70 fullerenes were discovered [11, 12]. After six years, in 1991, CNTs were 
discovered by Iijima [13], which are completely different from fullerenes by size, 
shape, and properties. The important carbon allotrope, ‘graphene’ was first identified 
by Boehm et al. through an experiment in the year 1962, and it was first separated and 
analyzed by Andre Geim and Konstantin Novoselov in 2004. Carbon nanomaterials 
are mainly categorized into three types based on the nature of covalent bonds between 
the carbon atoms, topographical properties, and dimensions of nanostructures [14]. 

According to the covalent bonding that exists between the carbon atoms in a 
material, they are mainly classified into two types; (i) tightly packed sp2 hybridized 
carbon atom in the hexagonal honeycomb lattices known as graphene-based carbon 
materials which include graphene, graphene flakes, carbon nanotubes, nanohorn, 
onion-like carbon nanosphere, and (ii) the mixture of sp2 and sp3 hybridized carbon, 
a combination of amorphous and graphitic carbon. Nanodiamonds and carbon dots 
are members of this family as well. Based on the topographical structures, carbon 
nanomaterials are divided into two types, carbon nanostructures with internal voids/ 
hollow structures and without internal voids. For instance, the carbon nanotubes, 
nanohorns and fullerenes are the few carbon nanostructures with internal voids. 
Graphene, carbon dots and onion-like carbon nanospheres are nanostructures without 
void space. Finally, the carbon allotropes are classified in the following categories 
based on their geometry as shown in Fig. 2, which include,

. 0D (zero-dimensional) carbon nanostructures (e.g., fullerenes, carbon dots, 
nanodiamonds)

. 1D (one-dimensional) carbon nanostructures (e.g., carbon nanotubes)

. 2D (two-dimensional) carbon nanostructures (e.g., graphene, graphene oxide, 
g-C3N4)

. 3D (three-dimensional) carbon nanostructures (e.g., graphite, porous carbon)
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Fig. 2 Classification of carbon nanomaterials based on geometry

3 Synthesis of Carbon Nanomaterials 

Theoretically, the 2D-graphene is the structural unit for one of the allotropes of 
carbon. For instance, 3D graphite is made by stacking monolayers of graphene. 
Similarly, when a monolayer graphene is properly ripped and wrapped, it leads to 
the formation of one-dimensional (1D) carbon nanotubes. However, generally, it is 
not always viable to use graphene layers as a starting material for the synthesis of other 
allotropes of carbon materials. Apart from this, the naturally available graphite and 
volatile organic molecules are used to produce graphitic-carbon structures by restruc-
turing the carbon networks using various synthesis techniques. The widely used 
synthesis techniques include laser ablation process, chemical/physical vapor depo-
sition (P/CVD), plasma discharge, arc discharge, hydrogen decomposition process 
and high-pressure synthesis.
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3.1 Zero-Dimensional Carbon Allotropes 

Fullerenes are mainly produced by vaporizing the natural graphite using arc and 
plasma discharge [11, 15] or by laser ablation methods [16]. Some of the other 
techniques used to synthesize fullerenes include naphthalene pyrolysis [17] and 
hydrocarbon combustion [18, 19]. The formation mechanism of fullerenes has been 
explained by several methods. The first well-known mechanism, which explains the 
fullerene formation is the ecospiral particle nucleation [16, 20]. In this process, the 
corannulene-like molecules (one pentagon encircled with five hexagons), considered 
as starting precursors, get accumulated into small carbon molecules, which further get 
adsorbed onto the surface of the shells and lead to the formation of nautilus-like open 
spiral structures followed by edge bypass and the formation of complete C60 fullerene 
unit after the integration of required pentagons. The second one is a shell-closing 
mechanism. Herein initially, the graphite is vaporized to form smaller carbon chains 
with a maximum of 10 carbon atoms and gradually grows into the monocyclic rings 
and subsequent growth of a three-dimensional carbon network with curved shells. 
Finally, the development of C60 molecules occurs due to the closing of shells. 

Another mechanism that elucidates the formation of fullerene is the ring stacking 
model [21]. In this mechanism, the starting precursor C10 ring is deformed to produce 
the molecules consisting of two hexagon units and eight dangling bonds, which are 
further assembled with C18 ring to remove the dangling bonds along with the appear-
ance of new dangling bonds, a sequential decrease of dangling bonds with the stacking 
of C18, C12, and C2 molecules, and finally, the reaction ends with the establishment of 
the C60 structure. Another proposed mechanism for the preparation of C60 fullerene is 
thermal annealing of carbon clusters. As per the theory of quantum chemical molec-
ular dynamics (QCMD), the emergence of C60 fullerenes follows the “shrinking hot 
giant road” method [22]. In addition to this, the bottom-up strategy is also used to 
produce fullerene nanostructures using other precursors such as the smallest subunit 
of C60-corannulene due to curved π-surface, decacyclene, tribenzodecacyclene, and 
trinaphtodecacyclene [23]. 

The Onion like carbon (OLC) structures were created by exposing carbon 
nanotubes to intense electron beam irradiation, with adjusting the annealing temper-
ature and time adjusted. For example, OLCs with 2–8 graphenic shells and 3–10 nm 
diameters were produced when the carbon soot was annealed at 2100–2250 °C 
under a vacuum [24]. Kuznetsov et al. established gram-scale technique for creating 
OLC structure, which involved temperature treatment of ultrafine-dispersed diamond 
powders using an electron-beam under high vacuum at temperatures ranging from 
1000 to 1500 °C. Similarly, Alexandrou et al. [25] and Sano et al. [26] generated the 
superior-quality OLC structures with an average diameter of 25–30 nm through an 
arc discharge reaction between the graphite electrodes submerged in water. Cabioc’h 
et al. [27] utilized carbon ion implantation into a metal matrix to create OLC structures 
measuring 10 and 20 nm. 

Xu et al. stumbled upon the discovery of carbon dots during the purifica-
tion of single-wall carbon nanotubes (SWCNTs) through electrophoresis and arc
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discharge process. Owing to the interesting properties of C-dots, many techniques 
have been established for synthesizing carbon dots. The most commonly used top-
down methodology for creating carbon dots is laser-ablation utilizing a mixture of 
graphite and cement followed by oxidative acid treatment to enrich the surface func-
tional groups. The electrochemical process is another method to prepare C-dots using 
graphite electrodes and MWCNT as carbon sources. The C-dots developed using 
this method possess a uniform distribution of both graphitic and amorphous carbon. 
Recently, the most widely used techniques include hydrothermal, solvothermal and 
microwave treatment of small organic molecules, polymers, and carbohydrates. In 
this, C-dots are formed by condensation polymerization followed by carbonization. 
In oleylamine-capped synthesis of carbon nanodots (CNDs) via water-in-emulsion 
method, as illustrated in Fig. 3a, a milky emulsion is formed by the agitation of 
oil and water. Herein, initially, the water is stabilized by oleylamine and when it is 
heated to 250 °C, due to the dehydration of carboxylic acids, the polymer-like inter-
mediates are formed. Further, it is carbonized to form CNDs and their TEM pictures 
are displayed in Fig. 3b, c. Other methods of producing C-dots include the ultrasonic 
carbonization and pyrolysis [28].

Many methods for preparing graphene-quantum dots (GQD) have been developed 
using both top-down and bottom-up approaches [31]. GQDs are created by cutting 
the graphitic carbon structures via the top-down approach. The first method used to 
develop GQDs by carving graphene structures was high-resolution electron beam 
lithography. The main challenge in this method was low yield and the requirement of 
highly specialized instruments. Hydrothermal method using rGO (reduced graphene 
oxide) as a carbon source was also used to develop the GQDs. In this approach, acid-
oxidized rGO was heat treated at around 200 °C. Then the products were separated 
by dialysis process and as a result GQDs with size around 10 nm were obtained. 
The formation mechanism of GQDs involved the formation of epoxy and carbonyl 
groups during the oxidation process followed by the cutting process, which results in 
the separation of rGO sheets and formation into smaller GQDs. It is observed that the 
pre-oxidative treatment before the hydrothermal process enhances the oxygen-rich 
surface-active groups and other precursors like natural graphite, coal etc., were also 
used to produce the GQDs. In the bottom-up approach, larger aromatic molecules 
are taken as starting precursor for the synthesis of graphene QDs (GQDs) in which 
the size distribution of GQDs was found to be effectively controlled by selecting the 
suitable starting precursors. The schematic representation of synthesis of graphene 
quantum dots are shown in Fig. 3d. 

3.2 One-Dimensional (1D) Carbon Allotropes 

There are many well-established techniques available for the development of CNTs 
such as pulsed laser, arc discharge, and chemical vapor deposition methods [32, 33]. 
In the arc discharge technique, CNTs are produced between the carbon electrodes
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Fig. 3 a Schematic representation of the soft-template mediated synthesis of oleylamine-capped 
carbon nanodots [29], b and c corresponding TEM images and d representation of GQDs preparation 
methods [30]
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in an inert atmosphere chamber. In this method, the type of inert gas and the pres-
sure of the gas determines the yield and quality of the obtained nanotubes. Also, the 
properties of CNTs are tuned by introducing several unstable organic molecules into 
the chamber. MWCNTs are produced by arc discharge method without a catalyst. 
In contrast, the graphite target in the preparation of SWCNTs contained catalytic 
nanoparticles of metals such as nickel, cobalt, iron, platinum and their alloy struc-
tures. CNTs are produced in a pulsed-laser ablation process by ablating the graphite 
targets in a controlled ambiance. In this case, the target is graphite, which contains 
the Ni or Co or their mixture to catalyze the process and Nd:YAG or CO2 is used 
for ablation. Also, CNTs have been produced by CVD. In this method, initially, the 
carbon vapors (methane, ethane, ethylene etc.) are splashed on the metal catalyst 
(Fe, Co, or Ni or alloys of these), and the catalytic nucleation process occurs, finally, 
it is thermally decomposed to give carbon atoms to generate CNTs. The elemental 
composition, shape and structure of the nanoparticle, starting precursor used, nature 
of the substrate, and temperature at which the decomposition occurs all influence the 
quality, purity, yield, and properties of CNTs produced using this method. The disad-
vantage of the CVD method is the formation of impurities in the materials. Carbon 
nanofibers (CNFs) are produced using methods similar to those used to make CNTs 
such as catalytic CVD and plasma-enhanced CVD. These methods are effective for 
controlling the size, shape, morphology structure and alignment of CNFs. During the 
CVD process, first, the precursor molecules (acetylene, ethylene, etc.) are physically 
adsorbed on top of the metal or metal oxide catalyst surface and disintegrated. In the 
next step, these adsorbed carbon species diffuse around or through the catalyst after 
dissolution. Finally, nanofibers are formed by co-precipitation of carbon atoms on the 
suitable substrate opposite to the target catalyst. The morphology and crystallinity of 
nanofibers are influenced by the chemical properties of the catalytic metal particles 
and deposition temperature, and type of the reactant gas. Electrospinning of suitable 
polymer precursors and additives in a solvent followed by carbonization is another 
well-known method for the synthesis of CNFs. The widely used polymer precursor 
materials include PVA, polyacrylonitrile, PVDF, polyimides, polybenzimidazole and 
phenolic resin. Herein, the CNFs are produced by carbonizing the polymer fibers at 
around 1000 °C. These electro-spun carbon nanofibers have a thickness in the range 
of 100–1000 nm. 

3.3 Two-Dimensional (2D) Carbon Allotropes 

Two-dimensional graphene monolayers can be prepared from liquid exfoliation 
of graphite using suitable organic solvents such as N-methyl-2-pyrrolidone, pyri-
dine, perfluorinated aromatic solvents, dimethylformamide, and o-dichlorobenzene. 
Apart from this, graphene layers can be stabilized using surfactant molecules in 
liquid suspensions. Layered carbon sheets produced in this liquid exfoliation method 
contain few monolayer graphene sheets along with numerous multilayer graphene
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sheets. Therefore, segregation of pure monolayer graphene requires some special-
ized techniques. The obtained products in these methods are almost with no or fewer 
impurities and the layered carbon sheets are defects-free and of high purity. Graphene 
sheets have also been produced by reducing graphene oxide (GO). Hummer’s method 
is a well-known method for preparing GO by oxidizing the graphite using some 
strong oxidizing agent. Due to the oxidative process, the surface-active groups such 
as carboxyl, hydroxyl and epoxy groups are attached to the layer surface of GO. 
Further, the exfoliation and reduction of GO produce the graphene nanosheets. Also, 
annealing in an inert atmosphere is another technique used for the reduction of GO. 
However, graphene sheets prepared using these methods are defective and of poor 
quality as compared to pure graphene layers and are denoted as reduced graphene 
oxide. The CVD and intercalative expansion of graphite few other techniques have 
also been used for graphene production. 

3.4 Three-Dimensional (3D) Carbon Allotropes 

3D-porous carbon materials are largely utilized in diverse fields thanks to their 
ordered porous architecture, high active surface, and easy synthesis procedures. 
Moreover, the porous walls support the incorporation of organic and inorganic 
moieties to improve their properties. The most common techniques used for synthe-
sizing ordered porous carbon are soft and hard template methods. In the first method, 
amphiphilic surfactant and precursor molecules are self-assembled to produce the 
porous network. Herein, the surfactants are removed by calcination at high temper-
atures. Hard-template methods, on the other hand, use highly ordered inorganic 
solid materials like silica and zeolites as frameworks to create the porous frame-
work. Though many inorganic materials are used as hard template, controlling the 
morphology of the template is important to control the morphology of the ordered 
porous carbon. Here are a couple of examples for the synthesis of porous carbon 
via templating method. In 2012, Schuster et al. prepared the spherical ordered 
mesoporous-carbon (OMC) via a two-step nano-casting method using phenol and 
formaldehyde mixture precursor and spherical silica as a hard template. Here, the 
silica template is produced by adding the poly(methyl methacrylate) polymer spheres 
with SiO2 solution, and the OMCs are formed by the removal of silica by etching 
followed by calcination. Li et al. prepared the OMCs by a soft templating method 
using the Pluronic F127-soft template, a mixture of formaldehyde and resorcinol as 
carbon precursors, and Fe as a catalyst. In this work, they have adjusted the pore 
structure by varying carbonization temperature.
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4 Functionalization of Carbon Nanomaterials 

Carbon-based materials are most commonly used for energy storage applications 
owing to their enhanced surface area, excellent electrical/ionic conductivity, stability, 
and easy abundance. However, in order to achieve better electrochemical properties, 
the properties and structure of these carbon-based materials should be improved 
further. For example, as-synthesized CNTs tend to aggregate easily and are not 
soluble in water and organic-based solvents and additionally, the pristine CNTs are 
difficult to incorporate with other metals and metal oxides [34]. Hence, their appli-
cations are limited in many fields. When the redox species or conducting polymers 
are added to the carbon matrix just by physical mixing, it tends to peel off from the 
carbon matrix during the long-term charge–discharge process. Also, charge transfer 
would be lesser and phase separation is likely to occur due to poor contact between 
the two materials. These factors would affect the electrode performance, therefore to 
enhance their usage in many different fields, functionalization of the carbon materials 
with tunable surface properties, physicochemical characteristics and processability 
are important. 

Chemical oxidation could incorporate surface active groups including carbonyl, 
hydroxyl and carboxylic acids into the matrix of nanocarbon. There are methods 
available for the covalent and non-covalent functionalization of carbon-based mate-
rials. Covalent functionalization modifies the physical properties and structure of 
carbon nanomaterials. Non-covalent functionalization, on the other hand, involves 
electrostatic interaction, weak van der Waals interaction, and π-π interactions 
preserving the structure and physical properties of carbon nanomaterials [35]. For 
example, the most widely used method toward covalent functionalization of CNTs 
includes acid oxidation using strong acids (nitric acid or sulfuric acid). In contrast, 
the physical attachment of polymer and aromatic compounds is involved in the non-
covalent functionalization of CNTs. Likely, either sides of graphene basal planes 
might be functionalized with similar functional groups (symmetrical functionaliza-
tion) or different functional moieties (asymmetrical functionalization). Apart from 
adding the functional groups, other carbon materials can also be added to basal planes 
of the graphene matrix and these carbon composites act as good electron donors or 
acceptors. Additionally, to chemical functionalization, carbon materials doped with 
heteroatoms such as nitrogen, boron, sulphur, phosphorus and integrated with metal 
and metal-oxides, could also produce functionalized carbon nanomaterials. 

4.1 Functionalized CNTs for Supercapacitors 

Traditionally, the activated carbon and naturally available graphite materials are 
used as electrodes in energy storage devices. Though it has a high surface area, 
the usage of activated carbon and graphite materials was hindered due to their low
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electrolyte accessibility owing to their microporous structures. To enhance the diffu-
sion rate of electrolytes into the electrode, the pore size of the electrodes should be 
consistent with the electrolyte ion size. Therefore, to attain a higher charge storage 
with improved energy density, the electrodes should possess suitable pore size and 
surface-active functional groups to provide a more active site for the adsorption of 
ions during the charging process. In this regard, carbon materials including CNTs, 
fullerene and graphene-based materials and functionalized carbon-based materials 
attracted numerous attention for supercapacitor electrode applications. Yu et al. [36] 
developed the hybrid electrodes by sequential assembly of acid-oxidized MWCNT 
with cationic poly(ethyleneimine) attached graphene layers via layering approach. 
The obtained hybrid electrodes had a well-interconnected carbon network with a 
specific capacitance of 120 F g−1 at a high scan rate of 100 mV s−1. Jiang et al. [37] 
assembled the asymmetric supercapacitor device based on functional mesoporous 
CNTs as an anode and birnessite-type MnO2 with ultrathin porous structure as a 
cathode in 1 M Na2SO4 electrolyte and the achieved specific capacitance of 85.8 F 
g−1 with an enhanced energy- and power-density of 47.4 Wh kg−1 and 200 W kg−1, 
respectively. Moreover, the asymmetric device retained ~90% of its capacitance over 
1000 cycles and operated at the maximum potential of 2 V. 

Ali and co-workers [38] reported 2,2,6,6-tetramethyl piperidine-1-oxyl 
(MWCNTs-TEMPO) functionalized MWCNTs. This synthesis process involved two 
steps, oxidizing the MWCNTs and the creation of amino-TEMPO via an amide 
bonding. As a result, the developed symmetric device operated at a maximum poten-
tial of 2 V and delivered an improved energy density of around 26.6 Wh kg−1 and 
displayed only around 10% loss in the capacitance after 4000 cycles. In another 
work by Yu et al., they used the in-situ polymerization of MWCNTs to covalently 
graft PANI onto the MWCNTs via a multi-amino dendrimer (PAMAM) linker and 
achieved gravimetric capacitance of around 578 F g−1 at 0.5 A g−1. Besides, the 
developed electrodes retained around 70% of its initial capacitance at 10 A g−1, and 
it demonstrated that the MWCNT-PANI composites outperformed as compared the 
bare MWCNT and PANI in terms of rate capability, which could be due to the more 
reactive sites provided by the covalently functionalized PAMAM on MWCNTs (act 
as template) for the growth PANI during the in-situ polymerization, reduced diffu-
sion path length for electrolyte ion diffusion and complete utilization of redox-active 
species during the electrochemical process. Furthermore, MWCNT-PANI showed 
only less than 15% loss after 2000 GCD cycles. Though the specific capacitance was 
improved by composting PANI with MWCNT, electrochemical stability needed to be 
improved further to utilize them more effectively. In this context, the poly(benzodithi 
ophenylcarbazole) (PBDTC) was implanted on MWCNTs via the Williamson reac-
tion [39]. The fabricated symmetric device displayed the highest areal capacitance 
of 5.46 mF cm−2 at 0.2 mA cm−2 and specific energy of 174.7 Wh kg−1. Further-
more, the device also demonstrated a superior capacitance retention of ~96% over 
5000 cycles. However, the multi-step preparation method makes them less efficient 
in practical use. 

Diazonium chemistry was used to create the crosslinked C-CNTs/PANI 
composite. In the first step, diazonium reactions were used to functionalize the
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phenylenediamine (PD) onto the CNTs. Following that, coupling was established to 
introduce 1,4-benzoquinone as a spacer in between the PD-functionalized CNTs. In 
the final step, aniline monomer was added to the cross-linked CNTs via in situ chem-
ical oxidative polymerization. As a result, the obtained composite demonstrated a 
specific capacitance of 294.6 F g−1 at 10 mV s−1 and retained around 95% of its capac-
itance after 1000 cycles [40]. Besides polymers, the redox-active metal and metal 
oxides are also introduced in carbon matrix to improve their electrochemical perfor-
mance. Also, the in-situ growth of electrode material on a conductive carbon substrate 
is found to improve the connection between the conductive substrate and electrode 
material, resulting in an improved performance. Du et al. developed a Ni(OH)2-coated 
alternating layers of graphene-CNT nanopillar electrodes by intercalated develop-
ment of vertically aligned carbon nanotube (VACNT) into thermally improved the 
highly ordered pyrolytic graphite (HOPG) structure and electrodeposition of pseu-
docapacitive Ni(OH)2. The pictorial representation of VACANT-graphene nanos-
tructure is depicted in Fig. 4a. The growth of the 3D pillared VACNT-graphene 
network involves the following steps as shown in Fig. 4b. The thermal evaporation 
of acid molecules trapped between the layers expands the interlayer distance, when 
the HOPG is annealed at 900 °C after acid treatment with a combination of sulfuric 
acid and nitric acid. Furthermore, the thermally expanded HOPGs are annealed in 
the presence of SiCl4 at temperatures ranging from 1000 to 1200 °C to facilitate the 
growth of VACNTs, and the construction of a 3D pillared VACNT-graphene network 
is accomplished through pyrolysis at 800–1000 °C. The corresponding optical images 
of HOPG and thermally expanded graphene layers intercalated with VACNTs are 
depicted in Fig. 4c, d. The developed VACNT-graphene-based electrodes displayed 
an excellent charge storage with a specific capacitance of 1384 F g−1 at a low scan 
rate of 5 mV s−1 and an impressive capacitance retention of around 96% after 20,000 
GCD cycles at 21.5 A g−1. The presence of both pseudocapacitive and EDLC charge 
storage, as well as increased electrical conductivity and stability as a result of the 
interconnected architecture, is the primary reason for the observed excellent electro-
chemical performance. Yuan et al. reported hydrothermal in situ growth of Co3O4 

microspheres on rGO/CNT films with a specific capacitance of 378 F g−1 at 2 A g−1 

current density in 3 M KOH electrolyte.
In 2012, Du et al. developed a MnO2/CNT-based freestanding symmetric and flex-

ible device with a volumetric capacitance of 5.1 F cm−3 at 16 mA cm−3 current density 
and energy density of 0.45 mWh cm−3. In another study, Qiu et al. prepared vertically 
aligned CNTs/carbon fiber (VACNT/CNF) composites via direct growth of VACNT 
on the electro-spun CNF followed by calcination. Furthermore, the symmetric super-
capacitor device constructed with ionic liquid electrolyte demonstrated an energy 
density of 70.7 Wh kg−1 at 0.5 A g−1 current density at 30 °C, while the device 
operated at 60 °C, it demonstrated a superior energy density of 98.8 Wh kg−1 at 1.0 
A g−1. As displayed in Fig. 5a–d, the VCNT/CNF hybrid delivered excellent elec-
trochemical performance as compared to bare CNF, which is owing to an enhanced 
electrical conductivity and electrochemically active surface area.

In 2015, Ma and co-workers developed a transparent and flexible symmetric super-
capacitor device using aligned CNTs on polydimethylsiloxane (PDMS) substrates
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Fig. 4 a Schematic representation of a 3D pillared VACNT-graphene nanostructure. b Schematic 
diagram of the 3D pillared VACNT-graphene architectures synthesize procedure. Optical images 
of c and d HOPG before and after thermal expansion [41]

Fig. 5 a and b Cyclic voltammetry curve of the VACNTs/CNFs composite and bare-CNFs in 1 M 
NaOH electrolyte and at varying scan rates. c Specific capacitance as a function of scan rate of 
ACNTs/CNFs and CNFs. d Ragone plot [42]
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as both cathode and anode electrodes in a PVA-H3PO4 electrolyte gel. The assem-
bled supercapacitor displayed a specific capacitance of 7.3 F g−1 and outstanding 
electrochemical reliability during the biaxial stretching and bending conditions. 
Likewise, the fabricated wire-shaped stretchable device using plastic wire-wrapped 
CNT electrodes and PVA-H3PO4 electrolyte displayed a capacitance of 30.7 F g−1 

and outstanding elastic strain of 350%, indicating excellent device stability (Chen 
et al. 2014). According to these reports, incorporating redox-active materials into 
CNTs improves the electrochemical performance and stability by preventing the 
agglomeration of CNTs. 

4.2 Functionalized Graphene-Based Materials 
for Supercapacitors 

Graphene has demonstrated potential for diverse applications owing to its high active 
surface area, low density, high carrier transfer, and excellent mechanical proper-
ties. However, restacking of layered carbon materials is a major challenge. When 
the spacers are introduced between the layers in terms of functionalization, hetero-
atom doping, and composite formation, the restacking issue can be reduced. In this 
regard, there are many detailed reports available [35, 43]. Guan et al. demonstrated 
the synthesis of needle-like cobalt oxide (Co3O4 and CoO) incorporated graphene 
composite by hydrothermal method and studied their electrochemical behavior in 
three-electrode system in an alkaline medium and they achieved a specific capaci-
tance of 157.7 F g−1 at 0.1 A g−1 and 70% cyclic stability after 4000 cycles at 0.2 
A g−1. Zheng et al. prepared a cost-effective paper-based supercapacitor by casting 
the graphite directly on a cellulose paper and achieved a gravimetric capacitance 
of 23 F g−1 in a 1 M H2SO4 acid electrolyte. The developed supercapacitor device 
showed 100% capacitance retention up to 3000 cycles and more than 90% reten-
tion after 15,000 cycles. The excellent cyclic stability of the developed electrode 
was ascribed to the improved electric-conductivity of graphite and suitable pore 
size of paper substrate facilitating a rapid accessibility of electrolyte ions and weak 
interaction (van der Waals) between the graphitic layers. In another report, the fabri-
cated wire-like shaped device using vertically aligned CNT hollow fibers on 3D 
graphene composite electrode and PVA/H2SO4 electrolyte displayed an arial and 
length-wise specific capacitance of 89.4 and 23.9 mF cm−1, respectively. Herein, the 
porous fabrication of CNT hollow fibers-3D graphene composite was prepared via 
CVD technique (Xue et al. 2015). Wei et al. synthesized the benzoxazole and benz-
imidazole covalently implanted on graphene by cyclization process of carboxylic 
groups on graphene oxide (GO) with hydroxyl and amino functional groups on o-
aminophenol and o-phenylenediamine followed by reduction with hydrazine and 
employed as an electrode for supercapacitor. The developed benzimidazole grafted 
graphene (BI-G) showed a higher specific capacitance of 781 F g−1 as compared to 
benzoxazole grafted graphene (BO-G) of 730 F g−1 at 0.1 A g−1 the current density
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along with good cyclic consistency. It also showed that the functionalization is not 
only providing rapid accessibility for ions on the surface of electrode, it also prevents 
the layered carbon from agglomeration, which intern increased the cycle life of the 
electrodes. Similar work reported by Md Moniruzzaman Sk and Chee Yoon Yue 
also supports that the covalent functionalization can effectively prevent the stacking 
issue in layer carbon materials. In this work, graphene was functionalized with p-
phenylenediamine through the chemical interaction between amine functional groups 
of p-phenylenediamine and epoxy functional groups on the graphene oxide sheet, the 
spacers introduced between the layers, which expand the spacing between layers and 
prevent the stacking. Wu et al. reported covalently grafted 2-aminoanthraquinone on 
the chemically modified graphene aerogels. As an outcome, the chemically modi-
fied GO provided more oxygen functional groups for the covalent bond-mediated 
grafting of small organic molecules with improved redox properties. The devel-
oped electrodes exhibited a 258 F g−1 capacitance at 0.3 A g−1 current density 
in a three-electrode system using H2SO4 as an electrolyte. The 2-aminopyrene-
3,4,9,10-tetraone modified rGO (PYT-NH2/rGO)-based asymmetric supercapacitor 
delivered a specific capacitance of 77.2 F g−1 at 0.5 A g−1 current density along with 
around 15.4 Wh kg−1 energy density. Moreover, the fabricated hybrid supercapacitor 
device displayed around 100% cyclic stability even after 25,000 continuous charge– 
discharge cycles at 5 A g−1. The observed excellent electrochemical performance 
of electrodes was due to the effective redox organic molecules present on the rGO 
surface and the electron donor–acceptor effect between PYT-NH2 and rGO. Here, 
the electron transfer was enabled by amine functional groups of PYT-NH2 and the 
function of rGO as an acceptor and the synthesis procedure of PYT-NH2 and its rGO-
based composite (rGO/PYT-NH2) is shown in Fig. 6, where the established strong 
interaction between the PYT-NH2 and rGO led to higher electrochemical stability 
[44].

Similarly, the covalent functionalized benzobisoxazole-crosslinked graphene 
networks (BBOGNs) are synthesized via cyclization reaction between the COOH 
groups on graphene oxide and OH and amino groups on 4,6-diaminoresorcinol 
hydrochloride using polyphosphoric acid as a catalyst and subsequent reduction 
process [45]. The redox crosslinked graphene exhibited a maximum capacitance of 
393.6 F g−1 at a current density of 1 A g−1 with around 98% of capacitance reten-
tion after 9000 cycles. Siang et al. reported chemically grafted sulfur on graphene 
by thiol-carboxylic acid esterification for supercapacitor electrode and they have 
obtained a specific capacitance of 1089 F g−1 at 1 A g−1. The redox over the 
thiocarboxylic acid ester and sulphone boosted the super-capacitive performance 
of the device. Gendy et al. synthesized adenine functionalized graphene sheet and 
obtained a specific capacitance of 333 F g−1 at a scan rate of 1 mV s−1. The  
addition of adenine to the graphene greatly extended the interlayer distance and 
prevented the graphene from restacking. Asymmetric supercapacitor devices fabri-
cated using covalently functionalized graphene nanosheets (GNS) based electrodes 
showed almost no capacitance loss after 10,000 cycles, which may be due to the 
improved conductivity and low internal resistance for electrolyte ion transporta-
tion provided by the covalently grafted functional molecules on graphene. Another
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Fig. 6 Schematic diagram of synthesis of 2-aminopyrene-3,4,9,10-tetraone (PYT-NH2) and its 
rGO-based (rGO/PYT-NH2) composite [44]

report on anthraquinone-functionalized graphene showed that covalent functional-
ization prevents the restacking of graphene layer [46, 47]. The composite based on 
carboxyl acid-functionalized GO/polyaniline showed good electrochemical perfor-
mance due to the stable and ordered composite formed via the interaction between 
carboxyl and amine group of polyaniline system. Moreover, carboxyl groups on 
edge sites and basal planes of GO offered greater affinity towards the amine groups 
of polyaniline system as compared to the naturally available oxygen-containing func-
tional groups [48]. Song et al. [49] synthesized covalently functionalized diamine 
and triamine on graphene sheets and used them as electrodes. The developed elec-
trode delivered around 119 F g−1 specific capacitance in ionic liquid medium and 
displayed less than 10% capacitance loss over 10,000 charge–discharge cycles. The 
highly reactive amine spacers greatly enhanced the spacing between the layers of 
graphene sheets and prevented the restacking effect, and thus the electrodes showed 
better electrochemical stability. The template-mediated low-temperature formation 
of graphene reported by Yan et al. [50] delivered an excellent volumetric capaci-
tance of 470 F cm−3 and retention of 134% after 10,000 cycles. The presence of 
more oxygen-containing active surface groups on graphene improved the wettability 
in electrolytes and their pseudocapacitance properties. These reports suggest that the 
graphene-based systems functionalized with small redox-performing molecules or 
with polymers greatly improves the electrochemical stability and prevents graphene 
from restacking.
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4.3 Functionalized Fullerene-Based Materials 
for Supercapacitors 

Fullerenes are important zero-dimensional carbon materials. It has been widely used 
in many fields. Recently, fullerenes attracted considerable attention in energy storage 
materials thanks to their exclusive spherical molecular structures, adjustable size 
and shapes at the molecular level [51]. Porous carbon-based material with a higher 
surface activity can be derived from fullerenes. In 2015, Shrestha et al. reported 
the nanoporous carbon derived from C60 nanotubes and C60 nanorods by annealing 
at 2000 °C and achieved a specific capacitance of 145.5 F g−1 at a low-scan rate 
of 5 mV s−1. Similarly, Bairi et al. synthesized the mesoporous graphitic carbon 
directly derived from C70 by heat treatment at 900 and 2000 °C. The mesoporous 
carbon derived at 2000 °C (graphitic structure) achieved a better specific capaci-
tance of 21.2 F g−1 at 5 mV s−1 as compared to the mesoporous carbon derived 
at 900 °C (amorphous with untransformed) C70. In another work by Bairi and co-
workers, 2D carbon micro belts were derived from C60 at different temperatures of 
900 °C (amorphous) and 2000 °C (graphitic structure). The micro belts derived at 
2000 °C delivered a maximum charge storage of 360 F g−1 at 5 mV s−1. It is evident 
that the ordered mesoporous network is advantageous to improve the electrochemical 
activity of the supercapacitors. In comparison with other carbon materials, the pristine 
fullerenes delivered relatively less electrochemical performance. In order to enhance 
their electrochemical activities, many strategies have been proposed to functionalize 
the fullerenes with redox-active organic molecules such as doping with heteroatoms 
and introducing pseudocapacitive material on the C60 framework. In 2015, Zheng 
et al. prepared porous carbon materials (FGC600) from C70 microtubes using potas-
sium hydroxide as activating agent and thermal and subsequent calcination at 600 °C. 
The synthesized FGC600 possessed abundant oxygen functional groups with macro 
and micropores. The developed electrodes achieved excellent energy storage of 362 
F g−1 at 0.1 A g−1 and displayed less than 8% capacitance fading after 5000 cycles. 
Lu et al. synthesized a hierarchical porous carbon (ANHPC)/MnO2 composite via 
hydrothermal method. Herein, they have used C60 as a precursor for porous carbon 
synthesis and obtained excellent specific capacitance of 662 F g−1 at 1 A g−1 current 
density with cyclic stability of 93.4% after 5000 cycles. The large specific surface and 
larger interface provided by the interlaced pore framework of the developed ANHPC/ 
MnO2 composite contributed to the observed higher capacitance and stability. Zhu 
et al. demonstrated the synthesis of N-doped porous carbon from C60 via KOH acti-
vation, which showed a better electrochemical storage of 362 F g−1 at 0.1 A g−1. The  
N-doping and chemical activation caused many defects and porous nanostructure. 
Notably, here, they used ammonia as a nitrogen precursor. Peng et al. [52] synthe-
sized a cross-linked hierarchical-structured carbon by co-doping the nitrogen (N) 
and Fe using C60 as a carbon precursor via liquid–liquid interfacial precipitation 
and subsequent calcination at 700 °C. This developed system delivered a maximum 
charge storage of 505.4 F g−1 at 0.1 A g−1. The presence of pseudocapacitive Fe and 
improved conductivity and electrochemically active surface provided by N-doping
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led to the observed better electrochemical performance. In 2021, Zhao et al. devel-
oped an ordered nano-porous C60 via the nano-templating method. Herein, they have 
used a covalent organic framework as a template due to its suitable pore size for 
incorporating C60 and abundant functional groups on the pore walls. These func-
tional groups chemically interact with C60 molecules and maintain the structural 
stability. Further, the fabricated asymmetric device using ordered nano-porous C60 

and activated-carbon as cathode and anode electrode, respectively, in a 1 M Na2SO4 

electrolyte operated at a potential of 1.8 V, delivered an energy density of 21.4 Wh 
kg−1 and 900 W kg−1. Azhagan et al. [53] developed a multilayer fullerene/MnO2 

composite via in-situ incorporation of MnO2 into the carbon nano-onions matrix 
and achieved a specific capacitance of 1207 F g−1 at a scan rate 1 mV s−1. Like-
wise, RuO2/carbon nano-onion composite displayed a specific capacitance of 334 
F g−1 at 20 mV s−1 [54]. These reports manifested that the chemical activation, 
functionalization, and heteroatom doping are the notable approaches to improve the 
electrochemical activity of the fullerene-based carbon materials. 

4.4 Functionalized Porous-Carbon Material 
for Supercapacitors 

In recent times, micro/mesoporous carbon systems have attracted considerable 
interest in energy and environmental application because of their facile synthesis 
methods as compared to other carbon-based materials. Also, various redox-active 
materials can be incorporated easily on the surface/inside the porous carbon struc-
ture. Different strategies are used to create porous carbon such as mesoporous silica-
based templates and amphiphilic surfactants to synthesize porous carbon. In this 
process, the pore size and structure can be tuned by choosing a suitable substrate. 
The other method includes the metal–organic frameworks (MOFs) as a sacrificial 
solid template to derive carbon material with porous structures, and the utiliza-
tion of the naturally available biomass to synthesize the porous carbon materials. 
Accordingly, 3D-hierarchical porous carbon (THPC) was developed by chemically 
activating the polypyrrole micro sheets using KOH, which showed a specific capac-
itance of 318.2 F g−1 at 0.5 A g−1 current density in a three-electrode system using 
KOH (6 M) electrolyte. In addition, the performance of THPC electrodes is tested in 
a symmetric two-electrode configuration using both aqueous 6 M KOH electrolyte 
and 1 M tetraethylammonium-tetrafluoroborate ((C2H5)4NBF4) in acetonitrile (AN) 
organic electrolyte. In both the electrolytes, the assembled device showed better 
electrochemical performance and stability. In this, the improved surface area of 
THPC (2870 m2 g−1) together with micro, meso/macro pores provided sufficient 
interface for the electric double layer formation and facilitated a rapid ion diffu-
sion during the electrochemical process. Moreover, the presence of nitrogen and 
oxygen species enhanced the electrical conductivity and wettability [55]. In 2015, 
Long et al. [56] prepared the soybean-derived porous carbon (SBC) by potassium
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hydroxide activation followed by heating. As a result, these SBC-based electrodes 
showed a high capacitance of 468 F cm−3 at the current density of 0.5 A g−1 in 
6 M KOH electrolyte with only 9% capacitance loss after 10,000 cycles. Similarly, 
the electrochemical behavior of a symmetric device assembled using SBC electrode 
was tested using both base KOH and neutral Na2SO4 electrolytes. The device tested 
in neutral electrolyte operated at the maximum potential of 1.8 V and displayed 
volumetric specific energy of 28.6 Wh L−1. Likewise, foxtail grass seed-derived 
porous carbons via chemical activation method delivered a maximum volumetric 
capacitance of 243.4 F cm−1 at 0.5 A g−1 in three-electrode system and an assem-
bled symmetric device exhibited a volumetric specific energy of 18.2 Wh L−1 with 
capacitance retention of 91.2% after 10,000 cycles. The porous carbon pyrolyzed at 
600 °C showed a good electrochemical performance due to its 3D-interlaced porous 
structure with honeycomb-like structure and suitable pore size for ion diffusion [57]. 
In another work, nitrogen-doped porous carbon (NPC) is synthesized using MOFs 
as a self-sacrificial template. Further, the synthesized porous carbon is functional-
ized with small redox-active organic molecules such as 1,4-naphthoquinone (NQ), 
anthraquinone (AQ) and tetrachlorobenzoquinone (TCBQ) to enhance its electro-
chemical performance. In these systems, the AQ-anchored porous carbon (AQ-NPC) 
showed electrochemical activity in the negative region and the NQ, TCBQ functional-
ized porous carbon (TN-NPC) showed redox activity in the positive region; thus, the 
AQ-NPC was chosen as the negative electrode and TN-NPC was chosen as a cathode 
for constructing asymmetric device and the performance was tested at a maximum 
operating potential of 1.4 V using H2SO4 as electrolyte. The functionalized NPC 
showed around 1.5 times higher performance than the bare NPCs, which could be 
due to the contribution from both pseudo capacitance and EDL capacitance. On the 
other hand, its symmetric device achieved a specific energy of 23.5 Wh kg−1 at a 
specific power of 700 W kg−1 [58]. Hu et al. [59] synthesized the N-doped porous 
carbon by pyrolyzing agar, potassium citrate and urea at 700 °C under N2 atmo-
sphere, which showed a surface area of 1300 m2 g−1. The nitrogen-doped porous 
carbon-based symmetric device was operated in the potential window of 1.8 V in 
Na2SO4 electrolyte and it achieved a specific energy of 24.1 Wh kg−1 with cyclic 
stability of 90.4% after 10,000 cycles. 

In 2019, Sun and co-workers reported the interconnected porous (IPC) carbon 
derived from direct-carbonization of potassium alginate in the temperature ranging 
from 700 to 900 °C, which displayed a high-surface area of 1145 m2 g−1 for IPC-
800 together with appropriate micro and mesopores for ion diffusion during the 
electrochemical process. Further, they studied the supercapacitive performance of 
porous carbon in both three-electrode and two-electrode assemblies using KOH and 
Na2SO4 as electrolytes, respectively. As depicted in Fig. 7a–f, the IPC-800 showed 
better electrochemical performance in 3-electrode configuration using 6 M KOH 
electrolyte. The enhanced electrochemical performance of IPC-800 compared to 
other samples is due to the high electrochemical-active surface along with suitable 
pore dimensions for the effective accessibility of the electrolyte ions.

Recently, 2,6-diaminoanthraquinone/amino-attached biomass carbon (FWS) 
derived from wheat straw is reported by Bao et al. and the developed electrodes
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Fig. 7 a Cyclic voltammetry curves of IPC-700, IPC-800 and IPC-900 at 50 mV s−1, b and c CV 
and GCD curves of IPC-800 at various scan rates and current densities, d specific capacitance versus 
current density plot of YP-50, IPC-700, IPC-800 and IPC-900, e cyclic stability graph of IPC-800 
at 100 mV s−1. f Electrochemical impedance spectra of the IPC-800 electrode before and after 
10,000 cycles [60]

delivered a maximum capacitance of 424.9 F g−1 at low current density (1 A g−1) 
and only 6.9% capacitance loss after 10,000 cycles. As illustrated in Fig. 8 the porous 
carbon is first prepared by KOH chemical activation and subsequent functionaliza-
tion using ethylenediamine as an N source. Further, hydrothermal method is carried 
out to anchor the redox active 2,6-diaminoanthraquinone on the carbon framework. 
Functionalizing with nitrogen-containing functional groups such as amino/imine 
enhances the adsorption of electrolyte ions on the electrode surface and additionally, 
the lone pair of electrons in the nitrogen adsorbed some of the positive ions from 
the electrolyte, and hence the charge storage and potential window of functionalized 
carbon is found to be increased.

Further, the creation of a strong hydrogen bond between the lone pair electrons 
of nitrogen and hydrogen/nitrogen atoms in the neighboring molecules enhanced 
the electrochemical stability by providing strong contact between the electroac-
tive material and conductive substrate. Besides, the incorporation of redox-active 
DAQ provided additional pseudocapacitance in the device. The assembled symmetric 
device achieved a specific energy of 36.4 Wh kg−1 at a specific power of 700.5 W 
kg−1 and displayed only around 11.7% capacitance loss over 10,000 cycles.
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Fig. 8 The schematic representation of the wheat straw-derived porous carbon and preparation of 
2,6-diaminoanthraquinone/amino groups attached biomass carbon (FWS) composites [61]

5 Summary and Outlook 

The carbon-based materials are propitious systems for electrochemical supercapaci-
tors thanks to their enhanced capacitance contribution and long cycle life. However, 
it is difficult to integrate bare-carbon materials with other metals or metal oxides, 
etc., because of their insolubility and infusibility. Functionalization can open up the 
channels for composite formation and integration with other materials over host-
carbon material by providing more surface-active functional groups. Accordingly, 
many functionalization methods have been developed to functionalize redox active 
molecules on the host carbon, among them, the covalent functionalization is more 
effective as it prevents the leaching of redox-performing small molecules, stabi-
lizing the polymer structure by supporting its growth, and results in better electro-
chemical stability. Though a lot of reports are available on functionalizing advanced 
carbon material to improve electrochemical performance, only a few reports are 
there on traditional carbon such as the activated-charcoal and carbon black. There-
fore, to understand better about functionalization mechanism, focus are needed on 
theoretical combined experimental studies, and also attention should be paid on 
developing the hybrid-electrodes by combining both traditional and advanced carbon
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(nano)materials. These are essentially needed to further improve the electrochemical 
activity of supercapacitors developed using the carbonaceous nanomaterials. 
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Chapter 12 
Functionalization Techniques 
for the Development of Metal-Oxide/ 
Hydroxide-Based Supercapacitors 

R. Balamurugan, S. Siva Shalini, I. Ajin, and A. Chandra Bose 

1 Introduction 

The need for high power-delivering energy storage devices with high specific energy 
is rising due to the development of electronic instruments for simplifying lifestyle, 
electric vehicles for reducing petroleum usage, and grid energy systems for promoting 
renewable energy resource usage. Various energy storage devices customized to the 
application needs are being established, such as electrochemical, magnetic, cryo-
genic, mechanical, chemical, and thermal systems. Among those, flywheels [1–3], 
superconducting magnetic energy storage (SMES) [4, 5], and supercapacitors provide 
fast energy delivery. However, flywheels are enormous in size, and SMESs inflict 
high operational costs. Supercapacitors are the most promising solution for the need 
of high power-delivering energy storage systems. Supercapacitor provides many 
advantages like durability, fast charging, high power delivery, and long operational 
life. 

Based on the charge storage mechanism, supercapacitor electrode materials are 
classified into two categories: 

(i) Electric Double Layered (EDL) Capacitive electrode, in which charges are 
stored by adsorption of electrolytic ions at the surface of the electrode material 
through electrostatic attraction between them. The electrode materials are made 
up of high surface area redox inert material. Its storage capacity is limited by 
the surface of the electrode material. It can deliver high specific power, but its
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specific energy is lower compared to pseudo-capacitor and battery electrode 
materials. 

(ii) Pseudocapacitive electrode, in which charges are stored by reversible valence 
change faradaic redox reactions between electrode surface material and elec-
trolytic ions. Due to the faradaic redox reaction, it has high specific energy 
compared to the EDL Capacitive electrode. Pseudocapacitive electrode mate-
rials are mostly metal-oxide/hydroxide-based materials, chalcogenides, and 
organic polymers [6]. 

The charge storage capacity of the pseudocapacitive electrode is still needed to be 
improved for the development of electric machinery and electronic instruments. It can 
be achievable by different functionalization techniques. This chapter mainly focusses 
on a complete description of all functionalization techniques for developing metal-
oxide/hydroxide-based supercapacitors and a comprehensive report on the recent 
developments of functionalized metal-oxide/hydroxide-based supercapacitors. 

2 Functionalization Techniques 

Recently, most of the research on metal oxides/hydroxides for supercapacitors 
focusing on the design and improvement of electrodes to achieve high specific energy 
with high power delivery and durability. The storage capacity of the metal-oxide/ 
hydroxide-based electrodes can be enhanced by functionalizing them to improve 
their properties in three different ways: (i) Intrinsic alteration, (ii) Extrinsic alter-
ation, and (iii) Electrode engineering [7]. The functionalizing techniques in each 
functionalizing way for metal oxides/hydroxides are shown in Fig. 1. 

Fig. 1 Different functionalization techniques for metal oxides/hydroxides
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2.1 Intrinsic Alteration 

Supercapacitor electrode material’s charge storage capacity depends upon its intrinsic 
properties like electrical conductivity, the number of electron transfers during the 
redox reaction, crystal structure [8–13], and morphology [14–16]. If the material 
has high electrical conductivity, the electron produced during the redox reaction can 
easily travel between the current collector and redox-active sites. If a greater number 
of electrons transfer, then more charges are stored per molecule. 

The theoretical specific capacitance (F g−1) of electrode material can be calculated 
based on the number of charge transfers during the redox reaction by assuming that 
charge storage of the electrode is constant throughout the working potential window. 
It can be calculated using Eq. (1). 

C =
(
nF  

m

)
X 

E 
(1) 

where n, F, X, m, and E are the number of charge transfers during the redox 
reactions, the Faraday constant (96,485 C mol−1), the surface fraction (electrode/ 
electrolyte interface), the molar mass of the electrode material, and the working 
potential window. 

Supercapacitors are surface charge storage devices. Equation (1) demonstrates 
the high specific surface area of the material corresponding to a high experimental 
specific capacity. The 2D-layered crystal structures have a high surface area with 
high electrical conductivity compared to other structures [17–24]. The morphology 
of the material plays an important role in charge storage. High porous and high 
surface area lead to a high specific capacity of the material [25–30]. The proper order 
of pores (Surface of the material containing macropores followed by micropores, 
then nanopores) in the electrode material exhibits high power delivery [31–37]. The 
electrode materials are having a low molar mass metal cation incorporated to lower 
molar molecules advantageous for high gravimetric capacity [38–42]. 

2.2 Recent Progress in Intrinsic Alteration Techniques 

Zhang et al. successfully synthesized hybrid g-C3N4/NiAl-layered double hydroxide 
(LDH) by in situ process followed by reflux method as shown in Fig. 2. Fascinat-
ingly, many hybrid ultrathin LDH nanoflakes originated growing perpendicularly 
on the surface of g-C3N4. The amino comprising groups on the surfaces of g-
C3N4 nanosheets provide active sites for the NiAl-LDH nanocrystals. The prepared 
nanocomposites show suitable morphology as well as high specific surface area. 
By integrating g-C3N4, the capacitance of the composite electrode has been enhanced 
and exhibited, the 714 F g−1 at a current density of 0.5 A g−1. The capacitance reten-
tion of 82% is maintained even after 10,000 cycles at a current density of 10 A g−1.



302 R. Balamurugan et al.

Fig. 2 Schematic representation for in situ growth of NiAl-LDH on the surface of g-C3N4 
nanosheet. “Reprinted (adapted) with permission from [43] Copyright (2015) Elsevier” 

These results indicated that the as-prepared composite electrode possessed promising 
electrochemical properties [43]. 

Fu et al. synthesized hierarchical spinel NiCo2O4 (NCO) nanomaterials with 
tunable morphologies of rod-like, microsphere-like, flower-like, and nanoparticles 
via a facile co-precipitation method on the support of various precipitating agents 
at different calcination temperatures as shown in Fig. 3. It clearly showed that the 
microstructure and morphology mainly depend on the synthesis environments, which 
has an impact on their electrocatalytic and electrochemical performance. Compared 
to nanoflowers and nanorods porous microsphere manufactured with nanoparticles 
displays outstanding capacitance of 225.07 C g−1 at a current density of 0.5 A g−1 and 
high cycle stabilization due to the abundant mesoporous structure and high specific 
surface area of 123.47 m2 g−1. Asymmetric supercapacitor device is assembled based 
on an NCO microsphere electrode as anode and graphene as cathode exhibited an 
energy density and power density of 19.12 Wh kg−1 and 509.87 W kg−1, respec-
tively. These results show that the prepared NCO microsphere electrodes have a wide 
availability towards supercapacitors [44].

Kumar et al. synthesized ZnCo2O4 nanomaterial using a hydrothermal tech-
nique followed by an annealing procedure through varying the surfactants [urea 
(UA), ammonium fluoride (AF) and hexamethylenetetramine (HT)] as shown 
in Fig. 4. A composite surfactant ZC-UAH (Zn–Co-O-urea/ammonium fluoride/ 
hexamethylenetetramine) shows an excellently connected microstructure nanomus-
cule network developed during the hydrolysis of urea, ammonium fluoride, and 
hexamethylenetetramine. The mesoporous structures and high specific surface area 
of the composite ZC-UAH electrode allow the electrolyte ions to diffuse into the 
electrode material efficiently with low internal resistance and help to buffer volume 
growth during charge–discharge process. The composite electrode exhibited the 
highest specific capacity of 462.5 C g−1 at a current density of 1 A g−1 and excellent 
capacity retention of 97.4% up to 5000 cycles [45].
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Fig. 3 Schematic representation of the formation process of NCO samples with various precipi-
tating agents. “Reprinted (adapted) with permission from [44] Copyright (2019) Elsevier”

Fig. 4 Schematic illustration of the ZC-UAH composite preparation process by a facile 
hydrothermal process. “Reprinted (adapted) with permission from [45] Copyright (2020) Elsevier”
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Liu et al. designed a high-performance cathode material using cooperative modu-
lation of different crystal sites doping as shown in Fig. 5. Generally, Li-rich-layered 
oxide suffers from inferior cycle stability, poor rate capability, and voltage decay. 
To improve these disadvantages, in this work co-doping of Na+ and PO4 

3− is made 
to improve the electrochemical performances. The co-doping of Na+ and PO4 

3− for 
Li and Mn is achieved instantaneously in Li1.20Ni0.13Co0.13Mn0.54O2 using Na3PO4 

as a dopant. The co-doping not only improves the electrochemical performance but 
also reduces the voltage decay. The co-doping of PO4 

3− and Na+ expands the inter-
layer spacing and suppresses Li/Ni mixing which rises Li+ diffusivity and improves 
the rate capability. Co-doping shrinks the thickness and weakens the TM-O (TM = 
Mn, Ni, Co) covalency, which is further favourable to the structure stability and the 
enhancement of cycle performance [46]. 

Qiu et al. co-doped PO4 
3− polyanion and Mn4+ cation into Ni-rich 

LiNi0.80Co0.15Al0.05O2 cathode by high-temperature solid phase reaction as shown in 
Fig. 6 to improve its electrochemical performance and structural stability. In most of 
the cases, structural degradation during lithiation/delithiation hinders the commer-
cial utilization of cathode material. The moderate content of co-doping PO4 

3− and 
Mn4+ can expand the channel for Li+ lithiation/delithiation, suppressed the struc-
tural degradation during the cycles and lowers the cationic mixing. The co-doping 
strategy enhanced electrochemical reaction kinetics and cycle stability than the 
pristine cathode [47].

Zhu et al. synthesized α phase trimetal NiCoMn-OH with a flower-like struc-
ture and used as the battery material for hybrid supercapacitor device as shown in

Fig. 5 Schematic illustration of Na+ and PO4 
3− co-doping and advantages. “Reprinted (adapted) 

with permission from [46] Copyright (2018) Elsevier” 
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Fig. 6 Synthesis of modified material and the corresponding crystal structure. “Reprinted (adapted) 
with permission from [47] Copyright (2019) Elsevier”

Fig. 7. The trimetal –OH shows strong synergistic electrochemistry between the tran-
sitional metals, which exhibits improved charge storage performances. The α phase 
hydroxide manifests a hydrotalcite-like structure and turbostratic crystal structure and 
therefore, capable of high active sites. The α phase hydroxide involving two or more 
metals shows improved electrochemical performance as it can assist as a structural 
stabilizer to avoid the conversion of α hydroxide to the β hydroxide. NiCoMn-OH 
electrode exhibits a specific capacity of 757 C g−1 at 1 A g−1 and retains 369 C g−1 

at 50 A g−1 which is higher compared to bimetal and monometal hydroxides. The 
fabricated hybrid supercapacitor device (NiCoMn-OH//rGO) exhibits a maximum 
specific capacity of 219 C g−1 at 1 A g−1 [48]. 

Fig. 7 Structure and charge storage mechanism of phase NiCoMn-OH//rGO hybrid device. 
“Reprinted (adapted) with permission from [48] Copyright (2019) Elsevier”
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Li et al. fabricated highly stable La–Al co-modified LiNi0.8Co0.1Mn0.1O2 cathode 
by doping La and Al homogeneously in the inner and an epitaxial layer scattered in the 
outer surface region via wet coating and thermal treatment method as represented 
in Fig. 8. The doping of Al on hydroxide synthesis ensures uniform substitution 
of ion helps in enhancing the stabilization role of Al. The sintering of La allows 
the penetration of the pillar ions into the sphere as well as the construction of La-
enriched outer surface. The outer surface region with La rich layer and decreased Ni 
concentration reduces the side reaction between the organic electrolyte and electrode 
material which helps to enhance the storage behaviour. The outer surface layer with 
La2O3 coating combined with the bulk phase, not only protects the material from 
corrosion but also reduces the mismatch between the surface layer and host phase. 
The modified cathode material achieves enhanced cycling stability and rate capability 
with 80% of its capacity retention after 480 cycles [49]. 

Najib et al. synthesized morphology-dependent defective ZnO electrodes for the 
supercapacitor device ranging from non-faradaic behaviour to faradaic behaviours. 
The nanoparticles and nanourchins are prepared using urea as the surfactant 
precursor. The nanoflowers are formed by adding ammonium hydroxide. The defect 
concentration controls the working principle of the supercapacitor device. The 
prepared nanoparticles have enough defect centers both on the surface and bulk, such 
humps rise and create an excess space for charge storage which is responsible for high 
capacitance values. Due to large quantity of defect concentration, the blocking mech-
anism of electron transport take place at the interfaces and shows EDLC behaviour. 
The number of mobile transport defects absorbed within the medium could be greater 
with improved mobility helped in charge storage capacitive behaviour. Usually, 
defective metal oxide shows the faradaic charge storage principle once they are used

Fig. 8 Synthesis and structure of La and Al co-modified Ni-rich cathode. “Reprinted (adapted) 
with permission from [49] Copyright (2019) Elsevier” 
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as supercapacitor electrode. Notably, here, less defect nanourchin samples exhibit 
EDLC behaviour, and the defect-increased nanoparticles exhibit humps in the CV 
curve related to faradaic performance (pseudocapacitive behaviour) [50]. 

Waghmode et al. synthesized flexible NiCo2O4 nanoflowers with different nanos-
tructures such as nanoflakes, nanoflowers with a surface composed of nanorods on 
stainless steel by varying the concentration of urea precursor as shown in Fig. 9. In  
this work, urea plays a significant role in the conversion of nanostructures. NiCo2O4 

nanoflowers with nanorods exhibited the superior specific capacitance of 702 F g−1 

due to its high electronic conductivity and lower ionic diffusion resistance. Incorpo-
ration of a higher concentration of urea during synthesis leads to agglomeration and 
overgrowth of the NiCo2O4 nanoflowers which worsens its capacitive performance. 
The two flexible symmetric devices are fabricated using two different gel electrolytes 
namely PVA/KOH and PVA/LiClO4. The symmetric device performed using PVA/ 
LiClO4 exhibited the maximum specific capacitance of 132 F g−1 with an energy 
density of 18.52 Wh kg−1 and power density of 3.13 kW kg−1 [51]. 

Liu et al. studied the effect of doping fluorine and oxygen vacancies on elec-
trochemical performance of Co2MnO4 (F-Co2MnO4−x) nanowires grown on carbon 
fibre (CF) as the latest electrode material for supercapacitor. Schematic illustration of 
the device configuration is shown in Fig. 10. The electronic and structural properties 
in F-Co2MnO4−x are effectively tuned by oxygen vacancies and F dopants, synergisti-
cally increasing electrical conductivity and providing rich Faradaic redox chemistry. 
The F anions derived from the reactant NH4F during the synthesis are inserted as 
interlayer anions between positively charged host layers of Co–Mn LDHs for charge 
balance. Then, F-Co2MnO4 is obtained by annealing Co–Mn LDH in air at 350 °C

Fig. 9 Growth mechanism of NiCo2O4 nanostructure prepared at different concentration of urea 
(0.5, 1, 1.5, 2 and 2.5 M). “Reprinted (adapted) with permission from [51] Copyright (2020) 
Elsevier” 
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for 2 h, in which partial O sites are substituted by F dopants. The simultaneous 
introduction of F dopant and O vacancies to F-Co2MnO4−x results in newly formed 
energy levels and increases the reactivity of electrochemically active sites, thereby 
significantly improving the electrochemical performance. The integrated design of 
nanowires anchored on a conductive substrate not only provides fast charge transport 
but also avoids the inclusion of conductive additives and binding agents. With unique 
structural and good electrical conductivity, the resultant F-Co2MnO4−x/CF electrode 
exhibits a high specific capacity of 269 mA h g−1 at a current density of 1 A g−1. 
The fabricated asymmetric device comprising of F-Co2MnO4−x/CF and Fe2O3/CF 
electrodes exhibits the maximum energy density of 64.4 Wh kg−1 at a power density 
of 800 W kg−1 and capacitance retention of 89.9% at 10 mV s−1 even after 2000 
cycles with a bending angle ranging from 0 to 30° [52]. 

Zhu et al. synthesized iron oxide nanostructure via a facile solvothermal method 
using the mixture solvent of glycerol and water. The morphology of the samples 
evolved from microsphere α-Fe2O3 to button-like α-Fe2O3 as shown in Fig. 11. The  
spherical Fe3O4 nanoparticles transformed to rod-like Fe-glycerate upon raising the 
ratio of glycerol in the solvent. Glycerol plays a vital role in the system as a solvent 
at lower concentration, ligand at high concentration, and reducing agent at medium 
concentrations. The possible reaction mechanism takes place during solvothermal 
condition by adjusting the reaction medium. The electrochemical performances of

Fig. 10 Schematic representation of the structural configuration of the device F-Co2MnO4−x/CF/ 
/Fe2O3/CF ASC. “Reprinted (adapted) with permission from [52] Copyright (2019) Elsevier” 
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Fig. 11 Schematic representation of the formation of button like α-Fe2O3. “Reprinted (adapted) 
with permission from [53] Copyright (2021) Royal Society of Chemistry” 

ultrafine Fe3O4 nanoparticles exhibit a high specific capacitance of (426.4 F g−1) 
which was superior to Fe-glycerate nanorod (196 F g−1) and button like α-Fe2O3 

(72 F g−1). Fe3O4 sample exhibits good cycling performance of 79.5% of the initial 
capacitance retention even after 5000 cycles, which is superior over other reported 
iron-based supercapacitors [53]. 

Pakulski et al. synthesized novel nanostructured electrode material for the 
enhancement of electrochemical performance towards energy storage applications. 
The hybrid structure based on Keplerate type polyoxometalate (Mo132) function-
alized with dodecyltrimethylammonium bromide (DTAB), mixing with electro-
chemically exfoliated graphene (EEG) nanosheet results in the formation of 3D 
porous superstructures. The formation of hybrid electrode material Mo132-DTAB-
EEG includes the redox activity of Mo132 and high electrical conductivity of graphene 
all synergically mediated by surfactant to form 3D porous architecture serves as a 
new electrode material for supercapacitors. Surfactant DTAB is not only increased 
the strength of van der Waals interaction between the Mo132 and EEG also resulted 
an increased porosity which enhanced super capacitive performance of the hybrid 
electrode material. The formation of Mo132-DTAB-EEG is shown in Fig. 12, exhib-
ited the maximum specific capacitance of 65 F g−1 with capacitance retention of 
99% even after 5000 charge/discharge cycles [54]. 

Many research groups work on tuning the morphology of the material to achieve 
high surface area which plays a significant role in energy storage applications. For 
tunning the morphology, researchers use various structure-directing agents such 
as polyethylene glycol [55] sodium dodecylbenzene sulfonate [56–62], polyvinyl

Fig. 12 Schematic illustration of the formation of hybrid electrode material. “Reprinted (adapted) 
with permission from [54] Copyright (2019) Elsevier” 
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pyrrolidone [63, 64], sodium lauryl sulfate [56], oleylamine [65], tetrapropylammo-
nium hydroxide [66], cetyltrimethylammonium bromide, hexamethylenetetramines 
[58], etc. The synthesis routes followed for achieving unique morphologies are sol– 
gel, co-precipitation, solvothermal, hydrothermal, microwave techniques, electrode-
position method etc. The advantages of structure directing agents not only tune 
the morphology, it achieves high surface area and many exposed active sites. The 
surfactant-assisted electrode material accomplishes high specific capacitance, energy 
density (Ed), power density (Pd), and excellent cycling stability compared to pristine 
samples. 

2.3 Extrinsic Alteration 

Using intrinsic alteration, the electrode material’s electrical conductivity, specific 
surface area, and redox activities can be improved up to a certain level. But, to 
achieve high specific capacity, extrinsic alteration enhances surface activity, chemical 
potential, and electrical conductivity. The atomic doping [67–71] and composite 
formation [72–76] modify the electronic structure, electrical conductivity, charge 
carrier concentration, and phases, which will lead to superior electrochemical activity. 

2.4 Recent Progress in Extrinsic Alteration Techniques 

Haghshenas et al. synthesized metal-spinel core–shell nanocomposite 
(CoFe2O4@MC) as a positive electrode using chemical deposition method for 
asymmetric supercapacitors. The CoFe2O4 nanomaterial exhibited a porous struc-
ture by incorporating methylcellulose carbohydrate polymer (MC). In the absence of 
MC, the agglomeration of CoFe2O4 takes place, whereas CoFe2O4@MC nanocom-
posite has a flat and homogeneous morphology. The size of CoFe2O4@MC particles 
is smaller than that of CoFe2O4 because the agglomeration of nanoparticles was 
prevented when MC was coated on CoFe2O4. The role of MC was again confirmed 
from the size distribution of CoFe2O4@MC and CoFe2O4. The average particle size 
of nanocomposite CoFe2O4@MC was smaller (18.1 nm), and nanoparticle CoFe2O4 

was comparatively higher (23.7 nm), which shows that the agglomeration of nanopar-
ticles was prevented by MC. The cyclic voltammetry (CV) curve of CoFe2O4 has a 
relatively lower area than the CoFe2O4@MC nanocomposites; The Galvanostatic 
charge–discharge (GCD) curve shows the significantly higher charge/discharge time 
for CoFe2O4@MC nanocomposite compared to CoFe2O4. Using a three-electrode 
configuration of CoFe2O4@MC nanocomposite, the specific capacitance of 433.3 
F g−1 at 1 A g−1 is achieved. Due to the conventional preparation method, low 
cost, and excellent electrochemical performance, CoFe2O4@MC nanocomposite 
deserves as a suitable electrode material for supercapacitor applications [77].
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Gao et al. synthesized surface-modified Ni(OH)2 nanoplates for enhancing wetta-
bility and conductivity for high-performance supercapacitors. The functionalization 
of Ni(OH)2 was tuned by controlling the potassium persulfate (K2S2O8) dosage 
during the synthesis process. The functionalized Ni(OH)2 material is coated on Ni-
Foam for fabricating supercapacitor electrode. Before functionalizing, the small-
size hexagonal nanoplate structured Ni(OH)2 coated on the Ni-Foam surface. The 
uniformly distributed large-size nanoplates are grown on the Ni-Foam by introducing 
K2S2O8 during hydrothermal process. Further, increasing the dosage of K2S2O8, the  
nanoplate became thinner and converted into a nanobelt structure on Ni-Foam. From 
the area of the CV curve at a scan rate 5 mV/s, the high dosage treated K2S2O8 

nanoplate shows a high specific capacitance value. The normalized areal capacity of 
K2S2O8 doped Ni(OH)2/Ni-Foam showed 4.2 times higher normalized areal capacity 
(436.7 C cm−1 g−1) than the ordinary Ni(OH)2/Ni-Foam electrode supercapacitor 
[78]. 

Kalaiarasi et al. functionalized the reduced graphene and ZnO as the efficient 
electrode material for supercapacitor application. Ordinary graphene oxide (GO) has 
a multi-layered structure, but in reduced graphene (RGO), nanospheres form a multi-
layered structure. The spaces in the RGO can be filled by any other nanoparticles, in 
this case, ZnO nanoparticles are embedded in the space between the reduced graphene 
surfaces. The ZnO acts as a spacer layer between the stacked graphene sheets. The 
crystallinity of the sample was increased by doping ZnO nanoparticles with RGO. 
ZnO/RGO nanocomposite was synthesized in the hydrothermal method at different 
Zn(NO3)2 concentrations. The synthesis route for the ZnO/RGO is shown in Fig. 13. 
The response current in the CV curve increases with respect to molar concentration 
of zinc nitrate solution up to 0.06 M. Again, adding the Zn(NO3)2 leads to a decrease 
in the current value due to the structural defects in the surface of the graphene. The 
specific capacitance of the synthesized nanocomposite shows 181 F g−1 at 0.5 A g−1 

current density value and retains 80% of its capacitance retention even after 2400 
cycles [79].

Shaheen et al. synthesized ZnO–Co3O4 nanocomposite as an effective electrode 
material for supercapacitor applications. The particles are arranged in a uniform 
porous structure in the micro-level image. In nano-level images, it is understand-
able that the porous structure is superimposed by nanosphere particles. The pres-
ence of pores in nanoscale morphology is an essential criterion for good electro-
chemical properties. Because nano sites give more surface to enhance the electro-
chemically active sites for energy storage applications. The bandgap energy of the 
ZnO–Co3O4 nanocomposite is 1.3 eV. The low bandgap is due to the combination 
of ZnO having a high bandgap and Co3O4 having a narrow bandgap. Due to the 
synergic effect of the two metal oxides, the pseudocapacitive nature of the elec-
trode material is increased. High capacitance is achieved by the more surface-active 
sites for the redox processes. The ZnO–Co3O4 nanocomposite enhances the capac-
itance compared to the nanoflower ZnO and Co3O4. The synthesized ZnO–Co3O4 

nanocomposite exhibits a maximum power density of 7582 W kg−1 [80]. 
Zhang et al. synthesized the N-doped carbon nanotube arrays by the inter-

laced ultrathin Zn and Ni co-substituted Co carbonate hydroxides (ZnNiCo-CHs)
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Fig. 13 The synthesized route of the ZnO/RGO. “Reprinted (adapted) with permission from [79] 
Copyright (2021) Elsevier”

nanosheets. The array of N-doped carbon nanotubes acts as a backbone, which 
has improved electrical conductivity than normally used metal oxide backbones. 
Mono-metal and binary-metal hydroxides have less electrochemical performance 
than multi-metal compound ZnNiCo-CHs. This is due to the synergic effect of the 
multi-metal combination in ZnNiCo-CHs offered more redox active sites and better 
conductivity than the corresponding individual hydroxides. The specific surface area 
of ZnNiCo-CHs nanosheets is 210.5 m2 g−1 confirmed from the BET study, which is 
greater than those Co-CHs, NiCo-CHs, and ZnCo-CHs carbonate hydroxide samples. 
The ZnNiCo-CHs nanosheets are grown on N-doped carbon nanotubes by the chem-
ical bath deposition (CBD) method. The secondary ZnNiCo-CHs nanosheets create 
nano branches on carbon nanotubes which are observed from TEM images shown 
in Fig. 14. This electrode exhibits a high specific capacity of 964 C g−1 at 1 A g−1, 
which is superior to those Co-CHs, ZnCo-CHs, and NiCo-CHs [81].

Alam et al. synthesized the mixed metal oxide MgAl2O4 by doping the chromium 
(Cr3+) atoms. Mixed metal oxide MgAl2O4 is a type of spinal type semiconductor 
material. From the energy band spectra of pure and Cr3+ doped MgAl2O4, the bandgap 
value of MgAl2O4 and Cr3+ doped MgAl2O4 were 4.77 eV and 4.12 eV, respectively. 
The band gap value of the mixed metal oxide decreased with the doping of the Cr3+ 

atom. The specific capacitance values are 816.8 and 955.4 F g−1 for undoped and 
Cr3+ doped MgAl2O4. In the Nyquist plot, Cr3+ doped MgAl2O4 shows a smaller 
semi-circular portion than the undoped MgAl2O4, indicating the fast charge transfer 
rate in the KOH electrolyte [82]. 

Rashid et al. incorporated the ZnO by doping with Mn atoms at different chemical 
compositions. Mn-doping with ZnO at different molar concentrations is done by the
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Fig. 14 FE-SEM image of carbon-doped ZnNiCo-CHs (a–c), TEM image of ZnNiCo-CHs (d–f). 
“Reprinted (adapted) with permission from [81] Copyright (2019) Elsevier”

simple hydrothermal method as shown in Fig. 15. In Zn1−xMnxO3, the doping is done 
with “x” values varying from 0, 0.25, 0.50, 0.75, and 1; among them, Zn0.50Mn0.50O3 

shows better electrochemical performance. SEM images of ZnO, and Mn-doped 
ZnO show a ribbon-like structure. Except 0.50 Mn-doped ZnO, all other ZnO have 
agglomerated morphology with undefined boundaries. But Zn0.5Mn0.5O3 nanorib-
bons interconnected with each other indicate the interconnected boundaries with 
crosslinking connected nanostructure. The nanoribbon-like structure provided enor-
mous electrochemical active sites and gave a path for the diffusion of ions; thus it is 
resulting in outstanding electrochemical performance. The improved electrochem-
ical property of Mn-doped samples is due to the insertion of dopants generating 
high electrical conductivity. At large dopant concentrations of Mn atom, the specific 
capacitance decreases due to aggregation happening on the grain boundaries of the 
nanomaterials [83].

Jia et al. synthesized the Co/Ni-Linear double hydroxide (CN-LDH) using an 
induced S2− anion exchange process. One strategy of LDH is to engineer the 
morphology (nanorod, nanoplate, nanosheet), which creates deep diffusion channels 
for the electrolytes. But in this functionalization process, VO3

−-doped Co/Ni-LDH 
hollow nanocages (V-CN-LDH) are attained first. Then, VO3

− in the V-CN-LDH is 
gradually substituted by S2− anions at room temperature (S-CNV-LDH). CN-LDH 
and V-CN-LDH morphologies are shown in Fig. 16a, b. SEM image shows that the 
hierarchical structure of S-CNV-LDH is constructed from smooth nanosheets, as in 
Fig. 16c; the TEM and HR-TEM images confirm its hollow structure, which is in 
Fig. 16d–f. The wrinkling phenomenon of nanosheets attributes to the dimensional 
shrinkage effect through the anion exchange process. The S-CNV-LDH shows better 
electrochemical performance than that of the LDH before etching. The superior
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Fig. 15 Synthesis root for Mn-doped ZnO nanoribon arrays grown on Ni foam. “Reprinted 
(adapted) with permission from [83] Copyright (2021) Elsevier”

electrochemical performance is due to the following reasons: (1) Conductivity of the 
material is enhanced due to the nanoparticles formed on the surface. (2) The surface 
area is increased, which provides large active sites for the redox reaction. (3) Pores 
diameter is increased, which is suitable for the mass transfer of electrolyte ions [84].

Dinari et al. fabricated the layered double hydroxide (LDH) by doping with Ce, 
and this nanocomposite was coated on the surface of carbon nanotube (CNT). The 
multiwall carbon nanotube (MWCNT) was dispersed by sonication, then NiCoCe-
LDH nanosheets were grown vertically on the surface of CNT skeleton. The growth 
of LDH with the surface of CNT creates an ordered stacking structure. The CNT 
between the layers of LDH enhances the conductivity and improves the contact area 
of electrolyte ions. The NiCo-LDH has a close-packed layered structure. After doping 
with Ce3+, the surface area increases due to structure exfoliation. The NiCoCe-LDH 
was synthesized on the surface of CNT by doping 5, 10, and 15% molar ratio of Ce3+ 

in the Co3+ lattices. Among the three samples, 10% Ce3+ doped sample exhibits 
a good synergic effect. Because the addition of nanoparticles increase the surface 
area of the electrode, which increases the number of active sites; as a result, the 
capacitance will be improved. 10% doped sample gives an excellent electrochemical 
performance; after that, doping leads to aggregation of the particle on the surface; as 
a result, the capacitance value decreases gradually [85]. 

Aghazadeh et al. synthesized the oxygen-functionalized graphitic carbon nitride 
(f-g-C3N4), and Co(OH)2 co-embedded on Ni-foam, which is used for supercapacitor 
applications. The interlayer spacing between Co(OH)2 increases the approachability
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Fig. 16 SEM images of CN-LDH (a), V-CN-LDH (b) and  S-CNV-LDH (c); TEM (d) and HRTEM 
(e and f) images of S-CNV-LDH. “Reprinted (adapted) with permission from [84] Copyright (2021) 
Royal Society of Chemistry”

of electrolyte ions through the electrodes. Graphitic carbon nitride (g-C3N4) has a 
highly porous structure and high heteroatom content which can have more reactive 
sites for energy storage applications. The functionalization of the g-C3N4 nanosheet 
is accomplished via chemical oxidation in an acidic solution. Chemical etching in 
acidic condition technique is used for creating the defect sites on the g-C3N4 structure. 
The synthesis steps are shown in Fig. 17. The f-g-C3N4 formed as aggregated layered 
structure, and the sheets are separated in several nanometers. The Co(OH)2 plates 
are dispersed on the surface of f-g-C3N4 sheets; it gives better physical contact 
between Co(OH)2 and f-g-C3N4 within the fabricated structure of nanocomposite. 
From electrochemical studies, it is understood that f-g-C3N4 has a high electrical 
conductivity and specific surface area; as a result, the electrochemical activity of the 
Co(OH)2 material increases [86].

Liu et al. incorporated the CoO by decorating the interior with Cu+ and the exterior 
with Cu0.Cu+ and Cu0 co-doped CoO are prepared through the hydrothermal method. 
The doping concentration of Cu+ and Cu0 can be controlled by adjusting the annealing 
temperature. The doping of Cu has a significant influence on the morphology of CoO. 
In the absence of Cu, CoO is in a nanorod-like structure; with the help of increasing 
the Cu source, the nanoflower-like morphology evolved from nanorods. Introducing a 
moderate amount of Cu produces one-dimensional growth, and excessive Cu doping 
results in a growth that rapidly results in a nanosheet structure. From the TEM image 
of the sample, each nanoflower consists of enormous one-dimensional nanowires. Cu-
doped CoO exhibits a better cycle performance, and 93.4% of the initial capacitance 
is maintained after 10,000 cycles, which are 68.2% higher than the pristine CoO. 
From the cyclic voltammetry (CV) curve, the performance of Cu co-doped CoO is
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Fig. 17 Schematic view of the synthesis steps of functionalized g-C3N4 sheets. “Reprinted 
(adapted) with permission from [86] Copyright (2020) Elsevier”

almost similar after 10,000 cycles. The asymmetric supercapacitor was constructed 
using activated carbon (AC) as a cathode and Cu co-doped CoO as an anode [87]. 

Rosaiah et al. synthesized reduced graphene oxide (RGO), and Fe3O4 to make 
nanocomposite for supercapacitor applications. A simple graphenothermal process 
is used to obtain the nanocomposite. Initially, FeC2O4·2H2O was heated in an air 
environment at 600 °C for 5 h to obtain the Fe2O3; this is used as the source material 
for producing the Fe3O4. To produce the RGO/Fe3O4 nanocomposites, Fe2O3 and 
GO were taken in a 1:2 ratio in a certain bowl, and it was mechanically grounded for 
1 h. Then, the graphenothermal treatment of the mixture was done in Ar environment 
at 650 °C for 5 h. After that, the mixture was cool down to room temperature and used 
as the electrode material without any other treatment. The FESEM image of the RGO/ 
Fe3O4 nanocomposite has a flower-like morphology. The Fe3O4 nanoparticles are 
dispersed on the surface of RGO nanosheets. The Fe3O4 nanoparticles are dispersed 
on the surface of RGO nanosheets, significantly increases the conductivity of the 
nanocomposite. The CV curve of RGO/Fe3O4 nanocomposite is rectangular with 
no redox peaks; it shows capacitive behavior. The RGO/Fe3O4 exhibits 98.7% of its 
initial capacitance value after 5000 cycles, so it is a good candidate for supercapacitor 
applications [88]. 

Ji et al. functionalized the nickel carbonate hydroxide (NCH) by doping on carbon 
quantum dots (NCQDs). NCQDs are uniformly distributed on the surface of the NCH 
nanosheets, which provide large active sites for electrochemical action. The SEM 
image of NCH has an interconnected nanoflake-like structure. The nanocomposite 
NCH/NCQDs was studied using TEM and SEM analysis, which suggested that the 
nanocomposite also exhibits the same nanoflake-like structure like bare NCH. The 
size of the NCH/NCQD nanocomposite is smaller as compared to NCH, and this is
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due to the zero-dimensional NCQDs preventing the growth of NDH. 0, 20, 30, and 
40 mg of NCQDs were mixed with NCH nanosheets, and the electrochemical perfor-
mance was studied. The 30 mg NCQD distributed sample shows better performance 
than the other sample; this is due to a high amount of NCQD decreasing the contact 
of electrode–electrolyte [89]. 

Ayman et al. functionalized the MXene and its composites with CoFe2O4 (cobalt 
ferrite) nanoparticles (CoF NPs) for supercapacitor applications. The interlayer 
spacing between MXene layers was applied by nanoparticles (NPs). The synthesis 
method for CoF NPs decorated MXene was explained pictorially in Fig. 18. After  the  
exfoliation of MXene basal planes under the removal of “Al” gives the accordion-like 
morphology. A parallel layer arrangement of MXene indicates the specific etching 
direction of “Al”. The CoF NPs have an average grain size of 86 nm, which suggests 
the presence of nanoparticles with no agglomeration. In CoF/MXene composite, the 
NPs embedded in the opening between the layers as well as integrated on the surface 
of MXene layers. The restacking of the MXene layer was prevented by the presence 
of the NPs between the MXene flacks. The CV curve area of the CoF/MXene is 
more significant than the individual CoF and MXenes. This change in the area of CV 
curves attributes to the better conductivity and greater surface area provided by the 
CoF/MXene composites. The MXene flacks provide good mobility of charge carriers 
with a reduction in internal resistance. The synergic effect of the nanoparticles with 
MXenes improves the performance of supercapacitor applications [90].

To enhance the active sites, ferric oxides (Fe2O3) nanocomposites were dispersed 
on oxidized graphitic carbon nitride (OGN) [91]. The nitrogen-doped carbon 
nanotubes were expended with Fe2O3 to get good power storage capacities. In the 
conducting material, the nanoparticle Fe2O3 was dispersed to a tolerable extent, 
leading to the creation of Fe2O3/N-CNTs framework with high performance [92]. 
The Fe2O3 nanocomposites were prepared by varying the mass of the reduced 
graphene oxide (rGO) matrix. The good performance is due to the high surface 
area and oxygen vacancies created in the crystal lattice [93]. Introducing porous 
carbon with Fe2O3 provides steady loading sited to metal oxides and ion transport 
through the electrolyte and thus provides a steady electric double layer [94]. Different 
combinations containing Fe2O3 ingrained on the rGO matrix enhance the charge 
storage due to the synergic effect of the disc-shaped Fe2O3 particles [95]. PANI is 
treated with Fe2O3 nanoparticles offering tremendous capacitance retention value 
[96]. PANI has a nanonet structure which helps to improve the conductivity with 
Fe2O3 microspheres [97]. Titanium dioxide (TiO2) has a prominent surface area and 
charge storage capacitance. Introducing the polymer (PANI) or introducing a porous 
matrix containing carbon (rGO, CNT) increases the catalytic and electrochemical 
properties [98]. Different synthesis approaches of TiO2 varying the pore size leads 
to variations in physical and chemical properties; as a result, electrochemical perfor-
mance improved [99, 100]. rGO is used as a substrate for growing TiO2 nanocubes 
and shows highly appreciable electrochemical performance [101].
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Fig. 18 Synthesis of CoF NP decorated MXene and its application as an SC electrode. “Reprinted 
(adapted) with permission from [90] Copyright (2020) American Chemical Society”

2.5 Electrode Engineering 

Intrinsic and extrinsic alteration can be performed by controlled synthesis routes and 
post-synthesis processes to achieve enhanced electrochemical performances. Metal 
oxides/hydroxides electrical conductivity has its limitation, it can’t be improved 
above a certain limit using intrinsic and extrinsic alteration. Due to that proper elec-
trode, engineering is important for transferring electrons produced during the redox 
reaction through an appropriate conductive guide between the current collector and 
redox-active electrode material. Electrode engineering means fabricating the elec-
trode with the proper electron flow guide with a low resistive path. Example: On the 
current collector, the appropriate electrically conductive material has grown with a 
high specific surface area. On the above high conductive material, a thin layer of 
high electrochemically active porous materials has to be grown. In this, the redox 
reaction happens at electrochemically active material for charge storage, and the 
electrons produced or required in the reactions are transferred between the current 
collectors and redox-active material by electron flow guide. Schematic illustration
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Fig. 19 Schematic illustration of electron flow in the electrode engineered anode 

of electron flow in the electrode-engineered anode is shown in Fig. 19. Due  to  fast  
electron transfer and fast ion transport, its specific energy as well as specific power 
will be enhanced. 

2.6 Recent Progress in Electrode Engineering Techniques 

Zhu et al. grew a porous flower-like Ni–Co–Mo–S on a Ni-foam by a three-step 
hydrothermal process. On the cleaned Ni-foam, the Ni–Co nanoneedle array was 
grown using urea assisted hydrothermal process. It acts as an electron transport 
layer for transferring electrons between the current collector and electrochemically 
active material. On the above, Ni–Co–Mo nanorod arrays were implanted using the 
hydrothermal method. Through sulfurization, The Ni–Co–Mo nanorod arrays were 
modified by the thiourea-assisted hydrothermal method to fabricate porous flower-
like Ni–Co–Mo–S nanostructures on Ni foam. The outer layer of metal sulfides 
was used for improving the conductivity of the material as well as enhancing the 
electrochemical charge storage properties. The designed hybrid device using a three-
step hydrothermal technique has achieved 54.54 Wh kg−1 at 540 W kg−1 and retained 
74.8% capacitance retention after 3500 cycles [102]. 

Choudhary et al. fabricated a one-body core/shell nanowire supercapacitor 
empowered through conformal growth of capacitive 2D WS2 layers. The electrode 
was fabricated by a two-step process. First, in a thin (100 μm) Tungsten foil array 
of vertically aligned h-WO3 nanowires prepared by its oxidation. It acts as an elec-
trically conductive material for charge carrier transport. Second, the nanowires were 
then sulfurized in a chemical vapor deposition (CVD) furnace beneath a sulfur (S) 
environment, which transforms the outside surface of the h-WO3 nanowires to 2D 
WS2. A schematic illustration of different layers and their role in the flexible electrode 
is shown in Fig. 20. The nanowire-like structure leads to a large surface area, which



320 R. Balamurugan et al.

Fig. 20 Schematic illustration of different layers and their role in the flexible electrode. “Reprinted 
(adapted) with permission from [103] Copyright (2016) American Chemical Society” 

improved the electrolyte electrode interface. High conductive 1D core channel leads 
to a fast electron transfer. The 2D WS2 layered shell adsorbs large electrolytic ions 
and it is more electrochemically active for large charge storage. Due to this excel-
lent electrode engineering, multifold advantages are desired for high-performance 
supercapacitors [103]. 

Yu et al. studied the performance of different current collectors for supercapac-
itors. The electrochemical stability of electrolytes and capacitance contribution in 
various aqueous electrolytes were analysed and studied with various current collec-
tors, including stainless steel mesh, graphite sheet, carbon fabrics, carbon paper, 
carbon cloth, glassy carbon, Ti mesh, Ti foil, Ni foil, Ni foam, Cu foam, and Cu foil. 
The HER (Hydrogen Evolution Reaction) and OER (Oxygen Evolution Reaction) 
response behavior vary with different current collectors. The aqueous electrolytes 
are stable between HER and OER turnover potential. Compared to all other current 
collectors and universally used Ni foam, the Ti mesh appears the chemical inertness 
and can work excellently at a comparatively excessive applied potential. The elec-
trolyte decomposition on the Ti mesh is difficult within the electrochemical potential 
window up to 2.05 V in 6 M KOH, 3.61 V in 1 M Na2SO4, and 3.12 V in 1 M H2SO4, 
respectively [104]. 

Zheng et al. produced supercapacitors based on ruthenium oxide (RuOx) coated 
silicon nanowires (Si NW). Its schematic illustration is shown in Fig. 21. In silicon 
substrate, an array of silicon nanowires was produced using metal-assisted anodic 
etching (MAAE). On the above silicon nanowire, ruthenium oxide was coated using 
Atomic Layer Deposition (ALD). FESEM image in Fig. 21 clearly evidenced that
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Fig. 21 Schematic diagram of supercapacitor based on ruthenium oxide coated silicon nanowires, 
its morphology, and electrochemical performances. “Reprinted (adapted) with permission from 
[105] Copyright (2017) Elsevier” 

the formation of RuOx layer in Si NW. In this silicon substrate used as a current 
collector, Si NW as an electron transporter, and RuOx as a redox-active charge 
storage medium. Compared to planar Si and RuOx-coated planar Si, RuOx-coated 
Si NW showed an excellent electrochemical charge storage performance in Cyclic 
Voltammetry (Fig. 21) [105]. 

3 Conclusion 

This chapter systematically highlighted and deliberated the different functionaliza-
tion approaches and routes for metal-oxide/hydroxide base supercapacitors. Most of 
the articles focus on any one of the properties of the material to improve its charge 
storage properties. But still, there is a lack of integrated development of the elec-
trode via proper electrode engineering. Intrinsic properties alteration techniques are 
used for tuning materials to have optimized crystal structure/orientation, defects, 
and morphology. High electrical conductivity, optimized surface charge density, and 
large number of active sites can be attained by extrinsic alteration techniques. The 
high-performance supercapacitor device can be accomplished by proper electrode 
engineering of intrinsic and extrinsic properties optimized material in a suitable 
current collector with proper electrode architecting.
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Chapter 13 
Functionalization Techniques 
for the Development of Conducting 
Polymer-Based Supercapacitors 

C. G. Jinitha and S. Sonia 

1 Introduction 

Polymer is one of the principal commercial items that have the largest influence on 
the worldwide market. Polymers are macromolecules composed of several repeating 
subunits called monomers. The monomers are formed by atoms or grouped atoms 
linked together by chemical bonds. The process of formation of polymers is called 
polymerization. Polymers play an inevitable role in fabricating energy storage devices 
due to their exceptional structural, morphological, mechanical, thermal, and electro-
chemical properties. Polymers are promising candidates for the configuration of 
individual components of supercapacitors or any other energy storage devices and 
act as a multifunctional system to achieve high performance and highly durable 
energy storage systems. The most fascinating features of polymers are controllable 
geometrical shapes as per the requirement, and tuneable morphology and properties 
by incorporating appropriate fillers, especially nanofillers. The application of poly-
mers in the fabrication of supercapacitors can be broadly classified into four groups, 
including electrodes, binders, electrolytes, and separators. These are the essential 
components of a supercapacitor’s cell design. The optimization and modification of 
properties of these components are significant tasks for the apprehension of achieving 
a high-performance energy storage system. Polymers contain a variety of properties, 
including those that make them desirable for usage in specific contexts. Numerous 
polymers (i) have a lower density than ceramics or metals, (ii) are resistant to corro-
sion caused by the environment and other factors, (iii) are compatible with human 
tissue, and (iv) show outstanding resistance to the flow of electrical current [1]. As 
an example of how resistant polymers are to chemical attack, consider all of the
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household cleaners that come in plastic containers and that you keep in your home. 
Reviewing the safety information labels that explain what happens to the skin, eyes, 
and when the chemical is swallowed or when it comes into contact with the skin, 
it has an effect on the body or eyes or is consumed will emphasize how important 
it is for the plastic container to be resistant to the toxins that it will be exposed to. 
While some plastics are quickly dissolved by solvents, other plastics provide safe, 
non-breakable containers for solvents that are very aggressive. 

2 Polymers 

The phrase “Polymer” comes from the terms “Poly”, which means many, and “Mer”, 
which means bonds. Polymer by itself has weak qualities, hence the addition of nano-
materials can enhance polymer’s properties. Because they are ecofriendly, recyclable, 
and sustainable, because of such qualities polymer nanoparticles are favoured. 

3 Classification of Polymers 

See Fig. 1. 

3.1 Elementary Polymer Framework 

There are four primary configurations of polymers, each of which is depicted in 
the following figure: In the real world, certain polymers may contain a combination 
of different types of fundamental structures. The four fundamental architectures of 
polymers are linear, branching, cross-linked, and networked structures. 

Linear polymers: Linear polymers have lengthy chain lengths and can be compared 
to “spaghetti”. Van der Waals or hydrogen bonding, both of which are very weak

Fig. 1 Types of polymer structure. Reprinted from William D. Callister, David G. Rethwisch, 
Fundamentals of Materials Science and Engineering, Wiley, 5th Edition [2] 
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forces, are often responsible for keeping the long chains together. Linear polymers 
are often thermoplastic because the bonding types they use are quite simple and 
straightforward in terms of breaking when subjected to heat. The heat dissolves the 
connections that hold the lengthy chains together, which in turn makes it possible for 
the chains to flow around each other and reshape the material. When the polymer is 
allowed to cool, the bonds between the long chains are able to rebuild, which results 
in the polymer being more rigid. 

Branched polymers: The difference between linear polymers and branched poly-
mers is that branched polymers have shorter chains dangling from the spaghetti-like 
backbone of the larger ones. Because the shorter chains in branched polymers can 
cause inefficiencies in the packing of the polymers, branched polymers often have a 
lower density than linear polymers with the same characteristics. The bonds between 
the branched polymer chains are often destroyed by heat because the short chains 
do not link longer backbones to one another, which allows the polymer to have the 
properties of a thermoplastic. Nevertheless, there are some extremely complicated 
branched polymers that are resistant to this “melting”, and as a result, they disin-
tegrate becoming rigid in the process, prior to softening, which is another way of 
saying that they are going through the process of thermosetting. 

Crosslinked polymers: Crosslinked polymers are similar to ladders. The chains 
connect each individual backbone to all of the others. Crosslinked polymers, on 
the other hand, are held together by covalent bonding, in contrast to linear poly-
mers, they are kept together by van der Waals forces, which are significantly weaker. 
Because of this significantly stronger bond, the vast majority of cross-linked poly-
mers are thermosetting, with very few notable exceptions to the general rule. These 
exceptions include cross-linked polymers that happen to break their crosslinks at 
temperatures that are quite low. 

Networked polymers: Networked polymers are complicated polymers that are tightly 
coupled to one another in order to produce a complicated network of links in three 
dimensions. These polymers, which are classified as thermosetting polymers due to 
the fact that it is practically hard to soften them by heating them without destroying 
the underlying polymer structure. 

3.2 Copolymers 

Copolymers are any polymers that are formed by the combination of two different 
monomers into a single polymer chain. The classification of copolymers is the topic 
that we shall investigate next. It is not necessary for monomers to be made up of only 
one kind of atom; however, while discussing a particular monomer, it is assumed 
that the monomer in question has the same composition structure (Fig. 2).

When a scientist creates a polymer by starting with two different monomers, there 
are various different structures that can result. These architectures are illustrated
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Fig. 2 a Different types of copolymers, b types of star copolymers. a Reprinted from, William 
D. Callister, David G. Rethwisch, Fundamentals of Materials Science and Engineering, Wiley, 5th 
Edition [2]. b Reprinted from open access source [3]

in the following image. Random, alternating, block, and graft structures are the 
four fundamental types of layouts. It should come as no surprise that if the two 
monomers are organized in any old way, the resulting copolymer will be referred 
to as a random copolymer. In an alternating copolymer, each monomer is linked to 
the other in turn to create a pattern that looks like ABABABA… When using block 
copolymers, it is feasible to create repeating structures that are more complicated, 
such as AAABBBAAABBBAAA… Graft copolymers are formed when chains of 
a second kind of monomer are attached to the backbone chain of a first type of 
monomer. 

Random Copolymer: A random copolymer is a type of copolymer in which the 
monomer residues are dispersed throughout the polymer molecule in an unpredictable 
manner. One example of this type of copolymer is one that is generated via free-
radical copolymerization and contains both vinyl chloride and vinyl acetate. 

Alternate Copolymer: These copolymers have a regular, repetitive, and alternating 
arrangement of two monomeric species. Example: Nylon 6,6. The general formula 
for the monomers A and B could be given as -(-A-B-) n- or -A-B-A-B-A-B-A-B-A-B-

Block Copolymer: A block copolymer is the name given to the resultant polymeric 
chain that is created when two or more homopolymer chains are linked together by 
covalent connections. A junction block is the name given to the intermediate unit 
when they connect together. It’s possible for them to be di-block or even tri-block 
copolymers. Examples Acrylonitrile butadiene styrene (SBS rubber).
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Grafted Copolymer: Branched copolymers with special side chains that have a 
distinct structural composition in comparison to the main chain. In this case, the main 
chain is capable of forming covalent bonds with one or more of the side chains. An 
illustration of this would be the ability to graft polystyrene chains into polybutadiene. 

Star Copolymer: There is potential for many polymeric chains to be joined into 
the same central core unit. There are further types of branching copolymers, such 
as brush and comb copolymers. The centre of the star-shaped polymers can serve 
multiple purposes. At least three polymer chains can be seen extending outward from 
the centre in all directions. These arms may be chemically similar, in which case the 
stars are referred to as homostars; alternatively, they may differ from one another, in 
which case the stars are referred to as heteroarm stars. 

4 Functionalization Techniques for Conducting Polymer 

The process of chemically modifying polymers, also known as functionalization, 
can be accomplished by a wide number of distinct organic reactions. In order to 
establish a generic categorization of post-polymerization alterations on the basis of 
the mechanical characteristics, this section will provide a quick review of numerous 
reactions. 

The investigation of organic conducting polymers has made significant headway 
in recent years, and many academics with an interest in the topic are excited for 
the future to undertake additional study in the domain of optoelectronics and related 
fields. Displays, solar panels, field-effect transistors, photodetectors, supercapacitors, 
sensor systems, lithium-ion batteries, lasers, and different electrochromic devices 
are some examples of the optoelectronic devices. Conducting property is recognized 
to have many uses due to its beneficial qualities, which include thermal stability, 
electroluminescence, facile tunability, adaptability, and processability. The topic of 
discussion in this section is conductive polymers and how functionalization can be 
used to enhance the properties of conducting polymers. Also discussed are the current 
state of implementations of conducting polymers in semiconductor applications as 
well as their potential for the future. 

4.1 Additions 

In its most basic form, an addition reaction can be described as the reaction that 
occurs when tiny molecules combine with functional groups with the purpose of 
producing a particular object that contains all of the atoms that were present in 
the original components. Incorporating hydrogen, oxygen, or halogens into macro-
molecules that already contain carbon-carbon C=C double bonds is considered to 
be one of the most significant addition reactions. It is important to note that the
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solubility as well as the polymers’ chemical stability may be impacted through addi-
tion processes. Hydrogenation of polymers is one of the most essential and widely 
used ways of material modification in modern technology. Due to the fact that it is 
possible to alter the microstructure, hydrogenation of polystyrene as well as hydro-
genation of polydienes has been increasingly popular over the past several years [4]. 
Investigations have also been conducted into the processing of unsaturated polymers 
through hydrohalogenation and halogenation. Polybutadiene is brominated, which 
then leads to the formation of polymers that are flame-resistant, which is one example. 
Radiation-induced addition is another approach that can be used instead to incorpo-
rate halogens into polymers [5]. Epoxidation of double bonds is a further method 
that can be utilized in order to impart functionality into unsaturated polymers. One 
example of this is the oxidation of polybutadiene through epoxidation [6]. Over the 
past few years, the process of altering unsaturated polymers using thiols as a catalyst 
by means of a thiol-ene reaction has become one of the approaches that is utilized 
most frequently. 

4.2 Substitutions 

The production of functional polymers can also be accomplished through the utiliza-
tion of a beneficial family of processes known as substitution reactions. By use of 
free radical substitution, polyethylene (PE) is chlorinated which is a good illustration 
of this in practise. At this point, chlorination initiates itself in the portions of the crys-
talline surface that are amorphous [7]. In a significant number of cases, hydrolysis 
and esterification reactions are also performed. A reaction that takes place relatively 
regularly is the esterification of poly (methylacrylic acid) with carbodiimides func-
tioning as the condensing agents. In many cases, an intermediate form of the cyclic 
anhydride is the first structure to appear during this reaction. This structure then 
combines when there is alcohol present to produce an ester in its final state. Ester-
ification of cellulose, which is still performed on a commercial scale [8, 9], is an 
additional example of a frequent chemical process. The hydrolysis of poly (vinyl 
acetate), which results in the production of poly (vinyl alcohol), is an example of an 
essential hydrolysis reaction. This reaction is particularly relevant due to the difficul-
ties of synthesizing the polymer directly from the relevant monomer [5]. In addition, 
altering the degree of hydrolysis can lead to the production of polymers with a variety 
of distinct characteristics. Due to the polymer’s heightened crystallinity, the solubility 
of the resulting polymers in water at room temperature is reduced when the degree 
to which poly (vinyl alcohol) is hydrolyzed by water is increased.



13 Functionalization Techniques for the Development of Conducting … 335

4.3 Eliminations 

The removal of alcohols, hydrogen halides, water, and other tiny molecules is one 
of the most essential and widely used procedures for the modification of polymers. 
In the macromolecule of the original polymer, unsaturated double or triple bonds, or 
even heterocycles, are created as a result of the elimination [10]. 

4.4 Isomerizations 

Isomerizations, unlike the other reported reaction classes, alter the chemical struc-
ture of the macromolecule without affecting its molecular weight. The cis-trans 
isomerization of polydienes is one example of a configurational isomerization, which 
can be produced when ultraviolet light is radiated on a substance when a radical 
transfer agent is present. This isomerization can be thought of as a reversed version 
of the normal isomerization process. In addition, polymers that contain chromophoric 
groups have drawn a lot of attention recently. In particular, azobenzene-containing 
polymers have garnered a lot of attention because of the cis-trans isomerization of 
azobenzene [5, 11]. Another illustration that has been established for protein chem-
istry is the native chemical ligation. During this reaction, an N-terminal cysteine 
residue goes through a process known as reversible transthioesterification, which 
ultimately leads to the production of a thioester intermediate. This thioester interme-
diate then goes through a step in which it undergoes an S, N-acyl shift isomerization, 
which ultimately results in the creation of an amide bond in its native form [17]. 

5 Conducting Polymer for Supercapacitors 

Utilizing materials with a large surface area, such as activated carbons and the capac-
itive properties of the electrochemical double layer have enhanced the energy density 
and storage capacity of capacitors. The first devices in a category of devices known as 
supercapacitors were created by using two electrodes made from the same material. 

According to the method by which they store charge, supercapacitors are divided 
into the following three categories: Pseudocapacitors, electric double-layer capaci-
tors (EDLCs), and asymmetric (hybrid) supercapacitors. EDLCs rely on non-faradaic 
methods. For instance, charged particles and ionic species are absorbed in the elec-
trode–electrolyte interface to facilitate charge storage in an EDLC. By utilizing 
extremely reversible faradic processes, like redox interactions between the elec-
trolyte and the surfaces of electrochemically active materials, pseudocapacitors are 
able to store energy. These reactions take place in pseudocapacitors. In most cases, 
they are made up of different hydroxides or oxides of metal. Asymmetric superca-
pacitors make use of a wide variety of electrode materials, each of which possesses
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increased capacitance and contributes to an increase in both the energy density and 
operating voltage of the device. These have been designed as a response to the diffi-
culties of yield loss, low capacitance, and high resistivity caused by low recyclability 
with hydroxides and metal oxides. These issues have been brought about as a result 
of poor cyclability when combined with hydroxides and metal oxides. 

The inertness of most commercial nanomaterials and polymers, the development 
of these materials for specific applications in a wide range of sectors is constrained. 
As a result, modifications on the surface must be performed in order to improve 
their adhesion, wetting, and printing properties. This is accomplished by bringing 
a variety of polar and other functional groups onto the surfaces of both nanostruc-
tures and polymers. During the course of the last few decades, a number of surface 
functionalization techniques have been developed, all of which generally adhere 
to the same pattern: foremost, the surface of the polymer is where the binding of 
primary reactive functional groups to the chain ends occurs; then, the modifica-
tion of the reactive surface with hydrophobic and hydrophilic monomers, active/ 
bioactive agents, polymers, or oligomers to achieve specific surface characteristics 
that are tailored to the requirements of the end use; and finally, the application of the 
surface functionalization technique [12]. 

In order to generate and store renewable energy in a timely and consistent manner, 
efficient energy storage techniques are required due to the intermittent nature of the 
resources that make up renewable energy. Because of this, there has been a rise in the 
number of scientific studies that focus on electrochemical energy storage devices, 
such as batteries, capacitors, and cells, which are among the many storage systems 
that have been essential. In this field, lithium-ion batteries, which are built on four 
basic components consisting of a separator, an electrolyte, an anode, and a cathode, 
are the perfect application for polymer nanoparticles. Because of their hydrophobic 
surfaces, the porous polyolefin-based polymers utilized in separators today, such as 
polypropylene and polyethylene, are polymers based on polyolefins and are employed 
to restrict electrolyte diffusion [13, 14]. 

5.1 Graphene-Polymer Supercapacitors 

In the development of new materials as a two-dimensional (2D) building block, 
graphene’s outstanding mechanical, electrical, and thermal properties have garnered 
significant attention in recent years. However, in order to make use of these prop-
erties in novel materials, it will be necessary to develop procedures that will allow 
carbon flakes that are only one atom thick to be assembled into structures that are 
macroscopically organized. In addition, in order for these macroscopic structures to 
play a role in a variety of devices utilized for a variety of applications, such as solar 
cells and supercapacitors, they need to have exceptional electrical, mechanical, and 
thermal properties. The use of graphene nanostructures in supercapacitor devices can 
be made easier by integrating the nanostructures into a matrix composed of polymer. 
This is one of the more straightforward techniques.
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As was said before, polymer matrix materials are among the most vital constituents 
of graphene-derived nanostructure-polymer composite supercapacitor electrodes, 
more specifically polymer binders. However, owing to their insulating nature, these 
polymer binders have a few drawbacks that must be considered. As was discussed in 
the prior section, the presence of non-conductive binders can result in a reduction in 
conductivity, which in turn results in a reduction in both the supercapacitors’ energy 
density and their overall capacitance. Electrical double-layer capacitance also known 
as EDL capacitance, is the primary concept upon which the operation of supercapac-
itor devices, such as graphene-derived nanostructure-polymer composite electrodes, 
is predicated. Charge and discharge of the electrical double layer capacitor (EDLC) 
are both caused by and contributed to by the process by which ions are absorbed by 
and then desorbed from the electrical double layer. 

Many researchers are interested in using electrically conductive polymers as a 
polymer matrix or binder in supercapacitor electrode materials. This is because elec-
trically conductive polymers are excellent candidates for the perfect matrix material, 
thanks to characteristics such as light-weight, elasticity, simple thin film fabrication, 
and processability [15]. This is because electrically conductive polymers are perfect 
candidates to serve as the optimal matrix material, because of the qualities that they 
possess. When historical research is conducted, it is discovered that a number of 
conductive polymers were utilized in the production of supercapacitor electrodes. 
Some examples of these polymers include polyprrole (PP) [16], polyindophenine 
[17], polyaniline (PANi) [18–20], p-phenylenevinylene (PPV) [21], and polythio-
phene [22]. PANi and PPy are the materials that are the most suitable and likely to be 
successful for application in electrodes as matrix materials due to their higher energy 
density, fast redox reactions, low cost, high conductivity, and ease of synthesis [23]. 
These polymers are the only ones among these that meet all of these criteria. In 
addition, PPy and PANi are utilized in neutral and low pH solutions for the purpose 
of supercapacitor electrodes [15, 24]. 

5.2 PANi 

PANI is one of the conducting polymers, and due to its environmental stability, low 
cost, and high capacitance [25–27], it is anticipated that it will be an excellent option 
for this purpose. However, Due to the insufficiency of mechanical stability throughout 
the charging/discharging process of the supercapacitor, it is challenging to achieve 
high cycle stability in a device by merely employing PANi. This is because of how the 
PANi weakens the mechanical stability. For the purpose of enhancing the capacity 
of supercapacitors to store energy, hybrid electrode materials have been employed 
to their maximum potential so as to make the most of their benefits. There have 
been a number of researches published in the scientific literature that concentrate on 
hybrid electrode materials; nevertheless, graphene-PANi composites have received 
very little attention. In our opinion, graphene-PANi nanocomposites will become 
increasingly popular in the near future due to the exceptional and one-of-a-kind
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features that they possess [28]. Several labs have performed experiments on various 
graphene/PANi composites. 

Conductive polymers, such as PANI, have been utilized in the process of devel-
oping electrode materials for use in supercapacitors [29]. In point of fact, PANI is 
not a material that is suitable for use in batteries but rather a substance that is suit-
able for use in supercapacitors [30]. The morphology and the doping level have a 
substantial impact on the particular capacitance of the PANI supercapacitors. This 
specific capacitance can be modified by regulating the synthesis procedure or making 
post-synthesis adjustments [31]. Unfortunately, the majority of PANI-based super-
capacitors have a specific capacity of less than 1000 F/g and have a rather low cyclic 
stability, both of this could potentially restrict the applications. The development of 
nanocomposites of PANI with carbon nanomaterials has, on the other hand, been 
the subject of a significant amount of research as a means of enhancing the specific 
capacitance and electrochemical behaviour of supercapacitors. For instance, very 
high specific capacitance of 2200 F/g has been achieved for electrodes made via PANI 
deposition on porous carbon [32]. Yang et al. [33] observed that PANI/MWCNT had 
a high specific capacitance (1065 F/g) as well as outstanding cyclic stability (92.2% 
capacity retention after 1000 cycles). In addition, several researchers have observed 
that the material possesses outstanding cycle stability (more than 92%), as well as 
good specific capacitance (328–560 F/g) [34–38]. 

5.3 PPy 

Polypyrrole, often known as PPy, is an excellent electroactive substance that can 
be used for electrode materials, particularly in asymmetric supercapacitors, due to 
the fact that it is safe for the environment, demonstrates good stability, is easy to 
synthesize at large-scale production, and is inexpensive [17]. This makes it an ideal 
candidate for use in asymmetric supercapacitors. The capacitors that are utilized as 
electrodes in composites made up of conductive polymers and carbonaceous mate-
rials have been the subject of a number of research projects that have been carried 
out in recent years. The comparison of different PPy synthesis processes (chem-
ical and electrochemical), the improvement of the shape of the polymer surface, 
and the influence that carbon-based materials have on the efficiency of electrodes in 
supercapacitors are the primary focuses and driving forces behind these studies. 

Deng et al. [39] demonstrated how changing the amount of GO present and the 
charge density while employing the electrochemical deposition technique caused 
the surface of the GO-PPy composite to become more textured. Jingping et al. [40] 
used an in situ polymerization approach to make the Gr-PPy composite. The porous 
structure produced a specific surface area that was 108 m2 /g, which was 97.56% 
bigger than the intrinsic surface area of PPy. This was accomplished by using an 
in-situ polymerization process. When gr is added to PPy, the surface of the material 
changes from being smooth to being rough, as attested to by a number of authors 
[41–45]. The increase in the surface area of the materials has been attributed to the
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roughness and porosity of the composite, which in turn has been attributed to the 
increase in the surface area of the material. The increase in PPy’s surface area is 
beneficial for the production of supercapacitors because a greater surface area is 
required for increased charge mobility. PPy has a surface area modification that is 
essentially beneficial for this process. 

According to the findings of Liu et al. [46], it is possible to create a nanocom-
posite with a significantly increased specific surface area through the incorporation 
of sulfonated rGO and PPy. The easy polymerization process was utilized by Liu 
et al. [46], and the resulting electrode has a specific capacity of 265.60 F/g at a current 
density of 1 A/g and maintains an efficiency of 90% for around 1000 cycles [46]. 

5.4 Pedot 

Poly(3,4-ethylenedioxythiophene), more commonly known as PEDOT, was invented 
for the very first time in the 1980s [47] by a team of researchers working at Bayer 
AG research centers in Germany. Conductivities in its doped states have the potential 
to reach as high as 500 S cm−1 [48–50]. PEDOT is a conductive polymer that differs 
from other conductive polymers in that it possesses a relatively low theoretical gravi-
metric capacitance (210 F g−1) [51]. In spite of this, it has a wide electrochemical 
window (1.2–1.5 V), high charge mobility, high conductivity, low oxidation poten-
tial, chemical and thermal stability, which all contribute to its quick electrochemical 
kinetics. Moreover, it is thermally stable. PEDOT’s large molecular weight, which 
results in poor specific capacitance, is a drawback for its usage as an electrode in 
supercapacitors, however. PEDOT’s other advantage is its inexpensive cost. 

The results of a study conducted by Wilamowska et al. suggest that electrode-
posited pEDOT/rGOx composite electrodes display approximately 10 mF cm−2 

when they are deposited with a charge of 0.2 C cm−2, and they display approx-
imately 30mF cm-2 when they are deposited with a charge of 0.8 C cm−2. In a  
separate work, Damlin et al. found that the capacitance of graphene oxide PEDOT 
composite electrodes made by the electrodeposition method by cyclic voltammetry 
from a GOx solution in ionic fluids is determined to be 39 mF cm−2; it rose to 43  
mF cm−2 upon electrochemical reduction of graphene oxide [50]. When it comes 
to the processes that are used in the manufacturing of composites, there have been 
several research conducted under a variety of settings. In their study from 2011, Alvi 
et al. revealed that a graphene-PEDOT nanocomposite that was synthesized using the 
chemical oxidative polymerization process exhibited a specific capacitance value that 
was 374 F g−1 at its maximum [52]. In addition, a work that was carried out in 2016 
by Alabadi and colleagues revealed the production of a graphene oxide-(Thiophene-
2, 5-diyl)-co-(benzylidene) composite using the polymerization method [53]. This 
composite had a specific capacitance of 296 F g−1. The significant differences in 
capacitance values that were discovered for various pEDOT/GOx and pEDOT/rGOx 
composites emphasize how important it is to perfect the fabrication process in terms 
of the materials that go into the first product, the concentration of the solvent, the
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substrates, compatibility of the synthesis process with the elements, and so on are 
some of the factors that are taken into consideration [50]. 

6 Metal Oxide-Polymer Supercapacitors 

In this section, we will review the latest developments that have taken place in the field 
of 2D metal oxides and hydroxides, as well as their hybrids with graphene, which is 
one of the prospective options that is based on carbon. In order to acquire 2D metal 
oxides, the most common approaches that have been utilized thus far are referred to 
as “top-down” and “bottom-up” procedures. In addition, the numerous design and 
synthesis methodologies for optimizing the structural morphology, surface charac-
teristics, and long-term functioning of graphene at electrified interfaces are available. 
These strategies aim to maximize the structural long-term operation stability, surface 
properties, and structural morphology stability. These tactics intend to maximize the 
ionic and electrical conductivity of the surface, as well as the stability of the struc-
tural morphology. Changing the electrode materials in such a way as to alter their 
electrochemical properties, it is possible to create a supercapacitor electrode that has 
a high specific capacitance in addition to outstanding cycle stability and good rate 
capability. 

The most common types of materials that can function as active electrochemical 
pseudocapacitors are hydroxides and metal oxides. They are well-known for their 
high theoretical capacitance, low cost (as a result of their abundance in nature), and 
high energy density. The effectiveness of these materials as supercapacitors has been 
hindered, however, by their low intrinsic conductivity as well as other deficiencies. 
As a result, in order to make even greater strides in their performance, 2D nano 
structural ultrathin hydroxides and metal oxides have been intensively explored and 
employed in supercapacitors due to the benefits that they offer, which include a high 
specific surface area and an improved planar electrical conductivity. 

For instance, Peng et al. reported that a hierarchical NiO/NiMn-LDH nanosheet 
array on Ni foam was created using a straightforward two-step process. This array 
demonstrated a high specific capacitance (937 F g−1 at 0.5 A g−1) as well as strong  
cycling stability (91% retention after 1000 cycles at 5 A g−1). The synergistic features 
of hierarchical NiO/LDH nanosheet composites on a conductive substrate are what 
contribute to the increased electrochemical performance [54]. Furthermore, it has 
been claimed that solid-state symmetrical supercapacitors can be created on a large 
scale by ultrasonic exfoliation in ethanol/water using materials such as MoO3,MnO2, 
and RuO2 nanosheets, among others [55]. This process can be carried out in ethanol/ 
water. 

Combining graphene and other metal oxides or hydroxides has resulted in a signif-
icant amount of recent development in the production of high-performance materials 
for the storage of electrical energy. As a consequence of the utilization of graphene, 
the conductivity of the material used for the pseudocapacitor electrode is increased, 
Additionally, the limitations brought about by graphene’s relatively low specific
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capacitance as an electrode material for double-layer capacitors are removed. In 
addition to this, the benefits of the two are combined to create a significant enhance-
ment in the capacitance performance, which is a practical method for enhancing the 
metal oxide/hydroxide electrode materials’ electrochemical performance. 

7 Polymer Nanocomposites in Water Treatment and Food 
Packaging 

Polymer nanocomposites supercapacitors can be expressed in a wide variety of appli-
cations, such as the purification of water and the packaging of food. At physiological 
pH and temperature, polysaccharide-based cross-linked nanocomposites are insol-
uble in water but expand to several times their dry weight. The ability to absorb water 
is one of the most essential characteristics of these nanocomposites. 

8 Water Treatment 

Pollutants causing serious environmental concerns are mostly responsible for water 
pollution. The toxicity of heavy metals is one of the primary environmental issues 
addressed by both industrialized and developing nations. Chitosan is one of the 
remarkable biopolymers found in nature. It is used in a variety of applications and 
is found in large quantities as waste from the shrimp and crab industries. Biopoly-
mers are favoured because of their natural origin and abundance. Among the current 
research interests are chemically functionalized chitosan-based nanocomposite films 
and strips that can clean textile and tannery effluents. Existing water treatment 
systems are costly, generate secondary contaminants in sludge, and are ineffective at 
treating effluents containing low metal concentrations. Adsorbents that are commer-
cially accessible, such as activated carbon, are very effective but expensive. The 
processing of shellfish, krill, shrimps, and crabs generates a substantial amount of 
chitinaceous waste, which can be turned into chitosan as a low-cost adsorbent via 
partial deacetylation. Among the numerous biopolymers, chitosan has the highest 
sorption capacity for several metal ions, presumably due to the presence of a primary 
amine at the C-2 position of the glucosamine residues. However, it has disadvantages 
including softness, a tendency to agglomerate or form gels, and the lack of reactive 
binding sites. However, the addition of nanoparticles improves this biopolymer’s use. 

Smart polymers are those that alter their properties in response to environmental 
factors. Cross-linked networks based on polysaccharides are one of the most impor-
tant groups of nanocomposites and have numerous applications. The contamination 
of water by industrial effluents, such as dyes, polyaromatic chemicals, and heavy 
metal ions, is one of the most important environmental problems and has nega-
tive health implications. Water contamination has become the primary worry and
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priority for the majority of industries. The method of adsorption is one of the most 
recommended to remove toxic chemicals from water. Natural polysaccharides and 
their derivatives-based cross-linked nanocomposites are known to be one of the best 
absorbents. The method is a low-cost green technology. Additionally, the crosslink 
density, the degree of flexibility, and the amount of space between the polymer chains 
all have a role in the water-absorbing capacity. 

These nanocomposites have a huge surface area as well as a specific propensity 
for removing heavy metals from aqueous systems. The use of nanocomposites for 
the adsorption of various pollutants from contaminated water, such as heavy metal 
ions and dyes, has attracted significant interest due to the characteristic properties 
of nanocomposites. These properties include their high surface-to-volume ratio, low 
internal diffusion resistance, ultra-small dimensions, and very large surface area. It 
has been demonstrated that metal oxide nanoparticles, such as ferric oxide, cerium 
oxide, magnesium oxide, titanium oxide, and aluminium oxide, are highly effective 
at removing aqueous pollutants. 

Graphene is one of the best doping materials along with polymer nanocomposite 
for the electrode materials for water treatment. Since graphene has superior prop-
erties, as compared to polymers, graphene-based polymer composites are used in a 
variety of applications. When compared to pure polymer, graphene-based polymer 
composites exhibit improved gas barrier, electrical, mechanical, flame retardant, 
and thermal capabilities. Graphene-based polymer composites also exhibit superior 
mechanical, flame retardant, and thermal qualities [56]. 

According to Bazylak et al., the PMC framework was developed using CBD 
to remove biological and chemical contaminants from wastewater. The synthetic 
framework adsorbs Cr (VI), CR-dye, E. coli, and S. aureus effectively. Maximum 
adsorption capacities for Cr (VI) and CR-dye were 76.5 and 714 mg g−1, respec-
tively. The proposed mechanism demonstrates that adsorbent charges contribute to 
electrostatic attraction. Hierarchical PMC frameworks are promising adsorbents for 
removing biological and chemical pollutants from wastewater due to their exceptional 
efficiency, a simple manufacturing process, and a high surface charge [57]. 

9 Food Packaging 

A unique technology that is capable of checking food for safety and quality 
throughout its shelf-life is currently making its way into the food industry in the 
form of intelligent food packaging. This method makes use of sensors and indicators 
that are affixed to the packaging and that monitor alterations in the physiological 
fluctuations of the products due to both chemical and microbial degradation. These 
indicators, which often change colour to communicate information, such as the level 
of freshness of the product that has been packaged, are designed to be easily recog-
nized by both the consumer and the food distributor. One common example of this 
type of information is the degree of freshness. On the other hand, the vast majority of 
the indicators that are utilized today are made of synthetic materials that are neither
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renewable nor biodegradable. Because there is an urgent need to increase the envi-
ronmental friendliness of food packaging, the selection of sensors ought to take this 
prerequisite into consideration as well. Because of this, the purpose of this work 
is to review the most recent information on bio-based sensors. Compounds derived 
from natural sources were used in the production of these sensors, and they have 
the potential to operate as smart or intelligent food packaging when combined with 
biopolymers. The following is a summary of its applicability in a variety of perishable 
foods. It should come as no surprise that bioactive extracts, including compounds 
like anthocyanins, derived from a wide range of different sources, including waste 
materials from the agriculture and food industries, present a significant possibility 
of performing the function of biosensors. This potential can be seen in the fact that 
bioactive extracts can be obtained from a wide range of sources. However, in order 
for this technology to evolve and reach a stage where it can be used commercially, 
there are still some barriers that need to be overcome [58]. 

The fact that starch is inexpensive, readily available, non-toxic, and renewable 
in addition to being able to be used in applications such as film formation, food 
packaging, biosensors, and supercapacitors has garnered a lot of attention in recent 
years [59]. Because of their potential to have an immediate impact on people’s well-
being, polymer materials are increasingly being recognized as an essential component 
of the food sector. 

The work done by Guerraf et al. is part of a larger initiative to find efficient and 
safe alternatives to the conventional methods used to package foods. This initiative is 
part of a larger framework. In this particular setting, the utilization of electronic CPs 
paired with cellulose as intelligent touch materials have been proved to hold a great 
deal of promise. On carbon fibres, homogeneous and firmly adhesive PEDOT and 
PAni coatings with integrated AgNPs were developed further. The refined nanocom-
posites have demonstrated some very interesting sensory features with respect to 
the vapours of hazardous ammonia and acetone. In addition, both PEDOT and PAni 
demonstrated a significant antibacterial impact against strains of S. aureus and E. 
coli, and, predictably, bactericidal efficacy improved following the introduction of 
AgNPs. In addition to this, the composites exhibited increased antioxidant capacity, 
which prevented the oxidation of food components and thus, increased their storage 
life. This resulted in the items having a longer life span. In the packaging industry, it 
is necessary to make use of innovative materials that are able to communicate with 
their surroundings and identify any disruptions that may occur inside the system for 
which they were developed. Because of its intelligent features, the newly developed 
material may prove to be an appealing alternative to the standard packaging that is 
now in use. These properties have the potential to make goods safer and extend the 
amount of time they may be stored. The newly discovered approach has showed 
that it is an economical, straightforward, and environmentally friendly process for 
the production of CP-based materials. This is one of the reasons why it is suited for 
use in industrial applications. As a result, the method that was just described can be 
applied to the production of extremely effective food containers on a massive scale 
[60].
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Fig. 3 Conducting polymer used in food packaging (reprinted from open source, El Guerraf et al. 
[60]) 

However, packaging can actively preserve food and serve as an information store-
front on its condition, which helps to fight against the waste of food and the deteri-
oration of food. Taking this into consideration, intelligent and active packaging are 
now being researched and developed. This is an essential task for the industry that 
deals with food packaging (Fig. 3). 

9.1 Active Packaging 

The application of materials that can emit, release, scavenge, or absorb compounds 
indirectly or directly to food in order to preserve its quality or postpone its destruction 
is what is meant by the term “active packaging”, and it refers to the utilization of such 
materials. This method of packaging makes use of active compounds that have various 
properties, such as antioxidant or antimicrobial, and incorporates them into coatings, 
polymeric matrix, labels, pads, or sachets. For example, antioxidant or antibacterial 
properties. The applicable active chemicals such as phenolic compounds can be 
derived from a variety of sources, including plants including industrial crops like 
cardoon, hemp, and kenaf, and other sources like vegetables, fruits, herbs, or algae. 
Active packaging can be broken down into three primary categories: antioxidants 
such as vitamin C, vitamin E, and butylated hydroxytoluene, antimicrobials such as 
phenolic compounds, peptides, and essential oils, and absorbers or scavengers such
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as oxygen scavengers, carbon dioxide absorbers or emitters, moisture control agents, 
and ethylene absorbers or adsorbers. Each of these categories has its own set of active 
ingredients. 

Fresh food products are easily damaged by physical damage resulting from 
handling, shipping, or storage, or by intrinsic causes resulting from chemical reac-
tions, enzyme action, and microbial decomposition. Because it works as a barrier 
to gases, water vapour, and dust, the use of packaging is an excellent choice for the 
protection and preservation of food because it is a strategic choice. For this reason, 
packaging needs to be capable of performing the following four primary functions: 
protection, confinement, the transfer of information, and marketing. 

The use of materials that can release, emit, absorb, or scavenge substances directly 
or indirectly to the food in order to preserve its quality or postpone its destruction 
is what’s known as “active packaging”, and it involves the use of materials. This 
method of packaging makes use of active compounds that have various properties, 
such as antioxidant or antimicrobial, and incorporates them into a polymeric matrix, 
coatings, labels, pads, or sachets. For example, antioxidant or antibacterial properties. 
The applicable active chemicals such as phenolic compounds can be derived from 
a variety of sources, including plants including industrial crops like kenaf, cardoon, 
and hemp, algae, herbs, spices, fruits, or vegetables. Active packaging can be broken 
down into three primary categories, which are scavengers or absorbers, antioxidants 
such as butylated hydroxytoluene, vitamin C, and vitamin E, and antimicrobials such 
as essential oils, peptides, and phenolic compounds, e.g. oxygen scavengers, carbon 
dioxide absorbers or emitters, moisture control agents, and ethylene absorbers or 
adsorbers. 

9.2 Antioxidant Systems 

Active packaging can be broken down into its component parts, one of which 
is antioxidant active packaging. The basic idea behind active packaging, and in 
particular antioxidant active packaging, is the inclusion of active substances within 
the packaging that interact with the meat or the environment the meat is kept in. 
These active agents can either collect pro-oxidant molecules or release antioxidant 
compounds in order to postpone the degradation of the meat that is caused by the 
oxidation of lipids. This is done in order to prevent the meat from becoming rancid. 
The food industry is significantly harmed by the spoiling of meat products at all stages 
of production, including distribution and the product’s exposure in the market, from 
an economic point of view this has a substantial negative affect. When it comes to 
preparing and storing meat and its derivatives, oxidation of lipids and degradation due 
to the growth of microbes are two of the biggest obstacles. In response, food produc-
tion has developed a wide variety of new packaging techniques to reduce waste 
and lengthen the lifespan of meat products. Active packaging has been proposed
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as a replacement for traditional packaging in recent years. Since oxidative degen-
eration of meat and meat products is a problem, it is suggested that active pack-
aging be employed in the future as a possible solution. However, the use of this 
active packaging will be determined by the expenses that are associated with its 
development. 

9.3 Antimicrobial Systems 

Antimicrobial packaging is a promising technology that is regarded to be a subset 
of controlled-release packaging and active packaging. This method successfully 
infuse the antimicrobial into the film material used for food packaging, and then 
releases it over the specified time period, killing the pathogenic microorganisms 
that harm food goods and significantly extending their shelf life. These days, food 
preservation, maintaining food quality, and maintaining food safety are key growing 
challenges in the food sector. It is unmistakable that throughout time, customers’ 
demand for natural and safe food items that adhere to tight rules to prevent diseases 
that are spread by food has increased. Future studies will hopefully be able to harness 
the emerging and promising usage of antimicrobials in food packaging to come up 
with actual efficacies in extending shelf life and reducing bacterial growth, it is 
important to keep in mind that the evolution of resistance among microorganisms 
will be an implication of antimicrobials in the near future. 

9.4 Scavengers/Absorbers 

Scavengers, which are also known as absorbers, are a sort of active packaging tech-
nology. They are the type of active packaging technology that is used the most 
frequently. Scavengers absorb pollutants from the atmosphere inside the package 
or from the packed product itself. It is common practise to make use of oxygen 
and moisture scavengers, in particular, due to the fact that oxygen and moisture are 
commonly involved in degradative processes and are significant contributors to the 
loss of quality and degradation in food items and organic molecules. Typical exam-
ples include little packets filled with silica gel. These moisture scavenger sachets are 
already an integral part of our day-to-day lives because they are typically located 
within the packaging of electronic products or within bags containing articles of 
clothing. The vast majority of scavengers are able to absorb a particular chemical, 
but some can do so only when the threshold for doing so is met. Potassium chloride, 
for instance, is only able to absorb water vapour when the relative humidity is at 
or above 87%. Regulators are another name for the scavengers that fall into this 
category. Oxygen scavengers are a form of active packaging technology that absorb 
oxygen in the headspace or dissolved oxygen in the product, resulting in a longer 
shelf life and the maintenance of the product’s initial high level of quality.
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9.5 Intelligent Packaging 

Using materials that interact and monitor the packaging environment, intelligent 
packaging provides information to the consumer about the status of the food that is 
packaged through an external or internal indicator. This gives the consumer informa-
tion about the condition of the food that is being packaged. Monitoring the efficiency 
of active packaging is another use for intelligent packaging, which may be used to 
track the progress of the process. Indicators, sensors, and data carriers are the three 
primary components that make up intelligent packaging. 

Indicators 

The existence or absence of a drug, the progression of a reaction between two or 
more chemicals, and the concentration of a particular substance can all be ascertained 
with the help of indicators. Indicators, in their most basic form, are any changes in 
appearance that convey information. A large number of the indicators produce a 
colour change that may be easily recognized by the consumer, and they are designed 
to monitor gas creation, time-temperature, and freshness. 

Data Carriers 

One of the main roles of data carriers is to ensure traceability and automation, as well 
as security from theft and counterfeiting. Data carriers are a means through which 
information can be transmitted along the food supply chain; however, they do not 
have the capability of coming into direct touch with the product. Radiofrequency 
identification and barcode labels are the two types of data carriers that are used most 
frequently (RFID). 

Sensors 

Electronic sensors are devices that can measure, detect or identify a change through 
the use of a receptor that is converted into a signal through the utilization of a trans-
ducer that reports a change in either the physical or chemical environment. Sensors 
can be used to detect changes in both the physical and chemical environments. 
One category of sensors that are associated with biological processes is known as 
biosensors. A biological sign is recognized by a bioreceptor, and the transducer then 
turns that detection into a measurable electronic response in biosensors. Pathogens, 
allergies, and other potentially harmful substances are all detectable via biosensors. 
The term “sensor” is often used interchangeably with the phrase “indicator” when 
discussing parts of food packaging. This result is represented by a visual change 
brought about by the indicators’ “sensing” or monitoring activity, despite the fact 
that indicators do not possess the same properties as sensors (Fig. 4).

By including protective elements like antioxidants and antimicrobials into the 
packaging, smart packaging can both inform the user of the state of the food and 
keep it safe for consumption. Essentially, smart packaging is a hybrid of intelligent 
and smart packaging technologies. Information offered by smart packaging can be
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Fig. 4 Food packaging with and without conducting polymer (reprinted from open access source, 
El Guerraf et al. [60])

accessed by everyone along the food supply chain, spanning from producers to shop-
pers. This allows for the tracking of food products through the monitoring and control 
of their internal or exterior environments. Despite the fact that intelligent and smart 
packaging are two entirely separate ideas, references to smart packaging are almost 
always actually referring to intelligent packaging. 

10 Conclusion 

In this chapter, we have examined the classification of polymer structures, as well 
as the functionalization methods for conducting polymers. The significance of the 
composite material with regard to the conducting polymer and the applications of this 
material. The successful application of the polymer nanocomposite has prompted 
more iesinto the development of nanocomposites that make use of polymers as a 
matrix. In an effort to develop nanocomposites by the utilization of metal oxide 
nanoparticles and organic nanofillers, a number of different polymers have been put 
through their paces in an effort to generate nanocomposites. Because conventional 
composite materials are significantly heavier in weight than nanocomposites, the 
latter are more cost-effective than the former when used in conjunction with other 
materials for particular purposes in the food packaging business. The use of pack-
aging materials made of plastic based on biopolymers has increased as a result of 
the application of nanocomposites. Inorganic nanoparticles also have the potential 
to be utilized in the introduction of several functionalities, such as antimicrobials,
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antioxidants, and the controlled release of functionally active chemicals. Thanks 
to nanotechnology’s breakthroughs, the packaging sector will be able to meet the 
ever-increasing demands of customers and food manufacturers for manufacturing 
high-quality food, ensuring food safety, extending shelf life, and delivering intel-
ligent functionalities with easy use in the future decade. It appears that polymer 
nanocomposite packaging materials have a promising future for usage in a range of 
food packaging applications. Among these applications is the creation of unique, 
intelligent, and active food packaging with several functions. It is interesting to note 
that the search for new monomers has quite receded while the “historical” polymers, 
polypyrrole, polythiophene, and related PEDOT, and to a lesser extent polyaniline 
continue to attract the largest part of the works in the field. Conduction polymers 
have also shown significant results in the supercapacitor and energy storage field. 
When it comes to applications, bio-related materials and protection against corro-
sion are without a doubt the most essential ones. This chapter also provides a concise 
summary of prospective uses of conducting PANI, PPY, and PEDOT nanotubes/fibres 
based on studies that are currently available as well as some significant contributions 
made by researchers. 
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Chapter 14 
Chemical Modifications 
for the Development of Conducting 
Polymer-Based Supercapacitors 

Tanuj Kumar, Jyoti, Mohammed Murshid, Vandana, Ashima, 
and Monika Saini 

1 Introduction Conducting Polymer-Based 
Supercapacitors 

Conjugated double bonds generated during chemical or electrochemical oxidation 
of the monomer are the building blocks of conducting polymers [1]. Dopant or coun-
terions’ insertion in the polymer backbone occurs as a result of oxidation at both 
the monomer and polymer levels; for example, chloride is inserted when iron chlo-
ride is used as an oxidant. If the dopants or polarons can be introduced into the 
polymer structure as close as feasible, then the dopant level will increase. Several 
different conducting polymers, including polypyrrole, polythiophene, and polyani-
line, have been investigated for use in supercapacitor devices. Supercapacitors are a 
recent development using porous, electroactive materials such as polymer and carbon
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nanotubes. These capacitors charge quickly and discharge energy safely. Superca-
pacitors can also be used to transform electric energy into optical, acoustic, and 
thermal energy. Since they’re efficient, they’ve found many applications in elec-
tronic devices. However, the energy storage capabilities are limited by the design of 
the supercapacitor. 

High power but low specific energy are two characteristics of supercapacitors 
containing carbon. Instead, supercapacitors made from conducting polymers can 
decrease self-discharge while increasing energy storage capacity because of bulk 
redox processes. However, the key challenge is still the low rate of charge–discharge 
or lesser power, which is caused by slow ion diffusion through an electrode’s bulk 
material. Despite the widespread adoption of pseudocapacitive materials, conducting 
polymer-based supercapacitors is still thought to hold promise in this industry 
because of their superior kinetics [2]. Conducting polymers are also appealing 
because of their low cost and high charge density on contrast with traditional metal 
oxides. For example, polyaniline has a current density of 140 mA hg−1, which is 
similar to metaloxide [3]. Thus, conducting polymers can be used for supercapacitor 
device fabrication with high energy and power densities and low equivalent series 
resistance. Some common conducting polymers are shown in Fig. 1. 

There has been a tremendous expansion in the area of conducting polymers since 
the invention of polyacetylene [5]. Poly (3,4-ethylenedioxythiophene) (PEDOT), 
polypyrrole, polyaniline, polythiophene, etc., are some of the most widely utilized 
conducting polymers in energy storage devices. Good electrical and optical proper-
ties, as well as an easy manufacturing method, contribute to the growth of conducting 
polymers in a variety of application domains. The existence of conjugated structures 
in the conducting polymer chemical structure is the cause of their conductivity. The 
metallic nature is due to delocalization of the π electrons in the conjugated double 
bonds. However, owing to the potential for bond alteration resulting in energy gaps 
in the electronic spectrum, these systems are not very stable. The conductivity of 
conducting polymers has been enhanced by the incorporation of dopant counterions, 
which have narrowed the energy gap. Dopant ions carry charge in the form of excess

Fig. 1 Some common conducting polymer chemical structures [4]. No permission required 
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electrons. Dopant ions donate or accept electrons to stabilize the unstable oxidized 
polymer backbone. Small ions (Cl, Br, NO3) or large dopants (peptides, polymers) 
can be used to impart a p- or n-type charge to the conducting polymers, respectively 
[6]. It has been shown that the physical structure of conducting polymer-based super-
capacitors degrades due to the doping and de-doping of counterions, which limits 
their cycle ability compared to double-layer supercapacitors [7]. By inserting coun-
terions and raising the doping levels, the conducting polymer-based supercapacitors 
may yield higher specific energies. However, there is an increase in price corre-
sponding to a change in volume when more dopants are added. Because of this change 
in volume, the mechanical strength of the electrodes degrades over long-term use. 
Greater cycle life in actuators is seen in the study when conducting polymer-based 
electrodes are used in combination with ionic liquid electrolytes [8]. 

Functionalization of conducting polymers is a growing field with many poten-
tial technological applications. Both polymer synthesis and functionalization have 
the downside of including unintended macromolecular byproducts into the finished 
products. Most of the time, CPs are used in solid form for various applications (fibres, 
film, particles, pellets, etc.). As a result, functionalization might be utilized to modify 
both the bulk and the surface characteristics of a material. Most reactions are carried 
out in a heterogeneous manner because CPs are either insoluble (such as Polypyrrole 
and Polythiophene) or soluble only in a limited number of solvents (such as PANI). 
Thus, it is possible to add functionalization of the surface without affecting the bulk. 
Using this method, the bulk properties of the original polymer (such as conductivity) 
may be preserved while the surface properties (such as wettability) are altered. As a 
result of their huge surface area to volume ratio, nano-objects (such as nanofibres) 
are excellent candidates for such heterogeneous alteration. Nonetheless, electrophilic 
sulfonation of PANI was reported as one of the earliest CP functionalizations; this 
reaction was performed when polymer soluble in conc. H2SO4, and a bulk reaction 
ensued. Furthermore, functionalized polymer may be soluble in the solvent whereas 
the unmodified polymer is not [9]. 

2 Functionalization Methods 

To increase the energy density, other materials are added to the supercapacitor 
structure. For example, mesoporous carbon electrodes have a high surface area 
which improves capacitance and discharge rate. Graphenes—graphite mixed with 
polypyrrole- can improve capacitance while maintaining a high power density. To 
enhance energy storage ability and safety measures, carbon nanotubes were used to 
form supercapacitors in 2016. The high surface area of these nanotubes allows for 
greater storage ability while improving power output due to their weight. Addition-
ally, researchers need to fine-tune the materials used to create a capacitor’s active 
material layer so that it lasts long enough to benefit electronic technology. Two main 
techniques are used to create the active material layer of a supercapacitor: physical 
functionalization and chemical functionalization. Physical functionalization involves
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doping a conducting polymer with a chemical that increases its electrical properties, 
allowing it to store more charge. Chemical functionalization, on the other hand, uses 
copolymerization to create a stronger, more resilient material. 

To create a longer lasting supercapacitor, the material used to create the initial 
structure must be selected carefully. The chemical composition is essential as it 
determines how stable the capacitance is over time. To find this composition, chemists 
study properties such as conductivity, ionic nature, chemical affinity, and dielectric 
properties. Once this composition is discovered, it must be characterized and tested 
in a laboratory for both conductivity and dielectric characteristics. If these tests are 
successful, synthesis equipment must be accessible to manufacture this material in 
large quantities, which is not always the case in a university setting. Conductive 
polymers such as polypyrrole can store a large amount of electricity. These materials 
are formed into cylindrical or hexagonal shapes and layered upon each other. The 
outer layer is used for the anode and the inner layer for the cathode. The layers are 
separated by an electrolyte solution that allows for efficient charge and discharge 
separation. Additionally, the solution provides a conducting path from one material 
to the next. When discharged, the capacitor’s characteristics are similar to a battery; it 
has an active material formation and can produce electricity. Although new materials 
create excitement among scientists and engineers, creating efficient supercapacitors 
remains a challenge. There’s no standard procedure for creating them so different 
laboratories must develop their own methods. 

Supercapacitors with electrodes made of conducting polymers are becoming more 
practical as electrical technology develops. The electrode material, its electrochem-
ical capabilities, its thermal stability, its surface area, and its conductivity are only few 
of the factors that influence the supercapacitor’s features [10, 11]. Because organic 
conducting polymeric materials may be readily designed to display qualities fulfilling 
the criteria for supercapacitor applications, their usage as electrodes has been inves-
tigated and has yielded positive results [12]. This customization is possible using the 
following functionalization methods. 

2.1 Doping 

Supercapacitors are superior devices for short-term energy storage due to their rapid 
charging and discharging capabilities. However, the energy density of supercapac-
itors is often low since they do not have a large specific capacitance which is the 
amount of electric charge held per unit mass or volume [13]. The metallic conduc-
tance of organic conducting polymers (OCP) is achieved using a mechanism very 
identical to that of inorganic semiconductors the introduction of a few dopants 
improves the conductivity by a great amount. Since doping is the adding of impuri-
ties to a material. The majority of solvents are unable to dissolve many conductive 
polymers. Long-chain dopants, like naphthalene sulfonic acid (NSA), dodecylben-
zene sulfonic acid (DBSA), and camphor sulfonic acid (CSA), may aid in improving 
solubility, allowing us to get over this obstacle. It has been shown via analysis that
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as the length of the alkyl chain in the dopant increases, the solubility and elec-
trical conductivity of the doped polymer also increase. This is because the longer 
the alkyl chain, the less interactions there are between the polymer chains [14]. 
Doping these polymers results in an increase in conductivity, but it also causes a 
change in the structure of the polymeric chain. Chemical doping, electrochemical 
doping, photodoping, interfacial doping, and charge-injection doping are only a few 
of the many doping methods available. As a more common practise, scientists expose 
polymers to certain chemicals called dopants. Electron donors are typically n-type, 
whereas electron acceptors are p-type. Organic conducting characteristics may be 
measured in a wide range of ways depending on the degree of doping used. It was 
shown that the electrical conductivity of polypyrrole films may be increased as a result 
of a rise in the amount of dopant (10–50%) used in the solid-state production of these 
films, as shown in Figure. In the presence of water-soluble acid dopants, an aqueous 
colloidal dispersion of the conducting polymers is generated by the ionic bond forma-
tions with surfactants [15]. Dopants including dodecylbenzene sulfonic acid (DBSA), 
polystyrene sulfonic acid (PSS), naphthalene sulfonic acid (NSA, Camphor sulfonic 
acid (CSA)), p-toluene sulfonic acid (p-TSA) and poly (2-acrylamido-2-methyl-1-
propane sulfonic acid) (PAMPS) are widely utilized. The morphology, electrical 
conductivity, and optical characteristics of a polymer are highly dependent on the 
amount and kind of dopants present in the material [16]. 

Synthetically conductive PPy has a number of drawbacks that limit its produc-
tion and uses, including weak mechanical strength, poor chemical stability, and 
insolubility and infusibility. The development of doping techniques has allowed 
for a rise in the conductive properties of such conjugated polymers [17]. However, 
the doping procedure on the polymer backbone generates charges that are mobile 
enough to conduct electricity. This mobility is only possible in the presence of an 
extended para conjugation in the polymer. To name a few, common sulfonic acids 
utilized as dopants include camphor sulfonic acid (CSA), phosphotungstate sulfonic 
acid (PVSA), p-methylbenzenesulfonic acid (MBSA), and dodecanesulfonic acid 
(DBSA). These dopants have functional groups that are both well-suited for polymer 
protonation and centrally strong enough to facilitate such protonation. The introduc-
tion of these dopants into the polymer matrix via the process of doping causes its 
rigid conjugated backbone to become soluble; the resulting material is chemically 
stable, easily soluble, and electrically conductive [18] (Fig. 2).

There are many different sulfonic acids, but camphor sulfonic acid (CSA) 
doped conducting polymers stand out for their superior anti-corrosion materials and 
improved chemical stability and thermal degradation capabilities, thus suitable for 
charge-storing applications [19]. 

2.2 Copolymerization 

Copolymerization is extensively used as one of the most promising processes as 
a result of the orientation of the monomer chain, for developing a broad variety
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Fig. 2 CSA-doped PPy film [19]. Taken

of flexible polymers with desired features such as excellent bandgap, high solu-
bility and polarizability. The copolymerization process involves the simultaneous 
polymerization of two or more monomers or monomer pairs, resulting in a polymer 
with more than one repeating unit. Chemical and electrochemical polymerization 
are the most common methods used to manufacture copolymers. Chemical polymer-
ization, either by step growth or chain growth, is widely used for the production of 
functionalized polymers. The electrochemically produced copolymer is employed 
in a wide variety of optical and electrical applications and is manufactured in a thin 
layer. The electrochemical approach has the benefits of being easy to produce a 
homogeneous film of appropriate thickness and being processible at room temper-
ature [20]. There are primarily four types of copolymer combinations: alternating, 
random, block, and graft. Aniline, o-phenylenediamine, and their derivatives have all 
been used in a wide range of newly reported copolymers, with each method of poly-
merization yielding somewhat various results. Electrochemical oxidation in a solvent 
containing boron trifluoride diethyl etherate and acetonitrile was used to synthesize
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a copolymer of poly (3-methyl thiophene-co-benzanthrone). The spectrum and elec-
trochromic features were studied by cyclic voltammetry, proton nuclear magnetic 
resonance, FTIR spectroscopy, and scanning electron microscopy [16, 21]. 

Electrodes with wide-ranging potential for advancement in the next generation of 
high-performance energy storage devices, In addition to the unique electrical proper-
ties of metals and semiconductors, conducting polymers with strongly p-conjugated 
backbones also exhibit the desirable flexibility and accessibility of typical polymers. 
Polypyrrole (PPy) stands out as a viable option to build flexible, lightweight, and 
high-performance supercapacitors that can meet the need for portable and wearable 
power sources due to its excellent environmental stability and adjustable conduc-
tivity. Low capacitance and poor cycle stability are two of the main drawbacks 
that prevent their widespread use. The capacitance and cycling performance of PPy 
supercapacitors may be optimized by careful design of the material’s microstructure. 
To guarantee good capacitance and cycle performance, mPPy-nbs with adjustable 
size and programmable mesopores were synthesized using a bottom-up dual-colloid 
interface co-assembly approach under moderate conditions [22]. Chu et al. [23] 
conducted copolymerization of Aniline and Phytic acid for Flexible Solid state 
Micro-supercapacitor and is shown in Fig. 3. 

In the case of polythiophene, further research has focussed on the modified 
polymers created by polymerizing the substituted monomer poly(3-hexylthiophene) 
(P3HT). Poly(3,4-ethylenedioxythiophene) (PEDOT) is another substituted CP that 
has been extensively investigated and tailored to many uses. Although the discovery 
of doping in polyacetylene began in the contemporary conducting polymer area, 
interest has waned due to the polymer’s poor durability. Reviewers look at all 
published material, but they don’t simply make a laundry list of problems and

Fig. 3 Copolymerization of Aniline and Phytic acid [23]. Taken 
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answers; rather, they try to get to the bottom of why some approaches work. There-
fore, the outcomes will be segmented according to polymer type, with an accompa-
nying synopsis of the organic chemistry of the polymer chains. Research describing 
the modification of a single kind of polymer using the same methods is presented 
next. To round out the picture, studies will also focus on the functionalization of 
other conducting polymers, which have not received as much attention yet [9]. 

2.3 Comparison of Functionalization Techniques 

In physical functionalization, doping a conducting polymer with a chemical increases 
its electrical properties, which allows it to store more charge. Physical doping can 
be done through a variety of techniques, such as thermal treatment or chemical 
doping agents. However, the dopant must be carefully chosen as some chemicals 
can cause structural modifications that reduce its electrical properties. Furthermore, 
the dopant can sometimes increase the cost of production, making it less attractive 
for commercial use. On the other hand, chemical functionalization of conducting 
polymers can be achieved through copolymerization. In this case, the conducting 
polymer is combined with another monomer to create a copolymer that enhances 
the material’s performance as a supercapacitor electrode. This can be done through 
chemical synthesis methods, such as oxidative polymerization or chemical vapor 
deposition. This technique involves the incorporation of electroactive moieties or 
molecules into the polymer. In conclusion, physical functionalization and chem-
ical functionalization are two different techniques used to modify the properties of 
conducting polymers for use in supercapacitors. 

3 Types of Conducting Polymer-Based Capacitors 

Kumar et al. [24] presented a review of the many kinds of supercapacitors, including 
pseudocapacitors, electrical double-layer capacitors (EDLCs), and hybrids. 

3.1 Electrochemical Supercapacitors 

Electrochemical supercapacitors, also called electric double-layer capacitors 
(EDLCs), are energy storage devices that use a combination of an electrolyte and two 
electrodes to store and release electrical energy. Figure 4 represents the schematic 
diagram of charge storage by electrochemical double-layer capacitance. Conducting 
polymer-based supercapacitors are a type of electrochemical supercapacitor that 
uses a conducting polymer as the active material in one or both of the electrodes. To 
develop high-flexible PSCs with excellent cycle stability, Wu et al. [25] reported a
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unique graphene/polypyrrole hydrogel (PGH)-based highly flexible solid-state super-
capacitor, which has long cycle performance and was developed by simple heating 
approach. Shahabuddin et al. [26] illustrate an approach by in situ oxidative polymer-
ization technique for the synthesis of polyaniline (PANI) nanocomposites doped with 
nanoparticle in developing electrodes for high-performance energy storage superca-
pacitors. Bi et al. systematically discussed the recent developments in the synthesis 
process and characterization of 2D polymer-based nanosheets, as well as their recent 
progress in electrochemical energy storage and conversion, such as supercapacitors, 
hydrogen evolution, oxygen reduction, and second batteries [27]. Electrochemical 
capacitors (ECs) are a class of capacitors using electrocatalysis to store electric 
charges. They are similar to electrochemical batteries but have the ability to be 
discharged and recharged many times without losing performance. The main advan-
tage of ECs is that they can be easily customized for specific applications. However, 
these devices have drawbacks; for example, they have low power output and low 
density. Additionally, most ECs need to be refrigerated during shipping due to their 
high temperatures. Conducting polymer-based supercapacitors offer several advan-
tages over traditional EDLCs, such as higher energy density, longer life span, and 
lower cost. They are also flexible and lightweight, making them suitable for use in a 
variety of applications, such as portable electronics, electric vehicles, and renewable 
energy systems. Abdah et al. [28] highlighted recent advances in TMO–, CP–, and 
TMO/CP-based fibres in terms of their configurations, electrochemical character-
istics, and design approaches for supercapacitor applications have opened up new 
prospects for emerging energy storage mechanisms. 

Fig. 4 Schematic diagram 
of charge storage by 
electrochemical double-layer 
capacitance [29]. Taken
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3.2 Pseudocapacitors (PCs) 

Pseudo supercapacitor is a hybrid device that uses anionic, cationic, or non-ionic elec-
trolytes to charge and discharge the capacitor. Anionic supercapacitors use anionic 
electrolytes, such as polypropylene sulfonate (APS) or poly(vinyl acetate). Cationic 
supercapacitors use cationic electrolytes such as aluminum chloride (AC) or magne-
sium chloride (MC). Non-ionic supercapacitors use non-ionic electrolytes, such as 
sodium carbonate (SC) or ammonium carbonate (AC). The ionic liquid electrolyte 
allows to conduct electricity with low resistance at room temperature. Figure 5 shows 
the schematic diagram of charge storage by pseudo-capacitance. Li et al. [30] reported 
manufacturing of a binder-free, self-supported, flexible polypyrrole-based electrode 
using unique, hollow PPy nanofibres having porous capsular walls for supercapac-
itor which show good cycling stability. Wang et al. [31] showed that Substrates 
made from surface-modified nanocellulose fibres (NCFs) could be utilized to create 
supercapacitor electrodes having full electrode-normalized volumetric (122 F cm−3) 
and gravimetric (127 F g−1) capacitances at large current densities 300 mA cm−2 

≈ 33 A g−1 for electrodes based on conducting polymer having active mass load-
ings upto 9 mg cm−2. PCs are generally more efficient than traditional capacitors 
at the same voltage and charge levels. They’re also safer because they can with-
stand higher voltage levels before breaking down something conventional capacitors 
can’t do. However, these devices have a slow charge time, so it takes a long time 
to charge batteries. Additionally, there’s limited discharge capability so it’s difficult 
to completely destroy the charge stored in the capacitor. Conducting polymer-based 
pseudocapacitors are good alternatives to traditional capacitors due to their high 
energy density, stability, low weight, and transparency. Shahabuddin et al. [26] illus-
trated an approach by in-situ oxidative polymerization technique for the synthesis 
of polyaniline (PANI) nanocomposites doped with nanoparticles in developing elec-
trodes for high-performance energy storage supercapacitors. Magu et al. [32] inves-
tigated conducting polymer-based composites, which include binary, ternary, and 
quaternary composites for supercapacitors and batteries. They have many advan-
tages over alternative energy storage systems such as batteries; however, there are still 
some issues that need to be worked out in order for them to become practical devices 
for power storage applications in electronics and vehicles. Fong et al. [33] reviewed  
improvements made recently in engineering electrodes for high-performance super-
capacitors based on conducting polymers, with special focus on the methods for 
nanostructuring, polymer synthesis, and compositing with metal oxides or carbon that 
have been shown to successfully optimize key performance metrics.

3.3 Hybrid Supercapacitors 

Hybrid supercapacitors are a type of energy storage device that combines the bene-
fits of both batteries and traditional supercapacitors. They use a combination of a
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Fig. 5 Schematic diagram 
of charge storage by 
pseudocapacitance [29]. 
Taken

conducting polymer and a battery-type material, such as a metal oxide or a lithium 
salt, as the active materials in the electrodes. Shrestha et al. uses polyol technique 
to synthesize MnCo2O4/nitrogen-doped graphene 2D/2D hybrid nanoarchitectures. 
This arrangement effectively prevents the restacking and aggregation of nitrogen-
doped graphene nanosheets [34]. Cherusseri et al. [35] focussed on the most current 
advances in innovative electrode materials and hybrid designs utilized in super-
capacitors to achieve high energy density and specific capacitance. De et al. [36] 
focussed on the recent advancements in supercapacitors consisting ternary compos-
ites having conducting polymers, transition metal oxides, and carbon-based mate-
rials. The conducting polymer offers high surface area and high electrical conduc-
tivity, while the battery-type material contributes to the energy density of the hybrid 
supercapacitor. This combination results in a device with higher energy density than 
a traditional supercapacitor, but with faster charge–discharge capabilities and longer 
life span than a battery. The use of conducting polymers in hybrid supercapaci-
tors also provides advantages such as high stability, good cycling performance, and 
environmental friendliness compared to traditional battery materials. 

In conclusion, hybrid supercapacitors are a type of energy storage device that 
combine the benefits of both batteries and traditional supercapacitors. They use a 
combination of conducting polymers and battery-type materials as the active mate-
rials in the electrodes, resulting in a device having high energy density, long life span, 
and fast charge–discharge capabilities.
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4 Applications of Conducting Polymer-Based 
Supercapacitors 

4.1 Energy Storage 

Conducting polymer-based supercapacitors have several potential applications in 
energy storage due to their unique combination of high surface area, high electrical 
conductivity, and fast charge–discharge capabilities. Some of the key applications 
are: 

Portable Electronics: Conducting polymer-based supercapacitors can be used 
to power portable electronic devices such as smartphones, laptops, and wearable 
devices. They provide quick charging and longer lifespan compared to traditional 
batteries. Meng et al. [37] demonstrated a new type of ultrathin all-solid-state super-
capacitor using two polyaniline-based electrodes that are slightly separated and thor-
oughly solidified in the sulphuric acid-polyvinyl alcohol gel electrolyte which is an 
exceedingly easy technique. Kou et al. [38] proposed a two-ply yarn supercapac-
itor created using a coaxial wet-spinning assembly technique that uses continuously 
spun polyelectrolyte-wrapped graphene/carbon nanotube core-sheath fibres as safe 
electrodes. 

Electric Vehicles: Conducting polymer-based supercapacitors can be used as a 
supplemental energy storage device in electric vehicles to support the main battery 
during high-power discharges, leading to longer battery life and improved driving 
performance. Song et al. [39] proposed a semi-active battery/supercapacitor (SC) 
hybrid energy storage system (HESS designed for usage in electrically powered vehi-
cles. Kouchachvili et al. [40] reviewed the latest studies on the use of different battery/ 
supercapacitor hybrid systems for electric vehicles. The electric power steering (EPS) 
systems in current vehicle power systems do not provide enough power in pivot 
or low-speed steering settings, which limits their use in heavy-duty commercial 
vehicles. To tackle this problem Cao et al. [41] proposed an EPS system on the 
basis of hybrid power system comprised of vehicle power system and the super-
capacitor in parallel. Thounthong et al. [42] proposed a control strategy for fuel 
cell/supercapacitor hybrid power sources for electric vehicles. The test circuit they 
presented is shown in Fig. 6.

Renewable Energy Systems: Conducting polymer-based supercapacitors can be 
used to store energy derived from renewable energy sources, like wind or solar 
energy, and provide quick response times during power outages or fluctuations. 
Zou et al. [43] provided a review of fractional-order methods for controlling lead-
acid batteries, lithium-ion batteries, and supercapacitors. Sharma et al. suggested a 
dynamic power management system (PMS) for an independent hybrid ac/dc micro-
grid with a photovoltaic-based renewable energy source, supercapacitor as hybrid 
energy storage, a proton exchange membrane fuel cell as a battery, and a secondary 
power source [44]. 

Grid Energy Storage: Conducting polymer-based supercapacitors can be used 
for grid energy storage to provide backup power during power outages, reduce energy
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Fig. 6 Fuel cell/supercapacitor hybrid power sources for electric vehicles [42]. Taken

waste, and improve grid stability. Inthamoussou et al. [45] presented the managment 
of an energy storage system (ESS) on the basis of supercapacitor in the framework 
of grid-connected microgrids. A unified energy management scheme is suggested 
for renewable grid-integrated systems having battery-supercapacitor hybrid storage 
by Tummuru et al. [46]. 

4.2 Sensors 

Conducting polymer-based supercapacitors have several potential applications in 
sensors due to their combination of high electrical conductivity, high stability, and 
fast charge–discharge capabilities. Some of the key applications are: 

Wearable Sensors: Conducting polymer-based supercapacitors can be used as 
a power source for wearable sensors, providing quick charging and longer lifespan 
compared to traditional batteries. Wang et al. [47] investigated the problem of recog-
nizing multi-user tasks in the home setting utilizing wearable sensors. For biometric 
monitoring, an autonomous body-worn wireless sensor node having a flexible energy 
harvesting (FEH) mechanism that can fit to body shape is presented by Toh et al. 
[48]. Li et al. [49] presented MSC arrays based on polypyrrole (Ppy) film by inte-
grating electrode positon and photolithography methods. Deng et al. [50] presented 
a wearable thermoelectric power generator that uses body heat to provide power to 
low-power human diagnosis devices (mainly sensor nodes). As a result, a new class 
of thermoelectric generator (TEG) incorporated into clothes that merges TEG tech-
nology with fashion sports equipment: sports tights, headbands, and leg guards is 
also introduced. The flow chart of TEG-based wireless sensor presented by Iezzi 
et al. [51] is shown in Fig. 7.

Implantable Sensors: Conducting polymer-based supercapacitors can be used as 
a power source for implantable sensors, such as heart monitors, providing a stable and 
safe power source. Wee et al. [52] focussed on the relevance of polarization prop-
erties in polyelectrolyte-based capacitor designs in sensors, supercapacitors, and
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Fig. 7 Flow chart of 
TEG-based wireless sensor 
[51]. Taken

transistors. Pandey et al. [53] proposed an implantable biomedical sensor powered 
by a wirelessly charged supercapacitor. Several polymers used for implantation and 
related integration technologies are identified by Qin et al. [54]. Gao et al. [55] devel-
oped All-polymer ultrathin flexible supercapacitors for electronic skin and explained 
the charging and discharging processes during expanding and contracting, and are 
shown in Fig. 8. 

Fig. 8 a All-polymer ultrathin flexible supercapacitors for electronic skin b Schematic diagram of 
charging and discharging processes during expanding and contracting [55]. Taken
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Environmental Sensors: Conducting polymer-based supercapacitors can be used 
to power environmental sensors, such as air quality monitors or soil moisture sensors, 
providing a stable and efficient power source. Wang et al. [56] conducted research 
centred on N-heterocyclic aromatic moiety-containing fluorescent polymer sensors, 
which have been significant in the advancement of conjugated polymer-based fluo-
rescence sensing from its inception. Recent and up-to-date research on biopolymers 
and conducting polymer-based materials in sensors for heavy metal ion detection by 
optical techniques was reviewed by Ramdzan et al. [57]. According to the results, 
the sensor was discovered to be extremely sensitive as well as selective for detecting 
and quantifying Pb2+ in real water samples [58]. 

5 Smart Grid Sensors 

Conducting polymer-based supercapacitors can be used as a power source for smart 
grid sensors, providing quick response times and reliable power supply during power 
outages or fluctuations. Mertes et al. described an innovative plate system able 
to detect the weight and position of individual bites during meals [59]. The modified 
manufacturing method of one-axis tense-resistive sensors screen printed on diverse 
polymer substrates such as porous, films, and fibrous materials of varying composi-
tion and structure is explained by Nagornova et al. [60]. An effective model based on a 
Genetic Algorithm is described, which may significantly reduce power consumption 
in power systems and smart grids by Fahad et al. [61]. 

5.1 Energy Conversion Devices 

Conducting polymer-based supercapacitors have many uses in modern technology; 
however, they still have a way to go before becoming a mainstream technology. In 
particular, these devices have low power density and charging times due to their 
manufacturing difficulties. Therefore, supercapacitor developers must find ways to 
improve these components enough so that they’re usable by modern technologies. 
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Chapter 15 
Environmental Applications 
of Carbon-Based Supercapacitors 

K. S. Rajni, V. Vishnu Narayanan, and Pughal Selvi 

1 Introduction 

The modern world is currently moving toward a sustainable world. The backbone 
of a sustainable world is sustainable energy sources. Keeping this in mind, the UN’s 
sustainable development goals highlight the adoption of various renewable energy 
sources, such as solar energy, wind, tidal, thermal, biomass, etc., for the effective 
utilization of these energy sources along with the efficient conversion of energy to 
electricity efficient energy storage devices such as various types of batteries and 
supercapacitors are required are also required. The batteries are characterized by 
their very high energy density, while the very high-power density is the specialty of 
supercapacitors [1]. Thus, supercapacitors are suitable for applications that require 
a very high-power burst, such as when accelerating an electric vehicle after starting 
[2]. 

The supercapacitors store electrical energy either electrostatically or electrochem-
ically. These devices have a very high capacitance value and low voltage rating. A 
supper capacitor consists of an anode and a cathode separated by an electrolyte. 
An ion-permeable membrane stops the intermixing of electrolyte species from the 
anode side to the cathode side. It permits the charge transfer between the two sides to 
complete the electrical circuit. The structure of a supercapacitor is shown in Fig. 1.

Supercapacitors can be classified into Electric Double Layer Capacitors (EDLCs), 
Pseudo Capacitors, and Hybrid Capacitors based on their charge storage mechanism. 
The EDLC store charge at the electrode–electrolyte interface, and the reversible 
faradaic redox reactions are the working principles of pseudo capacitors. A hybrid 
capacitor is a mix-up of both EDLC and pseudo-capacitors [3, 4]. The various types
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Fig. 1 Structure of a supercapacitor

Fig. 2 Classification of SC, a EDLC, b Pseudo capacitor c Hybrid capacitor 

of supercapacitors are illustrated in Fig. 2a. Both electrodes in the EDLCs are carbon-
based, while the pseudo capacitors use various transition metal oxides, sulfides, and 
conducting polymers as electrodes. In hybrid supercapacitors, one of the electrodes 
will be carbon-based, while the other will have pseudo-capacitor properties [3–6]. 

The charge storage mechanism of EDLC is the electrochemical double layer 
which enables the device to store charge either electrostatically or by a non-faradic 
charge transfer method. Based on the carbon conduct in the electrodes, the EDLCs 
are classified into three (Fig. 3). The Faradaic process is the working principle of 
pseudo capacitors, which involves the transfer of loads between electrodes and elec-
trolytes electrostatically. A faradaic current will pass through the pseudo capacitor, 
resulting in a much higher energy density than that of EDLCs. Like the EDLCs, the 
pseudo capacitors can also be classified into three (Fig. 3). A hybrid supercapacitor 
combines a battery’s very high energy density with the very high-power density of 
supercapacitors. One of the device’s electrodes will have the attributes of a battery, 
while the other will have the attributes of a supercapacitor. Similar to the EDLCs 
and pseudo-capacitors, the hybrid capacitors are classified into three (Fig. 3) [7–9].

Activated carbon, Carbon Nanotubes (CNTs), graphene, carbon aerogels, carbon 
foam, carbide-derived carbon, etc., are the commonly used carbon electrodes for
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Fig. 3 Classification of supercapacitors

supercapacitor applications [10, 11]. These carbon-based electrodes are promising 
ones for supercapacitor applications due to their: 

i. Ability to produce very fast pulses of energy. 
ii. Stability over millions of charge/discharge cycles. 
iii. Wide operating temperature. 
iv. High coulombic efficiency 
v. Low-cost and 
vi. Non-toxicity. 

In addition to these properties, it is easy to engineer the structural, morphological, 
compositional, electrical, and chemical properties of the various carbon materials 
[12]. In this book chapter, we primarily focus on the environmental application of 
carbon-based supercapacitors and their impact on providing clean and sustainable 
energy for a sustainable future. 

2 Carbon Electrodes for Supercapacitor Applications 

2.1 Elemental Carbon 

Carbon is a non-metallic tetra valent element having six electrons (1s2, 2s2, 2p2) in its 
ground state. The energy gap between the 2 s and 2p orbitals is narrow, promoting one 
of the 2 s electrons to the empty 2pz orbital. Carbon has three different hybridization 
states (sp, sp2, or sp3) depending on the nature of its bonding partner. The triple
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hybridization states of carbon are the reason for its diverse chemical and structural 
properties of carbon [13]. At elevated temperatures and pressures, the tetrahedra sp3 

hybridization state is preferable. At lower temperatures and pressures, the planar sp2 

hybridization state is preferred by the carbon and forms sheets having a single atomic 
thickness. These sheets will have three sigma and one pi bond. These carbon sheets 
are also thermodynamically stable compared to their three-dimensional counterparts 
(diamonds) [14]. 

2.2 Carbon Dots 

Carbon dots (C-dots) are an umbrella term that represents all three-dimensionally 
confined carbon nanoparticles. The C-dots usually have sizes <10 nm, but some 
varieties can have sizes up to 60 nm and are characterized by their fluorescence 
properties. The organic C-dots normally have an sp2 hybridized nanocrystalline core 
with an amorphous shell with various functional groups attached [15–17]. According 
to the structure, there are three different subgroups for the C-dots, namely graphene 
quantum dots (GQD), carbon nanodots (GND), and polymer dots (PDs), with size 
less than 10 nm. 

The GQDs have a large horizontal dimension, while the thickness is of a few 
atoms and has an average crystal size of 0.25 nm [19]. The CNDs consist of multiple 
carbon atoms and have a spherical morphology. The PDs contain a carbon core 
with aggregated or cross-linked polymers attached to it [18, 20]. These carbon 
dots can be synthesized either by top-down or bottom-up approaches such as 
hydrothermal, solvothermal, arc discharge method, electron beam lithography, laser 
ablation, carbonization, pyrolysis, acid exfoliation, etc., [20–26]. These carbon dots 
gained researchers’ attention for energy storage applications (supercapacitors and 
batteries) due to their large surface area, active edge sites, conductivity, and the ease 
of developing electrodes by dissolving various solvents [27]. These can also be used 
to develop various flexible and wearable electronic devices [28]. 

2.3 Graphite—Graphene Family 

Graphite is a commonly known isotope of carbon with anisotropic structural and 
functional properties [29]. It has an in-plane electrical and thermal conductivity that is 
a few hundred times greater than those in the out-of-plane directions. The monolayer 
of graphite is called graphene. Since the development of graphene, it has become 
a favorite material for researchers worldwide due to its superior electrical, optical, 
thermal, structural, and mechanical properties [30]. The third and final member of the 
graphite-graphene family is graphene oxide (GO). The GO is considered a graphene 
derivative and exhibits a layered structure and similar properties to graphene [31]. 
The GO can be easily produced on a large scale and at a low cost through the oxidation
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of graphite. Among the various production techniques of graphene, the reduction of 
GO is a low-cost method [32]. 

The graphit—graphene family is considered to be one of the promising futuristic 
materials for the development of next-generation energy conversion and storage 
devices as well as for the development of next-generation flexible electronic devices 
due to their unique properties such as:-

1. Large surge two-dimensional surface area. 
2. Very high electrical conductivity. 
3. Superior mechanical properties. 
4. lightweight. 
5. Structural flexibility and 
6. Has tunable electrical conductivity. 

These are the essential properties required to develop supercapacitors [33]. The 
addition of spacers is one of the most efficient stackings of graphene layers possible. 
According to the nature of the spacer used, the inter-layer spacing of the graphene 
can be tuned. In addition, the spacers can alter graphene’s stability, charge storage, 
and ion diffusion properties [34]. 

2.4 Activated Carbon 

Another interesting carbon derivative for energy storage applications is activated 
carbon (Acs). This low-cost, environmentally friendly, and non-toxic carbon deriva-
tive has a very high specific surface area (SSA) with a specific capacitance of about 
100 F/g [35]. The drawback of Acs is their pore size, these materials have a broad bore 
size range which prevents the accessibility to electrolyte ions. The activated carbon 
can be produced from carbon materials either via physical activation methods or 
chemical activation methods [36]. 

2.5 Carbon Nanotubes 

Carbon nanotubes (CNTs) are very good electron conductors used in various electro-
chemical devices as electrode materials due to their high electrical conductivity and 
durability [37]. Like the graphite-graphene family, the CNTs are also sp2 hybridized 
and are free of surface dangling bonds. The exohedral surface area of CNTs is about 
1300 m2/g which is crucial in developing a very good electrode–electrolyte inter-
face, hence realizing the formation of EDLC and charge storage. Further, the physical 
structure of covalent sp2 bonds is the reason behind the reduced electrical resistance 
of CNTs and graphene [38, 39]. 

The carbon nanotubes are classified into Single-Walled Carbon Nanotubes 
(SWCNTs), ii. Double-Walled Carbon Nanotubes (DWCNTs) and iii. Multi-Walled
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Carbon Nanotubes (MWCNTs). These can be developed using chemical means, 
especially by decomposing the carbon source with metal-supported catalysts at 
high-temperature chemical vapor deposition methods [39–41]. 

3 Environmental Aspects of Carbon Electrodes 

The conversion of conventional practices, process, and technologies to new processes 
and practices that revolves around clean and green technologies is the prime focus of 
research in the twenty-first century. The primary focus of these green technologies 
and processes is the design and development of approaches and practices with a 
low environmental bearing and the efficient usage of various scarce resources so 
that R&D can support the world’s sustainable development [42]. As mentioned in 
the earlier sections, carbon has a pivotal role in developing new-generation energy 
storage devices. Another advantage of carbon over other minerals is that it is one 
of the biosphere’s most abundant and easily available materials. The environmental 
aspects of carbon electrodes are the following: 

1. Green synthesis of various carbon derivatives. 
2. Recycling the used carbon electrodes and 
3. Applying carbon for various environmental applications. 

3.1 Green Synthesis of Carbon Derivatives 

3.1.1 Synthesis Methods 

Among the various chemical and physical nanoparticle synthesis methods, 
hydrothermal, solvothermal, microwave-assisted synthesis, electric arc discharge, 
spray pyrolysis, electrochemical, exfoliation, CVD, etc., are the most commonly 
used methods. The advantage of these methods is their less complexity, cost-efficient, 
and their ability to engineer with various properties of the prepared nanomaterials 
[43, 44]. 

The hydrothermal/solvothermal method is the most commonly used method for 
synthesizing various carbon dots due to their easiness and cost-efficiency. Since 
water is used as the solvent in the hydrothermal method, it is comparatively greener 
than its solvent counterpart. Another advantage of this method is that nanomate-
rials’ morphology can be easily altered by varying the precursor solutions’ reaction 
temperature, time, and pH [45]. 

The advantage of microwave-assisted synthesis is that the direct heating of reac-
tion mixtures is possible and takes less time than the hydrothermal method. The lesser 
reaction time means that compared to the hydrothermal or solvothermal method, the 
energy expense is less for the microwave-assisted synthesis of carbon materials and
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other nanomaterials [46]. Even with regular household microwaves, it is possible to 
develop various nanoparticles, including carbon [47, 48]. 

The carbon nanotubes, fibers, and fullerenes are commonly synthesized using the 
electric arc discharge method. When a direct current is applied, the electric arc is 
produced between two graphite electrodes. The arc produces plasma, producing the 
heat required to develop carbon dots [49, 50]. Another method to develop various 
carbon nanotubes is chemical vapor deposition. The CNTs are synthesized using 
a metallic catalyst on a suitable substrate. The two growth mechanisms involved 
in synthesizing CNTs using CVD are: a. root-growth mechanism and b. tip-growth 
mechanisms [51–53]. 

The CVD can also be used to develop graphene nanosheets [54]. The graphite 
oxide also has a similar layer structure to graphene, but the oxygen-containing groups 
decorating the GO will expand the inter-layer distance. By reducing GO, it is possible 
to develop reduced graphene oxide (r-GO), considered chemically derived graphene 
[55]. The direct exfoliation of graphene nanosheets (GNS) in the liquid phase is 
comparatively simple, cost-efficient, and produces quality GNS. Liquid phase exfo-
liation (LPE) and electrochemical exfoliation (ECE) are popular methods for devel-
oping graphene. Using water as the solvent makes it possible to develop GNS by 
avoiding toxic and expensive solvents [56]. 

3.1.2 Sources of Carbon 

The diverse vegetation can be utilized as the world’s chief carbon source. All the 
common parts of the plants can be utilized for synthesizing various carbon deriva-
tives [57–61]. Any organic source which contains carbohydrates can be used as a 
sustainable source of carbon instead of the expensive ones such as polyacryloni-
trile [62, 63] in the recent past, lignin, cellulose, proteins, carbohydrates, etc., have 
been used widely to prepare various carbon derivatives by the research commu-
nity. For example, developing free-standing carbon nanofiber films from bacterial 
cellulose is possible [64–66]. Biomass is a futuristic carbon source as it can capture 
CO2 from the atmosphere and effectively reduce the greenhouse effect [67]. Like all 
other green plants, the biomass contains chlorophyll, which grows through photo-
synthesis. For their growth, they use atmospheric CO2 and convert it into various 
organic compounds such as glucose [68]. Moreover, biomass-derived carbon is abun-
dant with various functionalities, and the main challenge to developing the carbon 
material from biomass is to control these functional groups. The production of carbon 
from various biomass sources can reduce the cost of carbon by a large margin. Still, 
another difficulty in this approach is the limited control over the developed electrodes’ 
morphology, porosity, and other surface properties [62].
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Fig. 4 Typical recycling process of carbon derivatives [69] 

3.2 Recycling of Carbon 

The 3R concept (recycle, reduce, and reuse) is a wise method that offers society 
economic, environmental, and health benefits (Fig. 4). The recovery of graphene 
and other carbon-derived materials enables the reuse of these materials for other 
potential applications [70]. The various recycling process of energy storage devices 
is classified into three. 

a. Hydrometallurgical recycling (chemical treatment process) [71] 
b. Pyrometallurgical recycling (thermal treatment process) [72], and 
c. Direct recycling (Physical and mechanical process) [73]. 

Even though the recycled carbon materials may not have the shell life and capa-
bility as of a newly synthesized one, these can be used for other applications, such 
as the photocatalytic purification of wastewater [74]. 

3.3 Environmental Applications of Carbon 

Carbon-derived materials, such as activated carbon and charcoal, were already used 
to remove various poisonous gases in the atmosphere. The newly developed nano-
sized carbons are more efficient than the conventional carbon materials due to their
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very high surface area, thermal and chemical stability, broad range of pore sizes, 
availability of various functional groups and reduced mass transfer resistance, etc., 
[75]. Due to these properties, they can be used to absorb various gaseous pollutants 
[76, 77], water treatment [78], various catalytic treatments [79], anaerobic digestion 
[80], etc. 

3.3.1 Water Treatment 

The contamination of water with various dyes and heavy is an alarming issue in the 
modern world. They are released into the water sources from various textile [81], 
automobile [82], and metallurgical industries [83]. Due to the wide availability of 
carbon allotropes and their diverse properties, they can remove various heavy metals, 
dyes, and other organic and inorganic impurities, including various bacterial and 
fungal activities in various water sources [84–90]. The various very high adsorption 
properties of carbon linked with its very high surface area make it a suitable adsorber 
of various pollutants. The improved physiochemical properties of activated carbon 
enhance the elimination and degradation of organic and synthetic dyes for water 
sources. Experiments using bio-carbon indicate that they can remove various coloring 
pigments such as methylene blue, levafix red, etc. [91, 92]. 

3.3.2 Air Purification 

The elimination of polluting particles from the atmosphere is called air filtration. The 
larger dust particles in the air can be easily separated using scrubbers and sedimenta-
tion tanks, but these methods are ineffective in filtering out particles less than 10 µm 
[93]. Carbon fiber filters are commonly used to remove particulate matter with sizes 
less than 1 µm. along with these particulate matters from the atmosphere, separating 
various toxic greenhouse gasses, such as the oxides of carbon, nitrogen, sulfur, etc., 
from the atmosphere is also important [94]. Graphene, especially graphene aerogel, is 
a good fair filtration material currently available due to its strong filtration, adsorption, 
and separation properties [95, 96]. 

3.3.3 Anti-bacterial and Anti-fungal Properties 

The fluorescent properties of carbon quantum dots (CQDs) can be effectively used to 
detect various antibiotics in food and biological samples [97]. The CQDs have very 
high efficiency in detecting tetracycline-based antibiotics, ampicillin, oxytetracycline 
hydrochloride, etc. [98]. Further, at a concentration exceeding 250 g/ml, the CQDs 
exhibit an inhibitory effect on E-coli and Bacillus Subtilis bacterial growths due 
to the hydrophobicity of CQDs. It is also found that the nanocomposites of CQDs 
can eliminate various bacteria when illuminated with a UV light source of 470 nm 
wavelength [88].
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The antibacterial properties of graphene and reduced graphene are also well 
studied in the recent past. The derivatives of graphene, such as the hydrated graphene 
oxide, polysulfone modified with GO, GO with fold structure on the surface, etc., 
have been found to have certain anti-bacterial properties. These properties differ 
from the conventional antibacterial mechanism [99]. Fungal infection is also a threat 
to human health, similar to that bacterial and viral infections. There is a constant 
search ongoing for materials that prevent fungal growth. Among the various mate-
rials studied throughout, the antifungal properties of the graphite-graphene family 
are also studied and found to be suitable for this application [100–102]. 

4 Conclusion 

Carbon is one of the most sustainable materials available in solid form. It is a multi-
dimensional material due to its wide range of allotropes and vivid properties. Carbon 
allotropes’ very high cyclic stability attracted the focus of researchers working in 
the energy conversion and storage field. Since the world is moving towards sustain-
able development, it is important to know the environmental aspects of carbon and 
its allotropes. Carbon is one of the most available elements in the earth’s biosphere 
and has been recycled naturally using photosynthesis. Due to the effects of indus-
trialization and unsustainable practices, the carbon content in gaseous form rose 
exponentially. But reducing gaseous carbon is possible through various means such 
as the various catalytic reduction of CO2, developing biomass, etc. [102–104]. 

The various carbon electrodes provide very high specific surface area, chemical 
stability, and cyclic stability for various energy storage applications. There is no doubt 
in the capability of carbon as sustainable electrode material. A wide range of green 
synthesis methods are available to develop carbon allotropes, and the precursors can 
also be easily available from the earth’s ecosphere [43–53]. Using the 3R method, it 
is possible to keep the carbon cycle for technological applications under check. The 
recycled and refurbished carbon electrodes can also be used for secondary applica-
tions such as wastewater treatment and air filtration. The various carbon electrodes 
provide very high specific surface area, chemical stability, and cyclic stability for 
various energy storage applications. There is no doubt in the capability of carbon as 
sustainable electrode material. It is concluded that carbon and its allotropes play a 
vital role in energy storage applications without disturbing the environment. 
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Chapter 16 
Metal Oxide and Hydroxide-Based 
Functionalized Nanomaterials 
as Supercapacitors and Their 
Environmental Impact 

Gajendra Kumar Inwati, Promod Kumar, Pratibha Sharma, 
Shakti Devi Kakodiya, Mart-Mari Duvenhage, and H. C. Swart 

1 Nanomaterials and Their Characteristics 
for Supercapacitors 

Currently, Human life’s rapid ascent and advancement have resulted from an increase 
in energy supply and power usage. An easier and smoother path to social progress 
and healthy ecosystems necessitates sufficient resources for energy storage and 
a conversation system [1]. The integrated technical and academically structured 
system requires a continuous and renewable supply of energy for the numerous 
work functionalities and advancement towards enhanced lifestyles. In this regard, in 
the present age of materials science and technological engineering, renewable elec-
tronic devices and their extremely efficient optoelectronic micro and nano-ranging 
sensors have been devised and researched [2, 3]. Generally, nano-based innova-
tions and related physicochemical ideas have been used to build multicomponent 
systems that allow for the storage and transmission of massive amounts of energy to 
produce electricity and store it in a power bank [4, 5]. To meet the increasing need
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for energy, nanoscopic organic, inorganic, and biological components are being used 
to build extremely efficient energy storage and conversion systems. Semiconducting 
metal-oxides, sulphides, and hydroxides were employed to construct energy storage 
nanosystem [2, 6] while the 2D materials such as graphene, carbon nitrides (C3N4), 
and carbon nanotubes have been employed as undoped and doped nanocatalysts 
[7, 8] with organic frameworks or with atomic targets such as noble metals, alkali, 
rare-earth ions, and metal-oxides. The bandgap engineering by doping desired ions/ 
elements into the intended 2D (two-dimensional) matrix was extensively researched 
and advocated for highly competent and stable energy storage devices such as 
supercapacitors. 

In supercapacitor devices, the capacitance C is usually defined as a ratio of accu-
mulated (positive) charge Q to applied voltage V, such as C = Q/ V . The relationship 
of capacitance, electrode surface area (A), and distance (D) between the electrodes 
for typical capacitors is given as; 

C = ε0εr A
/
D 

ε0 and εr are the dielectric constants of free space and the insulating substance 
between both electrodes. The stored energy (E) in a capacitor is always proportional 
to C as follows: 

E = 
1 

2 
CV  2 

The varied use of power in an effective and green manner has sparked global 
concern and raised interest in research. Transforming one type of energy into another 
type of energy that can be stored and converted for use when needed makes energy 
storage even more difficult and vital, aiming for the proper utilization of multiple 
energy sources. The use of catalysts is also crucial in energy and environmental 
fields that are intimately tied to humanity. The progress of new materials employed 
in these processes, particularly in a huge part of “how to build superior structures,” 
has a substantial impact on the enhancement of their overall performance, which 
primarily includes activity and stability. 

Surface (or interface) interactions are widely acknowledged to be crucial in many 
processes, ranging from electrochemical processes on an electrode to heterogeneous 
catalytic reactions [9, 10]. As a result, scientists choose to manufacture nanoma-
terials with lower sizes to expose bigger surfaces. When the size of typical nano-
materials is lowered to an extremely small value, they become unstable and tend 
to shrink throughout operations. One approach to addressing these challenges is 
to build controlled designs using 1D or 2D nanostructures that were grown verti-
cally to generate geometrically constrained objects rather than typical nanoparti-
cles. With their 1D/2D geometries, like the length at the microscopic level and 
radius parameters at the nanoscale, nanoarrays frequently exhibit remarkable traits 
such as a larger surface area, homogeneous organization, and highly porous designs 
[11, 12]. Such characteristics are extremely desirable for supercapacitor electrodes
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because they can avoid conglomeration, enabling electron transfer rate and elec-
trolyte permeation into the entire electrode template and also satisfy the require-
ments of the catalysis emerging trends in a structured way, providing more active 
sites and making the catalyst more efficient. Such nanoarrays are exceptional and 
widely explored because they may be adjusted across a large variety of material prop-
erties such as compositions, size, and three-dimensional shape. Carbon nanotubes 
(CNTs), metal oxide nanotubes, and nanowires (e.g. ZnO, TiO2, V2O5, Cu2O, NiO, 
Fe2O3), silicon nanowires, as well as III–V or II–VI based hetero-nanostructures, 
metallic nanowires, and blended of frameworks of various configurations have been 
primarily in the research interest in these respects over the last few years [13–15]. 
Overall, the major elements for nanostructured clusters or higher hierarchical nanoar-
chitecture as enhanced electrical and chemical sensors (1) enlarge active surface area; 
(2) elevated electric or thermal conductivity; and (3) have an outstanding ability to 
connect with active electrode materials or substrates. As a result, the nanomaterials-
based metal-oxides/hydroxides must be designed rationally and synthesized in a 
controlled manner. 

We present a brief description of our recent attempts to fabricate nanomaterials 
using various techniques in this study. A particular focus is placed on research aimed 
at developing improved nanomaterials for supercapacitor and catalytic purposes. 
Transition metal oxides and hydroxides were chosen because they offer a wide range 
of oxidation states that allow for rich redox reactions for pseudo-capacitance genera-
tion and catalytic processes [6, 16]. Using simple chemical and physical processes and 
adjusting reaction parameters (concentration, reaction temperature, reaction time, 
etc.). 

2 Fabrications and Designs of Semiconducting 
Metal-Oxides/Hydroxides 

To enhance the working functionality and power energy of the designed superca-
pacitor devices, there are several approaches employed especially in to design of 
the nanostructured electrodes. Here, metal-based oxides and hydroxide materials are 
highlighted which cover significant characteristics of such efficient nanomaterials 
for supercapacitors. 

Tunable manufacturing of stable nanostructures on substrates has been exten-
sively investigated using various methodologies, such as high-temperature vapour 
phases strategies like physical vapour deposition and chemical vapour deposition 
[17, 18] and low-temperature solution-based chemical strategies, for example, the 
hydrothermal process, electrochemical synthesis, and the sol–gel technique. In 
comparison to vapour-phase techniques, which are costly and energy-intensive, 
solution-based synthetic strategies save energy, are easier to manipulate, have good 
control over size and morphology, and have strong ability and versatility. A chemical 
route like hydrothermal synthetic procedures on a water system is among them and
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has recently gained popularity in the fabrication of regular nanostructures [19, 20]. To 
generate nanostructures, this approach relies on the chemical changes and solubility 
changes of compounds in a sealed heated aqueous solution above ambient temper-
ature and pressure. In this paragraph, we will discuss numerous unique methodolo-
gies used in earlier research to synthesize diverse nanoarray architectures which 
include 1D nanorods, 2D nanowalls, and hierarchy matrices. Aside from single 
phase materials (NiO, Ni (OH)2, Co3O4), composites including several metallic ions 
(Co3O4@Ni–Co–O, Co3xFexO4, ZnxCo3xO4) are also being created to maximize 
the mutual benefit of the many constituents and expand the spectrum of functioning. 
Zhang et al. [21] have detailed numerous types of exemplary hydrothermal synthesis 
techniques of inorganic semiconductor materials. They stressed the importance of 
exact command over the hydrothermal process parameters in the creation of high-
performance inorganic semiconducting nanomaterials. As a result, regulating the 
reaction mechanism and structuring the reaction procedures are crucial for creating 
nano-structured arrays with acceptable morphology. 

Despite the recent achievement of many flexible supercapacitors, the development 
and construction of extremely flexible supercapacitors have gained less considera-
tion. Additionally, flexible supercapacitors are typically used in isolation from other 
devices, leading to some space and energy expenditure from the exterior connec-
tion system. As a result, the authors create foldable all-solid-state integrated devices 
that include supercapacitor and photodetector functionality. Yan et al. used a simple 
solvothermal process to create an electrode material comprising Fe3O4 nanospheres 
coated on graphene sheets. 63 The manufactured graphene/Fe3O4/graphene/MnO2 

AASCD demonstrated an exceptional power density of 87.6 W h kg1 and remark-
able excellent stability of 93.1% specific capacity after 10,000 cycles when used 
as an anode for a supercapacitor [22]. Wang et al. [23] also functionalized MnO2 

and polypyrrole (PPy) on 3D graphene-wrapped nickel foam (Ni/GF) wafers and 
designed a foldable quasi-solid and all-solid-state supercapacitor devices (ASSSCD) 
constructed in a gel electrolyte with Ni/GF/PPy as the negative electrode and Ni/GF/ 
MnO2 as the positive electrode. The improved flexible demonstrated amazing dura-
bility, with 90.2% capacities surviving after ten thousand cycles at a high voltage 
window of 1.8 V and an excellent energy density of 1.23 mW h cm3. Ibrahim M. A. 
Mohamed et al. reported that ZnO–NPs were firmly bonded to the surface of acti-
vated carbon (AC) by a simple hydrothermal procedure, resulting in ZnO–NPs@AC 
(ZAC). In basic and acidic environments, ZAC was used as a working electrode 
(WE) component for supercapacitors. When compared to the pure AC, the particular 
capacitance (Cs) values of ZAC performed better. Furthermore, when relative to AC, 
the lower resistance and higher Warburg co-efficient of ZAC showed quicker OH 
transport within the ZAC working electrode [24], Fig. 1.

As a result, the rational design of supercapacitor devices will pave the way for 
the integration of energy storage devices and other electronic devices into a single 
flexible device. Niu et al. [25] used Nanocomposite to create a flexible ASSSCD 
combined with photodetectors in a simplified paper-like structure. TiO2 nanopar-
ticles were placed on an SWCNT sheet to act as a supercapacitor electrode and a 
photodetector working electrode. The constructed devices not only retained their
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Fig. 1 CV profile for pure AC and ZnO@AC as working electrodes [24]

capacitance characteristic, and also demonstrated good sensitivity to white light. 
More notably, the capacitance behaviours of ASSSCs remained nearly identical 
even after they were folded by 180°. Furthermore, the interaction seen between solid 
polymer electrolytes and electrode materials is an important aspect in improving the 
electrochemical properties of energy storage devices. Quasi-solid-state electrolytes 
combine the benefits of both an all-solid-state and a liquid electrolyte, increasing the 
rates of charge transport in QSSSCDs. Jun et al. [26] suggested a new fluorine-loaded 
Co2MnO4 (F–Co2MnO4−x) nano-wires layered on carbon fibres for QSSSCDs. The 
practical and hypothetical studies revealed surface and bandgap of F–Co2MnO4−x 

were successfully attuned by introducing fluorine and O vacancies. A quasi-solid-
state asymmetric supercapacitor remained accumulated throughpositive electrodes 
of F–Co2MnO4−x/CF and negative electrodes of Fe2O3/CF which showed 64.4 W h 
kg−1 energy density.
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3 Morphological Investigations of Modified Metal-Oxides 
for Supercapacitors 

The components of the metal-oxides and hydroxides were functionalized by doping 
numbers of suitable ions/polymeric constituents. These hybrid materials were found 
to be the most suitable candidates to design the supercapacitor devices and sensors. 
Fundamental techniques such as FTIR, XRD, HRTEM, SEM, XPS, and others [27, 
28] have been advocated for studying the properties of metaloxides and hydrox-
ides. The TEM or SEM technique is commonly used to investigate the morphology 
aspects that have been adopted to allocate the usual nanoscopic geometries with 
multiple configurations. However, several theoretical concepts might be employed 
to understand the absorption spectra, electronic properties, and surface texture of 
functionalized nanomaterials. The interface and chemical content, with the atomic 
fraction of pure and composites, can be well studied using XPs techniques [29]. And 
hence in this section, we are going to represent a fundamental overview towards 
the characterization techniques used for morphological, electrical and elemental 
information. 

The HRTEM has previously been shown to accurately characterize the shape, 
size, and dispersion behaviour of hybrid or pure metal-oxides and hydroxides 
[30]. Controlled electron beam intensities (eV) were tuned to study such sheets-
like structures. The high vacuum, beam energy, and sample preparation in appro-
priate solvents all contribute to the confirmation of the morphological characteris-
tics of the metal-oxides and hydroxides and their compounds [31]. HRTEM-based 
reports are commonly observed and used for fundamental morphological informa-
tion, and as a result, this approach has become a crucial tool for studying metal-
oxides and hydroxide micrographs. For instance, Co3O4 nanoparticles with predom-
inant elevated accessible facets 110, as demonstrated in TEM data, were made by 
hydrothermal thermal production with varied precursor concentrations, succeeded 
by thermally induced calculations at 250 °C [32]. In the discovered work, Nanorods 
(S1), nanobelts (S2), and nanosheets (S3) having active 110 open facets outper-
formed nanocubes or nano octahedra with low-energy (100) or (111) exposed facets 
(176.8 F g−1 at 1 A g−1 versus 20 F g−1 at 5 mV s−1). He et al. [33] developed 
a hierarchical –Co(OH)2-loaded ultra-thin ZnO flower structure on nickel foam 
(NF@ZnO@Co(OH)2) to improve charge and ion-transfer capacity. The improved 
conductors demonstrated good pseudocapacitive characteristics, including a wide 
working potential window and a large strength capacity of 2396.4 F g1. Further-
more, an asymmetric electrochemical capacitors system with such a cell voltage of 
1.5 V and a significant energy density of 62.57 Wh kg1 and a power density of 711.28 
W kg1 was developed, Fig. 2a–f.

The TEM study helped to determine the low and higher energy open faces in 
crystalline Co3O4 nanocrystalline materials. Similarly, XPS is widely used to define 
the chemical components, oxidation states, and surface growing mechanisms. Auger 
electron spectroscopy (AES) in particular is regarded as being one of the most accu-
rate surface methods for investigating the atomic composition and chemical phases
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Fig. 2 a CV studies for the NF, NF@ZnO, NF@Co(OH)2, and NF@ZnO@Co(OH)2 at 50 mV s−1, 
b CV results for the NF@ZnO@Co(OH)2 electrodes at various scan rates; c GCD profiles of 
NF@ZnO@Co(OH)2 electrodes at different current density. d Cg values and e voltage drop, and 
f cycling ability of NF@ZnO@Co(OH)2 electrode [33]

of nanostructures with a few nm depth resolutions. Promod Kumar and co-works 
[34] used the XPS technique to determine the chemical states of undoped and doped 
Fe2O3 with Zn concentration. The elemental phases of the produced Fe2O3 specimen 
were ascribed to the Fe2p3/2 and Fe2p1/2 photoelectron binding values, as well as the 
Fe L3M45M45 Auger electron kinetic energies. Likewise, the elemental states of Zn 
were allocated the Zn2p3/2 and Zn2p1/2 photoelectron binding energies, as well as 
the Zn L3M45M45 Auger electron kinetic energies (Fig. 3). The obtained samples’ 
Auger parameters and binding energies were estimated and utilized to create Wagner 
plots using modified auger parameters (MAP), which were then used to assess the 
specific chemical state of the prepared material. MAP is described as the sum of 
the binding energy and the kinetic energy of the Auger electron. A comprehensive 
investigation based on the spectrum energy dispersion of Fe L3M45M45 and Zn 
L3M45M45 was used.

Therefore, the results indicate that XPS is a viable and reliable tool for studying 
the composition and chemical phases of metal-oxides and hydroxides allowing for 
a better knowledge of variations in their characteristics for different applications. 

Meng and Deng [35] synthesized α-Ni (OH)2 Nanobristles on several substrates in 
mild situations via a bio-inspired process using a simple Nafion diaphragm-assisted 
scheme. 

The finding suggests that nickel hydroxide possesses the form –Ni (OH)2H2O 
(JCPDS # 22–0444). The XRD peaks can be attributed to diffraction from the – 
Ni (OH)2 planes (001), (002), (110), (111), (104), and (300). The small movement 
in peak positions could be attributable to intercalated species variations [36, 36] 
XRD analysis revealed no –Ni(OH)2. The large peaks reveal that the as-synthesized 
Ni (OH)2 is on the nanoscale. The geometry of Ni(OH)2 is rhombohedral P3. To 
accomplish charge neutralization and structural integrity, the positively charged Ni
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Fig. 3 XPS spectra: a general surveys; b C − 1 s;  c Fe 2p of Fe2O3 sample; d Fe2p of Fe2O3: Zn;  
e FeLMM peak of Fe2O3; and  f FeLMM of Fe2O3: Zn [34]

(OH)2-x sheets might be intercalated with Cl– and H2O. So by using the XRD spectra, 
fundamental information regarding the pure and mixed crystalline phases of metal-
oxides and hydroxides could be determined. The crystalline phases for particular 
materials and their microstrain, and stress could also be well studied, especially in 
the case of doped and hybrid metamaterial.
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4 Supercapacitor Applications of Metal-Oxides 

Supercapacitor devices (SCDs) are power storage designs with high power density, 
quick charge/discharge, and incredibly long cycle stability. As a result, SCDs have 
piqued the curiosity of academics interested in energy storage and converters. A 
range of metal oxide and hydroxides based supercapacitors and their applications 
are discussed in this section. 

4.1 Aqueous Asymmetric Supercapacitor Devices 

In this subsection, the basics of Aqueous asymmetric supercapacitor devices 
(AASCDs) are highlighted which is typically made up of two separate electrode 
materials (cathode and anode), with one electrode participating in a faradaic response 
and the second in electric double-layer absorption/desorption. AASCDs have high 
specific capacitance, cheap cost, and great ionic conductivity [38]. Metal oxides, 
primarily metal oxides such as Fe2O3, V2O5, RuO2, MnO2, MoO3, and WO3), 
bimetal oxides/dioxides (conversion-type MN2O4, where M or N = Ni, Co, Zn, 
Mn, Fe, Cu, etc., and intercalation-type (LiCoO2, LiMn2O4, etc.) and metal oxide 
heterostructures, were extensively examined as electrocatalysts for AASCDs. Li 
et al. [39] proved how an AASCD anode with a trimmed aligned Fe2O3 nanoneedle 
array (Fe2O3 NNAs) performed admirably. At an energy output of 3.5 kW kg−1, 
the specific energy content reached 103 W h kg−1, and capacitance retention over 
5000 cycles remained at 86.6%. Building nanostructures and putting them into a 
conducting material substrate are viable approaches to overcoming the aforemen-
tioned problems like large volume expansion and limited electric conductivity. Lee 
et al. [40] discovered that even a hybrid VO2 matrix with a significant amount of 
V4+ state and a substantial amount of V3+ state, confirmed by XPS and the crys-
talline phase by XRD. The prepared materials may act as a negative electrode with 
a working potential of 1–0 V versus Ag/AgCl (Fig. 4). The Mn3O4 cathode had a 
high energy density of 42.7 W h kg−1 and a power density of 1.1 kW kg−1 when 
employed as an anode in AASCD.

Similarly, Fe-based, V-based, Ru-based, Mn-based, Co-based, and other elec-
trode materials are introduced as single metal oxides to design these supercapacitor 
electrodes. 

There are some other classes of supercapacitors also structured by using metal 
oxides and hydroxides to improve work performance. The stability and flexibility 
of such designed supercapacitor were been found reliable and efficient towards 
resolving energy-based crises over a few years. The combinations of the multi-
component metamaterials and their unique performance were determined based on 
energy density, recyclability, and high surface areas. Given the ever-increasing supply 
for and subsequent transformation of flexible power devices, it is critical to make
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Fig. 4 V2O5 and as-prepared rGO@VO2: a Schematic presentation of synthesis of 
the rGO@VO2 composite; b XRD pattern of bulk; c Core-level XPS of V 2p; d CV curves at 
5 mV/s.; e, f CV and GCD curves at different scan rates; g Plot of capacitive contribution to the 
total current [40]

adequate efforts to capitalize on the uses of quasi-solid and all-solid-state superca-
pacitor devices (QSSSCDs and ASSSCDs), which have the advantages of increased 
protection, reduced weight, higher density, and even more quickly customized 
essence. Jun et al. [26] proposed a new fluorine-doped oxygen-deficient Co2MnO4 

(F–Co2MnO4x) nanostructures covered on carbon fibres as an enhanced electrocata-
lyst for QSSSCDs. The theoretical and experimental findings disclosed that bringing 
fluorine component and O vacancies efficiently adapted the electrical and structural 
characteristics of F–Co2MnO4x, that could additively offer freshly created energy 
levers and enhance the reactions of the electrochemically active locations while also 
highly adjustable Faradaic electrochemical behaviour.
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4.2 Metal-Hydroxide-Based Supercapacitors 

Whereas numerous oxides and hydroxides can store charge in liquid electrolytes, just 
a few have been thoroughly researched and their charge storage pathways described. 
Moreover, multiple phases/polymorphs exist for identical oxides/hydroxides that 
have a significant effect on the charge storage phenomenon, a topic that deserves 
further investigation. Furthermore, the involvement of various electrolytes in the 
charge storage procedures of several oxides and hydroxides is not well known. There 
are a few materials that are discussed towards supercapacitor uses based on metal 
hydroxide semiconducting composites. 

Ni(OH)2 and Co(OH)2 have isostructures made up of two distinct morphologies: 
α′ and β. In the hydrotalcite structure, 40 phases crystallize with positively charged 
Ni(OH)2 or Co(OH)2 layers controlled by interlayer anions and a large interlayer 
spacing of ≈8 [41]. The specific capacity of the Co(OH)2 state was 885 F g−1 at 1 
A g−1, which was higher than the value of the –Co(OH)2 state, and this was 388 F 
g1 at 1 A g−1. Ni(OH)2 and Ni(OH)2 were also preferentially developed during the 
hydrothermal treatment by altering the temperature of the system [42] This approach 
yielded Ni(OH)2, with a specific capacity of 2090 F g−1 at a current of 2 A g−1. 
The solvothermal technique yielded multilayer Ni(OH)2 nanosheets with a specific 
capacitance of 2064 F g−1 at 2 A g−1 [43]. 

Goodenough and colleagues expanded [44] the information achieved for Co(OH)2 
electrodes having structural and electrochemical related to a variety of Co(OH)2 
electrodes. Although Co(OH)2 has an excellent response rate and recycling life, its 
isostructural Ni(OH)2 has poorer characteristics. The great response speed and cyclic 
stability of Co(OH)2 platelets were ascribed to their CoO2 planes being perpendicular 
towards the platelet’s large area, enabling small paths for H+ transport for bulk oxida-
tion reaction. Additionally, the reversible redox Co(OH)2/CoOOH transition could 
minimize structural breakage caused by volume fluctuations throughout H+ interca-
lation cycles. The majority of current research on metal oxides/hydroxides for energy 
storage devices concentrates on the engineering and production of electrodes to gain 
improved energy and power densities as well as longer charge collection durability. 
On the one hand, metal atoms, crystallographic framework, impurity chemistry, and 
geometries of metallic oxides/hydroxides influence the supercapacitor’s ability. 

5 Supercapacitors for Environmental Impacts 

Throughout acceleration, at normal and slow speeds the vehicle’s energy is either 
positive or negative. This change in power can cause major problems like voltage 
fluctuations or inefficiencies in the main electricity supply. To address this issue, 
supercapacitors (SCs) are employed as a relatively brief storage device with a dc-dc 
changing interface. SCs were already employed in laptops, mobile phones, radio 
tuners, and other devices that demand explosive energy. Likewise, triple blades with
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improved power turbines are employed, with the flexible blade angle adjustable at 
the working point. In this kind of setup, the blades are forced to 90° to prevent 
mechanical damage while the power converter fails. As a result, SCs are employed 
in wind energy to generate power for adjusting blade angle. While braking, the back 
EMF charges the SCs quickly, and this extra power is employed to restart the engine 
and drive the vehicle. For example, Tata Motors recently announced its Tigor EV 
for the government-run business Energy Saving Services in India. SCs provide the 
largest mobility industry, with electric cars serving as an example due to their speedy 
recharging. 

It takes time to charge the batteries when braking in a car, the motors generate 
back electromotive force, which is utilized as reformative energy to charge the SCs. 
Such an idea was already implemented in Shanghai, where the buses run on SCs and 
charge in 1–2 min using re-forming power produced when braking. The employment 
of SCs and batteries in buses has the potential to improve bus operation. In addition, 
bio-waste, which includes biomass and organic discard classified as solid waste and 
derived from livestock, sewage, urban sewage sludge, and agricultural operations. It 
poses health risks and pollutes the environment. Numerous attempts were made to 
turn this waste into valuable new goods such as fertilizer, feed, construction mate-
rials, and pollutant sorbent components. In this regard, supercapacitors are fresh 
advancements in power storage with other ecologically friendly uses. Fruit skins, 
animal feathers, and lignocellulosic powders can all be recycled to make porous 
carbons, nanocomposite, and graphene sheets, and carbon/reduced graphitic carbons 
to fabricate environmentally friendly and cost-effective SCs electrodes materials. 

6 Future Prospects and Conclusion 

The presented chapter contains a compilation of knowledge on metal oxides and 
hydroxides-based supercapacitor uses. The sequential aspects have been highlighted 
and addressed to the broader class of metal oxides and hydroxide materials. However, 
metal oxides and hydroxides such as Fe, V, Co, Mn, and other metal-based nanoma-
terials have been proposed as more viable candidates, as a primary topic of this study. 
Fabrication processes and development refer to the process used to create extraordi-
nary chemical possibilities and catalytic efficiency. Nevertheless, such metal oxides 
and hydroxide materials have established themselves in a multitude of scenarios, 
mostly in energy equipment and systems, and hence a systemized review is provided 
in this chapter. A comprehensive investigation of nanostructured metal oxides and 
their combinations connected with desired elements has been undertaken to enhance 
the performance and outcomes of devices for energy storage. Ultimately, better elec-
trochemical capacitors are prospective uses of metal-oxides and hydroxides with their 
associated composites and heterogeneous architectures is detailed. Certain basics 
were also treated via interface alterations, band arrangements, and physical research. 
Because of their increased charge/current density, such oxides and hydroxide mate-
rials could be tuned with 2D structures such as CNTs, reduced graphene-oxides, and
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MoS2, alkali, transitional, and lanthanides as prospects studies. This will provide an 
open window for the multi-component and efficient conductive polymeric objects 
for improved performance in supercapacitors. Authors anticipate that this assessment 
and findings will spark interest in metal-oxides and hydroxides as viable composite 
materials for future possibilities which contribute to further progress in this exciting 
field. 
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Chapter 17 
Eco-Friendly Conducting Polymer-Based 
Functionalized Nanocomposites 
Dedicated for Electrochemical Devices 

Tanuj Kumar and Arunima Verma 

1 Introduction to Conducting Polymer 

Conductive polymers or, more precisely, intrinsically conducting polymers 
(ICPs) are organic polymers that conduct electricity so, in this category of “green” 
materials, one should mainly consider those with biodegradability, which do not 
harm the environment after the device disposal. Conducting polymers have been 
developed quickly and have great potential as chemical gas sensors that work at 
room temperature because their electrical conductivity can change when exposed to 
oxidative or reductive gas molecules [1]. In general, the typical-conjugated struc-
tures of conducting polymers behave like p-type conducting materials. When they 
come into contact with gas molecules, they act either as electron donors or electron 
acceptors. This can cause the concentration of carriers to go up or down, which 
changes the electrical conductivity or resistance of the sensing polymers. Poly-
acetylene (PA), polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), poly 
(3,4-ethylene dioxythiophene) (PEDOT), poly(phenylene vinylene) (PPV), and their 
derivatives are some of the conducting polymers that have been mentioned as sensitive 
materials in the literature (Fig. 1) [2]

Polymers that conduct electricity are either electrical insulators or semiconductors 
when they are not doped. A doping process like protonic acid or redox doping is 
used to make polymers more conductive. This process removes electrons from the 
backbones of the polymers. Positive charges that stayed in the backbone act as charge 
carriers, which could raise the conductivity from the low level of an insulator or 
semiconductor (10–10–10–5 s/cm) to the conducting level (1–105 s/cm). Because 
these conducting polymer materials are easy to make, have different structures, can
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Fig. 1 Chemical structures 
of representative conducting 
polymers [2]

be functionalized on the outside, are eco-friendly, and are flexible, they can be used 
in a wide range of energy and electrical device applications [3]. 

Specifically, the unique doping/dedoping process makes it possible to look into 
conducting polymers as possible candidates for gas sensor applications at room 
temperature. Research on eco-friendly polymer-based gas sensors that work at room 
temperature has come a long way in the last few decades. But because of their low 
conductivity and high affinity for volatile organic compounds (VOCs) and water 
molecules, they always have low sensitivity, poor stability, and poor gas selectivity, 
which makes them less useful as gas sensors. Many things have been tried to improve 
sensing performance, such as increasing the active surface area, redox doping, func-
tionalization, etc. For example, Huang et al. [4] showed a highly porous sensing 
layer made of one-dimensional (1D) PANI nanofibers that had better sensing perfor-
mance than bulk films, including high sensitivity, selectivity, and quick response, 
because it had more surface area than bulk films. There have been reports of similar 
effects on gas sensing from low-dimensional structures in other conducting poly-
mers, like PPy, PT, and others. Even though the sensing responses have been greatly 
improved, the gas-sensing behaviors are not very reversible and repeatable, which is 
a big problem for practical sensor applications. Zhang et al. [5] used electrospinning 
to make polyaniline nanofibers that were doped with (+)-camphor-10-sulfonic acid 
(HCSA) and had much better response/recovery behaviors to 500 ppm NH3. Also,  
Kwon et al. [6] showed that PPy with carboxyl groups (-COOH) showed specific 
selectivity to dimethyl methyl phosphonate (DMMP) gas due to the interactions 
between the –COOH groups and the phosphoryl groups of DMMP molecules. But 
even though the gas sensing performances got better, problems like low sensitivity, 
reversibility, and selectivity made it hard to use them in real gas sensors.
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Inorganic sensitive materials have different advantages in gas sensors than 
conducting polymers. For example, metal oxides always have high sensitivity due 
to oxygen stoichiometry and active surface charge [7], but they need to be oper-
ated at high temperatures, which limits their use. Metal nanostructures are used as 
sensitivity enhancers due to their chemical and electronic sensitization effects [8]. 
One-dimensional (1D) or two-dimensional (2D) carbon materials respond quickly to 
low concentrations of analytes at room temperature. This is because they have low 
electronic noise, a large surface area, and a wide range of surface chemistry, which 
could work well with the sensing properties of eco-friendly conducting polymers 
[9, 10]. Due to their synergistic effects, eco-friendly conducting polymer nanocom-
posites could be used to make high-performance gas sensors. This has sparked a 
lot of interest in gas-sensing applications. In the nanocomposite system, weak van 
der Waals or hydrogen bonds, covalent or ionic covalent bonds, or covalent or ionic 
covalent bonds connect the host organic and guest inorganic phases. This could lead 
to new or improved chemical and physical functions. Such synergistic or comple-
mentary effects in the nanocomposite could help get rid of their natural flaws and 
use the benefits of each of their parts in gas-sensing fields. This could lead to high-
performance sensitive materials and gas sensors. In this chapter, we’ll look at what’s 
new in polymer conducting nanocomposites as they relate to making high perfor-
mance in electrochemical devices. In Sect. 1, we first talk about the synthesis of 
conducting polymers will be enlightened. In Sect. 2, we first talk about the Electro-
chemical properties of conducting polymers nanocomposite. In Sect. 3, we mostly 
compile the eco-friendly application of Electrochemical devices-based nanocom-
posite polymer. We end with a conclusion on the uses of electrochemical devices 
conducting polymer-based nanocomposites. 

1.1 Synthesis of Different Conducting Polymers 

There are many ways in which organic polymers can be synthesized, but the task of 
those engaged in the synthesis is to provide as wide a variety of well-characterized 
materials as possible for the detailed investigations of their electrical properties. 
Polyacetylene and polyphenylene are the simplest models and can be regarded as 
sequences of either vinylene or phenylene units. Even these simple systems can be put 
together in several ways to create structurally different materials. In synthesis, there 
are two main ways to consider things (Fig. 2). The first way could be called the direct 
route, and the second is called the indirect route. The direct route is the traditional way 
to make eco-friendly polymers. Using either an addition or a condensation process, 
a suitable monomer is converted directly into a conjugated polymer [11].

The simple reality that some of the most structurally simple conjugated poly-
mers, like polyacetylene and poly-para-phenylene, are essentially insoluble and hard 
to work with is one of the problems with the direct approach. This fact creates 
several problems in the real world. The main benefit of the indirect route is that 
it gives us more freedom in how we design eco-friendly synthesis [12]. So, the
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Fig. 2 Outline of possible routes to conjugated organic polymers

precursor polymers can be made through either addition polymerization or conden-
sation polymerization, but the second step can be accomplished in several different 
ways. 

Among the many polymers known to be conductive, polyacetylene, polyaniline, 
polypyrrole, polythiophene, poly (phenylene sulfide), and poly (phenylene vinylene) 
have been studied the most. This section will discuss these polymer’s structure, 
synthesis, and applications along with a few other known eco-friendly conducting 
polymers. 

1.1.1 Polyacetylene 

Polyacetylene (PA) is a long chain of carbon, hydrogen, and oxygen molecules 
(Fig. 3). In the 1960s, scientists found that these polymers were very good at 
conducting electricity. This made people more interested in using organic compounds 
in microelectronics.

Natta was the first to do a lot of research on the direct polymerization of acety-
lene [13]. They said that when acetylene gas was bubbled through a solution of 
Ziegger catalyst in a hydrocarbon solvent, a semi-crystalline red powder of trans-
polyacetylene formed. Ito et al. found that exposing the surfaces of solutions of 
Zieger catalysts to an acetylene-containing atmosphere led to the formation of poly-
acetylene films at the liquid–gas interface [14]. This caused a big step forward in the 
research of polyacetylene. 

In an early example [15], phenyl magnesium bromide was mixed with ferric 
chloride in diethyl ether to make a catalyst. Acetylene was added as a saturated 
solution in benzene. Both the cis and trans forms can be made into silvery, flexible 
films that can be made on their own or different surfaces, like glass or metal, with
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Fig. 3 A segment of cis-and 
trans-polyacetylene

thicknesses ranging from 105 to 0 cm [16]. The trans isomer is the most stable 
form in terms of thermodynamics. At low temperatures, any cis/trans ratio can be 
kept, but isomerization from cis-(CH)x to trans-(CH)x can be done by heating the 
film for a few minutes at temperatures above 15°. Studies with X-rays [17] show  
that (CH)x films are very crystalline. Because the bonds have changed, tans-(CH)x 
is a semiconductor with a 1.5 eV energy gap [18]. Polyacetylene is very different 
from other covalent semiconductors because it can be doped after it has been made, at 
room temperature, and with different dopants. After (CH)x is made using chemical or 
electrochemical techniques, it can be doped because of its open structure [19], which 
gives it a large surface area, and its weak interchain binding, which lets the dopant 
ions move between the polymer chains. Through chemical or electrochemical doping, 
the electrical conductivity of polyacetylene can be changed in a controlled way 
over 12 orders of magnitude. Conductivity values of around 105 s/cm have already 
been reported [20, 21]. Controlled electrochemical doping/undoping, and prototype 
rechargeable batteries have been made with (CH)x as both the active cathode and 
anode [22]. Photovoltaic events have been seen in heterojunctions, Schottky barrier 
junctions [23], and photoelectrochemical junctions [24]. So, even though these and 
other possible uses will need a lot of work in the future before their true technological 
value can be determined, the eco-friendly properties look promising. 

1.1.2 Poly(p-phenylene Sulfide) (PPS) 

Poly(p-phenylene sulfide) (PPS) was the first nonrigid, not fully carbon-backbone-
linked polymer that, upon doping, became highly conducting [25]. Figure 4 shows 
the structure of PPS. PPS has been reported to have a crystal structure by several 
authors, including Tabor et al. [26] who carried out X-ray research on oriented films. 
Other authors have also contributed to this research. They proposed an orthorhombic 
unit cell with the following dimensions: a = 8.67, b = 5.61, and c = 10.26, and it 
would have space group Pbcn. Both Lovinger et al. and Uemura et al. [27] conducted 
studies that, in quick succession, provided evidence that confirmed this structure. The 
conditions under which the sample was prepared were found to affect the structure
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Fig. 4 Poly(p-phenylene 
sulfide) 

of PPS, as discovered by Jurga [28]. Napolitano et al. [29] presented findings that 
shed new light on the structure of the PPS. They discovered that PPS samples that 
were subjected to a variety of thermal and mechanical treatments exhibited a crystal 
structure that was comparable to that which had been proposed by Tabor et al. [26]. 

The highest occupied band of a hypothetical perpendicular conformation of 
poly(p-phenylene) has a bandwidth of only 0.2 eV, and the large IP of 6.3 eV restricts 
the p-type dopants to strong acceptors like AsF5. It has been shown that exposing PPS 
to AsF5 at room temperature results in significant changes to the backbone structure 
of the eco-friendly polymer [30]. The dopant seems to predominantly induce the 
formation of carbon–carbon bonds, which bridge the sulfur linkages to form thio-
phene rings and lead to polybenzothiophene structure. This chemical modification 
improves the conductivity of the complex from about 0.01–3 s/cm, and it is estimated 
that this improvement was brought about by the dopant. 

1.1.3 Polypyrrole 

Among the conducting polymers that have been discovered to date, those that are 
based upon polypyrrole (PPy) Fig. 5 have garnered a lot of attention. This is because 
these polymers have high conductivity, are simple to prepare, have a high degree of 
flexibility, are stable, and have excellent mechanical properties. Therefore, potential 
technological applications such as in electronic and electrochromic devices, counter 
electrodes in electrolytic capacitors, sensors [31], chromatographic stationary phases, 
lightweight batteries, and membrane separation [32] have attracted a lot of attention 
over the past few years, and this is currently one of the most active areas of research 
in polymer science and engineering at present. 

The attraction of the polypyrrole systems can be attributed to several distin-
guishing characteristics. Even if the chemical and thermal stability of these polymers 
in comparison to (SN)x and (CH)x was the most essential element at the beginning, 
the simplicity with which they could be made was also enticing. Italian chemists were 
the first to report that pyrrole monomer can be easily polymerized into a black powder 
that conducts electricity [33]. This chemistry is simple, as it uses a large number of

Fig. 5 Polypyrrole 
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oxidizing agents, and it can be seen taking on the outside of pyrrole down which the 
monomer has been allowed to flow. This chemistry takes place with a large number 
of oxidizing agents. The resultant black powder, which conducts electricity, is called 
pyrrole black. Polymerization can take place both chemically and electrochemically 
[34]. By using an altered version of the electrochemical method that was initially 
developed by Dall’Oli et al. [33], Kanazawa et al. [35] and Diaz et al. [36] were the 
first researchers to produce films of a high enough quality to be useful. PPy is one of 
the few electronically conducting polymers that can be made by dissolving its precur-
sors in aqueous solutions [37]. Polypyrrole (PPy) and a wide variety of its derivatives 
can be manufactured through the use of straightforward chemical or electrochem-
ical processes [38, 39]. The process of chemical polymerization is straightforward, 
and quick, and does not call for the utilization of any specialized equipment. Using 
oxidative polymerization of the monomer in aqueous or non-aqueous solvents [40] 
or chemical vapor deposition [39], large quantities of polypyrrole (PPy) powder 
can be made. Chemical polymerization limits the number of counter ions that can 
be incorporated into the polymer, limiting the range of conducting polymers that 
can be made. The chemical polymerization of pyrrole appears to be a general and 
useful tool for the preparation of conductive composites [41] and dispersed parti-
cles in aqueous media [42]. According to research [43], iron (III) chloride is the 
most effective chemical oxidant, whereas water is the most effective solvent for the 
chemical polymerization process. Both of these factors are important in achieving 
the desirable conductivity characteristics. The electrochemical method for producing 
electroactive or conductive films is extremely flexible and offers an easy method for 
changing the properties of the films by simply altering the electrolysis conditions 
(such as electrode potential, current density, solvent, and electrolyte) in a predeter-
mined manner. Electrochemical methods are ideal for making these films. Alterna-
tively, polymer properties can be changed by varying the monomer or electrolyte. 
Using electrosynthesis, polymer thickness can be easily controlled. Pyrrole is easily 
electropolymerized in aqueous and non-aqueous solvents because pyrrole monomer 
is soluble in many solvents. The polymerization reaction is very complicated, and the 
mechanism of electropolymerization is not yet completely understood. The mecha-
nism that is generally accepted [44] is that in the first step, the neutral monomer is 
oxidized to a radical cation, which is then followed by aromatization and the oxida-
tion of the dimer. The dimer, on account of its greater conjugation, is more easily 
oxidized than the monomer under the given experimental conditions; consequently, 
the dimer is immediately reoxidized to the cation. PPy conductive polymers’ elec-
trical conductivity is important for analytical applications. According to the findings 
of Munstedt and colleagues [45], treating PPy with a solution of NaOH causes the 
conductivity of all PPys to decrease over time. The films suffered severe embrittle-
ment as a result of the sodium hydroxide treatment as well. Investigations of PPy 
using scanning electron microscopy (SEM) have shown, among other things, that the 
surface morphology of the ppy alters when it is treated with either a base or an acid 
[46]. The electroactive nature or the switching properties of PPy have been utilized 
as the basis of most proposed eco-friendly applications such as sensors, separation 
devices, and rechargeable batteries.
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1.1.4 Polyaniline (PANI) 

Polyaniline (PANI) is one of the most important eco-friendly conducting polymers 
and has attracted a lot of attention since its electrical conductivity can be controlled, 
it is stable in the environment [47], and it has interesting redox properties associated 
with the chain heteroatoms. It has come to everyone’s attention that the PANI family 
of polymers is among the most interesting and unique of all the members of the class 
of conducting polymers that contain electrons. The electronic properties of many 
other members of this class, such as polyacetylene, polypyrrole, and polythiophene, 
are well understood solely based on their conjugated carbon backbones. However, in 
PANI, a nitrogen heteroatom is incorporated between constituent phenyl (C6H6) rings 
in the backbone. This is in contrast to the electronic properties of many other members 
of this class. Because of the chemical versatility that the nitrogen heteroatom offers, it 
is possible to access multiple insulating ground states, each of which can be identified 
by the oxidation state that it is in. PANI can be found in many different forms, each 
of which is distinguished by the degree of oxidation it has undergone. The formula 
that can be used to broadly describe a PANI chain is Fig. 6 [48]. 

The term “aniline black,” which was first used to refer to polyaniline in 1835, 
was a term that was used for any product that was obtained by the oxidation of 
aniline. A few years later, Fritzches [48] conducted a preliminary investigation of 
the products that were obtained through the chemical oxidation of this aromatic 
amine. After that, Lethe [49] discovered that the final product of anodic oxidation 
of aniline at a platinum electrode, in a solution of aqueous sulphuric acid, is a dark 
brown precipitate. These findings have been confirmed by subsequent researchers 
[50], and similar observations have been made during the oxidation of aqueous 
hydrochloric acid solutions containing aniline. Bucherer [51] proposed a phenazene-
type structure that is more complicated than what is currently understood, which is 
the opposite of what is the case. A linear octameric structure of the quinoneimine 
type in the para-position was proposed by Green and co-workers’ for the product 
obtained by the chemical oxidation of aniline. A highly conducting state can be 
achieved in polyaniline through the straightforward protonation of the imine nitrogen 
atoms located in the emeraldine base backbone. It is known that polyaniline has a 
crystalline structure. The number of electrons in the chain structure of the polymer 
does not change as a result of protonic doping, and the pH of the solution affects the 
conductivity of the doping [52]. Polyaniline’s backbone contains a –NH-group that is 
chemically flexible; this group is responsible for polyaniline’s interesting chemistry 
and physics [53].

Fig. 6 Three stable forms of PANI are in correspondence to the values y = 0 (leucoemeraldine 
base, LB), y  = 0.5 (emeraldine base, EB), and y = 1 (pernigraniline base, PNB). Where y gives the 
average oxidation degree 
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Electrochemical polymerization was used to produce an electrically conducting 
polyaniline (PANI) that was doped with heteropolyanions (HPA) of a Keggin struc-
ture. The cyclic voltammetry experiment revealed that both the polymer itself and the 
immobilized HPA contained reversible redox systems. Barth et al. [54] conducted 
studies on the electrocatalytic activity of a PANI electrode that had been modified 
by HPA in the context of an electroreduction reaction involving bromate. Aniline, 
hydrochloric acid, sulphuric acid, nitric acid, or perchloric acid, as well as ammo-
nium peroxydisulphate (persulphate), are the typical reagents used in the chemical 
synthesis of PANI. PANI is the precipitated product of an aqueous solution containing 
these reagents. Aniline, the monomer, is directly converted into a conjugated polymer 
through a condensation process in this direct route, which represents the classical 
approach to the synthesis of polyaniline. An excess of the oxidant and higher ionic 
strength of the medium lead to materials [55] that are essentially intractable, which 
is one of the drawbacks of this direct approach. This experimental observation is the 
source of one of the disadvantages of this direct approach. There have been many 
different approaches to the synthesis of PANI published in the literature [56]. 

Four primary factors determine how the reaction will proceed and what kind of 
product will be produced in the end. These are. 

(1) nature of the medium, 
(2) concentration of the oxidant, 
(3) duration of the reaction, and 
(4) temperature of the medium. 

Polyaniline is an innovative material because it possesses a symmetrical conju-
gated structure. This structure has extensive charge delocalization, which is the 
result of a new type of doping of an organic-polymer salt formation rather than 
oxidation, which is what happens in the p-doping of all other conducting polymer 
systems. In addition, polyaniline possesses extensive charge delocalization, PANI is 
unlike other conducting polymers that have been studied in the past, such as poly-
acetylene and polypyrrole, because the electronic state of PANI can be controlled 
through variations in both the number of electrons and the number of protons that are 
contained within each repeat unit. The redox activity of PANI occurs in an aqueous 
medium that is pH-dependent. It has been demonstrated that PANI loses its ability 
to conduct electricity in aqueous media with a pH greater than 4 [57]. On the other 
hand, the electrochemical behavior of PANI, which was investigated in an aprotic 
solvent such as propylene carbonate, in the presence of 1 M lithium perchlorate as 
a supporting electrolyte, demonstrates two purely electronic processes. However, in 
the presence of a trace amount of the strong base 2,4,6-trimethyl pyridine, these redox 
processes are rendered moot [58]. Furthermore, the dramatic effect of the conduc-
tivity of PANI upon variation of pH (changing pH from 0 to 6 decreases electrical 
conductivity, by six orders of magnitude) [59] demonstrates that in addition to the 
dopants (counterions), the presence of protons invariably has a pronounced effect on 
the conductivity.
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In addition to this, the use of polyaniline solution as a redox indicator is being 
researched [60]. PANI is distinguished from other conducting polymers like polypyr-
role and polythiophene by its one-of-a-kind property, which is the imposition of the 
anion within the polymer through the process of equilibration with an acid solu-
tion. The theoretical underpinnings of PANI have been the subject of a great deal of 
scrutiny [61] 

1.1.5 Other Conducting Polymers

. Poly (Phenylene Vinylene) 

A composite polymer of polyphenylene and polyacetylene is also conductive when 
doped with AsF5 [62]. When compared to polyphenylene or polyacetylene, the 
maximum conductivity levels that could be achieved with poly (phenylene viny-
lene) were significantly lower, coming in at 3 s/cm. This may not come as a surprise 
given the low degree of polymerization that was present in the starting polymers. 
The highest occupied band of poly (phenylene vinylene) has a calculated bandwidth 
(VEH technique) of approximately 2.8 eV [63].

. Polydiacetylenes 

In most cases, polydiacetylene is manufactured through a solid-state reaction of a 
single crystal that contains substituted diacetylenes RCC-CCR [64]. Obtaining a 
single-crystal polymer with highly one-dimensional electronic properties requires 
favorable packing conditions, which are dominated by R groups. In 1985, Bloor 
[65] conducted a study that analyzed the characteristics of PDAs. Since that time, 
there has been a significant increase in interest in PDAs, and a diverse range of 
research efforts have led to the discovery of new qualities and insights. PDAs can 
be structured into a wide variety of different forms, including bulk single-crystals, 
multilayer films, monolayer films in both the Langmuir and self-assembled [66, 
67] forms, vesicles suspended in liquids, and nanocomposite components integrated 
into inorganic host matrices. Their high nonlinear optical susceptibility [68], ultrafast 
optical response [69], and strong structural anisotropy imposed by the highly aligned, 
linear backbones are all properties that are of significant interest. Nevertheless, the 
chromogenic transitions that PDAs display have received the greatest amount of 
attention from researchers.

. Polymethineimine 

The unsubstituted polymethineimine, (CH = N)x, has been synthesized by Wohrle 
et al. [70], even though a large number of polymers with conjugated carbon–nitrogen 
backbones already exist. Karpfmen proposed an alternating structure similar to that of 
trans-PA using ab-initio quantum chemical calculations, and this raises the possibility 
of soliton excitations occurring along the chain [71]. It is hypothesized that the 
ionization potential value of polymethineimine will be on the order of 8 eV, which 
is approximately 3.3 eV greater than the value of polyacetylene.
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1.2 Strategies for the Development of Tailor-Made 
Conducting Polymers 

Conducting polymers are prone to chemical instability and poor processibility as 
a consequence of doping. Various attempts have been made, documented in the 
scientific literature, to design low-band-gap conducting polymers that maintain both 
their stability and their ability to be processed. In this part of the article, we will 
talk about some of the standard methods that have been used up until this point 
to design conducting polymers with a low band gap. The presence of substitutes is 
what determines whether or not electropolymerization takes place and whether or not 
soluble products are produced. Many researchers, such as fluorinated polyacetylenes 
[72], have looked into the effect that substituents have on the band structure of PA. 
Highly conductive new aniline copolymers containing butythio substituents have 
also been successfully prepared with conductivity on the order of 1S/cm [73]. The 
“push–pull” effect that is induced on the n-electrons of their respective polymers as 
a result of the substitution of thiophene monomers with appropriate 3-substituents 
is responsible for the change in the electrical conductivity of the polymer [74]. The 
electrical conductivity of poly(3-methylthiophene) is therefore one hundred times 
higher than that of polythiophene. Sometimes, substitution will result in a decrease in 
the polymer’s conductivity; however, the resulting polymer may have high electronic 
affinity and may be more stable. For instance, polypyrrole films that have alkyl groups 
substituted in the 1-position of the monomer units can electrooxidize the anodic 
potential of polypyrrole by approximately 800 mV. As a direct consequence of this, 
these films have improved resistance to oxygen. However, 1-alkyl-substituted films 
have a lower electrical conductivity compared to the parent polypyrrole. This effect 
can be attributed to the steric constraints that are introduced by the bulky substituents. 
For instance, the electrical conductivity of polypyrrole is approximately 100 S/cm, 
but 1-methyl, 1-ethyl, or 1-n-propyl polypyrroles only have conductivities of 10–3 s/ 
cm [75]. Therefore, by utilizing substituents, one can enhance the solubility, and 
bandgaps, and increase the polarizabilities of conducting polymers, in addition to 
improving other properties of the materials. 

The literature reveals that copolymerization is another method that has proven to 
be very effective in the design of new conducting polymers. Copolymers of fluorine, 
phenothiazine-quinoline copolymers, and cyclodiborazane-dithifulvene copolymers 
are some examples of these types of compounds. Aniline and pyrrole copolymers 
have also been reported [76], and these copolymers exhibit good conductivity and 
better solubility than the original compounds. It is also possible to design new 
conducting systems with a low band gap by making use of the ladder polymer-
ization technique. Numerous theoreticians have conducted research into the elec-
tronic properties of polyacene, polyacenacene, polyphenanyhrene, polyphenanthro-
phenanthrene, and polyperinapthalene [77]. The ground state and excited state prop-
erties of phenylene oligomers are being investigated with semiempirical methods, 
and thiophene polymers that have decreased band gap values have been synthesized. 
Studies have been conducted on a wide variety of other polymers, including poly
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(aroylene benzimidazoles), polyepoxyloxanes, and ladder polymers with thieny-
lene units, amongst others [78]. Unique new ladder polymer (polyindenoindenes) 
consisting of a condensed succession of six and five-membered conjugated carbon 
rings have been synthesized [79]. These polymers are a candidate for new materials 
with unique electronic properties. 

2 Electrochemical Properties of Conducting Polymers 

CPs, in comparison to organic polymers typically used, have a high electron affinity 
and redox activity. The general physical properties of CPs are described in terms 
of their molecular weight [80], as well as their size and length. The size and length 
of the CPs are directly related to the CPs. Polymers are insoluble in water because 
their chemical properties are primarily determined by the polymer chains that make 
up the polymer, and polymers cannot dissolve in organic solvents. The oxidation of 
the monomer by oxidizing agents or the application of potential or current through 
electrodes is the typical method for the preparation of CPs [81]. The first proposed 
mechanism for the formation of PPy was put forth by Diaz et al. [82] in 1981. This 
mechanism propagated the polymerization by continually growing chains through 
the side-to-side coupling of monomeric radical cations into oligomer radicals. In 
the case of PANI, the electrochemical growth process begins with the formation 
of oligomers, as illustrated in Fig. 7 [81], and is then followed by nucleation and 
the expansion of polymer chains. Electrochemistry can be used to dope CPs, which 
means that the oxidation of CPs can produce a p-doped state and the reduction of 
CPs can produce an n-doped state. These redox reactions also allow for the conduc-
tivity of the CPs to be modulated in the desired manner. Electrochemical preparation 
methods allow for greater control over the properties of the polymers, including their 
morphology, conductivity, and thickness [83]. Figure 8 provides an overview of the 
structural makeup of each of the various CPs. In the early stages of this field, the 
electrochemistry of CPs was intensively studied by Park’s and Shim’s groups, who 
investigated the autocatalytic growth mechanism of PANI and its growth kinetics 
on the electrode surface [84, 85]. In addition, the degradation mechanisms of elec-
trochemically prepared PANI, PPy, and polythiophene were also investigated [86]. 
During the past decades, several reports have described CP applications of CPs. Both 
monomers and CPs can be functionalized with different materials to tailor their prop-
erties. The addition of substituents not only improves functions but also improves the 
chemical and physical properties of the main\polymer chain, including increasing its 
electrical and mechanical properties. It is possible to make composites of CPs out of 
highly conductive nanomaterials and catalysts to improve the properties of CPs.
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Fig. 7 Electrochemical oxidation and doping [81]

2.1 Composite Materials 

Carbon-based materials, including carbon nanotubes (CNTs), graphene, carbon dots, 
and porous carbon, are considered to be promising materials in several applications 
[87]. The rapid development of carbon materials can be attributed to the excellent 
conductivity, high chemical stability, mechanical strength, and large surface area of 
carbon materials [88]. All of these properties have the potential to be incorporated 
into the design of novel types of electrochemical sensors. Using carbon materials 
alone has a significant drawback, especially when they are used in sensor devices: 
they lack selectivity for target molecules. This can be a problem when trying to
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Fig. 8 Conducting polymers and their composites materials

detect certain types of molecules. For this reason, the formation of carbon compos-
ites and their functionalization are essential steps before their use in particular appli-
cations. Their use in electrochemical sensors specifically requires selectivity, and 
making composites with CPs is the most promising way to improve their perfor-
mance. Carbon materials are used in composites because, depending on the inherent 
carbon structure of the carbon material, the carbon material can be treated as either 
an inorganic or an organic reagent. In addition, metal or metal oxide nanoparticles 
(NPs), such as Au, Pt, Pd, Ni, Cu, TiO2, MnO2, ZnO, and Fe3O4, are another class of 
materials [89] that exhibit unique properties in comparison to their bulk counterparts. 
NPs have found applications in a wide variety of fields, such as biomedical research, 
optoelectronics, catalysis, sustainable energy, and electrochemical devices. In partic-
ular, the utilization of metal/metal oxide NPs as electrode materials results in high 
performance in comparison to bulk metal electrodes. For instance, AuNPs have been 
found to have excellent activity and have been utilized as a base material for elec-
trochemical sensing electrodes [90]. Synthesizing NPs has been accomplished via 
a variety of methods, some of which include dendrimer-mediated assembly, elec-
trochemical deposition, electrochemical synthesis, monolayer formation, and wet 
chemical synthesis [91]. Metal nanoparticles (NPs) are capable of being function-
alized with secondary materials such as carbon materials, enzymes, and CPs. They 
also have a high level of activity and high biocompatibility on their surface. It has 
been reported [92] that composite particles can be prepared by combining CPs and 
metal NPs. Steric hindrance and electrostatic interactions can prevent agglomeration
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and restacking of metal NPs when composite particles made of CPs and metal NPs 
are used. In addition, the use of these composites in electrochemical devices has the 
potential to increase the electron transport rates between the electrolyte and current 
collectors or electrode materials. In the field of bioanalytical chemistry, biologically 
active materials, specifically enzymes, DNA, proteins, antibodies, and antigens, have 
played important roles. Wang’s research team conducted a literature review and found 
that a significant number of biosensor devices involve a variety of enzymatic reactions 
[93]. For these biomolecules to be useful, they need to be attached to or functionalized 
with a chemically inert matrix that does not alter the properties of the biomolecules. 
One promising approach involves using a polymer matrix as the host material for the 
incorporation of biomolecules. 

2.2 Conducting Polymer Nanocomposites 

The unique properties originating in CP-carbon nanocomposites make them 
promising candidates, particularly in electrochemical devices [94]. Several 
approaches to manufacturing novel CP composites have been published, including 
template-oriented synthesis, vapor polymerization, chemical functionalization, and 
in situ composite creation. Electrochemical approaches can alter the shape, thick-
ness, chemical state, and conductivity of CP composites. Figure 8 shows materials 
and composites. Composites of CPs use CPs as a major component and at least 
one secondary component [95]. Metal ions, NPs, nanostructures of metal and metal 
oxides, carbon materials, molecular species (metal phthalocyanines), and physiolog-
ically active components (enzymes, proteins, antibodies, and antigens) are included. 
The purpose of developing a novel composite material is to notice new characteristics 
[96]. Creating composite materials requires a synergetic approach. The interfacial 
adhesion between CPs and the secondary component affects CP nanocomposites’ 
characteristics. These composites work well in energy storage, as catalysts, in fuel 
cells [97, 98], and in biomedicine. Electrochemical trapping, physical adsorption, and 
affinity or covalent bonding are popular immobilization strategies. Physical adsorp-
tion includes electrostatic interactions between CPs and biomolecules because of 
their functional groups. Hydrophobic and van der Waals forces are also important 
in physical adsorption, notably of antibodies and proteins [99]. Biosensors utilizing 
glucose oxidase on PPy investigated adsorption. Adsorption does not require func-
tionalized monomers due to poor biomolecule adsorption pressures, biomolecules 
may leak from the electrode contact over protracted studies [100]. Entrapment of 
enzymes by electrochemical means was later proposed to boost biomolecule binding 
efficiency; glucose oxidase was entrapped in PPy films by an electropolymerization 
process. This approach resulted in immediate and persistent immobilization, unlike 
physical adsorption. Enzymes or biomolecules were partially exposed and buried in 
polymer films, reducing target accessibility. This technique is best for water-soluble 
monomers and not non-aqueous monomers. Covalently bonding enzymes to CPs was 
suggested. This method couples carboxylic acids (–COOH) to amines (–NH2) via
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NHS/EDC chemistry. The coupling reaction may be done in water, which preserves 
biomolecules [101]. Due to the covalent attachment of enzymes or proteins to the 
electrode surface, these sensors have exceptional long-term stability. CPs function-
alized with biomolecules have been studied for medication delivery and bioimaging 
[102]. 

2.3 Electrochemical Properties of Conducting Polymer 
Nanocomposites 

CP nanocomposites consisting of carbon nano species such as graphene, carbon 
nanotubes, and carbon nanofibers have been manufactured. The basic properties of 
the CP chains were improved thanks to the presence of these carbon nano species, 
which also encouraged the delocalization of charge carriers, which led to an increase 
in conductivity. It was possible to achieve a wide variety of conductivities, ranging 
from insulating to metallic [103]. CPs are useful as key substances in light-emitting 
diodes, transistors, electrochromic devices, actuators, electrochemical capacitors, 
photovoltaic cells, and sensors [104, 105] thanks to the effective synthesis of eco-
friendly CP composites with flexibility, excellent mechanical stability, and conduc-
tivity. Improving the electrochemical properties of the CPs is the most important 
factor in moving forward with developments in this area. As a result, a discussion of 
the eco-friendly electrochemical applications of CPs and CP composites is presented 
here in this chapter. 

3 Application to Electrochemical Sensors 

3.1 Electrochemical Sensors 

Electrochemical sensors translate the chemical reactions of the target species occur-
ring on electrodes into observable changes in electrical signals in terms of current, 
potential, and conductivity. As illustrated by Wang [104], who has made significant 
contributions to the field of electrochemical sensors and biosensors, these sensors 
can be divided into voltammetric/amperometric, potentiometric, and impedimetric 
sensors [106]. Methods based on electrochemistry have extremely low limits of 
detection and a high level of selectivity, while only requiring a minuscule amount 
of sample data to obtain the signals. Electrochemical techniques make it possible to 
measure turbid samples of whole blood, fat globules, red blood cells, and hemoglobin. 
In contrast, spectrophotometric measurements of these systems typically result in 
interference effects [107]. Electrochemical devices typically include a set of either 
two or three electrodes in their construction. A typical three-electrode cell has a
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working electrode that is made of platinum, gold, and/or carbon; a reference elec-
trode that is typically a silver-silver chloride electrode (Ag/AgCl); and a platinum 
wire or foil is used as a counter or auxiliary electrode. The working electrode is 
responsible for conducting electric current within the cell. A voltammetric sensor 
can perform its function because it is designed to measure current while simulta-
neously applying a potential to the working electrode with a reference electrode. 
The electrochemical reaction that takes place at the electrode surface and the inter-
face layer between the electrode and the electrolyte is what causes the response 
current to be produced. The rate of mass transport of the species to the electrode 
is what ultimately determines how fast the electrochemical reaction can proceed 
[108]. Methods that fall under the category of voltammetry include things like linear 
sweep voltammetry, cyclic voltammetry, hydrodynamic voltammetry, differential 
pulse voltammetry, square-wave voltammetry, polarography, and stripping voltam-
metry. These methods offer a broad dynamic range, an extremely low detection 
limit, and a wide variety of potential applications. Amperometry involves applying 
a constant potential to the working electrode and measuring the current that flows 
as a result of this concerning the passage of time. Amperometry is distinct from 
voltammetry in that it does not involve a potential sweep but rather makes use of a 
potential step. Voltammetry, on the other hand, does involve a potential sweep. The 
equation developed by Cottrell describes the current that is produced when a given 
potential is applied. This current is proportional to the concentration of the elec-
troactive species that are present in the sample. Because the oxidation or reduction 
potential used for detection is characteristic of the analyte species [109], ampero-
metric sensors have greater sensitivity and selectivity than other types of sensors. 
When there is no significant flow of current, potentiometric sensors can measure 
the potential difference between the working electrode and the reference electrode 
[108]. The measured potential is most commonly utilized in an electrochemical cell 
to determine ion activity. When performing potentiometric measurements, one can 
determine the potential difference by applying the Nernst equation. In this equation, 
Ecell stands for the observed cell potential when there is no current flowing through 
it. This value is also known as the electromotive force, abbreviated as EMF for short. 
Ion-selective electrodes (ISE) are currently used quite frequently in potentiometric 
devices because they allow for the realization of the lowest detection limits [110]. 
In electrochemical impedance spectroscopy, the impedance of a generic electrical 
component is calculated by dividing the alternating current potential by the alter-
nating current. This is equivalent to dividing an incremental change in voltage by the 
change in current that results from the change in voltage. The experimental method 
involves causing a disturbance in the cell by applying a low-amplitude alternating 
potential and then observing how the system responds to the disturbance while it 
is in a steady state. There are two distinct kinds of impedance sensors, and they 
are distinguished from one another by the presence or absence of certain recogni-
tion elements. The first type of this sensor gets its functionality from a change in 
impedance that is brought about by the binding of targets to receptors (antibodies and 
nucleic acids) that have been immobilized onto the sensor’s surface. The electrode 
is one type of sensor, while the other type of sensor’s response is based on surface
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alterations that are brought on by the adsorption and desorption of target species as a 
consequence of development [111]. Within the scope of this review, we will confine 
our discussion on the construction of eco-friendly electrochemical sensors to CPs 
and CPs. composites. 

3.2 Applications of Polyaniline and Related Nanocomposite 
Materials as Sensors 

PANI has become one of the most promising CP materials for a variety of appli-
cations. Composites of the polymer were utilized in the fabrication of numerous 
devices for various applications, such as batteries, biofuel cells, thermoelectric, and 
energy storage devices [112]. In addition, a chemical sensor for detecting dissolved 
oxygen based on a PANI-modified electrode has been reported [113]. The most 
promising application of these composites was discovered to be in electrochem-
ical applications. Particularly, the fabrication of electrochemical sensors based on 
PANI and PANI composites has become a popular technique in numerous electro-
analytical studies, as they offer high sensitivity and selectivity for the detection of 
target molecules. Using composites of PANI and NiCo2O4 nanoparticles to detect 
glucose was reported. This non-enzymatic glucose sensor demonstrated excellent 
electrocatalytic glucose analysis performance. The catalytic active sites in NiCo2O4 

with conductive PANI played a synergistic role in the oxidation of glucose and 
displayed high sensitivity and a reduced detection limit [114]. Electrochemical depo-
sition of poly(3,4ethylenedioxythiophene)-graphene oxide (PEDOT-GO) nanocom-
posite followed by electrochemical reduction of nanocomposite led to the develop-
ment of a dopamine sensor with selectivity. As depicted in Fig. 9a, dual polymer 
sensitivity and very rapid amperometric response are required for glucose detec-
tion [115, 116]. As depicted in Fig. 9a, b similar PtNP/PANI hydrogel-based elec-
trode was used to detect human metabolites, and the performance of the sensor 
probe was exemplary [117]. Recently, a 2,4-dichlorophenoxyacetic acid (2,4-D) 
herbicide-detecting impedimetric immunosensor based on an AuNP-functionalized 
PANI and multiwalled carbon nanotube (MWCNT) composite electrode was devel-
oped [118]. The sensor probe was manufactured by electropolymerized aniline and 
3-aminobenzoic acid in the presence of AuNPs onto an MWCNT-coated screen-
printed electrode. To improve the sensitivity of antigen detection, an antibody was 
covalently attached to the sensor probe. The developed impedimetric sensor displayed 
a wide linearity range, high stability, and a detection limit of 0.3 ppb 2,4-D. Molyb-
denum disulfide (MoS2) is a layered transition metal dichalcogenide with metal Mo 
layers sandwiched between two sulfur layers and stacked by weak van der Waals 
interactions. MoS2 is a nanomaterial that resembles graphene, but its low electronic 
conductivity is a drawback. MoS2 was combined with PANI through the facile oxida-
tion of aniline monomers on MoS2’s matrix. This composite material served as an 
outstanding conductive skeleton with a large electrocatalytic surface area, and it also
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provided a direct path for electron transfer. The hybrid PANI-MoS2 material demon-
strated superior electrochemical performance compared to pure PANI and MoS2; 
consequently, this material was utilized for the electrochemical detection of DNA 
molecules [119]. Metal electrodes are extremely stable and can be used in a variety 
of electrochemical applications; however, in biological applications, the metallic 
surfaces may result in undesirable poisoning effects and nonspecific catalysis. In the 
production of biosensors, the fouling of electrode surfaces is one of the most signif-
icant challenges researchers face. PANI nanofibers were grafted with polyethylene 
glycol (PEG) to overcome this obstacle [120]. This composite material was conducive 
and had a large surface area, in addition to exhibiting excellent antifouling activity in 
single protein solutions and complex human serum samples. The antifouling effect 
was achieved by making the surface hydrophilic, which prevented interactions with 
nonspecific proteins in the complex biological samples. This composite was used by 
the researchers to create an electrochemical biosensor for detecting the breast cancer 
susceptibility gene BRCA1. In addition, gene sensing is a highly effective method 
for diagnosing a vast array of diseases, from common viral infections to cardiovas-
cular diseases and cancer. To detect nucleic acids in biological samples, numerous 
CP composites were developed as an alternative to metal or metal oxide electrode 
materials. For instance, a new method was developed for the sensitive detection of 
nucleic acids using a PANI-deposited surface [121]. In this instance, the polymer 
was deposited by the enzyme-catalyzed formation and template-guided deposition, 
in which a reporter enzyme catalyzed the deposition of PANI onto the nucleic acid 
molecules being analyzed by forming an intramolecular complex. After interaction 
with the nucleic acids, the optical and electrical properties of the newly formed poly-
mers are altered and can be quantified. One of the more recent projects on this topic 
involves the use of graphene-based PANI arrays for the electrochemical detection 
of DNA, with a focus on increasing the sensitivity of detection by controlling the 
substrate’s texture [122].

3.3 Poly(o-anisidine) and Its Related Nanocomposite 
Material Sensor Applications 

When compared to other CPs, orthoanisidine polymer is among the best due to 
its exceptional qualities. Orthoanisidine-based CP composites have been used in 
the fabrication of semiconductors, thin-film transistors, electrochromic devices, and 
memory devices. Notwithstanding these uses, polyorthoanisidine-based composite 
compounds have been employed to create several sensors, including those used for 
the measurement of neurotransmitters, gases, glucose, and a wide variety of other 
analytes [123]. For their potential as glucose biosensors, several different compound 
combinations with orthoanisidine-based polymers have been investigated. Electro-
chemical synthesis has been used to create polyorthoanisidine films that have been 
doped with anions like perchlorate and para-toluene sulfonate. Movies were said to
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Fig. 9 a Schematic of the MIP-conducting polymer hybrid electrode with catechol. Adapted with 
permission from ref. [113]. Copyright 2009 American chemical society. b Schematic of the Pt NPs 
and enzymes-loaded 3D porous ANI hydrogel hydride electrode. Adapted from Ref [114]

be suitable for use in the immobilization of glucose oxidase protein; found to be 
a good glucose detection matrix. Reagent transport toward NADH oxidation was 
also seen in the films [124]. Through a chemical oxidative polymerization process, 
Sangamithirai et al. created poly(o-anisidine) (PoA)/graphene (GR) nanocompos-
ites. The produced nanocomposites were used to alter glassy carbon electrodes 
(GCEs), and the GCEs exhibited electrocatalytic activity for the oxidation of NADH 
Fig. 10. The artificial sensor produced a current response for the detection of NADH, 
showing great sensitivity, good stability, eco-friendly, and high selectivity. On the 
other hand, poly(o anisidine)-silver nanocomposites were synthesized and deployed 
as sensors for the analysis of NADH and dopamine. There was a 6 nM cutoff for 
NADH and a 52 nM cutoff for DA. High sensitivity, strong stability, outstanding 
selectivity, and repeatability were all demonstrated by the modified electrodes [125]. 
Aussawasathien et al. [127] made composite fibers out of poly(o-anisidine) and 
polystyrene and used them for chemical vapor sensing. A poly(o-anisidine)/silverized 
multiwalled carbon nanotube (PoAS-Ag/MWCNT) nanocomposite was designed for
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the sensitive electrochemical detection of 3-methoxy phenol. Adsorption between 
PoAS and MWCNTs was used in a solution-based procedure to create the PoAS-Ag/ 
MWCNT nanocomposite Fig. 11 Improved electrochemical performance was seen 
in the presence of 3-methoxyphenol [127], along with increased sensitivity, high 
dynamic concentration ranges, good stability, and robust fabrication of the electro-
chemical sensor. In addition, a quick method for determining dopamine (DA) was 
devised, and a sensor modified with poly(o-anisidine) (PoA) and a silver nanopar-
ticle (AgNP)-based nanocomposite was employed [128]. Electrodeposition of Ag 
was recently performed on a polyorthoanisidine CP. Please refer to Fig. 12, this  
nanocomposite was used for the selective detection of paracetamol (PCM), displaying 
good stability and an electrochemically active region [129]. These same researchers 
also created a novel functionalized poly(o)-anisidine/GO nanocomposite and used 
it for the determination of benzaldehyde [130]. Nanocomposite sensors based on 
poly(o-anisidine) and carbon nanotubes (PoAS/CNT) were used to detect inorganic 
vapor [131]. Researchers in the sensor field have found that doping them with poly(o-
anisidine) (PoA)-tin oxide (SnO2) nanocomposites is an effective way to achieve a 
wide range of analytical goals with a variety of techniques. Poly(o-anisidine) and 
tin oxide were investigated as a humidity sensor combination recently. To make the 
sensor, o-anisidine was chemically polymerized on-site using SnO2 nanoparticles. 
When used to quantify humidity, the PoA-SnO2 nanocomposite sensor demonstrated 
superior humidity detecting features to pure PoA, such as high sensitivity, rapid 
response, fast recovery, and strong repeatability [132]. Khan et al. [133] created a 
sensor using a poly-o-anisidine Sn(IV) tungstate composite. The detection of Hg 
(II) ions was demonstrated to be both selective and sensitive using a nanocomposite 
electrochemical sensor. 

Fig. 10 Intermediate electron transfer on a PoA/GR-modified electrode through NADH oxidation 
[124]
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Fig. 11 Graphical impersonation of the synthesis of PoAS-Ag/MWCNTs, polymer nanocomposite 
fabrication onto glassy carbon electrode, and electrochemical sensor applications [127]

3.4 Polypyrrole and Its Related Nanocomposite Material 
Sensor Applications 

One of the most promising CPs, PPy is created by the chemical or electrochemical 
polymerization of pyrrole. The PPy polymerization process was initially postulated 
by Diaz et al. [134]. The use of polymer-coated electrodes has been the subject of 
a plethora of subsequent research. Research into the use of polypyrrole (PPy) and 
its eco-friendly composites as electrochemical electrode materials, especially for 
electrochemical biosensor applications, has been conducted. PPy has found appli-
cation in electrochemical sensing materials due to its advantageous and distinctive 
chemical, physical, and electronic features. Using a PPy-coated electrode in a flow 
injection study, Wang et al. [135] presented a novel procedure for electrochemically 
detecting nucleic acids. A nanocomposite sensor made of AuNP-PPy/Prussian blue 
was purportedly utilized to detect H2O2. Autopolymerization of pyrrole into PPy and 
simultaneous reduction of AuCl to elemental Au were used to make the composite; 
the elemental Au was also used to produce Prussian blue, which acted as a catalyst. 
As a result of the PPy, this H2O2 sensor probe was able to detect concentrations as 
low as 8.3 × 1010 M [136], and it responded quickly and was stable. As a means of 
sensitive and selective detection of H2O2, the electrochemical copolymerization of 
PPy on mesoporous Pt with a boron-doped diamond electrode was devised. Sensitive, 
selective, and precise quantification of H2O2 was demonstrated by the synergistic 
actions of MPrPt and PPy copolymer. Mesoporous PtNPs may be to thank for their 
great sensitivity [137]. To detect glucose, another study used PPy-coated AuNPs 
that were deposited electrochemically [138]. Electrode conductivity was improved 
and nanocomposite films were generated by electrolyzing AuNPs onto a PPy layer,
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Fig. 12 Graphical impersonation for the synthesis of PoA-MoP/Ag nanocomposite and modi-
fication of carbon fiber microelectrode displaying active sensing area vertical and transverse 
(a)–(c) [133]

allowing for their use in a DNA sensor. The capture DNA strand was immobilized on 
the AuNPs for DNA detection, and the hybridization experiment involved exposing 
the modified electrode to the target and subsequently the HRP-modified probe strand. 
The electron transfer to the HRP-labeled probe strand is mediated by the reduc-
tion of hydroquinone, and it was during this reaction that a measurable current was 
produced from the reduction of benzoquinone. The ability to detect DNA quanti-
ties below 1 pM was proven in this investigation [139]. Electroanalytical research 
employing a wide range of analytical goals and methods is increasingly turning to the 
production of electrochemical biosensors based on graphene-PPy composites. It was 
recently revealed that adenine and guanine may be detected at the same time using
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a composite of graphene and overoxidized poly (phenylene pyrrolidone). Together, 
PPy and GO were electrodeposited using a potential cycling approach, and then GO 
was electrochemically reduced to make the sensor probe. An oxidized surface of a 
PPy-graphene (PPyox-gra) composite layer was created by oxidizing the obtained 
PPy-graphene at +1.8 V. The oxidized form of PPy allows cationic species through 
while rejecting anionic and neutral species, allowing the sensor probe to function with 
more selectivity and reducing the likelihood of interference. The PPy ox-grasensor 
probe could detect concentrations as low as 0.02 and 0.01 M for adenine and guanine, 
respectively [140]. Utilizing a PPy-GO composite with poly(ionic liquids), Mao et al. 
created a sensor probe (PILs). Nanosheets of PILs/PPy/GO embedded with sensor 
probes showed stable and sensitive dopamine detection in the presence of ascorbic 
acid. The separation of the DA and AA oxidation peaks was greatly aided by the 
presence of PILs on the sensor probe [141]. By combining AuNPs with graphene 
and PPy, Tiwari et al. created a genosensor. First, an indium tin oxide (ITO) electrode 
was coated with GO-AuNP using a one-pot solution preparation technique. Electro-
polymerization of PPy was then performed on the GO-AuNP layer. The scientists 
found that the rate at which scans were taken had a significant impact on the morpho-
logical alterations in PPy. Using methylene blue (MB) as a redox indicator, this sensor 
probe was able to detect electrochemical signals with a response time of 60 s and 
high sensitivity of 1 × 1015 M [142]. Enzyme immobilization on polymer films plays 
a critical role in the research and development of enzymatic biosensors. Adsorption, 
trapping, covalent binding, etc., are only a few of the methods that may be used to 
immobilize enzymes. The covalent attachment between the polymer film and the 
enzymes makes covalent bonding the most promising of these approaches [143]. 
The direct electron-transfer process of cytochrome and other proteins, as well as 
glucose and aptamer and DNA sensors, were all developed using this strategy with 
great success. Preparation of an enzymatic glucose sensor utilizing PPy nanowires 
GOx that is covalently linked to PPyCOOH/PPy composite nanowires. Additionally, 
to its high sensitivity and broad linear dynamic range, the sensor probe showed not 
only good sensitivity and low false-positive rates [144]. Here’s Yet Another Glucose 
Monitor designed using a biocompatible chitosan-GOx complex immobilized on a 
PPy/Nafion/MWCNT nanocomposite electrode. Within a nanohybrid PPy/Nafion/ 
MWCNT sheet, chitosan-glucose oxidase was encapsulated. The nanohybrid films’ 
large surface area improves GOx loading on the electrode surface, resulting in great 
sensitivity and the capacity to detect 5 M glucose [145] in the sensor probe. By using 
Nafion in the composite, the scientists were able to boost the electrode’s stability 
and improve the MWCNTs’ dispersion throughout the material. For xanthine anal-
ysis, a new sensor probe based on a ZnO–PPy composite was created. After being 
immobilized on a ZnO–PPy composite electrode surface, xanthine oxidase demon-
strated strong electrocatalytic activity for the oxidation of xanthine [146]. This paper 
describes the synthesis of a [2,5-[di(2-thienyl)-1H-pyrrole-1-(p-benzoic acid) the 
DPB monomer to application to the construction of a detection system based on 
aptamers the kanamycin. Self-assembly of DPB monomers with AuNPs before the 
electrode surface was prepared for electropolymerization. A molecule that is both 
apt and aptameric formed a covalent link with the electrode, rendering it immobile
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connecting the aptamer’s –NH2 groups to the poly—COOH DPB’s groups. When 
kanamycin was bound to the aptamer-immobilized probe, a pair of redox peaks 
appeared in the sensor response, at around 0.26 and 0.08 V (vs. Ag/AgCl). Selec-
tivity for kanamycin was high, sensor stability was high for up to two months, and 
the detection limit was 9.4 0.4 nM [147]. Direct electrodeposition of a PPy-gra (PG) 
nanocomposite was utilized to create a brain microelectrode array, which was then 
used to monitor dopamine release from pheochromocytoma cells by Wang et al. In the 
presence of ascorbic acid, the deposited PG composites on the brain microelectrode 
array showed high dopamine selectivity. Due to its strong negative charge, the elec-
trocatalytic graphene structure, the authors argue, successfully attracts DA cations 
to the surface of PG nanocomposites while repelling AA anions [148]. According 
to the amperometric findings, ascorbic acid does not significantly affect dopamine 
detection. When the PC12 was stimulated with K+ ions, dopamine was secreted, and 
the sensor probe was utilized to detect it. This DNA sensor was created by Mndek 
et al. [149]. who used an MWCNT-PPy composite that had been functionalized 
with a redox PAMAM dendrimer. DNA has been electrochemically detected using 
the nanomaterial, proving its efficacy as a molecular transducer. Figure 13 shows 
that the MWCNT-PPy nanocomposite was created by electropolymerized pyrrole 
onto MWCNTs and that PAMAM was covalently attached to the nanocomposite 
through electrooxidation. As a result, ferrocenyl groups were incorporated, and the 
DNA hybridization was detected using the electrochemical signal from the ferrocene. 
Detection of the rpoB gene of M. tuberculosis DNA in real-world PCR samples was 
possible using the sensor probe. A second aptasensor, based on a PPy-PAMAM 
dendrimer composite, was designed to detect ochratoxin directly (OTA). The Below 
the 5 ng L–1 OTA detection limit, the aptasensor has a detection limit of 2 ng L–1. 
Limits are set by European Union laws on the amount of OTA that can be present in 
food [150]. An aptasensor for the detection of biomarkers of prostate cancer was also 
developed using a PPy composite. A notable feature of these sensors is their ability to 
resist fouling. By using a PPy-PEG composite electrode, Jolly et al. created a sensor 
probe with improved antifouling properties. The sensor probe was made by cova-
lently connecting a molecule of N, N-bis(carboxymethyl)-l-lysine hydrate (ANTA), 
which is linked to a Cu2+ ion complex, to PPy-PEG on a gold electrode surface. It 
was the PPy and the redox-active copper complex that gave the PPy-PEG-ANTA/ 
Cu2+ sensor probe its improved electrochemical characteristics. Using the PPy-PEG 
adduct as a platform, the Cu2+ redox complex immobilized aptamers that had been 
modified with polyhistidine. Square wave voltammetry was used to observe the shift 
in copper redox signal upon detection of -methyl acyl-CoA racemase (AMACR; 
P504S) (SWV). The hybrid materials used to make the sensor probe gave it superior 
antifouling abilities, and it was able to detect AMACR at Femto molar concentrations 
(0.15 FM) [151]. This paper describes the development of a biotin-doped PPy dual 
responsive immune sensor for ultrasensitive detection of numerous tumor markers 
using a combination of colorimetric identification and an electrochemical response. 
In comparison to sensor probes with a smooth surface, the PPy immune sensor’s 
nano-rough surface and numerous HRP-labeled and antibody-attached NPs are huge
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Fig. 13 Schematic representation of DNA biosensor preparation using MWCNTs, PPy, PAMAM 
G4 dendrimers, and ferrocene. Adapted with permission from Ref. [146]. Copyright 2015 American 
Chemical Society 

benefits. The analytical and clinical performance of the sensor probe were both very 
strong [152]. 

3.5 Sensor Applications of Other Conducting Polymers 
and Their Related Nanocomposite Materials 

Despite the widespread use of traditional polymers and their nanocomposites, 
various other types of electrochemical sensors, including poly(diaminonaphthalene), 
polypyrrole, polythiophene, polyindole, and polyazulene, have been developed and 
implemented. In 2009, poly(1,5-polydiaminonaphthalene) and Cibacron blue were 
utilized in the creation of a composite film that was intended for use in the process 
of dopamine detection [153]. Shim et al. [154] developed a composite film for 
acetaminophen and dopamine detection by dispersing blue 4 dye in poly (1,5-
DAN). On the surface of an electrode, Mir et al. developed a composite layer 
in 2015 that consisted of G O mixed with poly (1, 5-polydiaminonaphthalene). 
At 0.005 M, dopamine was found on this electrode surface, and the increase in 
response was quite significant [155]. The electrochemical analysis is increasingly
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supporting the modification of biosensors based on graphene and PPy composites 
as a method of accomplishing specified analytical purposes. This modification may 
be accomplished through the use of PPy composites. Recently, researchers have 
been looking at composites made up of graphene and overoxidized polypyrrole 
(PPy) to find guanine. Mao et al. [156] alinvention’s of an electrochemical sensor 
probe included the use of poly(ionic liquids), often known as PILs, together with 
polypyrrole (PPy) cross composite. The regular and specific detection of dopamine 
was accomplished by using PILs/PPy/GO nanocomposites in electrochemical sensor 
probes. Tiwari et al. [157] developed an improved biosensor by utilizing graphene 
materials, AuNP, and PPy in conjunction with one another. This sensor exhibited 
an extremely high level of sensitivity, measuring one part in 109 M. Shim et al. 
[158] were responsible for some of the initial investigations done on the potential for 
terthiophene polymers to enhance sensors. The goal was to create electrochemical 
sensors and electrocatalytic composite materials that were more effective. To detect 
DNA hybridization, Shim et al. [159] developed an electrochemical sensor that was 
based on 5,2:5,2-terthiophene-3-carboxylic acid (TTCA) monomers and was placed 
on a glassy carbon electrode. Poly(indole-6-carboxylic acid) was another method 
that was utilized to measure DNA hybridization [160]. Recently, an electrochemical 
sensor for the detection of H2O2 was produced by altering a thiophene acetic acid 
and azulene copolymer that was coated on the surface of an electrode. In a sepa-
rate line of investigation, scientists produced a composite layer by combining n-type 
polybenzimidazobenophenenthroline-poly(ethylene oxide) (BBL-PEO) with p-type 
polyazulene. This layer was exploited in the study on sensors [161] (Table 1).

In addition to polyindole, polyazulene, and its composites were investigated for 
a variety of applications alongside one another. At an earlier stage, impedance and 
in situ Spectro electrochemical methods at platinum electrodes were used to study 
the electrochemical development and spectroscopic characteristics of polyazulene 
[450]. Recently, a sensor for the detection of H2O2 was fabricated by forming 
azulene and thiophene acetic acid copolymer on the surface of the electrode [174]. 
In another study, the donor–acceptor layer was produced by combining n-type 
poly benzimidazobenophenenthroline-poly(ethylene oxide) (BBLPEO) and p-type 
polyazulene using a composite material. The electrochemical and spectrochemical 
research [175] utilized this composite layer as their subject matter. To develop a 
hydrophobic solid-state electrode for the selective detection of potassium ions, the 
polyazulene layer was electropolymerized. This created the electrode. Polarization of 
polyazulene solid contact was implemented as a convenient approach to address the 
issues of the irreproducible standard potential of solid-state potassium ion-selective 
electrodes [176]. This was done to address the issue of potassium ion-selective elec-
trodes not being able to reproduce their standard potential. On a platinum substrate, 
polyazulene and poly(3-[(E)-2-azulene-1yl)vinyl]thiophene were synthesized using 
electrochemical techniques in a variety of combinations [177]. Using square wave 
voltammetry, monolayer and bilayer-modified electrodes containing these materials 
were examined to determine their electrochemical performance as sensing probe 
materials for the detection of dopamine and 4-nitrophenol. On a carbon nanohorn 
with a single wall, some of the other polymers, such as poly-ophenylenediamine,
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were conjugated. The polymer underwent molecular imprinting so that it could 
uniquely recognize kanamycin molecules, and the electrode was employed for the 
electrochemical detection of the compound [178]. Similarly, a functional dicarbazole 
conductive polymer was electrochemically polymerized and described for a variety 
of eco-friendly applications in electrochemistry [179] 

4 Conclusion 

Conducting polymers, such as polyaniline, polyorthoanisidine, polyorthotoluidine, 
and polypyrrole, have recently emerged as crucial new advanced materials for the 
creation of novel devices and the structure-dependent assessment of distinct char-
acteristics required in developing eco-friendly applications. Analytical devices are 
known as chemical sensors and convert chemical reactions, into electrical signs. 
We have provided an overview of the processes involved in the synthesis and func-
tionalization of conducting polymer conjugates, as well as current developments in 
their application in the production of sensors. According to the research that has 
been published so far, among the conducting polymers, conjugates of polyaniline, 
polypyrrole, and polythiophenes display features that indicate they might be useful 
in the development of future eco-friendly electrochemical applications. In addition, 
in comparison to the other types of polymer composites, polythiophene composites 
have shown a level of stability and electrical conductivity that is far higher than the 
others. In addition to the conventional single polymer systems, many researchers are 
currently combining two or more polymers with a catalytic eco-friendly nanomaterial 
to form a highly sensitive conjugated material. This material generates very sensitive 
signals when it is utilized for any kind of electrochemical sensing application. These 
nanomaterials, which include several functional groups, have the potential to serve 
as the most appropriate substrate for the attachment of various recognition compo-
nents. These findings by a friendly way for a new class of materials, one in which the 
distinctive qualities of several different materials may be merged to create a single 
material that possesses several capabilities. 
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Chapter 18 
Comparison of Different Functionalized 
Materials for Supercapacitors: General 
Overview of the Environmental 
Awareness 

K. S. Rajni, D. Pughal Selvi, and V. Vishnu Narayanan 

1 Introduction 

Energy storage is one of the main challenges faced in this era. We need eco-friendly, 
high-energy–density, long-lasting, and cost-efficient energy devices. According to 
recent intense research reports, the annual greenhouse gas has increased by more 
than 40% since 1990. A huge downfall in the potential of fossil fuels on earth raises 
a global energy demand, rising by ~3.6% yearly. With the increasing need to develop 
next-generation lightweight, flexible, and wearable electronics and optical electronic 
devices, Supercapacitors act as a solution for this because of their high electrical 
conductivity, fast charge/discharge rates, and electrochemical stability [1, 2]. 

Traditional capacitors have comparatively large densities of energy. However, it 
still has lesser energy density than electrochemical cells (EC) and fuel cells, i.e., 
a cell can store high energy compared to a capacitor. However, it is still unable to 
transport it faster, which means it has less power density. However, capacitors hoard 
comparatively small energy/mass or volume, even so, the electrical energy they hoard 
shall be suspended faster to make a load of power; hence power density is large for 
supercapacitors [3, 4]. Supercapacitors have a similar concept to traditional capaci-
tors, but they fuse electrodes of higher aspect areas and slim dielectrics, lowering the 
space between them. Supercapacitors can gain a relative time rate of energy transfer. 
Also, they show many merits over EC cells [5] and other cells, like large time rate 
of energy transfer, small recharging time, with an extended wheel of viability and 
service [3].
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1.1 Need for Supercapacitor 

In this quickly increasing population, contamination, fossil fuel exhaustion, and the 
rapid maturation of the universal financial system, it is crucial to have clean, renew-
able, and orderly energy sources in hands with science and technology for power 
transformation and repositioning. People have developed a great interest in ultraca-
pacitors due to their advantages, like a long wheel of life and better power density 
filling the gap between the traditional battery cells and dielectric capacitors; also, 
they possess the capacity of better energy repositioning and output. Eco-friendliness 
makes supercapacitors convenient for chemical sciences, whereas the traditional 
capacitors cannot consummate the requirements of the modern-day as their practi-
cality is bounded only to some execution. The succeeding progeny of EDLC has 
evolved with the help of transition metal oxide (electrode) that can furnish both 
favorable power and energy densities [3, 4]. 

Supercapacitors are grouped into electrochemical double-layer, pseudo-capacitor, 
and hybrid capacitors. Every class has a unique method to hoard charges like elec-
trostatic, faradaic, and a merge of two of them. The faradaic method uses a redox 
reaction, including charge transmission connecting electrodes and electrolytes. The 
electrostatic method doesn’t utilize a chemical reaction, but charges are ordered on 
aspect area by physical methods that do not indulge the forming or splitting of bonds 
between chemicals [6]. 

The nature of the electrode materials used for the different types of supercapac-
itors also varies according to their working principles. These functionalized mate-
rials include transition metal oxides, nitrides, sulfides, conducting polymers, carbon, 
and allotropes. Each of these materials performs well, but each has environmental 
safety concerns. In this era of sustainable development, the environmental aspects 
of the electrode material are also important. Hence it is important to know the envi-
ronmental aspects of various functional materials so that further development in 
supercapacitors can also be sustainable. This book chapter attempts to improve envi-
ronmental awareness about various electrode materials utilized in all three types of 
supercapacitors. 

2 Types of Supercapacitors 

See Fig. 1.

2.1 Electrochemical Double-Layer Capacitors (EDLCs) 

EDLCs usually work by utilizing stable functioning attributes for a good charge– 
discharge series. Due to their cyclic stableness, EDLCs are suitable for application
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Fig. 1 Classification of supercapacitors

in fields that indulge in places that are not serviceable, like deep inside the sea or hill 
surroundings. An electrochemical double-layer capacitor (EDLC) merges carbon-
based electrodes, a separator, and an electrolyte. They electrostatically hoard charge, 
and no charge is transferred between the electrolyte and electrode in (Fig. 1) [7]. 
EDLCs use a charge electrochemical double-layer to hoard energy. On applying 
current, Charge is collected on the surface of the electrode. Due to an attraction 
of unlike charges, ions disseminate in the solution of an electrolyte, covering the 
separator toward the apertures in the electrode with inverse charge, in contrast, elec-
trodes are designed to avert the reclination of the particles [8]. So, a double layer 
of charge is made in an individual electrode. The charge double-layer is co-joined 
along with a higher aspect dimension and a lower space between electrodes, making 
EDLCs gain a large energy density compared to traditional capacitors as charges are 
not transferred to connecting electrode and electrolyte; also, no synthetic alterations 
are blended with the electrostatic method. So, hoarding of charge in EDLCs is very 
much reversible, making them attain higher functioning stableness [9]. 

2.2 Pseudo-Capacitors 

Pseudo-capacitors are just opposite to EDLCs, which hoard charge non-faradaic 
ally, while pseudo-capacitors faradaic ally hoard charge using the charge transfer 
connecting electrolyte and electrode. This can be attained using absorption on the 
surface of an electrode, redox reactions, and reversible inclusion of ions (Fig. 1). 
These Faradaic methods make pseudo capacitors attain higher capacitances and 
power densities than EDLCs. Conducting polymers and metal oxides are two 
substances. They are utilized to hoard charge in them and provide good outcomes 
[10–12]. The electrodes of the pseudo capacitors can be classified into three based 
on the materials used:
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. Transition metal oxides,

. Transition metal nitrides, and

. Conductive polymers. 

The performance of conductive polymer-based electrodes is relatively lower 
than that of their counterparts due to the inferior electrical conductivity. The most 
commonly used polymer electrodes are polyaniline (PANI), polythiophene (PT), and 
polypyrrole (PPY), which have long chains with conjugated double bonds. Due to 
the comparatively good performance of transition metal oxides and nitrides, many 
studies are ongoing to enhance their performance. Recently there has been a shift 
in the focus toward carbon-based electrode material by incorporating electroactive 
transition metal oxide and nitride particles into the carbon matrix [12]. 

2.3 Hybrid Capacitors 

In recent times, ultracapacitors have great energy storage capacity, high power 
density, cyclic stability, etc. compared to batteries and fuel cells. As a result, hybrid 
capacitors are developed, which is a combination of both non-faradaic and faradaic 
materials together (Fig. 1) [13]. The hybrid capacitor is a supercapacitor type that 
undergoes principles of electrostatic storage and electrochemical, respectively [14]. 
In hybrid capacitors, the anode part consists of metal oxides or conducting polymers, 
and the cathode parts consist of carbon-based materials [14, 15]. 

An asymmetric supercapacitor consists of two electrodes, an anode (positive elec-
trode) made of a polymer or metal oxide material and a cathode (negative electrode) 
made of a carbon material [16]. Among the different forms of carbon material, acti-
vated carbon shows high performance in the form of electrode material because of its 
large surface area resulting in high capacitance [17]. An increase in capacitance value 
indirectly increases the energy density. Although commercially available activated 
carbon is a viable source, it is made using expensive and environmentally unfriendly 
fossil fuels [17, 18]. The hybrids perform excellent galvanostatic charge/discharge, 
life-cycle, and specific capacitance. So, it becomes highly imperative to consider a 
source that is easily available, friendly to the environment, and cost-effective. They 
can be used in a wide range of applications, such as heavy electric vehicles, power 
backup, and robotics [19]. 

Thus, hybrid capacitors intend to make the most use of the comparative merits and 
weaken the comparative demerits of other supercapacitors to grasp high-functioning 
attributes. Using one and the other, Faradaic and electrostatic principle to hoard 
charge, these have attained efficiency and density of power more than EDLC but 
do not sacrifice in functioning stableness, and affordable cost have bounded the 
achievement of pseudo-capacitors. Studies focus on three kinds of hybrid capacitors, 
differentiated using a configuration of electrodes like asymmetric, battery-type, and 
composite [18, 19].
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3 Materials 

The more suitable materials for the next-generation supercapacitors are transition 
metal oxides [20], sulfides [21], hydroxides [22], nitrides [12], conduction polymers 
such as polypyrrole and polyaniline [23], and carbon materials such as active carbon 
[24], graphene [25], graphene oxide [26], and carbon nanotubes [27]. These materials 
have appreciable physical and chemical properties, which can be utilized for energy 
storage applications. 

3.1 Transition Metal Oxides 

Metal oxides possess great conductivity and are considered an appropriate electrode 
for pseudo capacitors [20]. This category’s maximum number of studies is based 
on ruthenium oxide (RuO2) [28] due to its metal-like conductivity and superior 
capacitive performance with very high super capacitive performance. The ruthenium 
oxide’s capacitance is attained using the adding and removing or reversible inclusion 
of protons to its indefinite construct [29]. Another advantage of RuO2 is the very high 
overpotential for oxygen evolution and low hydrogen evolution overpotential in acid 
solution. Thus, the material is mostly utilized as the positive electrode. RuO2 shows 
capacitance up to 720 F/g. 

Most metal oxides have good electrical conductivity and multiple oxidation states 
hence, they are preferred as electrode material for pseudo-capacitors [20]. Transition 
metal oxides have low resistance and show strong faradaic electron transfer reactions, 
and during the reduction, the free intercalation of protons into the oxide matrix occurs. 
Pseudo-capacitors with metal oxides electrode have high energy density and cyclic 
stability compared to carbon-based supercapacitors and conducting polymer-based 
pseudo-capacitors [20]. Among the transition, metal oxide electrodes such as Iridium 
(IrO2) [30], ruthenium (RuO2) [28, 29], and manganese (MnO2) [31], as in Fig. 2. 

Iridium oxide (IrO2) has a specific capacitance 293 F/g @ 5 A/g  [30]. RuO2 is 
preferable due to its wide potential window, multiple oxidation states, low material 
resistance, etc. [29]. Manganese (MnO2) has a specific capacitance of 300 F/g @ 1

Fig. 2 Commonly used transition metal oxide electrode materials 
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A/g [31]. Currently, research focuses on ternary and quaternary metal oxides due to 
their physical and chemical properties, such as multiple oxidation states, high surface 
area, and high electrical conductivity, which lead to high performance. Due to metals’ 
co-existence and synergistic effects, ternary metal oxides have more reaction sites 
(higher electrochemical activity) [32]. Nanostructures of transition metal oxide have 
gained popularity because of their alluring advantages of ease of manufacture, low 
cost, and environmental friendliness [33]. 

Transition metal oxides have a wide environmental-related application. They are 
also used for health care applications such as water purification, air purification, 
elimination of fungus, bacteria, and viruses, targeted drug delivery, etc. Oxides based 
on titanium, vanadium, zinc, copper, etc. are the most commonly used material for 
these applications (Fig. 2). These materials and nanocomposites show high stability, 
less toxicity, and low cost [34]. 

3.2 Metal Hydroxides 

In recent times, metal hydroxides, due to their layered double hydroxides formation, 
are capable of multiple oxidation states and active surface regions. Layered Double 
Hydroxides (LGHs) are fascinating materials that appeal to several sectors, such 
as nanomedicine for cancer treatment, photocatalytic applications, and electrode 
materials for energy storage, such as supercapacitors as in Fig. 3 [35]. The researchers 
discovered it as hydrotalcite in 1842. They are named “hydrotalcite” due to their 
similarities with talc and a huge amount of water content. In general, two types 
of hydrotalcite, anionic and cationic clays. The negatively charged ones are at the 
inner layered region termed cationic clays [36]. These layered structures consist of 
octahedral sheets in between the tetrahedral sheets. The anionic clays, termed “brucite 
layers,” were positively charged at the inner layered region. Due to their wide range of 
compositions, adjustable molar ratios of metal cations, and interchanging of anions 
in inner layers, these structures lead to the unique construction of LDHs. Thus, 
Layered Double Hydroxides are one of the most promising electrode materials for 
supercapacitors. Due to high porosity, the nickel–aluminium based LDH composites 
have a high specific capacitance of 1208 F/g @ 1 A/g, and retention is 80%. Nickel– 
manganese-based LDH composites have a high specific capacitance of 1268 F/g @ 
1 A/g, and retention is 79%. Nickel–cobalt-based LDHs composites have a high 
specific capacitance of 151.46 F/g @ 2.5 A/g, and retention is 85.6% [37]. Nickel 
hydroxide (Ni(OH)2) and cobalt hydroxide (Co–Ni(OH)2) have a specific capacitance 
of 1038 F/g and 1366 F/g @ 1.5 A/g and retention of 96.26% [38].
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Fig. 3 Advantages of 
transition metal hydroxides 

3.3 Metal Sulfides 

Sulfide composite materials play a vital role due to their electrical properties. Elec-
tronic conductivity is higher than compared to oxide in metal sulfides. Sulfur has a 
lower electronegativity than oxygen, which avoids splitting the structure in-between 
layers [38]. Various metal-sulfides such as zinc sulfide [39], iron sulfide [40], nickel 
sulfide [41], cobalt sulfide [42], copper sulfide [43], manganese sulfide [44], molyb-
denum sulfide [45], and tin sulfide [46] act as functional materials for supercapacitor 
applications. 

Binary metal sulfides such as CoMoS4, CuSbS2, ZnCo2S4, Cdln2S4, FeMo4S6, 
CuCo2S4 [47–49], etc., as shown in Fig. 4 are used for various applications. The 
metal sulfides are low-cost, low toxicity, and easy to handle. The advantages of 
metal sulfides are layered structure, exposed active region, and high redox reactions. 
The disadvantages of metal sulfides are volume expansion. The nickel–aluminum 
sulfides have a high specific capacitance of 1137 F/g @ 1 A/g, retention is 92.7%, 
and nickel–cobalt sulfides have a high specific capacitance of 1147 F/g @ 1 A/g and 
761 F/g @ 50 A/g [50, 51].

3.4 Conducting Polymers 

Conducting polymers have comparatively large capacitance and conduction, lesser 
ESR, and price than carbon-based electrodes. Specifically, the n- or p-type arrange-
ment of polymer possesses a negative charge or n-type doped, and a positive charge or 
p-type doped polymer electrode that can conduct can have a higher potential energy 
and energy density. But they do not have an efficient n-doped polymer substance that 
can conduct. This averted the capacitors from achieving the goal. Also, the physical 
strain on large molecules can conduct when the redox reaction bounds the stable-
ness of the pseudo capacitors by several charge–discharge series. This limits the
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Fig. 4 List of commonly used primary sulfide electrodes in supercapacitors

functioning stableness and bothers the enhancement of polymers that can conduct in 
pseudo-capacitors [52, 53]. 

Polyaniline (PANI) and polypyrene are some frequently used and successful elec-
trode materials, as shown in Fig. 5 [54]. One of their major disadvantages is their poor 
cyclic stability caused by constant swelling or shrinkage of chains during charge/ 
discharge cycles. Diverse methods of conducting polymer materials enhance the 
supercapacitor properties of pseudo-capacitive materials. The bulk range of fast 
redox reaction in conducting polymers improves the capacitive and shows high 
specific energy. Also, they have low cyclic stability compared to transition metal 
oxides (TMOs) and carbon-based electrodes supercapacitors [54].

3.5 Carbon-Based Materials 

Materials with narrow-band gap properties enhance electrochemical properties and 
make them ideal for extensive applications with huge demand. Fabricating an elec-
trode material with the expected outcomes, such as energy and capacity, can alter the 
performance of conventional capacitors and batteries. Carbon-based materials are 
preferred as electrodes due to their high specific surface area. Among the different
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Fig. 5 Commonly used 
conducting polymers

types of carbon-based materials, graphene, carbon nanotubes, carbon fibers, and bio-
activated carbon are used as electrodes as in Fig. 6 for supercapacitors application 
due to their cost effectiveness [55–57] 

Carbon is obtained via biomass, in which few are used as precursors. Nowa-
days, novelty research concepts with biodegradable materials play a vital role in 
electrochemical performance. The progress in applying abundant biomaterials and 
materials derived from biomass in the field is well established [58]. Though carbon-
based materials have high specific capacitance, it is hazardous, causing difficulty 
breathing and polluting the environment. 

Graphene, a single layer of graphite, is a prominent material for the electric double-
layer capacitor (EDLC). Graphene’s surface area and capacitance value are 26317 
m2 g−1 and 550 F/g. It has higher electrical conductivity than activated carbon [59].

Fig. 6 Various carbon-based 
electrode materials 
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Thus, it can be a prominent material for electric double-layer capacitors (EDLC) [60]. 
This 2D material has a high surface area and can be used as an electrode, resulting in 
the device’s high charge and discharge capability [61]. The quick migration charge 
carriers into or out of the electrode structures as graphene is in the form of vertically 
oriented sheets [62]. 

Carbon nanotubes (CNTs) can be considered a rolled-up sheet of graphene in a 
tube form and are called single-walled carbon nanotubes (SWNTs). A multi-walled 
carbon nanotube will be formed if there are several similar graphene tubes around 
the parental SWNT. The CNTs have very good electrical conductivity, high specific 
surface areas, good charge transport capability, mesoporous surface structure, and 
high electrolyte accessibility; hence, the CNT family attracted the scientific commu-
nity for a wide range of applications, including the development of high-performance 
electrodes for supercapacitors [63]. The FTO-CNTs can be utilized both as positive 
and negative electrodes and has a specific capacitance of 542 mF/cm2 and 410 mF/ 
cm2 at 10 mV/s, respectively. They also have a specific surface area of 903 mf/cm2 

@1 mA/cm2 [64]. The theoretical capacitance of CNTs is between 71 and178 F/g, 
and the surface area is 357 m2/g [65]. 

4 Environmental Effects of Various Functionalized 
Material Electrodes 

In the twenty-first century, environmental issues related to various types of pollution 
are pressing. The various organic and inorganic pollutants released in the biosphere 
and the various micro-organisms such as bacteria, viruses, and fungi disturb the 
ecological balance on earth. Environmental remediation is required immediately 
to fulfill the dream of sustainable development. The success of sustainable devel-
opment depends on the efficient utilization of various renewable energy sources 
and their storage. Hence, the development of environmentally friendly materials for 
sustainable energy conversion and efficient storage is much needed. 

Among the various electrode materials used in supercapacitors, transition metal 
oxides and hydroxides are stable in open atmospheric conditions and are widely used 
for environmental remediation, the drawback of these materials is their chemical and 
biological side effects [66, 67]. Various transition metal oxides and hydroxides can 
be effectively used as absorbents and catalysts to remove organic and inorganic pollu-
tants from the air [67, 68] and water [69, 70]. These can also be utilized effectively 
to remove contaminated chemicals [69, 70] and biological substances [71]. The tran-
sition metal oxides have very good crystalline features with controlled structural 
properties, and enhanced surface area is highly stable and less toxic when used as a 
photocatalyst to remove pollutants from water. They can function as semiconductors 
with wide bandgaps and are cost-effective, nontoxic, and abundant on the earth [72]. 

The tuneable structural, electrical, optical, physical, and chemical properties of 
metal sulfides make them suitable for a wide range of environmental as well as
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energy-related applications, including energy conversion [73], energy storage [74, 
75], hydrogen production [76], CO2 reduction [77], air purification [78], water purifi-
cation [79] and also for medicinal applications like targeted drug delivery [80]. The 
chalcogenides are well known for their very high surface area, enhanced surface 
reactivity, and surface sites and can also be used for sensing applications [81, 82]. 

The pi electrons are responsible for electrical properties such as electrical conduc-
tivity, very high electron affinity, low ionization potential, and low energy optical 
transitions for the conducting polymers [83]. Due to these properties, conducting 
polymers are widely used for biosensing devices [83] and in analytical chemistry 
[84]. The flexibility, lightweight, and enhanced electrical properties make them suit-
able for flexible and wearable electronic applications [85], energy conversion [86], 
and storage applications [87, 88]. The environmental applications of conducting 
polymers include air and water purification [89, 90] and anti-microbial application 
[91]. 

The structural and interfacial interactions are the reason behind the carbon nanos-
tructure’s unique physical and chemical properties. These unique properties, coupled 
with the enhanced surface area and wide range of pore sizes, enable the material 
for many environmental-related applications, including gas adsorption [92], water 
treatment [93], anaerobic digestion [94], composting [95], soil remediation [96], etc. 

5 Conclusion 

The sustainable development of modern world economies is strictly oriented around 
various green energy resources and their efficient utilization. For this, along with 
highly efficient and sustainable energy conversion devices, energy storage devices 
with enhanced energy and power factors are also required [97]. The supercapacitors 
have very high-power conversion efficiency and can be effectively utilized in areas 
where a huge impulse of energy is required. 

Researchers worldwide are in pursuit of developing newer materials and tech-
nologies for energy storage applications, especially batteries, and supercapacitors. 
In this regard, various sustainable materials with different functional groups have 
been developed worldwide. These materials include transition metal oxides, sulfides, 
carbon and carbon allotropes, and conducting polymers. Each of these materials has 
its advantages and disadvantages, which we have discussed in this chapter. Thorough 
knowledge of various functional groups utilized for supercapacitor applications is 
one of the primary requirements for advancing energy storage applications without 
disturbing the stability of the environment [98]. The 3R method [99] must be kept in 
mind for further developing materials for sustainable energy storage applications. 
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Chapter 19 
Role of FNMs-Based Supercapacitors 
in the Food and Beverage Industry 

Tanuj Kumar and Arunima Verma 

1 Introduction 

The goal of nanotechnology is to create and grow organic and inorganic materials 
with specific chemical, biological, and physical characteristics at the nanoscale [1]. 
When particles are reduced to this size, the material obtained no longer has the same 
chemical and physical characteristics as the macroscale components found in the 
same basic substance. Recent years have seen a flurry of activity in this area of study, 
with several researchers quickly seeing promising applications in the food and drink 
industries [2]. 

According to researchers, food safety is the “scientific regularity” that describes 
how to acquire, prepare, and store food without exposing people to harmful bacteria 
conditions such as illnesses [3]. There have been a lot of talks lately about how 
concerned people are about the quality and safety of their food as well as drinks. 
Furthermore, establishing high standards in the case of process control is the top 
priority. Customers have higher and higher standards for food quality. Manufac-
turers are under pressure to provide foods and drinks that meet the high standards 
set by consumers, who increasingly look for trust marks and quality labels. Because 
of the great variety of complicated matrices, food testing labs must identify a broad 
spectrum of goods (vegetal or animal origins). It poses a significant difficulty for 
concentration-dependent selectivity and sensitivity. One of the most important and 
crucial aspects of food safety investigations is the development of analytical methods 
and tools that can meet today’s needs for detecting a wide range of potentially harmful 
substances in food [4]. Due to the complex matrix of food specimens and the avail-
ability of trace levels of dangerous agents, sensitive, high-output, accurate, low-cost, 
and convenient analytical techniques or apparatuses are introduced in the mainstream
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of food safety analysis. There is significant potential for the supercapacitor technique 
to alter conventional methods of quality control analysis in the food and beverage 
sector [5]. 

In the case of quality control analysis, these gadgets may offer a portable, low-
cost, and easy-to-use approach. The use of nanomaterials in supercapacitors may 
significantly boost their growth in the industry [6]. Often in a supercapacitor, nano-
materials have the potential to greatly improve reaction time, sensitivity, and energy 
storage capacity because of their unrivalled chemical and electrical characteristics, 
nanoparticles may be used selectively to satisfy the contamination detection criteria 
in complicated food samples. It should be kept in mind that a solitary nanoparticle 
is incapable of handling all the demands of a supercapacitor due to the existence of 
many flaws such as the stacking and curling of graphene, lamellae, the dispersion 
difficulty, and easy accretion of metal nanoparticles (NPs) in the polymer, the adhe-
sion of carbon nanotubes (CNTs), and the agglomeration of quantum dots (QDs) 
[7]. Therefore, the nanomaterials have regularly been functionalized or mixed by 
various inorganic and organic nonfunctional materials/nanomaterials to produce the 
nanocomposite for practical employment. To create a unique high-level functional 
material, a nanocomposite with a single nanomaterial type combines the single-
component material’s property with the cooperative impacts between the nanostruc-
tures and the macroscopic qualities of their ordered circumstances. Nanocomposite, 
widely regarded as one of the most amazing materials, has received much study. 
Functional nanomaterials, also known as amazing technology [8],  may be used to  
enhance the supercapacitor’s ability to identify food and drink. 

Despite the technology’s fast development, a great deal is understood about 
nanotechnology. As a result, food scientists and engineers are shifting their atten-
tion to improving the security of our food supply, which opens up new avenues for 
potential innovations new and different varieties of goods (Fig. 1). Public concern 
over food safety is sparked by the fact that foods including produce, meat, and 
poultry may be a vector for the spread of human infections, potentially resulting in 
widespread outbreaks of foodborne illness [9]. Therefore, greater effort must be put 
into the development of novel antimicrobials in order to guarantee access to nutri-
tious meals. Nanomaterials’ inherent antibacterial capabilities provide promising 
new avenues for developing effective antimicrobial agents for use in the food and 
beverage sectors. There are two possible approaches to address this problem one, by 
incorporating nano-antimicrobial agents into the food itself, and two, by enclosing 
food in antimicrobial packaging. Nanomaterials with unique antibacterial capabili-
ties are increasingly being used in the food and food-related sectors, and this trend is 
predicted to have far-reaching consequences for the whole food system, from farming 
and processing to wholesale business.
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Fig. 1 Examples of nano-food applications 

2 Food and Beverage Contamination 

The food and beverage sectors are facing a number of issues right now; they are 
responsible for the elimination of risks associated with several complicated mixes 
of chemical pollutants [10]. Waste from humans and animals, naturally occurring 
toxins, disinfection by-products in drinking water, corrosion in plumbing systems, 
nitrates, sulfates, heavy metals, pesticides, phenolics, pathogens, toxins, packaging 
and food preparation all contribute to a growing reservoir of chemical pollutions 
consequence. For a long time, people have been aware that chemical pollution is a 
major problem because of the serious health effects it may have over time. Many 
chemicals in particular were implicated in containing cancer-causing agents, whereas 
other substances may be linked to endocrine-disrupting impacts or accumulated and 
biomagnified in the food chain [11]. With rising consumer awareness of the need of 
ensuring the safety of the foods and drinks they eat, the food sciences have developed 
a wide range of analytical procedures and methods.
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2.1 Inorganic Anions and Compounds 

Human and animal life are adversely affected by environmental and food pollution, 
which may have mild to severe long-term effects as well as more immediate and even 
lethal consequences. Nitrite ions (NO− 

2 ) are only one example of the many types of 
inorganic pollutants that may be found in water and food systems and are recognized 
as major issues in the realm of human health. Methemoglobinemia is a condition 
caused by nitrite ions binding to hemoglobin and forming potentially cancerous 
nitrosamines. In the food industry, it is often employed as a preservative in cheeses, 
unprocessed vegetables, and natural meats [12]. As a result of this study, it was 
concluded that a concentration of 0.01% is the safest level for use as a preservative 
in drinking water up to 2.17 mmol L−1 The quantitative assessment of (NO− 

2 ) are  
in drinking water is especially significant in light of the growing need for precision 
in environmental conservation and public health measures [13]. 

The sulphite ions (SO2− 
3 ) pollutants are often utilized as bleaching agents, preser-

vatives, reducing agents, antioxidants and other additives in the food sector. If sulfite 
levels are too high, it may cause a variety of health problems, including nausea, 
vomiting, dizziness and even asthma. Although sulphite occurs naturally in foods 
such as dried fruit, the Food and Drug Administration (FDA) says that it poses a 
cancer risk when used as a preservative or in the food processing industry, so it must 
be listed on food labels. The maximum allowable content in food is 10 parts per 
million (≤10 ppm) [14]. 

2.2 Heavy Metals 

One of our most pressing problems is the widespread presence of heavy metals in 
our drinking water and food supply. Water purification systems’ requirements for 
metal ion concentrations and foods are important for the protection of both people 
and the planet [15]. In order to ensure that our drinking water is free of harmful 
contaminants like cadmium (Cd), lead (Pb), etc., ultralow amounts of these metals 
must be measured with great precision. Due to their persistence, toxicity and inability 
to undergo heat decomposition, heavy metals tend to build up in biological systems. 
Toxins found in water or food have been linked to a wide range of health issues, from 
birth defects to organ failure. 

According to the EPA, drinking polluted water is the leading cause of lead (Pb) 
and cadmium (Ca) exposure. According to WHO guidelines, 3.0 mg L−1 of lead 
and 10.0 mg L−1 of cadmium are permissible in drinking water (WHO). Therefore, 
determining accurate Pb and Cd levels is a crucial endeavour [16].
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2.3 Toxins 

Toxins in food, which may originate from microorganisms or plants, can cause serious 
health problems for humans. Further, mycotoxins are defined as poisons produced 
by fungi. These poisons are referred to as heterogeneous toxic secondary metabolites 
of fungal origin because of the great variety of harmful effects they have. There is 
a wide variety in the chemical structures, toxicological profiles and physicochem-
ical properties of the roughly 400 different mycotoxins that have been identified 
thus far. Some mycotoxins are embryotoxic, allergic and teratogenic, while others 
are known to induce genetic disruptions and cancer formation. Mycotoxins may 
contaminate agricultural products at a number of stages in the food chain, including 
drying, pre-harvest, storage, transportation and harvest. The potential toxicity of these 
compounds has prompted several nations to set rigorous standards for the regulation 
of food and feed, as well as suitable outcomes in the creation of laws to address their 
potential for pollution [17]. The legal limit for aflatoxin B1 (AFB1) in the European 
Union is between 0.1 and 12 µg kg−1 [18]. Mycotoxin detection is difficult since 
these molecules may be found in a wide variety of chemicals produced by a single 
or several fungus species, and their quantities in complex matrices are often rather 
low. Mycotoxins including ochratoxin OTA and aflatoxins have been found in food 
samples more often than ever before. Numerous studies have been conducted on 
these mycotoxins, but more research has to be done on the use of supercapacitors for 
their detection [19]. 

3 Functionalized Nanomaterials for Sensing in the Food 
and Beverage Industry 

Nanomaterials have received a great deal of attention in the fields of analytical chem-
istry and supercapacitors because they have a tremendous amount of surface area for 
their size and can be made to support unique reaction routes [20]. Besides that, melting 
temperatures, chemical reactivity, morphology-dependent interatomic bond lengths 
and optical and electrical characteristics exert a strong influence on nanomaterial 
usefulness. When the component nanometric elements in their immediate environs 
interact, they may give the desired functionality [21, 22]. One may examine the 
electrocatalytic activity of nanomaterials by taking into account supercapacitor data. 
Exposure to pollutants may activate these materials, opening the door to the devel-
opment of novel devices with astonishing functions and operations. In addition, they 
have the potential to enhance mobility and real-time assessment in the event of food 
use. Supercapacitor techniques based on functional nanomaterials have advanced 
rapidly in recent years, making this a promising new field of study with the potential 
to improve and even replace traditional methods of food analysis [23].
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Numerous desirable characteristics may be found in carbon-based materials such 
graphene oxide (GO), graphene and CNTs [24]. They have been presented as excel-
lent materials to be used in supercapacitor detection of specific molecules. In order 
to develop sensors with the most effective catalytic and supercapacitor properties, 
gold (Au) has been presented as one of the most promising metals. The usage of 
Au NPs in the fabrication of various sensors is widespread. Researchers have paid 
close attention to Au NPs from an electroanalytical perspective because of their supe-
rior conductivity, high surface-to-volume ratio and biological compatibility. In addi-
tion, supercapacitor performance in nanostructured compounds may be improved by 
combining metal NPs with carbon-based materials [25, 26]. Taken together, metallic 
nanocomposites and bimetallic nanostructures may significantly boost sensitivity and 
selectivity for substance detection in food and beverage matrices. We have compiled, 
in Table 1, a list of innovative sensors for the detection and determination of various 
pollutions utilizing nanostructured materials.

3.1 Materials-Based Food and Beverage Supercapacitors 

A few examples of such novel and innovative medical technologies and gadgets are 
deep brain stimulators for Parkinson’s illness, vagal nerve stimulators for epilepsy, 
electronic aspirin for head or face symptoms and insulin pumps for diabetes. 
Implantable electronic devices have dramatically improved patient care, but they are 
not without drawbacks, such as the requirement for surgery and the risk of periop-
erative problems. Alternatives to implantable electronics can be found in biodegrad-
able technology and the latest bioresorbable devices like single transistors, primary 
batteries and biosensors, organic field-effect transistors, organic transistors fabricated 
on bioresorbable substrates and a wide variety of other innovations [37]. Though 
biodegradable electronics eliminate the need for further surgical procedures, they 
do have certain drawbacks. For instance, biodegradable batteries have a poor energy 
density and are limited in size. The digestive system has the potential to be used as 
an alternative route for the administration of electronics that can influence cellular 
and organ function without the requirement for implantation, complementing the 
use of both permanent and biodegradable devices. The National Institutes of Health 
reports that intake of harmful components like MnO2, included in some of the edible 
compounds that have been suggested in the past, may lead to symptoms like stomach 
discomfort and nausea (NIH) [38]. Humans have evolved to maximize the efficiency 
with which materials and nutrients move through the digestive system since we have 
relied on food and digestion for over 200 thousand years. This Communication shows 
completely functioning and edible supercapacitors that have the ability to operate in 
the gastrointestinal system by combining existing expertise from the food business, 
material sciences, device manufacturing and biomedical engineering. For the fabri-
cation of comestible supercapacitors, we opted for the use of electrically conductive 
and chemically stable carbon (in the form of activated charcoal) and inert metals 
(edible gold) in addition to other food sources rather than the conventional noninert
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metals (such as iron, magnesium and zinc) and dielectric and semiconducting mate-
rials (such as silicon), which can only be taken in very small amounts at the level of 
micrograms per day [39]. Some edible materials and their potential as supercapacitor 
components were investigated in this chapter. 

In Fig. 2, we have a simplified diagram of a typical supercapacitor’s explosive 
perspective, which includes the packaging, current collectors, electrode materials, 
electrolyte and separator. As shown in Fig. 2, all of the components are either food-
related or dietary-related in nature. In Fig. 2b, we see an opening supercapacitor with 
activated charcoal serving as the electrode, cheese acting as the segregation layer, and 
seaweed performing the role of the separator. Activated charcoal (Nature’s Way Prod-
ucts, Inc.; Green Bay, WI) from capsules of nutritional supplements was employed 
as electrode materials (see Fig. 2a, b for an example of these components). The TEM 
image is shown in Fig. 2c (TEM) activated charcoal micrograph showing individual 
carbon particles around 100 nm in size. Figure 2d shows that the surface area of 
the activated charcoal is around 1400 m2 g−1, which is on par with activated carbon 
materials utilized in the vast majority of supercapacitors [40]. Edible binders are used 
to combine active charcoal particles into a continuous film for use as electrodes. Elec-
trodes often employ egg whites, a common binder in the food industry, as a binding 
agent. Egg whites are utilized as binders in the food processing industry due to the 
existence of hydrogen bonds and ionic interactions with proteins, which enable the 
creation of films with high adhesive strength [41, 42]. Inert metals are put to use as 
current collectors; examples include the thin gold leaf used in artisanal baking and 
many Eastern cuisines. Pure gold leaves are safe to ingest gold with a purity of more 
than 23 karats referred to as E175 in the European Union’s nomenclature for food 
production. The four-point probe determined that the sheet resistance of the gold leaf 
(with a thickness of 3–5 m) was 0.48 sq−1.

Activated charcoal’s high electrical conductivity and gold leaves’ chemical 
stability make them ideal components in edible electronics. Their chemical stability 
makes it possible to consume considerable quantities. For instance, a single dosage 
of activated charcoal 100 g may induce pulmonary aspiration because the dose is so 
large [40].  However,  less  than 1 g of a  charcoal is adequate to store enough energy to 
run a commercial device, thus the worst-case scenario is not even necessary. Adding 
edible gold leaf to foods is not restricted by any established dose limits. Contrarily, 
the NIH recommends no more than a daily intake of 0.03, 0.4, and 0.015 g of iron, 
magnesium, and zinc, respectively, which severely restricts the range of possible uses 
for these metals in biodegradable and bioresorbable electronics. 

The scanning electron microscopy (SEM) picture of the electrode cross-section 
with a typical thickness of 120 m is shown in Fig. 2e. The separator must allow ions 
to pass through it yet have a sufficient electrical resistance to prevent current from 
flowing between the electrodes. This example shows roasted seaweed, a popular 
snack that is also widely utilized in sushi, with multilayer hydrophilic structures that 
might function as separators [40]. Cross-sectional SEM picture of roasted seaweed 
revealing multilayer structure (Fig. 2f). The roasted seaweed was found to have a 
permittivity of 52 g−1m2s−1.
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Fig. 2 Illustration and study of the edible supercapacitor’s constituent ingredients. a A structural  
diagram of an edible supercapacitor displaying the activated charcoal electrode, the seaweed sepa-
rator, the seaweed separator, the cheese segregation layer, and the gelatin packaging. c TEM picture 
reveals that the average grain size of activated charcoal is around 100 nm. d Activated charcoal’s 
surface area is shown to be about 1400 m2 g−1 using the Brunauer–Emmett–Teller (BET) test. 
e Cross-sectional SEM view of the activated charcoal electrode. f Photographic slice through a 
seaweed separator revealing the layered structure. g Gelatin dissolution test in artificial gastric 
fluid. The gelatin becomes indistinguishable from water after 2.5. h Strains developed from tests 
and simulations evolve over time. εthickness is the strain in the thickness direction from experiment, 
εstrain in the thickness direction from simulation, and εhorizontal is the strain in the horizontal direction 
from experiment. Since the horizontal strain is much smaller compared to the strain in the thickness 
direction, it is disregarded in the simulation.

Aside from the battery, researchers have also looked at the electrolyte and the 
packaging. The sheets of gelatin (Modernist Pantry, LLC; York, ME) are utilized 
in the food industry and in numerous medicinal capsules. At 25 °C, as shown in 
Fig. 1g, a gelatin sheet may be shown being digested in situ while being hori-
zontally constricted in a simulated stomach fluid. Microscopically (Nikon eclipse 
lv100, 5X objective), after 2.5 h, a gelatin sheet with an initial cross-sectional area 
of 160 m, 1090 m has shrunk due to the digestion of gelatin and is no longer 
distinguishable from the simulated gastric fluid. During the process (swelling to 
shrinkage), the maximum strain in the horizontal direction is only εhorizontal 17%, 
whereas the corresponding strain in the thickness direction is (εthickness) 261%. This 
is due to the limitation in the horizontal direction. This process of quasi-1D restricted 
digestion may be explained by a theoretical model that incorporates the interplay 
between mass diffusion, chemical reaction, and massive mechanical deformation. 
The temporal evolutions of the (εhorizontal and εthickness) determined experimentally 
and numerically demonstrate excellent agreement (Fig. 2h). Crosslinking treatment
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significantly increases gelatin’s stability and stability in humid, acidic, and high-
temperature settings, as has been established in several prior investigations [43]. By 
focusing on surface modification and crosslinking, researchers want to make gelatin 
dissolving more manageable in our continuing treatment effort. 

The electrolyte was a polyelectrolyte drink like Gatorade (Chicago, IL) with a 
high ionic conductivity (>2 mS cm−1) due to the presence of sodium, potassium, 
citrate and other stabilizing ingredients. To prevent the extremely hydrophilic gelatin 
sheet (packaging) and gold leaf (current collector) from coming into direct contact 
with the gelatin and electrolyte, a segregation layer of cheese slices (Lucerne Foods, 
Inc.; Pleasanton, CA) was used. The package was then thermally sealed using a 
controlled-heat impulse sealer. This led to the construction of a supercapacitor made 
completely of food items such as activated charcoal, egg white, gold leaf, roasted 
seaweed, Gatorade, cheese and gelatin. 

4 Conclusions and Perspectives 

Nanotechnology has the potential to enhance the quality of food and drink by reducing 
pollution and other health risks, but it also poses risks to human health in other 
contexts. In virtue of the exciting physical and chemical features of nanomaterials, 
supercapacitors that exploit them have risen in popularity in recent years. Food and 
drink samples may be analyzed in real time with the use of their features, such as 
portability, speed, selectivity, and sensitivity. These one-of-a-kind supercapacitors 
are low-cost and simple to implement, suggesting they may find widespread usage 
in the food and beverage industry, especially in economically impoverished regions. 

In this chapter, we discuss the analyte properties of carbon-based and metal 
(oxide) based nanomaterials supercapacitors used to ensure the safety of the food 
and beverage sector. Academics have broadly divided pollutants in the food and 
drink industry into three categories: organic, toxic and inorganic. Researchers have 
concentrated on developing derivatives of functional nanomaterials that may serve as 
conductive electrode sites and catalysts in the food and beverage industries, among 
other applications. Various investigations have emphasized the synergistic impacts 
of NPs of noble metals and carbon-based nanomaterials. There is still a significant 
problem that restricts the use of these analytical tools, and that is the stability and 
performance of the supercapacitors associated with nanomaterials. As a result, addi-
tional research has to be done to address this obstacle before supercapacitors can be 
mass-produced. 

In the future, mechanical action in the process of determining food and beverage 
may swiftly change the functionalized nanomaterials over the site of the electrode, 
which can impact the sensitivity, favor life and accuracy of the electrode. Improving 
the long-term stability of supercapacitors in the context of food analysis necessitates 
the use of techniques such as optimizing manufacturing, creating adequate isolation 
fitting and covalent bonding. Because of the rigorous requirements of the specifi-
cation environment, functionalizing nanomaterials is increasingly important in the
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context of genuine food samples. Supercapacitors’ performance may be improved 
by the strategic placement of functionalized nanomaterials, which has been shown to 
increase both their quantity and mechanical properties. It should be noted, however, 
that its characteristics are constrained by several performance flaws in the control 
of its directional adjustment. Furthermore, how to precisely characterize the struc-
tural property of the functionalized nanomaterials in the process of determining the 
promoted supercapacitors is a further unresolved challenge. Functionalized nanopar-
ticles provide a challenge for the food and beverage sector because of the necessity 
to develop and master more sophisticated methods of measurement and combination 
that can more quickly characterize the trace analyte. 
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Chapter 20 
Polymers Nanocomposite 
Supercapacitors for Water Treatment 
and Food Packaging 

C. P. Devipriya, B. Sumathi, S. Bamini, and V. Sabari 

1 Introduction 

“Nanoscience and nanotechnology” deal with the design, fabrication, and characteri-
zation, evaluation of properties, and ultimate applications of materials with nanoscale 
dimensions. Nanoscience and nanotechnology are the most interesting fields for 
researchers since the past century. A numbers of developments have been made 
since then in the field of nanotechnology. 

Types of Nanoparticles

1. Metal nanoparticles, 
2. Non-metal ceramic nanoparticles, 
3. Semiconductor nanoparticles, and
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(a) Properties of nanomaterials (b) Application of Nanotechnology 
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Fig. 1 a Properties of nanomaterials. b Application of nanotechnology 

4. Carbon nanoparticles. 

Nanotechnology advent the introduction of exciting research areas by exploiting 
renewable nanomaterials as reinforcements in order to advance materials with inno-
vative properties. Interestingly, nanoscience is a multidisciplinary of chemistry, 
physics, biology, and materials science that deals with the manipulation and charac-
terization of matter on length scales between the molecular and the micron size [1, 
2] (Fig. 1). 

1.1 Historical Background of Nanomaterials 

The history of nanomaterials is very old, as the existence of a few nanostruc-
tured materials has been found in nature itself. Volcanic eruptions, early meteorites, 
seashells, skeletons, etc. are the creation of nature that generates nanostructured 
materials. The day fire was discovered, nanoscale smoke particles were formed. 
However, synthetic nanomaterials were produced much later in laboratories, though 
the colloidal gold particles had been reported by Michael Faraday in 1857. In the  
early 1940s, precipitated and fumed silica nanoparticles had begun their industrial 
manufacture in the United States and Germany as the replacement of ultrafine carbon 
black for the reinforcement of silicone rubber. Between the 1960s and 1970s, metallic 
nanopowders for magnetic recording tapes were also developed. Polymer nanocom-
posites started to develop in the late 1980s in both commercial research organizations 
and academia laboratories, though the term “nanocomposite” had first been coined 
by Theng in 1970. The reinforcing effect of carbon black filler (individual particles 
are in nm size) to elastomer was again noticed in the first decade of the twentieth
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century, though this vulcanizate was never considered as nanocomposite because the 
size of filler in the matrix is in µm in dimension [3]. The incorporation of layered 
silicates into polymer matrices has been known for more than half a century. One of 
the earliest reports described the stable uniform dispersion of metallic cobalt parti-
cles about 100 nm in size in polymer by Hess and Parker in 1966. However, the 
actual journey for polymer nanocomposites started in 1988, when Toyota Company 
of Japan first used polymer/layered silicate nanocomposite for the production of their 
novel car models. However, the term “nanocomposite” is universally accepted after 
Komarneni (1992). The polymeric materials involve at least one of the domains in 
the size range of 1–100 nm, where the properties are of interest due to the size of 
the structures, and are typically different from the bulk polymers. In 2021, China 
has begun to completely ban non-degradable plastic products, especially food pack-
aging materials. Therefore, people are very concerned about the development and 
application of fully functional food packaging materials. 

1.2 Supercapacitor 

A supercapacitor (SC), also called an ultracapacitor, is a high-capacity capac-
itor, with a capacitance value much higher than other capacitors but with 
lower voltage limits. It bridges the gap between electrolytic capacitors and recharge-
able batteries. It typically stores 10 to 100 times more energy per unit volume or 
mass than electrolytic capacitors, can accept and deliver charge much faster than 
batteries, and tolerates many more charge and discharge cycles than rechargeable 
batteries[4]. 

Supercapacitors are used in applications requiring many rapid charge/discharge 
cycles, rather than long-term compact energy storage in automobiles, buses, trains, 
cranes, and elevators, where they are used for regenerative braking, short-term energy 
storage, or burst-mode power delivery[5]. Smaller units are used as power backup 
for static random-access memory (SRAM). 

1.3 Composites 

Composites are naturally occurring solid materials which result when two or more 
different constituent materials produced, each having its own significant charac-
teristic (physical or chemical properties) are combined together to create a new 
substance with superior properties than original materials in a specific finished 
structure [6, 7]. 

Properties of Composites

. Stiffness and strength,

. Low coefficient of expansion,
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. Resistance against fatigue,

. Ease in manufacturing complex shapes,

. Simple repair of damaged structures, and

. Resistance to corrosion. 

1.3.1 Nanocomposites 

Nanocomposites are those composites in which one phase has nanoscale morphology 
like nanoparticles, nanotubes, or lamellar nanostructure. They have multiphase, so 
are multiphasic materials, at least of the phases should have dimensions in the range of 
10–100 nm. Nowadays to overcome the limitation of different engineering materials, 
nanocomposites have emerged to provide beneficial alternatives. 

Advantages of nanocomposites 

Nanocomposites are the solid combination of a bulk matrix and nanodimensional 
phase(s), which differ in properties due to dissimilarities in structure and chemistry. 

Properties of nanocomposites

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

. Thermal stability,

. Hinders flame and reduces smoke generations,

. Permeability of gases, water, and solvents is reduced,

. More surface appearance,

. Improved electrical conductivity, and

. Increased chemical resistance. 

Among several nanocomposites, polymer-based nanomaterials are the leading mate-
rials of current research and development. Characteristics like film-forming ability, 
activated functionalities, and dimensional variability provide lots of benefits to 
polymer-based nanocomposites [8]. 

The potential risk of nanocomposites commonly occurs majorly in areas like

. Risk to health and environment,

. Molecular manufacturing, and

. Societal risks. 

1.3.2 Polymer Composites 

The term composite materials was first used during the 1960s. Composite materials 
have been used by the people of earlier civilizations for many centuries. One of the 
finest examples includes the preparation of bricks for building construction using 
straw and mud [9]. 

Polymer composites have been classified into two phases: 

1. Polymer or matrix and
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2. Binder as the second phase. 

Binder includes reinforcing fibers or nanoparticles in a matrix to improve dimensional 
and thermal stability, stiffness, toughness, and tensile strengths. The fabrication of 
composites is represented in Fig. 2. Moreover, composites can be classified into 
three subclasses, including particles, fibers, and structural-based composites, shown 
in Figure 3 (http://textilelearner.blogspot.my/2012/09/glass-fiber-composites-proper 
ties-of.html). 

The development of polymer composite materials displays keen interest as they 
are lightweight, flexible, tougher, and are usually fabricated on large sizes into intri-
cately shaped components for industrial applications by combining large varieties of 
reinforcements and polymers [10, 11].

Fig. 2 Classification of polymer composites 

Fig. 3 Scheme of the polymer composites (http://textilelearner.blogspot.my/2012/09/ glass-fiber-
composites-properties-of.html) 

http://textilelearner.blogspot.my/2012/09/glass-fiber-composites-properties-of.html
http://textilelearner.blogspot.my/2012/09/glass-fiber-composites-properties-of.html
http://textilelearner.blogspot.my/2012/09/
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The structure of nanocomposites usually consists of matrix material containing 
nano-sized reinforcement components in the form of particles, whiskers, fibers, 
and nanotubes. Nanocomposites exhibit light weight, good dimensional stability, 
enhanced heat and flame resistance, as well as barrier properties with far less loading 
of nanoparticles than conventional composite counterparts [12]. 

Nanocomposites (NCs) have been used in automotive, packaging, building, and 
agricultural materials [13]. Various polymeric nanocomposites have been exten-
sively studied, including polyamide, epoxy, polyester, polystyrene, and polypropy-
lene [14]. In recent years, to solve the waste disposal problem of plastic materials, 
biodegradable polymers have become an important trend [15]. Adding nano-fillers 
into the biodegradable polymers can increase the mechanical, thermal, dimensional, 
and barrier properties of the composite films. PBAT (poly(butylene adipate-co-
terephthalate)) is a large-scale polymer product used extensively to produce fibers, 
films, and packaging materials due to its good mechanical and optical properties [3, 
16] resistance to creep fracture, and resistance to fatigue and wear. The development 
of composite PBAT has led to materials with additional functional properties such 
as antibacterial activity [17, 18]. The high-performance, biodegradable PBS/PBAT 
composite film exhibited enhancement in tensile strength and elongation at break. 
This blended composite indicates that good compatibility is achieved between the 
polymers [19]. PBAT containing SiO2 film may be a promising novel material for 
active food packaging applications. 

Polymer nanocomposites can be fabricated and processed in ways similar to that 
of conventional polymer composites, which makes them particularly attractive from 
a manufacturing point of view. Polymer composites are able to meet diverse design 
requirements with significant weight savings, as well as high strength-to-weight ratio. 

Polymer nanocomposites are composites in which at least one of the phases shows 
dimensions in the nanometer range (1 nm = 10−9 m). They are reported to be 
the materials of the twenty-first century in the view of possessing design unique-
ness and property combinations that are not found in conventional composites [20]. 
Nanocomposite materials signify as the most encouraging and promising family of 
material science to overcome the limitations of microcomposites and monolithics, 
while posing preparation challenges related to the control of elemental composition 
and stoichiometry in the nanocluster phase (Fig. 4).

2 Food Packing for Nanomaterials 

In everyday life, several metallic and nonmetallic materials are used in the  food 
and pharmaceutical industries. With numerous practical functionalities and inter-
esting characteristics such as durability, gas barrier properties, and freedom of design, 
materials like tinplate, aluminum, and high-density polyethylene or polycarbonate 
are widely encountered in the packaging markets and are highly efficient as food 
containers. One of the global subjects of interest to scientific researchers, food pack-
aging is expected to be stable under various conditions from its manufacturing to
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Fig. 4 Properties of polymer nanocomposites

the consumption of food by the consumer, and must offer optimum protection of the 
packaged product during this process. During the past decades, classical packaging 
has demonstrated various problems and has created a large gap in the food industry. 

Nowadays, the use of plastics in the food markets because such materials are not 
biodegradable and every piece of plastic ever made is still on this planet [21], thus 
generating notable waste pollution and impacting the earth’s ecosystems. In addition, 
corrosion phenomena can highly limit the usage of metals like tinplate or aluminum 
as packaging for food despite offering numerous required properties that provide a 
safe and long shelf-life of products (heat resistance, full recyclability, durability, and 
good conductivity) [22] (Figs. 5 and 6).

2.1 Classification of Nano-packaging Systems 

Based on researches lab, market applications, and development trends suggest the 
existing of various categories of nanotechnology applications in the food pack-
aging industry: improved packaging, intelligent packaging, and active packaging 
[23, 24].
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Fig. 5 Use of nanotechnology packing system 

Fig. 6 Nanotechnology application in different food sectors

2.1.1 Improved Packaging 

Improved packaging can be achieved using materials for instance clay, silica, cellu-
lose and chitosan, carbon nanotubes, and starch, as these materials provide flex-
ibility, gaseous exchange and maintain temperature and humidity [25]. Improved 
packaging provides several features, which involve remarkable antimicrobial spec-
trum and novel properties to the packaging material with low cost for food packaging 
[26].
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Clay and Silicate Nanoplatelets 

Clay is one of the most widely studied materials in the food packaging industry, where 
different nanocomposites were developed using synthetic polymers to improve food 
packaging properties [27]. In addition, the combination of silicates and polymers 
gives preferred properties such as an excellent barrier [28–30]. 

2.1.2 Smart Packaging (SP) Systems 

Smart food packaging is becoming increasingly popular among customers. This is 
because it can offer communication to consumers as to the status of the product. 
Due to consumer preference for safe and high-quality food, the market for smart 
food packaging is growing. Based on renewable natural biopolymers, a variety of 
packaging materials have already been developed, such as polysaccharides, proteins, 
and lipids, all of these materials have some limitations, such as they incorporate costly 
raw ingredients, impair processing difficulties, have poor mechanical and thermal 
properties or carry negligible electrical conductivity. All these factors show a great 
need for the development of new packaging materials to address all of these issues 
in order to provide safer and natural food packaging materials. Among metallic 
nanoparticles, the most commonly used components are identified as Au, Zn, Cu, 
Ag, Fe, Sn, and Ti. From those listed, silver nanoparticle (AgNP) is a well-established 
antimicrobial metal nanoparticle. Silver ions (Ag+), which can dissociate from the 
AgNPs, have been reported to be non-toxic ingredients to human cells, though they 
can still have antimicrobial effects at lower concentrations [16, 17]. 

According to the report of the Food and Drug Administration (FDA), AgNPs are 
the safe metal nanoparticle; therefore, they have been permitted to be used in all of the 
food-contact polymer materials in the USA market. The European Union issued a new 
regulation, EU n. 10/2011 commission 14 January 2011, for food packaging materials 
where they permitted silver compounds to be applied with the packaging materials. 
Instead, they considered the banning of some other metallic particles, such as lead 
(Pb), mercury (Hg), and titanium (Ti) nanoparticles, with the packaging materials. 
In the preceding studies, the migration of AgNPs from starch-based film and low-
density polyethylene film has been described [18, 19]. However, the migration of such 
NPs to foods was negligible and below the limit of quantification [20]. After viewing 
all of these characterized features of AgNPs, NPs were chosen to synthesize with 
nanocellulose and activated carbon to promote good antibacterial, high electrical, and 
thermally characterized nanocomposite film for smart packaging. For the past few 
decades, carbon materials have gained tremendous attention to develop biosensor, 
electrical double-layer capacitors and supercapacitors, and energy storage devices 
(i.e., batteries) [31–34]. 

Smart food packaging systems provide enhanced functionality that can be divided 
into two submarkets:

1. Active packaging (AP), which provides functionality such as gas, microbial, 
moisture, flavor/odor, temperature, chemical, and radiation controllers.
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Fig. 7 Classification of smart packing 

2. Intelligent packaging (IP), which incorporates features that indicate status or 
communicate food environment changes information such as time, temperature, 
gas, pH, and freshness indicators [35] (Fig. 7). 

Intelligent packaging is also known as intelligent packing one of the solutions offered 
to reduce food waste, detecting microbic and chemical changes in food, and aims for 
the monitoring of food products and factors surrounding and affecting it. Moreover, 
these novel food packaging systems provide the consumer with greater convenience 
in terms of (quality, distribution, and methods of preparation) [36]. In this packaging 
system, new and innovative methods and systems are used, such as nanosensors, time 
and temperature indicators, O2 sensors, and freshness indicators [27, 37]. 

Recently, the use of nanotechnology in smart food packaging has been studied 
and this has been the goal of various food production companies around the world 
[24]. The application of nanotechnology in intelligent packaging involves different 
nanosensor systems such as oxygen indicators, time-temperature integrators (TTIs), 
and freshness and spoilage indicators[24]. 

2.1.3 Active Packaging 

First, a summary of what AP can achieve: it can be used to eliminate an unwanted 
compound (e.g., ethylene produced by respiring fruits, or oxygen present inside 
a package), add a requisite compound (e.g., ethanol or carbon dioxide to inhibit 
microbial growth), prevent microbial growth (e.g., incorporate an antimicrobial (AM) 
chemical into a film), change a film’s permeability to gases as the temperature changes 
by several orders of magnitude greater than normal polymeric films, or change the



20 Polymers Nanocomposite Supercapacitors for Water Treatment … 483

Table 1 History of nanomaterials, nanotechnology, and polymer nanocomposites 

Fact of phenomenon Associated name Year 

Natural fire and smoke (volcano, forest fire, 
etc..) 
Controlled fire and smoke 
Preparation of colloidal gold particles 
Magnetic powder 
Precipitated and fumed fine silica particles 
Nano thinking (there’s plenty of room at the 
bottom) 
Dispersion of metallic cobalt particles in 
the polymer 
The term “nanocomposites” was first coined 
Nanotechnology word (super thin material 
processing) 
Nylon-6/layered silicate “nanocomposite” 
Term “nanocomposite” is used in scientific 
literature 

Nature 
Stone age people 
M. Fayman 
W.E. Hoke 
US and German companies 
R. Feyman 
P.H. Hess and P.H. Parker 
B.K.G. Theng 
N. Taniguchi 
Toyota, Japan 
S. Komameni 

Millions of years ago 
~2 million years ago 
1857 
1920 
1940 
1959 
1966 
1970 
1974 
1988 
1992 

physical conditions inside the package (e.g., remove water vapor by absorption or 
change the temperature of the food). 

Active food packaging can be defined as the packaging that changes the condi-
tions of the packed food product for the purpose of increasing the product’s validity 
or improving safety and defined as the type of packaging that is used to give an 
additional function and a protective barrier against external influences, and it is 
a phenomenon (that enables interaction, control or influence) that occurs inside 
the packaging [38]. Active food packaging may involve incorporating antioxidants, 
antimicrobials, pigments, nutrients, and nanoparticles into food packaging material 
[39]. Table 1 shows different active packaging types applied in food packaging. Nano-
materials (such as silver nanoparticles) are incorporated in such packaging systems 
to directly interact with food or the environment, thus, providing enhanced protection 
against internal and/or external factors [40, 41]. (Tables 2, 3 and 4)

2.2 Biobased Materials and Their Composites and Food 
Packing Application 

Biobased materials in this review include biobased polymers, biobased nanomate-
rials, biobased fibers and their composites (Fig. 8). Biobased polymers can generally 
be classified into four types: (1) polymers extracted from biomass, such as cellu-
lose, hemicellulose, chitin, (2) synthetic polymers from biomass monomers, such 
as polylactic acid (PLA) and biopolyethylene (BioPE), (3) polymers produced by 
microorganisms, such as polyhydroxyalkanoates (PHAs), bacterial cellulose, and 
(4) biodegradable polymers synthesized from petrochemical mononers, such as
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Table 2 A few polymer nanocomposites with different nanomaterials and their potential applica-
tions 

Types of polymers 
nanocomposites 

Nanomaterials Main potential application 

Polyurethane 
Polyester 
Epoxy 
Polyamide 

(i) OMMT 
(ii) Functionalized 
CNT 
(iii) Ag 
(iv)Fe3O4 
(v) RGO 
(vi)CD 
(vii) POSS 
(viii) RGO-TiO2 
(ix)CD/ 
Hydroxyapatite 
(i) OMMT 
(ii) MWCNT 
(iii) RGO/Ag 
(iv) Fe3O4 
(v) LDH 
(vi)CD 
(i) OMMT 
(ii) MWCNT 
(iii) Ag/OMMT 
(iv) Cellulose 
nanofiber 
(v) RGO 
(vi) PANi/Fe3O4 
(i) OMMT 
(ii) Functionalized 
CNT 
(iii) Ag 
(iv) RGO 

(i) Packaging, paints, biomaterials, foams, etc. 
(ii) Stimuli-responsive, flame-retardant, antistatic, 
electromagnetic-shielding materials, etc. 
(iii) Antibacterial coating, biomaterials, etc. 
(iv)Biomaterial, nanocontact smart materials, etc. 
(v) Catalysts, biomaterials, tough coating, etc. 
(vi)Catalysts, biomaterials, smart coating, etc. 
(vii) Flame-retardant materials 
(viii) Self-healing, self-cleaning smart materials, etc. 
(ix) Scaffold for bone tissue engineering 
(i) Packaging, paint, film catalysts, etc. 
(ii) Fuel cell, coating materials, flame-retardant, etc. 
(iii) Antibacterial coating, shielding, sterile garments, 
anti-explosion wear materials, etc. 
(iv)Biomaterial 
(v) Catalysts, flame retardant materials, etc. 
(vi)Photocatalyst, biomaterial, etc. 
(i) Coating, adhesive, sealant, etc. 
(ii) Adhesive, flame-retardant, etc. 
(iii) Antibacterial biomaterial, adhesive, etc., 
(iv) Implantable scaffold for tissue regeneration, 
dressing material, etc. 
(v) Anticorrosive coating, sensor, etc. 
(vi) Photocatalyst, marine coating, etc. 
(i) Automobile, packaging 
(ii) Structural materials, electromagnetic shielding 
coating, etc., 
(iii) Antibacterial materials, food packaging, etc., 
(iv) Supercapacitor, structural materials, etc.,

poly(caprolactone) (PCL), poly(butylene succinate-co-adipate) (PBSA), polybuty-
lene adipate terephthalate (PBAT), poly(glycolic acid) (PGA), polybutylene succi-
nate (PBS), and polypropylene carbonate (PPC). Biobased nano materials include 
mainly cellulose nanocrystals, cellulose nanofibers, chitin nanocrystals, and other 
nanomaterials from biomass. Biobased fibers are referred to as natural fibers produced 
by animals, plants as well as geological processes. As food packaging materials 
usually need to satisfy several requirements, such as mechanical properties, perme-
ability, and antibacterial properties, the real applications of biobased food packaging 
materials usually involve their composites. This review presents diverse categories 
of biobased materials and their composites for their applications in food packaging.

In recent years, the development of novel modified atmospheres and active food 
packaging has not only increased the shelf life of food, but also its safety and quality. 
However, the packaging technology must maintain the balance between food protec-
tion and other issues, including the costs of energy and materials, heightened social
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Table 3 Different active packing types applied in food packing 

Types of application Foods 

Oxygen scavengers Ground coffee, tea, roasted nuts potato chips, chocolate, fat powdered 
milk, powdered drink, bread, tortillas, pizza, pizza crust, refrigerated 
fresh pasta, fruit tortes, cakes, cookies, beer, deli meats, smoke and 
cured meats, fish, cheese 

Carbon dioxide 
absorbers 

Ground coffee 

Carbon dioxideemitters Meat, fish 

Moistureabsorbers Dry and dehydrated products, meat, poultry, fish 

Ethylene scavengers Kiwifruit, banana, avocados, persimmons 

Ethanol emitters Bread, cakes, fish 

Antimicrobial releasing 
films 

Dry apricots 

Antioxidant releasing 
films 

Cereals 

Flavor absorbing films Navel orange juice 

Flavor releasing films Ground coffee, 

Color containing films Surimi 

Anti-fogging films Some fresh fruit and vegetable package 

Anti-sticking films Soft candies, cheese slices 

Light absorbers Pizza, milk 

Time-temperature 
indicators 

Microwaveable pancake syrup, refrigerated pasta, deli items

and environmental awareness, and stringent regulations on pollutants and disposal 
of municipal solid waste [42]. Food packaging plays an important role in preserving 
food throughout the distribution chain. Biodegradable and compostable polymers 
have risen as an alternative to conventional plastics. Especially, biodegradable pack-
aging is recommended, as a short-term. Plastic packaging for food where biodegrad-
ability is a key advantageous feature, so that it can be discarded with food waste for 
composting [43]. 

Based on food packing, biodegradable polymers are classified into three types: 

1. Natural polymers found in nature, 
2. Polymers derived from renewable resources, and 
3. Synthetic polymers derived from fossil resources (Fig. 9).

For biodegradable packaging materials to compete with conventional synthetic poly-
mers, the critical mechanical, thermal, and barrier properties for the intended appli-
cation must be comparable. The nanocomposite concept shows a motivating way
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Table 4 Antimicrobial nanoparticles in different food packing systems 

Nanoparticles Polymer 
matrix 

Tested microorganism 

Ag/Chitosan PLA Staphylococcus aureus (ATCC6538) 

Ag Agar banana 
powder 

Escherichia coli Lysteria Monocytogenes 

TiO2/Ag/Cu PVC Mixed microorganism culture media 

ZnO/Ag/Cu PLA/PEG Lysteria momocytogenes Saimonella typhimurium 

Ag PE Escherichia coli 

Ag/Cu Guar Gum Lysteria momocytogenes Saimonella typhimurium 

Ag/TiO2 PE Aspergilius flavus 

Ag/Cu Fish skin 
Gelatin 

Lysteria momocytogenes Saimonella enterice sv typhimurium 

Ag Starch PVA Lysteria inocua, Escherichia coli Aspergilus niger, penicillium, 
expansum 

Ag/TiO2/SiO2 LDPE Escherichia coli 

Ag PHBV3 Lysteria momocytogenes Saimonella typhimurium 

SiO2 PBAT8 Escherichia coli, Staphylococcus aureus 

ZnO LDPE Bacillus subtilis, Enterobecter aerogenes

for creating new and innovative materials including biodegradable polymers. PLA-
based biodegradable nanocomposites have been prepared with improved mechan-
ical, barrier optical, and thermal properties and can be used in the application of food 
packaging adequately. 

Nanocomposites can also be intended to be used as a carrier of antimicrobials, 
drug delivery, and additives. Recent studies have demonstrated their ability to stabi-
lize the additives and efficiently control their diffusion into the food system. This 
control can be especially important for the long-term storage of food or for imparting 
specific desirable characteristics, such as flavor, to a food system. Although there 
are numerous possibilities existing for packaging in bio-based nanocomposite mate-
rial, the low level of production, some property limitation, and high costs confine 
them for a wide range of applications. Therefore, improvements in nanocomposite 
formulation, production practices, economies of scale, and increasing costs for fossil 
resources could all be necessary to produce a more favorable economic situation for 
biodegradable polymers. 

Green or eco-friendly materials have been considered next-generation contenders 
for lightweight, inexpensive, sustainable, environment-friendly, and high-efficiency 
nanocomposites. Various types of natural and synthetic green polymers and green 
nanofillers have been employed to form sustainable materials. Green polymeric 
nanocomposites incarnate exclusive properties of both the sustainable polymer and 
eco-reinforcement. The eco-friendly nanofiller-reinforced green nanocomposites 
have found applications in automotive, energy, packaging, and biomedical applica-
tions. This review systematically speaks to the concepts and features of eco-polymer,
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Fig. 8 An overview of biobased materials for food packaging. Reproduced with permission [32–35]

eco-nanofillers, and green nanocomposites. In addition to the technical applications, 
trends, challenges, and future prospects of green nanocomposites have also been 
discussed. 

Both synthetic and natural eco-polymers or eco-friendly polymers and derived 
materials have been used in industrial fields [44, 45]. Eco-friendly polymers are 
environmentally friendly, sustainable, and easily degradable. The nanocomposites 
based on eco-friendly polymers and eco-nanofillers are usually termed green poly-
meric nanocomposites [46, 47]. The synergistic effect of eco-friendly base mate-
rials and green reinforcing nanofillers has resulted in beneficial physical proper-
ties, environmental friendliness, and biodegradability of green nanocomposites. The 
essential features of these nanocomposite materials depend on nanofiller content, 
processing technique, and matrix/filler interfacial interaction or link. Green poly-
meric nanocomposites reveal a myriad of remunerations; however, their use in high-
performance technical applications is still challenging. Sustainable natural polymer 
matrices include natural rubber, cellulose, chitin, starch, and polyesters such as poly-
hydroxyalkanoate. Moreover, a wide range of green synthetic polymers is also avail-
able as polycaprolactone, polylactic acid, poly (vinyl alcohol), polyethylene glycol, 
and many others [48].
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Fig. 9 Classification of biodegradable polymers for food packaging application

Consequently, eco-friendly bio-based polyamide was prepared and plasticized 
using green plasticizers such as glycerol, soybean oil, and water [49]. The green 
materials were used for water filtration membrane material. Eco-friendly polycar-
bonates have also been prepared using limonene and carbon dioxide [50]. The eco-
friendly polymers and nanocomposites have offered various engineering applications 
in energy, transport, and biomedical sectors [51, 52]. Considering the importance 
of green nanocomposites, this review has been developed focusing on sustainable 
polymers, nanofillers, and nanocomposites. 

Eco-Friendly Polymer Matrices 

Due to better biodegradability and sustainability properties, eco-friendly polymer 
matrices have been employed in advanced materials [53]. The biopolymers such as 
collagen and chitosan have been used to form hybrids having enhanced morpholog-
ical and mechanical properties [54]. The development of synthetic polymers, such 
as polystyrene and poly(vinyl chloride), has caused environmental threats owing to 
their non-discarding nature [53, 55]. Consequently, eco-friendly resins (bioresins) 
have been researched as petroleum-based polymer alternatives. Polymers from the 
categories of proteins and polysaccharides-based biodegradable materials have been 
used [56–58]. An important class of eco-friendly polymers is polyesters. This class 
consists of polyhydroxyalkanoate (PHA), polycaprolactone (PCL), polylactic acid 
(PLA) polyester amide, and other polyester derivatives.



20 Polymers Nanocomposite Supercapacitors for Water Treatment … 489

Applications 

The biodegradable green composites possess exceptional potential for tissue engi-
neering, bioimplants, and other biomedical applications [59, 60]. 

The food packaging industry is rapidly growing as a consequence of the devel-
opment of nanotechnology and changing consumers’ preferences for food quality 
and safety. In today’s globalization of markets, active packaging has achieved many 
advantages with the capability to absorb or release substances for prolonging the 
food shelf life over the traditional one. Therefore, it is critical to develop multifunc-
tional active packaging materials from biodegradable polymers with active agents to 
decrease environmental challenges. This book chapter addresses the recent advances 
in nanocelluloses (NCs)-based nanohybrids with new function features in packaging, 
focusing on the various synthesis methods of NCs-based nanohybrids, and their 
reinforcing effects as active agents on food packaging properties. The applications 
of NCs-based nanohybrids as antioxidants, antimicrobial agents, and UV blocker 
absorbers for prolonging food shelf-life are also reviewed. Overall, these advantages 
make the CN-based nanohybrids with versatile properties promising in food and 
packaging industries, 

Nanocomposites (NCs) have been used in automotive, packaging, building, and 
agricultural materials [43]. Various polymeric nanocomposites have been exten-
sively studied, including polyamide, epoxy, polyester, polystyrene, and polypropy-
lene [61]. In recent years, to solve the waste disposal problem of plastic materials, 
biodegradable polymers have become an important trend [5]. 

Polymers are widely used in the packaging industry because of their good 
performance and relatively low cost; 

In recent years both academic and industrial researchers focused their attention on 
the use of biodegradable materials. To date, synthetic aliphatic polyesters represent 
one of the most economically competitive biodegradable polymers, being readily 
susceptible to biological attack [62]. In addition, they have attracted considerable 
attention as they combine the just mentioned features with interesting physical and 
chemical properties. 

The performance expected from bioplastic materials used in food packaging appli-
cations is protecting it from the environment, maintaining of course food quality [63]. 
Chemical–physical, mechanical, and barrier properties depend on the structure of the 
polymeric packaging material. In addition, it is important to study the changes in the 
bioplastics that can occur during the interaction with the food [64]. 

At present, only polylactic acid (PLA) is commercially used for food contact pack-
aging applications. Poly(butylene succinate) (PBS) and Poly(butylene succinate-co 
adipate) (PBSA) are two of the main candidate as aliphatic biodegradable polyesters 
to be used in the food packaging field. In view of a possible application of these two 
commercial aliphatic polyesters in the food packaging, it is fundamental to evaluate 
the compatibility of these materials with the food, in terms of loss in food quality 
properties. 

PLA has high mechanical properties, thermal plasticity, fabric ability, and biocom-
patibility [65, 66]. Over the past decades, the degradation of PLA materials has been
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studied for practical medical applications such as drug delivery systems, sutures, 
and surgical implants [67–69]. Polyanhydrides of PLA have been tested for implan-
tations including architecturally fabricated stents that could replace conventional 
metallic stents [70]. The advantage of polylactide-based biopolymers over conven-
tional metallic or non-biodegradable polymers is to ease of removal by the body 
system itself and retention of shape over time. PLA-based packaging and containers 
including bottled water, juice, and yogurt are used in Europe, Japan, and North 
America for supermarket products [71]. PLA is a biodegradable thermoplastic 
derived from lactic acid. 

Poly(lactide) (PLA) have gained growing attention in the past decade as food 
packaging materials because they can easily be obtained from renewable resources; 
their production consumes quantities of carbon dioxide; they can be recycled and 
composted; and their physical and mechanical properties can be tailored through 
polymer architecture [72–74]. Although PLA production costs are relatively high 
over conventional plastics, there are predictions that this will change with time as 
production volumes and demand both increases [75]. PLA-based packaging mate-
rials are currently used for supermarket products in Europe and North America for 
packaging bottled water, juices, and yogurts (Table 5; Fig.  10). The application of 
nanocomposites promises to expand the use of edible and biodegradable films [76, 
77]. As far as food safety is concerned, nano-structured materials will prevent the 
incursion of micro-organisms (Table 6). 

Table 5 Potential food application of PLA-based packaging material 

Type of food Film properties Commercial manufacturer References 

Bottled water, bottled 
juice 

Moisture, light, and gas 
barrier Moisture, light, 
and gas barrier, inert to 
migration of flavor 

BiotaTM, NobleTM [74, 75] 

Milk, yogurt Moisture, light, and gas 
barrier Mechanical 
strength, barrier of 
oxygen, carbon dioxide, 
moisture, and grease 

DannonTM [74, 75] 

Cheese, butter/margarine, 
and mushroom 

Moisture, light, and gas 
barrier Mechanical 
strength, balanced gas, 
and moisture barrier; 
protection against 
crushing/bruising 

[74, 75]
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Fig. 10 PLA-based food packaging (Figure provided in color online) 

Table 6 Specification and applications of green nanocomposite 

Matrix in green 
nanocomposite 

Green nanofiller Application 

Polyvinyl alcohol 
Chitosan 
Plasticized starch 
Potato starch/ glycerol 
Carboxylated acrylonitrile 
butadiene rubber 
Conjucatedmicroporous 
polymer 
Biopolymer 
Poly(vinylidene fluoride-co-
hexafluoro propylene) 
Conducting polymer 
Polydimethy is siloxane 
Starch 
Cellulose 
Polystyrene 
Biopolymer 
Poly(methyl methacrylate) 
Biopolymer 

Carboxymethyl cellulose 
Cellulose nanofiber 
Hemp cellulose Nanocrystal 
Colloidal silver 
Graphene oxide 
Nanocarbon 
Ceramic nanoparticles 
Platinum nanoparticle 
Green metal nanoparticle 
ZnS 
Nanoclay 
Sugarcane bagasse nanofiber 
Rice straw 
Rice straw 
Hydroxyapatite, multi-walled 
carbon nanotube 
Silver nanoparticle 

Microelectronic devices 
Food packaging 
Packaging 
Microelectronic packaging, 
Sensor packaging 
Photoluminescence. Light 
emitting diode, photovoltaic 
devices 
Capacitors, printed wiring 
board 
Nanogenerator 
Thermoelectric generator 
Light emitting diode 
Packaging 
Packaging 
Packaging 
Antimicrobial food packaging 
Bone implant 
Sensor 

2.3 Essentials Oils (EOs) for Active Food Packaging 

EOs are produced by angiospermic plants and have found various usages in different 
industries [78]. Among all the plant species, only aromatic plants are sources of 
EOs. Aromatic plants form about 10% of plant species (over 17,000) and are well 
distributed around the world [79]. EOs are secondary metabolites that could be 
derived from different plant organs including flowers (jasmine, rose, chamomile, 
violet, and lavender), buds (clove), leaves (thyme, eucalyptus, salvia, and rosemary), 
fruits (star anise), twigs (Luma chequen), bark (cinnamon), seeds (cardamom), wood
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(sandal), rhizome, and roots (ginger), all of which have the potential to be applied 
in food packaging as antimicrobial and antioxidant agents [80–84]. The chemical 
composition and quality of EOs depend on characteristics of the source plant such 
as growth conditions, variety, geographical origin, age, season, and condition of 
the plant when harvested. Extraction method, analysis conditions, and processing 
chemicals can also affect their properties [85–88]. Their extraction yield is usually 
very low (about 1%) which makes them valuable rare substances. EOs consist of 
concentrated lipophilic volatile aroma compounds including terpenes, terpenoids, 
and phenol-derived aromatic and aliphatic components. The phenolic compounds in 
EOs can diminish or almost eliminate the presence of microorganisms and minimize 
lipid oxidation [89]. The natural extracts of EOs are classified as Generally Recog-
nized as Safe (GRAS) by the US Food and Drug Administration (FDA) and received 
approval for safety and effectiveness [90]. Therefore, in food-related application, they 
are more suitable alternatives to synthetic antioxidants such as butylated hydroxy-
toluene (BHT) or butylated hydroxyanisole (BHA) which might have a carcinogenic 
effect [90]. These oils are substances accountable for the active function of packaging 
with the flexibility to be settled in a different container or be directly added to the 
packaging material. In either cases, the release of the oils during transportation and 
storage leads to increased shelf life. Electrospun-loaded EOs could be the answer 
to market demands as they allow foods to reach consumers with their original or 
enhanced organoleptic properties, increased shelf life, and improved safety [91–94]. 
The packaging materials produced in these systems can contain active ingredients 
designed for sustained release during storage or transportation to delay food dete-
rioration. Table 7 summarizes the essential oils that have been successfully used in 
food packaging for improved efficiency (Fig. 11).

3 Water Treatment 

In today’s world, increasing demand and shortage of clean water sources due to rapid 
industrialization, population growth, and persistent drought conditions have become 
critical global issues. As far as the environment is concerned, the reuse and recycling 
of wastewater is necessary to augment the limited fresh water supply and to meet 
the growing strain on water resources in the long run. During the past few decades, 
a variety of practical strategies and solutions have been proposed and applied to 
develop viable wastewater treatment technologies. As shown in Fig. 12, electrospun 
materials have been demonstrated as promising candidates for heavy ion adsorbents 
and photocatalysis of organic pollutants in water treatment, due to their high porosity, 
interconnectivity, and a large surface-to-volume ratio. Especially benefitting from the 
interconnectivity, microscale interstitial space, mat characteristics, and nonwoven 
electrospun nanofiber mats can be used as water filtration membranes for water 
treatment. Heavy metal ions including Pd, Hg, and Cr are major pollutants not only 
in the industrial sector, but also in our living environment, which can cause severe
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Table 7 Essential oils incorporated in food packaging applications 

Essential oil combinations Properties Food 
product 

Applied film material 

Rosemary 
Cinnamon clove 
Lemon, thyme, and cinnamon 
Cinnamon, winter savory, and oregano 
Bergamot 
Garlic, rosemary, and oregano 
Oregano 
Oregano 
Oregano 
Oregano and thyme 
Oregano 
Mixture of oregano, pimento berry, and 
lemongrass (mix A) and a mixture of 
nutmeg, lemongrass, and citric (mix B) 
Ginger, turmeric, and plai 
Satureja hortensis 
Oregano and pimento 
Clove 
Clove 
Linalool or methyl chavicol 
Oregano and bergamot 
Cinnamon and mustard 
Limonene constitute EO, lemongrass, 
and oregano 
Peppermint, red thyme, chitosan, and 
lemon 

Antimicrobial 
Antimicrobial 
Antibacterial 
Antimicrobial 
Antifungal and 
antibacterial 
Antimicrobial 
Antimicrobial 
Antimicrobial 
Antimicrobial 
Antimicrobial 
Antimicrobial 
Antioxidant 
Antibacterial and 
antioxidant 
Antibacterial 
Antibacterial and 
antioxidant 
Antimicrobial 
Antimicrobial 
Antibacterial 
Antimicrobial 
Flavoring 

Chicken 
Bakery 
NA 
Bologon 
and ham 
NA 
NA 
NA 
Pizza 
Ripened 
sheep 
Cheese 
model 
Fresh 
ground 
beef 
Fresh 
broccoli 
NA 
NA 
Whole 
beef, 
muscle 
Fish 
Sardine 
patties 
Cheddar 
cheese 
Formosa 
plum 
Tomatoes 
Strawberry 
Strawberry 

Cellulose acetate 
Cassava starch 
Chitosan 
Alginate 
Chitosan 
Whey protein isolate 
(WPI) 
Quince seed mucilage 
Cellulosic resin 
Polypropylene (PP) 
and polyethylene 
terephthalate(PET) 
Soy protein 
Whey protein isolate 
(WPI) 
Methylcellulose (MC) 
and a blend of 
polycaprolactone/ 
alginate(PCL/ALG) 
Fish skin gelatin 
K-carrageenan 
Milk protein 
Gelatin chitosan 
Sunflower protein 
concentrate 
Low-density 
polyethylene(LDPE) 
Hydroxypropyl 
methylcellulose and 
limonene constituent 
EO 
Zein 
Chitosan 
Chitosan

public health problems. Several technologies have been developed for the removal 
of heavy metal.

ions from water. Compared to other treatment methods, adsorption is simple, 
economical, and effective. Electrospun nanofiber sorbents possess a large surface 
area, which facilitates the attachment of target molecules, requiring reduced sorbent 
amounts, and smaller sample and eluent volumes. Taking lead ions for example, 
electrospun polystyrene functionalized with dithizone (DZ) as the absorbent can 
absorb lead (II) at pH 8.5.
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Fig. 11 Application matrix of nanotechnology in food science and technology

Fig. 12 Water treatment 
from three major types of 
pollutants through 
absorption, photocatalysis, 
or filtration processes
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Intelligent Indicators 

Time and Temperature Indicators (TTI) 

TTIs are devices that concatenate the exposure to temperature over time by acquiring 
the effect of such disclosures and illustrating a change of color (or other physical 
characteristic). Many devices can be attached to food packages to integrate the TTI. 
Owing to their simplicity, low cost, efficiency, and affordability, TTIs have been 
widely used to monitor and translate consumer quality of foodstuffs [70]. A prereq-
uisite for the effective utilization of a control system based on TTI is the kinetic study 
and modeling of loss ratios of food quality and response [26–30, 36]. 

Integrity Indicators (InI) 

The modified atmosphere package for non-respiring food typically has a low (0–2%) 
oxygen (O2) concentration and a high (20–80%) carbon dioxide (CO2) concentration. 
Hence, a leak means a considerable increase in O2 concentration and a decrease in 
CO2 concentration. If the package leaks, microbial growth is likely to take place [24, 
37–40]. This means that CO2 may accumulate inside the package. 

Freshness Indicators (FI) 

FI directly indicates the quality of the food; it is usually in the form of stickers on 
the food cover. Typically, these indicators focus on the detection of gas composition 
changes [41]. FI typically under- goes a color change that remains permanent and is 
easy to read and interpret by consumers. Despite many attempts and several inno-
vative approaches, no quality indicators are in widespread use by the food industry 
today [95]. 

Flexible Packaging 

Flexible packaging is also an important area that can be explored. The incorporation 
of graphene into the polymer matrix improves the thermal, mechanical, and barrier 
properties to a great extent. Further, the antibacterial or antimicrobial activity of 
graphene-based materials can also be exploited for this purpose. Polylactic acid 
(PLLA)/graphene nanocomposite is one such example that can be used in bio-based 
food packaging applications. Many other examples are also available like LLDPE/ 
EVA/graphene, GO nanosheets/poly (vinyl alcohol) nanocomposite. This is also 
a growing field where many other combinations of polymer and graphene-based 
materials can be tried. 

4 Challenges and Food Active Specific Concerns 

There are still some challenges and limitations preceding their large-scale produc-
tion and extensive application in food industries. Despite the numerous advantages of 
NCs-based metal oxide nanohybrids in active food packaging, the migration of metal
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oxide nanoparticles from packaging is considered a major challenge because of their 
potential toxicity in the human body and the environment. Especially, nanoparticles 
such as ZnO and TiO2 have shown to be effective against various bacterial strains and 
could be a replacement to Ag NPs since the non-ionization of the TiO2 and the lower 
toxicity of the ZnO. Active packaging materials display antimicrobial activity which 
needs direct contact among the metal/metal oxide NPs and the microbial cells, or the 
release of antimicrobials such as metal ions and reactive oxygen species; neverthe-
less, the release of these metal ions should be controlled. Therefore, the migration 
of NCs-metal oxides nano hybrids from packaging into foods has to be determined 
to guarantee the safety of active packaging. However, the absence of in vivo studies 
on humans, limited characterizations, and toxicology of NCs-based metal oxides 
nano hybrids make it riskiness. Current difficulties can be also associated with the 
dispersion of NCs-based nanohybrids within polymer matrices, the aggregation of 
NPs, and fabrication techniques. Also, the dispersion of NCs-based nanohybrids 
within polymer matrices can affect their nucleation movement, compatibility, and 
UV absorption ability, which may hinder their use in active packaging applications. 
Consequently, homogenous dispersion and the investigation of the real UV shielding 
would be perceptive to evaluate the reliability and stability for long-term usage. 
Regarding biological application, we mainly focused on antimicrobial agents, espe-
cially in active food packaging materials. Such new antimicrobial biomaterials could 
fight human pandemics due to the increased risk of harmful bacteria. 

Importance of Food Packaging Systems 

Active research on smart food packaging has grown significantly in the past 30 years 
[95–97]. However, the majority of the work on “responsive materials” has been 
concentrated in the engineering, chemistry, materials science, and medical fields, 
with very limited implementation in real food packaging [98–100]. 

Conclusion 

In this book chapter, potential applications of biomaterials-based polymer nanocom-
posite materials, polymer materials, supercapacitor and their application for food 
packing, packaging indicator are described. 

PLA-based biodegradable nanocomposites have been prepared with improved 
mechanical, barrier optical, and thermal properties and can be used in the appli-
cation of food packaging adequately. Nanocomposites can also be intended to be 
used as a carrier of antimicrobials, drug delivery, and additives. Recent studies have 
demonstrated their ability to stabilize the additives and efficiently control their diffu-
sion into the food system. This control can be especially important for the long-term 
storage of food or for imparting specific desirable characteristics, such as flavor, 
to a food system. Although there are numerous possibilities existing for packaging 
in bio-based nanocomposite material, the low level of production, some property 
limitation, and high costs confine them to a wide range of applications. 

Hence, we can say undoubtedly that these are the materials for future revolution.
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Chapter 21 
Functional Polymer Nanocomposites 
as Supercapacitors for Health Care 

Akanksha Verma, Bablu Mordina, Kingsuk Mukhopadhyay, 
Mayank Dwivedi, and Soma Banerjee 

1 Introduction 

Initially, the electronic devices were developed mainly for communication devices 
and later the application areas keep on increasing due to the advancement in the fabri-
cation technology of semiconductors. In recent years, the integration of electronics 
into the biomedical field for the sake of health monitoring become quite lucrative [1, 
2]. This approach helps in analyzing the health condition prior to any complication 
and also saves medical resources for the large population. 

Health monitoring devices consist of sensing unit, data transmission unit and 
power supply unit [3]. Advancement in materials engineering helped the development 
of new materials and functional subsystems for application in sensors and compo-
nents for power supply. The signals are collected from the body by sensing unit as 
movement, blood pressure, pulse rate, body temperature, etc. which are the essential 
physical parameters for health monitoring. The signals are then processed and the 
data is transmitted to the connected smart devices like cell phones and cloud devices. 
Both the sensing unit and data transmitting unit require a power supply source like 
battery, supercapacitor, etc. The health monitoring devices stay in close contact with 
the body or within the body, in the case of implants. Hence, it requires an energy 
source that does not cause any harm to the body. The device as a whole should possess 
good stretchability and biocompatibility to provide comfortable contact during the 
sensing and avoid any adverse effect on health. Moreover, health monitoring devices 
require only a minute of power for their function. Therefore, energy storage devices
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with fast-charging characteristics are required to store the energy generated by the 
intermittent body motion and also to supply power whenever required. 

Lithium-ion batteries are extensively used in electronic devices, which store 
energy through faradic electrochemical reactions and provide high energy density 
[4]. They have several disadvantages. They not only possess low cyclic stability, 
slow charge–discharge cycle but also have the risk of explosion and toxicity. In 
health monitoring devices, the risk associated with the use of battery cannot be 
taken lightly. In the place of batteries, supercapacitors can be used as electrochem-
ical energy storage device in health monitoring devices to overcome the limitations 
and drawbacks of the batteries. Supercapacitors possesse high energy density, high 
cyclic stability, fast charge–discharge cycle and also they are user-friendly and do not 
cause any detrimental effect to the health. Supercapacitors also possess the potential 
to prove themselves as a future generation source for energy storage. 

Stretchable supercapacitors are a little ahead of traditional supercapacitors. In 
the case of traditional supercapacitors, the whole assembly is little bulky consisting 
of two electrodes separated by a separator and the space is filled with electrolyte. 
This setup has its own demerits in practical applications like the requirement of 
proper encapsulation of electrolytes and it is also difficult to integrate the assembly of 
supercapacitors with other functional systems. Stretchable supercapacitor overcomes 
these drawbacks faced by traditional supercapacitors. They are made up of stretchable 
and flexible electrode materials and solid-gel electrolytes so that the whole assembly 
is flexible and they can be used in any form or shape in the electronic devices. The 
elastic modulus of assembly is close to the skin, reducing the chances of unnecessary 
immune responses [5]. They are comfortable to wear and accommodated within 
the fabric as well. Thus, the stretchable supercapacitor is used in place of a rigid 
supercapacitor as an energy storage device in health monitoring electronics. 

Semiconductors are also used as infrared photodetectors in enzymatic sensors for 
the measurement of biomarkers in biofluids. Power harvesting for such devices can 
be done using photoelectric, piezoelectric, triboelectric, and thermoelectric effects 
in stretchable formats in supercapacitors. The variety of options available for the 
material selection, power supply unit, mechanism, design, etc. in the fabrication of 
supercapacitors from the various perspective are shown in Fig. 1.

The nanomaterials used in the fabrication of supercapacitor application purposes 
can be functionalized to improve their properties. By oxidation of graphene, the 
electrical conductivity of graphene oxide is improved from 0.005 to 0.14 S/m in 
aqueous solution at 35 °C [6]. The thermal conductivity [7] and Young’s modulus [8, 
9] of the monolayer of graphene oxide are also lower than that of graphene (207.6 
± 23.4 GPa). Therefore, nanomaterials can be functionalized specifically for their 
potential applications in supercapacitors [10], biosensors [11], gas sensors [12], etc.
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Fig. 1 Different basis for variation in the fabrication of flexible supercapacitors

2 Flexible Supercapacitors 

The fabricated bioelectronic devices face challenges of human activities, such 
that they go under bending, stretching, twisting, etc. As such, the supercapaci-
tors powering the wearable and implantable devices should be able to go under 
various deformations, bearing sudden stretch and release cycles. At the same time, 
they must possess sufficient energy density and power density without compro-
mising the cycling stability of the device at different mechanical deformations. Such 
supercapacitors are called flexible or stretchable supercapacitors. 

The mechanism involved in the working of flexible supercapacitors is the same as 
those of traditional supercapacitors. There are largely two types of mechanisms, i.e., 
electrical double-layer capacitance (EDLC) and pseudo-capacitance. In EDLC, the 
charge storage takes place at Helmholtz’s double layer while in pseudo-capacitance 
storage of charge takes place through faradic reactions as shown in Fig. 2. The stretch-
able supercapacitor is basically different from traditional supercapacitor in terms of 
electrode and electrolyte materials and device design, which provides flexibility to 
the assembly.
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Fig. 2 Schematic representation of a EDLC and b pseudocapacitive mechanism reprinted with 
permission from [13] 

2.1 Electrode Materials for Supercapacitors 

Materials are the key deciding factor of functionality and performance of the super-
capacitor. Both electrodes as well as electrolytes should be able to withstand a high 
amount of strain to comprise the stretchable supercapacitor. By tailoring the material 
design using polymer nanocomposite and electrolyte, stretchable supercapacitors 
with high electrochemical performance are fabricated for healthcare applications. 
The polymers used or the polymeric nanocomposite synthesized should be either 
intrinsically stretchable or made to be stretchable ensuring good electrochemical 
performance at high strain and different deformations. 

Electrodes are the key components of the supercapacitor which control the 
performance of the supercapacitor by influencing capacitance, charging-discharging, 
energy density, power density and electrochemical and mechanical stability. To fabri-
cate a stretchable supercapacitor, the first step is to develop a stretchable electrode 
using suitable stretchable material and structural design. The suitable electrode mate-
rials which are used widely are elastomeric polymers with high in-built stretchability 
such as polydimethyl siloxane, polyurethane, Ecoflex, etc. Textile, cellulose, carbon 
fibers like less stretchable materials can be used under different structural work as 
stretchable materials. 

The most suitable current collectors are gold, platinum, and copper due to their 
high conductivity but under strain, their conductivities are affected. Thus, nanopar-
ticles or nanowires of metals are embedded or deposited into the polymer matrix to 
build a conductive and stretchable film [14]. Similarly, carbon nanomaterials such as 
carbon nanotube, graphite, graphene, etc. are used for the current collector in place of 
bulk material. Activated carbon and carbon-based materials are used as EDLC elec-
trodes and metal oxide and conducting polymer composites as the pseudo-capacitive 
electrodes in the stretchable supercapacitor as shown in Fig. 3.



21 Functional Polymer Nanocomposites as Supercapacitors for Health Care 509

Fig. 3 Different materials used for the electrode synthesis reprinted with permission from [15] 

Although metal oxides or sulphides exhibit good conductivity and capacitance 
in comparison with carbon-based materials, however, their application in a stretch-
able supercapacitor is limited. Metals have inherent brittleness and stiffness in them 
causing degradation and deformation of the system. Hence, they are used in combi-
nation with carbon nanocompounds or polymers to increase their flexibility. CNT 
is added into MoS2 for the same reason by dip-coating to synthesize a stretchable 
electrode for supercapacitor [16]. 

Conducting polymers and their derivatives also provide a good choice as elec-
trode material for flexible supercapacitors. Polymers like polypyrrole are intrinsically 
flexible materials and able to maintain electrochemical performance under various 
degrees of strains [17]. Polypyrrole is incorporated with Au/CNT/polyacrylamide 
hydrogel and used as an electrode for the synthesis of stretchable and self-healing
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supercapacitors [18]. The fabricated supercapacitor exhibits an energy density up to 
123 μWh cm−2, and stretchability up to 800%. 

The emergence of various new materials brings about an efficient supercapacitor 
system with superior performance when compared to the traditional material sources 
in stretchable supercapacitors [19–21]. The examples of such emergent materials are 
MXenes, metal–organic frameworks (MOFs), polyoxometalates (POMs) and black 
phosphorus (BP). The emergent materials have shown efficient charge transfer with 
better flexibility as electrodes. 

MXenes are compounds of transition metals bearing nitrogen or carbon along 
with them. The usual empirical formula of MXenes is Mn+1XnTx, where M denotes 
transition metal, X represents either nitrogen or carbon and T stands for surface 
termination. They have an outstanding ability for fast charging/discharging cycles 
due to their intrinsic electrical conductivity and active groups on their surface. Hence, 
they have excellent electrochemical properties bringing the potential benefit for use 
in supercapacitors [22–24]. They have a porous structure which is preferable for 
ion transport and their charge storage is pseudo-capacitive in nature [25, 26]. The 
stacking in MXenes facilitates a multi-layered structure, improving the capacitance 
of the supercapacitors. 

MOFs are compounds made up of metal ions coordinated with organic ligand 
or molecules to form a porous structure. They have high porosity and tunable frame-
work [27]. MOFs are found to be good electrode materials for supercapacitors. The 
only limitation of MOFs is their low conductivity causing poor electrochemical prop-
erties which can be enhanced by adding conductive materials during the fabrication 
of electrodes [28]. For example, core–shell ZnO@ZIF-8 on carbon cloth current 
collector containing polyaniline coating was synthesized and utilized to fabricate a 
flexible supercapacitor having high areal capacitance [29]. 

POMs are polyatomic ions consisting of more than one transition metal oxyanions 
linked together with oxygen atoms creating a cage-like 3-D structure. The transition 
metals are present at high oxidation states making POMs highly efficient as cata-
lysts for oxidation and hydration. They possess excellent oxidative and reductive 
abilities which are suitable to use as electrode material in supercapacitors. They are 
known as electron sponges for their good electronic transfer abilities [28–30]. PMo12 
was utilized to induce the polymerization of polypyrrole in the presence of reduced 
graphene oxide (rGO) to develop a flexible electrode [31]. The fabricated super-
capacitor showed an areal capacitance of 2.61 mF cm−2 at 150 mA cm−2 current 
density, which was much greater than the PPy/rGO electrode prepared in the absence 
of POM. 

Allotropes of phosphorus specifically black phosphorus (BP) is used as an elec-
trode material in combination with conducting polymers and carbon-based materials 
[32, 33]. BP is a 2D material consisting of phosphorus atoms arranged in a lamellar 
structure in spaced layers (5.3 Å) having good electrical properties [34]. A BP/CNT 
hybrid material was developed by chemically joining CNT and BP through a C-P 
bond. The microfluidic spinning method was utilized to integrate the obtained mate-
rial into a supercapacitor electrode [35]. The as-prepared supercapacitor showed 
exceptional stretchability, rate capability, as well as cycling stability.
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Apart from the electrode, the electrolyte is another important part of the develop-
ment of stretchable supercapacitor with good electrochemical performance. An elec-
trolyte should possess high conductivity, high stretchability, electrochemical stability 
and biocompatibility [36]. Electrolytes used in flexible supercapacitors may be liquid 
electrolytes and solid-state electrolytes [37, 38]. The liquid electrolytes used can be 
aqueous based, organic solvent based or ionic liquids. In implantable bioelectronics, 
physiological fluids like sweat and blood are used as liquid electrolytes [37]. Liquid 
electrolytes exhibit a risk of leakage in health monitoring devices which brings the 
advantage of using solid-state electrolyte. There are three types of solid-state elec-
trolytes that are used, gel electrolytes, polyelectrolyte and ceramic electrolytes. Gel 
electrolyte such as H3PO4/PVA is used widely in stretchable supercapacitors due to 
better ion transportation, high mechanical stretchability and good biocompatibility 
[39]. 

The surface functionalization of materials refers to the addition of certain groups 
to the surface of materials to improve their properties. Various polymers and nano-
materials have inert surfaces limiting their application in industries. Thus, surface 
modifications are carried out to improve the adhesion, printing and wetting by adding 
polar and functional groups to the nanoparticles in polymer nanocomposites. 

The common mechanism depicts that the first step of surface functionalization is 
the binding of primary reactive groups to the surface of the particles. The reactive 
surface is then modified with active agents such as monomers or polymers. The 
polymers used can either be hydrophobic or hydrophilic according to the desired 
characteristics for specific requirement. The surface modification of nanoparticles 
tends to increase the compatibility with the concerned polymer matrix along with 
enhancement in properties such as their stability, dispersibility and compatibility 
[40]. 

3 Bioelectronics Powered by a Supercapacitor 

Advancement in materials led to the integration of stretchable supercapacitors into the 
health-monitoring bioelectronics as an efficient source of energy. Bioelectronics can 
be wearable or implantable. Among wearables, bioelectronics can be non-touching, 
skin-touching or skin-conforming wearables. Implantable are also verified on the 
basis of their intimacy with the body realizing the demand of biocompatibility. Non-
touching wearable bioelectronics is integrated with textile or other clothing materials. 
Although they are in close contact with the body, however, direct touch do not 
take place and hence for such bioelectronics the requirement of biocompatibility is 
not much high. In the case of skin-touching bioelectronics, close contact with the 
skin renders it necessary to take into account compatibility with the skin to avoid 
any skin problems. Skin-conforming adhered closely to the skin by having a high 
degree of conformity with the skin. Implantables are integrated inside the body to 
know about the real-time physiological responses of the body. The highest degree of
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biocompatibility is needed in implantable bioelectronics due to the risk of immune 
rejection. 

3.1 Wearable 

Wearable electronics are the ones that are supposed to be worn on the body either 
by integrating them into the clothes or on the skin and can be used during physical 
activities. In this way, they are able to detect physical or chemical signals produced 
by the body. Functional wearable electronics are of high importance in artificial 
intelligence [41–44]. The requirement of wearable electronics are mainly mechanical 
flexibility and stretchability with a robust support substrate. Three types of wearable 
electronics, non-touching, skin-touching or skin-conforming wearables are mainly 
categorized according to the compatibility level with the body. 

Non-touching wearables 

Non-touching wearables are electronics that are integrated with clothes, shoes or 
any other wearable items. The device can also be directly woven into the textile 
materials. The substrate apart from clothes can be gloves, wristbands, etc. Apart 
from weaving, the electrodes or electrolytes can directly be imprinted on the fabric 
to achieve the same result. Carbon fiber based micro supercapacitor was coupled to a 
TiO2 photodetector, to realize a self-powered integrated system [45]. The lightweight 
and small size are the essential criteria for wearable electronics. 

Skin-touching wearable 

Skin-touching wearables are the bioelectronics that are in direct contact with the 
skin. The direct attachment requires high biocompatibility and stretchability in 
comparison to non-touching wearables to provide a better experience. The bioelec-
tronics in this category, are encapsulated and then attached to the skin like watch 
bands to monitor the physiological activity of the body. The substrates that are used 
for the encapsulation require to be soft as well as biocompatible [46, 47] such as 
silicone-based substrates that are highly biocompatible. For example, silicone-based 
adhesives can be used to adhere an Ecoflex encapsulated supercapacitor directly to 
the skin. 

A multifunctional wearable electrochromic device was developed and used as an 
all-transparent stretchable supercapacitor [48]. The fabricated PEDOT:PSS/WO3 

electrode-based supercapacitor was used for an electrochromic wearable patch device 
which showed stable electrochemical performances even under recurrent stretching-
bending cycles. Utilization of PAAm electrolytes improved the stretchability and 
electrochemical properties and also resolved the leakage problem during the repeated 
mechanical deformations enabling them to be used as stretchable supercapacitors.
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Skin-conforming wearables 

Skin-conforming wearables are ultra-thin bioelectronics attached intimately to the 
epidermis of the body requiring high compatibility and conformation for the safe 
and comfort use. The device undergoes changes in terms of stretching, compressing, 
bending, etc. due to the close contact with the epidermis. In this case, the require-
ment of stretchability and flexibility should be higher to facilitate adaptability in 
comparison with other wearable electronics. 

A supercapacitor was fabricated by using SWCNT/PEDOT hybrid film [49]. The 
overall thickness of the device was 1 μm and the device showed superior electro-
chemical performance. The adhesion on epidermal skin can be done by PVC or 
waterproof eyelash glue having biocompatibility and also stretchability. 

3.2 Implantable 

Implantable bioelectronic devices have gained a lot of attention and research interest 
due to the necessity of conformability, flexibility and biocompatibility. The features 
are of utmost importance in in-vivo monitoring of the health state for biomedical and 
physiological information in the areas of neural, cardiovascular and ocular moni-
toring. The device is involved in cardiac pacemaker, automated drug delivery, nerve 
regulation, sensors, tissue engineering, etc. powered by supercapacitors. Flexible 
supercapacitor provides a steady flow of energy to the device causing the least adverse 
effect. In a reported study, a fiber supercapacitor was integrated with an implant 
device. The electrodes were fabricated with (PEDOT: PSS)/ferritin nanoclusters 
within the MWCNT sheet. The materials were biocompatible and the areal capac-
itance and energy density obtained from the supercapacitor were 32.9 mF/cm2 and 
0.82 μWh/cm2 in a saline solution buffered by phosphate [50]. 

In powering implantable medical devices, the supercapacitor has two limitations, 
one is high equivalent series resistance and the other is low breakdown voltage. In a 
study, to overcome this issue a capacitor in series was combined with the supercapac-
itor. Although, the way was imperfect however, it was a direct and simple solution 
to increase the voltage rating [51]. 

3.3 Sensing Unit 

To precisely detect and analyse the signals from the physiological activities of the 
body, a reliable sensor is needed to be integrated with the bioelectronic system. All 
the relevant information is perceived by this sensor that is used in health monitoring 
and further diagnosing the disease and therapeutic uses [52]. Hence, the use of 
appropriate sensors integrated with the bioelectronic device is essential in assessing
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Fig. 4 Components in bioelectronic sensors and their applications reprinted with permission from 
[63] 

the required parameter of the body. The components integrated together to assess the 
sensor are depicted in Fig. 4 along with the application. 

Various physiological reactions can be depicted by various changes in the phys-
ical parameters of the body such as temperature, pressure, and local strains [53, 54]. 
Similarly, blood pressure is detected by measuring the pressure exerted on the blood 
vessels. Movement causes exertion of pressure on the sensors and this leads to deflec-
tion in electrical properties. Such as, a strain sensor is used to detect arterial-pulse 
and heart-beat [55]. Similar types of investigation have been done by attaching the 
fabricated devices on the neck to capture carotid artery pulses and heartbeat rate 
in real time, as well as on the muscles to determine the movements of swallowing, 
drinking, coughing and breathing [56–58]. Piezoresistive sensor system was devel-
oped by integrating a supercapacitor and piezo-resistor to detect the movements 
[54]. 

Other than physical sensors, biochemical sensors detect the presence of various 
chemical molecules along with their concentrations using the electrochemical activity 
of molecules. For example, the detection of ions and other molecules via perspiration 
in the human body [59]. For example, the concentration of Na+, K+ ions and glucose 
were detected by analyzing the chemical composition of sweat with sensitivities as 
high as 0.031, 0.056 nF mm−1 and 0.5 μA μm−1, respectively [60]. This information 
could be transmitted to a smartphone for subsequent analysis. Apart from small 
molecules in solutions, several gaseous molecules, such as NO2, ethanol/acetone [61] 
and NH3/HCl [62] were also detected by incorporating sensors with the stretchable 
supercapacitors.
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3.4 Wireless Power Supply 

For the continuous functioning of a bioelectronic device, it needs an uninterrupted 
power supply source. In the case of bioelectronics, bulky nature, incompatibility as 
well as wired charging limit the application of batteries as energy storage devices. 
The wireless power supply is an essential requirement for the successful functioning 
of the device, specifically in the case of implantable bioelectronics. 

The wireless power supply takes place through electromagnetic fields among the 
antennas. Different kinds of electromagnetic radiations are used for the sake of power 
transfer thus, providing a solution for the power supply of wireless devices. By using 
inductive electromagnetic coupling between the antennae of the power source and 
antennae attached to the bioelectronic device, electric current can be induced in the 
circuit present in the device. This induced current can either be used directly to 
operate the bioelectronic device [64] or to charge the electrochemical energy storage 
device which in turn supplies the power to the device. The direct operation will result 
in the miniaturized form of the system and also prevents any unforeseen conditions 
like electrolyte leakage or any negative effect on the body. However, this approach is 
impractical as data transmission may require a large amount of power [65]. Hence, 
it is practical to integrate an electrochemical storage device such as a supercapacitor 
with the bioelectronic devices. 

When an AC current is passed through the transmitting antenna, it generates 
a magnetic field. This magnetic field is oscillating due to the alternate cycle in AC 
current resulting in the induction of electricity in the receiving antennae of the device. 
The mutual inductance of the pair of antennas can be calculated by the following 
Eq. (1) [66]. 

M = k √L1L2 (1) 

where, k is the coupling coefficient. It depends on the permittivity and distance 
between pair of antennas. L1andL2 are the inductance of transmitting and receiving 
antennae, respectively. Inductance of transmitting and receiving antennae should be 
high and the distance must be shorter for successful inductive coupling. Inductive 
coupling uses radioactive frequency and is compatible if used on the skin for wearable 
electronics or inside the body for implants [65, 67]. 

Ho et al. successfully demonstrated the wireless power transmission process 
occurring from the antenna fixed at the porcine chest wall to the electronic device 
implanted in the heart’s surface. In their experiment, it is observed that when coupled 
with 500 mW signals into the tissue, the antenna situated inside the body received 
about 200 μW signals, at a separation of 4 cm between the transmitting and receiving 
antennas [68].
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Energy harvesting unit 

Energy harvesting or energy scavenging are the methods of energy transfer from 
different sources which are not intended to provide power to the device for its opera-
tion. The energy harvesting reduces the burden of power supply from outside of the 
device such that the design of the device is responsible for powering itself. 

For the realization of practical wearable bioelectronic devices, integration of the 
energy harvesting unit into the system is a better approach as it eliminates the require-
ment for an external power source [69, 70]. Energy harvesting can be implemented 
in different ways. One approach is to utilize the energy harvester as a power supply 
of the bioelectronic device which is connected [71, 72]. Another approach is where 
the energy harvesting device is to be self-powered sensors that can generate voltage 
or current as a sensing signal by external stimuli [73, 74]. 

The introduction of energy harvesters to meet the demand for power supply in 
bioelectronics gives a viable option for wireless power charging. For the operation 
of temperature and humidity sensors, Srbinovska and his co-workers utilized photo-
voltaic cells as a power source [71]. Leonov et al. revealed a wearable electroen-
cephalography (EEG) sensor powered by the harvested energy of the thermoelectric 
generator integrated into the skin [75]. Recent research is now focusing to use energy 
harvesters such as nanogenerators for self-powered sensor assembly. A triboelec-
tric nanogenerator was developed which acted as a pressure sensor to measure the 
produced currents. As a power source, such type of energy harvesters can produce 
high transient power about 365 V and a current of 65 μA, which is sufficiently 
higher than what is required for sensor operation. Therefore, these energy harvesters 
are very suitable for the self-powered sensor application [76]. 

Piezoelectric energy harvesting device 

The muscles present in the body can produce kinetic energy when undergoing 
muscular movements. These movements can cause mechanical strain on certain 
structures of electrically polled materials which induces an electric potential. This 
phenomenon is called piezoelectricity. It was discovered in 1880 by Jacque and 
Pierre Curie [77] and since then this concept has been utilized extensively. The 
phenomenon of piezoelectricity is generally exhibited by barium titanate (BaTiO3), 
zinc oxide (ZnO), lead zirconate titanate (PZT) and polyvinylidenefluoride (PVDF). 
Each material is unique in terms of its mechanical properties, which provides a wide 
range of choices to build a piezoelectric energy harvesting device. 

Triboelectric energy harvesting 

Triboelectric effect produces energy by utilizing frictionally generated charges owing 
to the collision. This results in the flow of electrons from one object to the other 
involved in the collision. The transfer of electrons causes potential difference and this 
phenomenon is called contact electrification. Wang et al. reported on the triboelectric 
generator in their various research works [78, 79]. 

The designs of all of these material offer relatively high voltages that can be 
utilized in power devices and systems which are mainly capacitive in nature and the
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energy density of such generator is sufficient to power several tiny devices which 
require as low as few mW power to run. Hence these triboelectric generator technolo-
gies are very promising that have the potential to replace current batteries. However, to 
make use of these triboelectric generators as implantable systems further optimization 
is essential for lower frequency and amplitude mechanical motions. 

Photovoltaic 

Photovoltaic devices utilize photon energy from the sunlight to generate electricity 
which can be used to charge the supercapacitor. The generation of electricity depends 
upon the intensity of incident rays of sunlight; however, it is not possible to maintain 
a constant intensity of sunlight at all-time due to changes in weather season and 
location. Hence, the output of the photovoltaic energy harvesting unit is not reliable 
and needed to be connected to an energy storage device such as supercapacitor. 
Ni/NiCoP-based stretchable supercapacitor was coupled with flexible solar cells to 
design a self-powered energy storage system and applied on a lab coat [80]. The 
resultant unit was able to power an electronic watch uninterruptedly in the presence 
or absence of sunlight and has shown the potential for long-term use. 

3.5 Self-Powering or Self-Healing 

Self-healing materials are a class of smart materials, composed such that they can 
self-heal the mechanical injury without any external trigger at the ambient conditions 
[81]. Amongst them, polymers reduce mechanical failure by self-healing wear and 
tear. Supercapacitors are integrated with such polymers which provide the benefit 
of long-term reliability, less maintenance and durability. Self-healing polymers can 
be classified into three types: (i) capsule-based, (ii) vascular-based and (iii) intrinsic 
self-healing polymers [82]. In capsule-based and vascular-based systems, a polymer 
matrix contains capsules or vessels filled with monomers and catalyst. On mechan-
ical damage, the monomers and catalysts are released into the polymer matrix and 
polymerization starts to heal the damage [83]. The process used by the first two 
methods is time-consuming and can be used one time. Also, the fabrication process 
is complicated such as enclosing monomers and catalysts and dispersing them into 
the polymer matrix. On the other hand, molecular interactions such as metal–ligand 
interaction, π–π stacking and hydrogen bonding are the main factors for healing in 
the intrinsic type of self-healing polymer [84]. This is mainly governed by the self-
healing groups added during the functionalization of polymers [85]. Self-healing 
polymers are modified in various ways to gain high flexibility and biocompatibility 
along with physical and chemical properties to incorporate them into bioelectronic 
devices such as electrochemical sensors, chemiresistors, etc. 

CNT/polymer-based material is extensively used in this field due to its unique 
properties, such as high electronic conductivity, well-established routes of func-
tionalization [86] and low percolation threshold of the CNT-based composites [87].
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Self-healing polymers containing CNTs as nanofiller can be used for humidity and 
touch sensing [88]. 

4 Design Configuration and Fabrication Techniques 

The fabrication technique employed depends on the design configuration of the 
stretchable electronics. 1D fiber like, 2D planar and 3D architectural design are some 
novel designs that have been developed so far and they are shown in Fig. 5. The archi-
tectural design of the device determines the overall performance that can be realized 
by employing different fabrication techniques such as spinning, photolithography, 
templating, deposition approach, etc., some of which are shown in Fig. 6. The afore-
mentioned configurations and their fabrication strategies for biomedical application 
are discussed further. 

1D fiber-like configuration 

The basic structure of a fiber-like configuration is two stretchable electrodes arranged 
parallelly was separated via a solid-state stretchable electrolyte [90]. The arrange-
ment of fiber electrodes in 1D configuration can be simply parallel, twisted or core– 
shell in a stretchable supercapacitor. The core–shell structure has the advantage of 
a larger effective surface area for charge storage providing better electrochemical 
performance [91]. The design can easily be imprinted on the textile by weaving or 
knitting due to their lightweight and stretchability to integrate wearable electronics 
with the textile. Another approach is to employ a helical configuration in which fiber

Fig. 5 Different design configuration for the fabrication of supercapacitor reprinted with permis-
sion from [89]
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Fig. 6 Fabrication techniques for architectural designing of supercapacitors

electrodes are wrapped around the stretchable substrates providing good stretcha-
bility to the whole assembly. Gao’s group reported the fabrication of composite fibers 
based supercapacitor utilizing PPy-decorated with rGO and MWCNTs. Spring-like 
fibers were coated with the help of polyurethane (PU) matrix to assure self-healability 
and stretchability. The fabricated stretchable supercapacitor exhibited a capacitance 
retention of 82.4% after 100% stretching as well as 54.2% capacitance retention after 
the third healing [92]. 

The stretchable supercapacitor can be fabricated by following one of the two ways: 
(i) stretchable fiber electrodes coated by conductive materials (ii) spinning of conduc-
tive fiber electrodes from the stretchable materials. Other supporting methods, such 
as pre-straining, helix winding, and self-twisting, generally result in fiber electrodes 
with improved electrochemical performances, functionalities and stretchability [93]. 
The coating methods adopted are dip coating [94], hydrothermal synthesis [95], 
electrochemical deposition [96], etc. 

2D planar configuration 

In 2D planar configuration, a sandwich type of design is prominent in superca-
pacitors where two thin film electrodes are separated by solid-state electrolyte as 
shown in Fig.  7. The electrodes involved can either be stretchable or in the case of 
non-stretchable material, buckled/wavy design strategy can be adopted [21, 97, 98]. 
An omni-healable and highly stretchable supercapacitor was designed by making a 
sandwich structure of hydrogel electrodes and electrolytes. The fabricated sandwich-
type supercapacitor showed a stretchability of up to 800%. [18]. The sandwich-type 
design can be easily fabricated but major the limitation lies in the difficulty of system 
miniaturization. To overcome this disadvantage, an in-plane interdigitated design is
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Fig. 7 a The sandwich structure of SCs. b the in-plane inter-digitated configuration of SCs reprinted 
with permission from [103] 

adopted [99], which allows the miniaturized size of the system by bringing ion trans-
port to a shorter distance favouring the smaller size of the energy storage device. 
The rigid material used in the fabrication of interdigitated electrodes creates cracks 
while stretching. Thus, such materials are designed into wavy structures and then 
lodged into supercapacitors to tolerate large amount of strain. MWCNT/PANI hybrid 
electrode was utilized to fabricate a fully stretchable microsupercapacitor. Due to the 
wavy shape of the electrodes, the fabricated device exhibited an areal-specific capac-
itance as high as 44.13 mF cm−2 under 5–40% stretching [100]. The energy density 
for this sandwich design is relatively low. Therefore, numbers of supercapacitors are 
connected in arrays in the form of a serpentine bridge-island connection. 

Stretchable microsupercapacitor arrays were prepared using SWCNT electrode 
and ion-gel electrolyte, which were then integrated into metallic serpentine bridge-
island interconnections [101]. The fabricated device was stable upon stretching up 
to 30% without an obvious reduction in capacitance and was able to power micro 
LEDs under stretched conditions. However, this design is associated with risk related 
to the breaking of solid metallic interconnects during large deformation. An alter-
nate method was developed which utilized liquid metal to connect the individual 
supercapacitors and has exhibited a fluidic nature of the liquid metal [102]. 

Sputtering and spray coating are used for thin films such as coating of the gold 
current collector. CVD is utilized for developing electrodes with high specific surface 
area. Layer-by-layer coating allows multiple layers of permeable compact films 
increasing the power density of the device. The interdigitated pattern with high reso-
lution in 2D designs can be realized by nanofabrication techniques such as etching, 
photolithography [104] and laser writing [105]. There are many other fabrication 
techniques that were performed in recent years such as laser direct writing and 
microfluidic wet-etching technique. In recent studies, microfluidic wet-etching tech-
nique was used for the fabrication of in-plane supercapacitors [106]. A thin film of 
MnO2 nanofiber was initially deposited by electrospinning technique, which was 
subsequently transferred onto the gel electrolyte followed by sputtering with an ITO 
layer. The microfluidic etching method was utilized to fabricate the interdigitated
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patterns in preformed microfluidic channels. The approach was simpler which makes 
it more economically viable than other conventional etching methods for electrode 
patterning. 

3D configuration 

3D configuration in stretchable supercapacitor can tolerate strain from all 3 directions 
giving rise to functional advantages over the 1D and 2D configurations. Important 
designs for 3D configuration are kirigami-inspired [107] and 3D sponge structures 
[108]. Kirigami-based design is developed from the influence of the kirigami art of 
paper folding. The paper-sized supercapacitors are cut and arranged into 3D struc-
tures. Hence, the designed device is stretchable in all 3 directions [109, 110]. 3D 
honeycomb, pyramid pop-up, and living-hinge-like structures were designed using 
stretchable MnO2 nanowire electrodes to fabricate the kirigami-inspired stretchable 
supercapacitors [111]. 

The fabricated honeycomb-like supercapacitor exhibited superior performance. 
Specific capacitance of 227.2 mFcm−2 and stretchability of 500% were achieved. 
98% capacitance was retained after 1000 stretching–releasing cycles at 400% tensile 
strain. 

In another study, an origami-type stretchable supercapacitor was fabricated by a 
unique patterning approach containing a packed series connection [112]. The fabri-
cated origami structure based supercapacitor exhibited both enhanced energy and 
power density as well as the supercapacitor was capable of accommodating constant 
deformation from −60% compression to 30% stretching. Similar strategies can be 
adopted, to design stretchable commercial electronics, such as watch straps [113] 
and integrated strain sensors [111] using nonactive elastic substrates. 

Sponge structure is basically highly porous substrates that can withstand compres-
sions in a 3-dimensional array. This intrinsic compressibility provides its poten-
tial use in compressive supercapacitor [26]. As compression is the exact oppo-
site of stretching with negative strains and hence compressible supercapacitors are 
considered as a separate class of stretchable supercapacitors. 

In a recent report, an all-solid-state supercapacitor based on PANI and SWCNTs 
sponge electrodes with very high compression tolerance has been developed. The 
electrical performance of the fabricated supercapacitors remained unaltered even 
when the device was compressed by −60% strain. Similarly, textile-based super-
capacitors with 3D configuration have attracted significant attention, due to their 
stretchability and high porosity [114]. In a pioneering work, a tricot wavy structure 
with a repeating zig-zag pattern has been developed using interwoven inelastic and 
elastic hybrid yarns [115]. The fabricated design exhibited excellent stretchability 
as much as 200% and good mechanical stability under the dynamic strain condition. 
The developed stretchable supercapacitor coated with MWCNTs exhibited sevenfold 
enhancement in conductivity with a value of 33,000 S cm−1 even under 130% strain 
deformation. 

Kirigami-based supercapacitors are designed in a way to facilitate the omnidirec-
tional stretchability. The design is a segmental collection of various planar superca-
pacitors, such that different electrical connections can be established in one patch. The
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design can be fabricated by using various methods such as laser-assisted graphitic 
conversion, template method, etc. In a previous report, a kirigami-inspired highly 
stretchable supercapacitor was fabricated via graphitic conversion assisted by laser 
cutting [110]. Then fabricated assembly could tolerate more than 200% elongation. 
For textile supercapacitors, laser welding, ultrasonic welding and adhesive bonding 
are utilized. This helps in removing bulky stitched seams as well as improves the 
flexibility of the bioelectronic device [116]. However, still, the large-scale industrial 
production of the textile-based stretchable supercapacitor is very challenging and it 
needs dedicated and continuous research efforts in this field. 

5 Conclusions 

Heath monitoring devices need very low power for their functioning. The most impor-
tant requirements of energy storage devices for healthcare device application are 
their biocompatibility and stretchability. Moreover, they should be fast charging and 
capable of storing energy generated by intermittent body motion with no harmful 
effect on the body. In this respect, supercapacitors have come up as promising energy 
storage devices as compared to the Li-ion batteries because of various functional 
disadvantages and compatibility issues associated with the batteries such as slow 
charge–discharge cycles, low cyclic stability, risk of explosion, toxicity and health 
hazards. However, the miniaturization of energy storage devices is still a critical 
issue where dedicated research efforts should be directed in order to realize the 
full potential of supercapacitor devices as an effective power source for healthcare 
devices. 
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Chapter 22 
Functionalized Graphene and its 
Derivatives for Industrial Energy Storage 

V. Shanmugapriya, S. Arunpandiyan, G. Hariharan, and A. Arivarasan 

1 Introduction 

Renovation is required in the future energy supply and production policies of several 
nations due to the continuously increasing demand for energy and the ongoing deple-
tion of conventional sources that are still usable [1, 2]. The development of effective, 
clean, and renewable energy sources along with suitable storage and energy conver-
sion technologies becomes a top priority for scientists and researchers around the 
world [1, 3]. Alternative renewable energy sources, like wind and solar energies 
have been used for great effects. But unlike wind energy, which cannot always be 
collected, solar energy can be captured when it is exposed to the sun [4, 5]. These 
non-conventional energy sources must be integrated with suitable energy storage 
techniques in order to produce a seamless power supply. The numerous uses of these 
renewable energy types in daily applications are restricted as a result of inconsis-
tency in the delivery of electricity and a number of other restrictions. However, a 
significant cause of worry is still the large-scale storage of the generated electrical 
energy. Electrochemical devices including supercapacitors, batteries, and fuel cells 
simply provide electrical energy [6, 7]. Among these electrochemical energy storage 
devices, supercapacitors make up the most important next class of energy storage 
devices, when compared to the several energy storage modes. Supercapacitors offer 
a greater energy density than regular dielectric capacitors and a far higher power 
density than batteries [8, 9]. 

Due to their high power density (>1000 times that of batteries), non-toxicity, low 
cost reduced heating, wide operating temperature range, long cycle life (>100,000 
cycles), low maintenance requirements, mobility, and other factors, supercapacitors
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(SCs), often referred to as ultracapacitors or electrochemical capacitors, are prefer-
able to batteries [8-10]. The electric double layers (EDL) that are produced between 
the electrolyte and electrode’s active material as a result of charge separation, are 
known to hold the charge in supercapacitors without faking out. Through extremely 
reversible faradic interactions with the electrolyte, certain materials, including poly-
mers and metal oxides, are known to store charge [11-13]. Supercapacitors are 
widely utilized in consumer electronics, load cranes, forklifts, and electric automo-
biles, among other industrial equipment. Additionally, supercapacitors are included 
in systems for managing power, industrial energy, and electronic memory backups 
[13, 14]. Supercapacitor device integration in Airbus A380 aircraft has demonstrated 
their safe and reliable performance, and it is anticipated that this will expand their 
market in the near future [15, 16]. 

The most crucial component of supercapacitor devices, which determines the 
effectiveness of the device, is the appropriate conducting electrode material. It offers 
the proficient electrolyte–electrode interface and is outfitted with an adept transfer 
path for the electrons [13]. A perfect electrode should also have a hierarchical pore 
size distribution, high electrical conductivity, chemical, mechanical, thermal stabili-
ties, and a large specific surface area [17]. The best and most common type of material 
used for EDL capacitive electrodes is carbon derivatives. Due to their advantageous 
electrical, mechanical, and structural characteristics, several carbon-based materials, 
including graphene-based materials, such as sheet-like graphene, graphite, fullerenes, 
and carbon nanotubes received extensive studies as supercapacitive electrode mate-
rials [8]. With the reinforcement of its distinctive physical features, graphene typically 
comprises a single layer of sp2 hybridized atoms of carbon connected in a hexagonal 
lattice. However, the restricted specific capacitance that results from pure graphene’s 
poor charge storage ability due to merely surface interaction with the electrolyte 
severely limits its practical applicability. Additionally, due to its extremely poor 
out-of-plane conductivity and tendency to aggregate, graphene has been subject to 
chemical changes to improve its overall electrochemical performances [18, 19]. 

2 Brief History of Graphene 

Graphene, is the hexagonal arrangement of carbon atoms in 2-dimensional lattices 
and it is well known for its lightweight, stronger and very thin nature. Also, it reveals 
the best heat and electrical conductivities, than other types of materials. Graphene 
has a longer history and it have been established in the nineteenth century itself. In 
1859, Benjamin Collins Brodie, an english scientist discovered that the thermally 
reduced graphite oxide possessed a layered structure. Later on, various attempts 
are made on the layered structure of graphite oxides. P.R. Wallace explains about 
detailed electronic structure of the graphite oxides and linear dispersion relation in 
1947. Finally, Boehm and colleagues discovered the single graphene sheets by TEM 
in 1962. Actually, the term graphene was first used to describe carbon nanotubes and 
single-layer graphite in earlier days.
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Graphene is made up of a continuously connected honeycomb lattice with two 
sub-lattices that include C-C σ-bonds. The parent of all graphitic form is graphene as 
seen in Fig. 1 [20, 21]. Additionally, each C atom in the lattice has a π-orbital, which 
is primarily in charge of supplying delocalized electrons to the carbon network [22, 
23]. The architectural design and the number of layers of the individual graphene 
sheets are the only factors that affect the electronic properties of graphene materials. 
Few-layered graphene has an electronic structure and set of characteristics that are 
very different from those of bulk graphite [20, 24]. The number of stacked layers and 
the arrangement of the interlayer have an impact on the chemical, electronic, and 
physical characteristics of graphene at such a thin thickness. One-layered graphene 
sheet exhibits zero-bandgap semiconductor behavior [18, 25, 26]. Numerous compu-
tational methods on halogenation and hydrogenation of graphene have been used to 
examine the possibilities of engineering the band structure in order to gain insight 
into the phenomenon of increasing the band gap in the case of graphene sheets [24, 
27]. The double-layered graphene electrons exhibit parabolic energy dispersion, and 
the substance also qualifies as a semiconductor with a zero-bandgap. However, by 
creating some asymmetry between the bilayers, double-layered graphene’s adjustable 
bandgap can be changed easily [28]. According to these findings, bi-layer graphene 
has the potential to be an innovative new material with many potential uses in the 
future.

3 Methods for the Synthesis of Graphene 

The invention of single-layer graphene was discovered in 2004 and it received much 
interest thereafter. As a result, a significant amount of work had been done on 
the synthesis of graphene using multiple bottom-up and top-down techniques [29-
32]. For the usage of graphene for energy storage, notably in supercapacitor and 
battery applications, it must be readily available in the required form. Numerous fasci-
nating techniques had been reported for the synthesis of few-layer and mono-layer 
graphene, they can be grouped as follows and were depicted in Fig. 2.

3.1 Mechanical Exfoliation 

The discovery of graphene in 2004 was made possible by mechanically separating 
mono-layer graphene sheets from the densely bound layered assembly known as 
graphite [33]. This method involved using Scotch tape to micromechanically cleaves 
well-oriented pyrolytic graphite or natural graphite flakes. Due to its excellent struc-
tural homogeneity, electronic quality, lack of any crystal flaws, and demonstration of 
extremely high carrier mobility, it was the first approach used to create graphene and 
was ideal for basic research purposes [34]. Although this method makes it simple 
and reliable to prepare graphene, it had a poor yield.
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Fig. 1 Parent of all graphitic forms is graphene

The idea of anodic bonding was related to yet another method of mechanical 
exfoliation. This method was based on the bonding of bulk graphite with borosil-
icate glass at a specified temperature followed by passing voltage. The graphene 
sheet then rested on the substrate after being peeled away in one or more layers [35]. 
Graphene sheets with different thicknesses were created through mechanical exfoli-
ation. Some techniques for making graphene rely on ordered pyrolytic graphite and 
natural graphite specimens [36].
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Fig. 2 Pictorial representation of different routes to synthesize graphene

3.2 Ultrasonic Cleavage 

Ultrasonic cleavage was a word used to describe a process that was conceptually 
related to the mechanical cleavage approach. The graphene precursors were typi-
cally suspended in an aqueous or organic solvent using this method, and then ultra-
sonic agitation was used as an energy source to cleave the precursors [37]. This 
concept was born primarily as a result of the discovery that carbon nanotubes can 
be successfully exfoliated using organic solvents like N-methyl pyrrolidone [38]. 
The successful completion of the correct synthesis of graphene using ultrasonic 
cleavage heavily depends on the appropriate selection of solvents along with suitable 
surfactants coupled with the proper duration of sonication, amplitude, and frequency 
[39]. 

3.3 Chemical Vapor Deposition (CVD) 

The CVD method, which produced the multi- or single-layered graphene, enabled 
the large-scale synthesis of graphene [40]. In this type, a suitable metal surface was 
heated up in order to synthesize graphene sheets on a big scale. A typical chemical
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vapor deposition procedure entailed dissolving carbon in a metal substrate and then 
cooling down the substrate to get the carbon to precipitate on it. In a typical procedure, 
a nickel substrate was placed in a chemical vapor deposition chamber with diluted 
hydrocarbon gas under vacuum at a temperature of around 1000 °C [41]. Other 
metal substrates with varying carbon solubilities and catalytic effects, such as cobalt 
and ruthenium, were also employed as a substrate for chemical vapor deposition in 
addition to nickel, copper, and platinum [42]. 

3.4 Chemical Vapor Deposition via Plasma Induction 

Plasma induction-enabled CVD provided a different method for the production of 
graphene at lower temperatures. Some reports reported the synthesis of multi- and 
single-layered graphene using a methane–hydrogen combination in conjunction with 
chemical vapor deposition on a variety of substrates. Due to its extremely quick rate of 
deposition and relatively moderate growth temperature of 500–600 °C, this approach 
was favored [43]. 

3.5 Chemical Exfoliation 

Additionally, graphene was synthesized chemically by exfoliating graphitic mate-
rials. Various steps involved in this process including chemical oxidation, ion interca-
lation, reduction, and exfoliation of the various graphene derivatives, such as graphite 
oxide, natural graphite flakes, expandable graphite made of graphite fluoride, addi-
tional compounds that used carbon nanotubes, and graphite intercalation [44]. Partic-
ularly, the commercial output of graphene produced from graphite was significant. 
Another important method to produce graphene was reduction through a chem-
ical reaction, in addition to reduction through heat treatment. The first step of this 
process was the preparation of rGO through the widening of the interlayer gap of 
the graphite oxide produced by Hummers’ method. One well-known example of a 
chemical exfoliation approach was the multi-layered graphite oxide converted into 
mono-layer graphene oxide using ultrasonic synthesis [35]. 

3.6 Thermal Reduction 

The most important and simplest method used to produce graphene was thermal 
reduction. In this process, the single-layer graphene was produced by oxidation 
through the thermal expansion of the graphene sheets and enough pressure at the 
time of thermal heat treatment [45]. Importantly, the pressure between the layers
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was raised, when the rate of breakdown of the oxide and hydroxyl sites exceeded the 
rate of diffusion of the gases that were produced [46]. 

3.7 Unrolled Carbon Nanotube 

Carbon nanotubes were unrolled in a process that was interesting for producing 
graphene sheets. The multi-walled carbon nanotubes that were negatively charged 
were actually electrostatically attracted to ammonia-solvated lithium cations [47]. 
Both lithium and ammonia were intercalated into multiwalled carbon nanotubes at the 
same time, and the interlayer distance of these nanotubes rises from 3.35 to 6.62 Å. In 
some other processes, multi-walled carbon nanotubes were sliced longitudinally and 
exposed to a powerful oxidizing agent such as potassium permanganate to produce 
graphene sheets [48]. This method’s main benefit was it may be used in a room-
temperature environment. 

3.8 Graphene from Different Graphite Derivatives 

Graphite intercalated compounds, natural graphite, and/or expandable graphites were 
all classified as a particular type of graphite and were frequently utilized as the 
precursors to produce monolayer graphene sheets. This process produced extremely 
pure graphene sheets [49]. Even though the grade of the obtained graphene was quite 
high, the concentration of the obtained suspension was less. According to the surface 
energy and solvent cohesive energy of the graphene, several solvents were used to 
create a homogenous colloidal suspension of graphene. In an N-methyl-2-pyrrolidone 
solvent, intercalated graphite was mixed with a potassium-based chemical to create 
a homogenous colloidal suspension of graphene sheets. 

4 Basic Aspects of Graphene Functionalization 

The chemical functionalization of graphene was used in many applications through 
non-covalent or covalent bonding. Due to its hydrophobic nature, graphene was 
rarely dispersed in both polar and nonpolar liquids. The primary goals of graphene 
functionalization were to increase its dispersion and add necessary chemical and 
physical features, including greater conductivity or favorable molecular interactions 
[50]. 

The covalent functionalization of graphene was primarily accomplished by the 
creation of a covalent link with either the sp2 C=C structure of the basal plane 
graphene or with the native organic molecules’ functional groups on the oxidized 
graphene surface. Various reports were available, which discussed the addition of
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free radicals to the graphene C=C structure, including nitrophenyls, diazonium salts, 
hydroxylated aryl groups, and benzoyl peroxide. In addition to these, it was reported 
that the functionalization of graphene with dienophiles (such as phenyl/alkyl azides, 
tetraphenylporphyrin (TPP), arynes, azomethine ylide, and nitrenes) improved the 
dispersion of graphene and used in various applications. 

The primary driving reasons behind graphene or GO noncovalent functionaliza-
tion were π–π interactions, hydrogen bonds, ionic interactions, and van der Waals 
forces. The functionalization of pyrenebutyrate, 1-pyrenecarboxylic acid (PCA), 
pyrenebutanoic acid succinimidyl ester, polyaniline (PANI), sulfonated polyani-
line (SPANI), and DNA was reported to stabilize graphene in an aqueous solu-
tion. Perylenediimide, pyrene, pyrene-butanoic acid succinimidyl ester (PYR-NHS), 
and sodium lignosulphonate (SLS) were all used to stabilize chemically reduced 
exfoliated graphite oxides (EGO). 

5 Graphene Derivatives 

Graphane, graphene oxide, hydrogenated graphene, fluoro-graphene, graphene/metal 
oxides, graphene/nanocomposites, graphene/polymers, and graphene-nanoribbons 
are various graphene derivatives that were synthesized through experimental 
and theoretical investigations [49-51]. The surface functionalization of graphene 
improved the material’s electronic, electrochemical, and structural properties. A 
detailed description of the many carbon compounds generated from graphene, 
which focused on their unique characteristics and potential uses for energy storage 
(Supercapacitor and battery applications) was given as follows. 

5.1 Graphene Oxide 

In particular, single-layered graphite oxide, also known as graphene oxide (GO), 
was frequently employed as a reduction precursor for the preparation of graphene. 
Chemists paid a lot of attention to GO, since it was a substantial oxide-functionalized 
graphene derivative, as illustrated in Fig. 3 [52]. Commercially, GO can be produced 
by the chemical oxidation process of natural graphite, followed by its exfoliation. GO 
was mostly produced using the synthesis method outlined by Offeman and Hummers. 
The Staudenmaier process, often known as the Hummers’ method, was the starting 
point of this method [53]. In addition to this approach, the Brodie method was 
occasionally used, which involved the oxidation of graphite while it was fuming 
in nitric acid and potassium chlorate [54]. This process’ fundamental stage was 
the oxidization of graphite in concentrated sulfuric acid using sodium nitrate and 
potassium permanganate. The surplus potassium permanganate was then removed by 
reducing it with hydrogen peroxide to water-soluble manganese (II) sulfate, followed 
by washing it with methanol [53, 55]. The long-range π-π conjugation interaction that
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Fig. 3 Graphene oxide 
structure [57] 

was present on the graphite surface was broken up by the oxidation reaction. Finally, 
sp2 graphitic domains were formed with sp3 hybridized domains surroundings, which 
were irregularly ordered. The resultant product contains additional functional groups 
with oxygen, such as carbonyls (–C=O), epoxides, ketone, hydroxyls (–OH), phenol, 
and quinine. Due to the presence of these intervening functional groups containing 
oxygen, the interlayer forces were significantly reduced, which lead to the very 
hydrophilic nature. Direct atomic oxygen oxidation of free-standing graphene in 
an ultrahigh vacuum was another method for producing GO. Other methods were 
exposure of the material to ozone or molecular oxygen, performing a photochemical 
reaction with ultraviolet light and oxygen, and controlled electrochemical oxidation 
in the nitric acid medium under potentiostatic conditions [51, 56]. 

5.2 Fluorographene 

Fluorographene was the fluorinated graphene with the stoichiometric formula CF, 
which was another key structural derivative of graphene in addition to graphane 
and graphene oxide. The research on the interaction of fluorine with graphite was 
started in 1934 [58]. By fluorinating the bulk graphite at a very high temperature, 
fluorographene, a monolayer of graphite fluoride, was created. Graphite fluoride was 
regarded as an excellent precursor for the preparation of single-layer graphene fluo-
ride, since it displayed a weak contact between the interlayers. Exfoliation and fluo-
rination approaches were the two main groups of numerous fluorographene produc-
tion techniques. Photochemical/electrochemical synthesis, hydrothermal fluorina-
tion, plasma fluorination, and direct gas fluorination were the principal methods used 
for the preparation of fluorinate graphene sheets [59]. Different techniques, including 
sonochemical exfoliation, Hummer’s exfoliation, and thermal treatment exfoliation, 
were used for the exfoliation process. The fluorographene was a promising 2-D
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material with easy of synthesis and remarkable characteristics. The hexagonal struc-
ture of fluorographene was reasonably organized with significant insulation qualities. 
Additionally, fluorographene possessed up to 400 °C thermal stability and it is chem-
ically inert. Additionally, due to its Young’s modulus and its ability to significantly 
withstand elastic deformations, fluorographene revealed exceptional stiffness and 
mechanical strength [60]. 

5.3 Graphane 

Actually, graphane was a graphene derivative with incomplete hydrogenation. The 
total energy calculations from basic principles indicated that it possessed the chem-
ical stoichiometric formula of C-H [61]. Each carbon atom in graphane was sp3 

hybridized, and on the opposite sides of the carbon network, one hydrogen atom was 
joined to each carbon atom. The structure of this arrangement was comparable to that 
of the hydrogenated (111) diamond sheet. Two possible configurations of graphene 
were depicted schematically in Fig. 4, one of which was shaped like a boat with the 
hydrogen atoms alternated in pairs, and the other one was formed like a chair with the 
hydrogen atoms alternated on both sides of the carbon atom layer. In comparison to 
the C–C bond in graphene, the C–C bond in graphane possessed considerably longer 
sp3 hybridization. Similar to other hydrocarbons, including polyethylene, benzene, 
and cyclohexane, graphane possessed a stable structure and binding energy also [62]. 

Fig. 4 Types of graphene structure. a Chair. b Boat [62]
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5.4 Graphane Nanoribbons 

As the resemblance of graphene, graphane was also separated into graphane nanorib-
bons, which were 1-D hydrocarbons. Graphane nanoribbons were easily prepared by 
the graphane nanoribbons are hydrogenated in a hydrogen plasma medium [63]. Also, 
it can be prepared by unzipping the hydrogenated carbon nanotubes [64]. Compared 
to graphene nanoribbons, graphane nanoribbons displayed entirely different charac-
teristics [65]. The edge states vanish when sp3 hybridized carbon atoms were present, 
because of the delocalized π-electrons. 

5.5 Graphene-Carbon Nanocomposites 

The combination of two different carbon derivatives with distinct properties enhanced 
the overall properties of the composites. Various synthesis approaches, such as chem-
ical and physical methods, were used to prepare the various types of graphene/carbon 
NCs with the combination of nanostructured carbons and graphene. It gives improved 
conductivity with superior surface area [66, 67]. The self-aggregation of individual 
sheets, which resulted in the production of graphite, was the primary flaw of single-
layer graphene sheets. To overcome these drawbacks, other carbon materials such as 
porous carbon spheres, carbon nanotubes, carbon black, and activated carbon spheres 
were incorporated in between the layers of graphene. Even though this process was 
very simple and efficient, further process was required to decrease the production 
cost. 

5.6 Transition Metal Oxides (TMO)/Graphene 
Nanocomposites 

TMO/Graphene nanocomposites attracted huge attention in energy storage devices. 
Generally, TMO were used as the materials of the electrode in energy storage appli-
cations, since, they possessed rich electrochemical behavior, were eco-friendly and 
were low cost. But their applications were limited by their higher resistivity and 
higher agglomeration rate. These serious issues of transition metal oxides were 
overcome by the preparation of TMO/graphene nanocomposites. TMO/Graphene 
nanocomposites exhibited the advantages of transition metal oxides (such as supe-
rior, redox rate and capacitance), and graphene (including superior active surface 
area and conductivity).
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5.7 Graphene-Polymer Nanocomposites 

Research interest in graphene- polymer nanocomposites was increased in modern 
days because of their unique characteristics, such as yield strength, toughness, 
optical response, electrical and thermal conductivities, and so on. Conventionally, 
graphene–polymer nanocomposites were prepared by the addition of a smaller 
amount of graphene with a polymer matrix. Since graphene has superior characteris-
tics, including superior mechanical strength, high electrical and thermal conductivi-
ties, thermal stability, etc., the characteristics of the polymer were greatly enhanced by 
the addition of graphene. Various types of polymers, such as epoxy, PMMA, HDPE, 
polystyrene, and nylon were used as the matrices for the fabrication of polymer– 
graphene nanocomposites [68-71]. The most important applications of polymer– 
graphene nanocomposites were, (a) in lithium-ion batteries, (b) in electrocatalytic 
processes, (c) in solar cells, and (d) in thermoelectrics. Various analytical charac-
terization techniques were used to analyze the chemical and physical properties of 
the graphene nanocomposites. Some of the most important and suitable character-
ization techniques were high-resolution transmission electron microscopy, atomic 
force microscopy, X-ray diffraction analysis, optical microscopy, scanning electron 
microscopy, Raman spectroscopy, etc., 

5.8 Modified Graphene Nanostructures 

When utilized as supercapacitor electrodes, graphene modified with functional 
groups comprising boron (B), sulfur (S), nitrogen (N), silicon (Si), and oxygen (O) 
has demonstrated enhanced performance. rGOs, for instance, displayed a specific 
capacitance of 264 Fg−1. An electrochemically reduced graphene-based electrode 
demonstrated outstanding durability in an aqueous electrolyte, with over 1000 cycles 
of cycling and a capacitance of 165 Fg−1. In aqueous and IL electrolytes, partially 
reduced GO possesses capacitances of 348 and 158 Fg−1, respectively. EDLC and 
pseudocapacitance have synergistic effects that contribute to improved performance 
in modified graphene. In order to create rGO with a high surface area (1520 m2g−1) 
and high electrical conductivity (1738 Sm−1), By eliminating the need for extra 
binders, carbon black, and current collectors, these materials might be employed 
directly as electrodes, potentially increasing the energy density of the devices. The 
95% capacitance retention for more than 1000 cycles even when bent indicates 
remarkable mechanical flexibility. The material’s linked network topology and the 
gel electrolyte are credited with giving it great mechanical flexibility.
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Although the inclusion of functional groups on the surface increased the mate-
rials’ capacities, making these materials requires precise control and sophisticated 
synthesis procedures, which can raise the cost of production. Due to the surface 
groups, this can also result in low loading, limiting their usefulness. Furthermore, 
it is currently difficult to manage the kind, density, and order of graphene surface 
functional groups. 

5.9 Graphene/Transition Metal Nitrides (or Sulfide) 
Nanocomposites 

Due to their superior electrical conductivity, extraordinary electrochemical charac-
teristics, and high specific capacitance, transition metal sulfides (NiS, CoS2, MoS2, 
CoMoS4, MnS, CuS, etc.) and transition metal nitrides (Mo3N2, VN, TiN, etc.) 
are also attractive materials for application in supercapacitors. These materials are 
similar to TMO (or hydroxides) nanocomposites. However, pure transitional metal 
nitride or metal sulfide electrodes have low cycleability due to irreversible oxida-
tion processes [72, 73]. Therefore, using conductive carbon, such as graphene, metal 
nitrides or metal sulfides together can stop the oxidation reaction and increase the 
cycleability of these materials [74, 75]. 

6 Characterization of Graphene 

Superior thermal conductivity (3000 W/mK), high mobility (15,000 cm2/Vs), and 
excellent specific surface area (2600 m2/g), exceptionally low permeability are only 
a few of the remarkable attributes of graphene. Large-area polycrystalline graphene 
has topological flaws, which are regarded to be significant in adjusting the mechanical 
and physical characteristics of graphene [76-78]. Therefore, characterizing graphene 
is crucial to comprehending its properties. The graphene sample layer quantity affects 
both its overall electronic characteristics and purity. To gather structural and morpho-
logical information about the generated graphene, many spectroscopic and micro-
scopic techniques are used in graphene characterizations. Determining the purity 
and flaws of graphene is also a part of the characterization procedure. The purity of 
graphene is greatly influenced by the synthesis procedures and/or processing settings. 
The most popular methods for counting the layers of graphene are HR-TEM and 
AFM. However, Raman spectroscopy is frequently used to identify different crystal 
structures and bonding information in order to characterize the purity of graphene 
and count its layers. Additionally, the fundamental techniques for determining the 
chemical purity of graphene and finding functional groups connected to the material 
are XPS and Raman spectroscopy.
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6.1 X-Ray Diffraction (XRD) 

For the characterization of exfoliated and intercalated nanocomposites, XRD is a 
crucial analytical tool. For instance, GO’s interlayer or d-spacing basal plane can 
be precisely measured using XRD, as can the intercalation of any species in the 
GO lattice’s gallery. While the interlayer spacing of graphite is 3.35, the functional-
ization of graphite with oxygen-containing groups during conversion to GO causes 
an increase in the basal plane spacing. A lot of sp2 carbon compounds have been 
structurally characterized using X-ray diffraction (XRD). Graphite and graphene 
exhibit distinctive peaks in their XRD patterns, which can be utilized to distinguish 
between their structural differences. For instance, in graphite oxide, the sharp peak 
at 2 = 26.3° shifts to 14.1o–14.9o. However, once the GO sheets exfoliate into single 
sheets, the XRD peaks vanish. [79-82] 

A very helpful tool for validating the reduction of GO to graphene and determining 
phase is the application of X-ray diffraction (XRD). Naturally, given the scant data 
obtained, it is not as effective as the other methods (AFM, Raman spectroscopy, 
FT-IR). As a result, other techniques like XPS, Raman, and FT-IR are always used in 
conjunction with their application to provide more details about the catalyst structure. 

6.2 Scanning Electron Microscopy (SEM) 

Graphene produced using various ways has a variety of flaws, depending on the 
method. The remarkable mobility of graphene as well as its other mechanical and 
physical properties are adversely affected by defects. In light of this, it is crucial 
to define these flaws using SEM or other cutting-edge imaging methods. SEM is a 
sophisticated microscopy tool used to characterize materials with micro- and nanos-
tructures. SEM has the high power to provide a 2D analysis of important sample 
features, but it can also offer details and a variety of qualitative data on a number of 
physical characteristics, including materials’ size, roughness, morphology, surface 
consistency, and chemical composition. The SEM can be used to define certain 
nanoscale characteristics of graphene, such as wrinkles, grain morphologies, and 
folding lines [83, 84]. 

6.3 High-Resolution Transmission Electron Microscopy 
(HR-TEM) 

A highly effective method for characterizing the structure of graphene is HR-TEM. 
It is a special tool for describing graphene’s atomic structures and interactions. It has 
been used to examine graphene flakes in a fraction of a micron and to disclose the 
tiny chemical structure of graphene oxide. It is a TEM with extremely high resolution
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and cutting-edge imaging characteristics that outperform traditional TEM. In order 
to characterize graphene-based catalysts, HR-TEM can be used to count the layers 
of the material. This directly impacts the surface area of the catalyst and significantly 
affects its catalytic activity. HR-TEM can also be used to gauge a graphene sample’s 
thickness. Thus, the number of layers may be determined [85-88]. 

Exfoliated graphene sheets show a significant propensity to irreversibly agglom-
erate or even restack, returning to multilayer structures like graphite as a result 
of strong interactions and van der Waals forces. Therefore, functionalization is 
necessary to promote dispersion in aqueous and organic solutions and to decrease 
hydrophobicity. Graphene is given covalent functionalization by the addition of 
molecules that causes the sp2 carbon atoms of the network to rehybridize into an 
sp3 configuration, causing modifications to the graphene’s inherent chemical and 
physical properties. 

6.4 Atomic Force Microscopy (AFM) 

One of the most effective microscopy methods for analyzing samples at the nanoscale 
is atomic force microscopy (AFM). SPM, or scanning probe microscopy, includes 
AFM (SPM) with a resolution of the order of nanometer-sized fractions. AFM, for 
instance, offers 3D views of the number of layers and graphene film’s thickness. The 
most reliable, highest-resolution AFM imaging is available today. In order to confirm 
the thickness of graphene films, an AFM can be used. Graphene fillings typically have 
different morphologies (e.g., distorted, crumpled, and folded sheets). AFM can be 
used to analyze the form, size, composition, aggregation, and absorption/dispersion 
of nanomaterials, just like SEM and TEM. In AFM research, a variety of scanning 
modes are used, including dynamic mode, static mode (noncontact mode), tapping 
mode and contact mode. 

Single-layered sheets of reduced graphene oxides (rGO) are produced via the 
chemical reduction of graphene oxide (GO). The rGO are adaptable for a variety of 
applications because they have electrical and mechanical properties that are compa-
rable to those of graphene. Reduced graphene oxide has been produced by a variety 
of methods [52, 78]. Sulfonic acid-grafted GO, or S-reduced graphene oxide, was 
easily created as an efficient catalyst for the self-assembly of Pt/S-rGO electrocat-
alysts. AFM performed a thorough analysis of the morphologies of the graphene 
oxide and S-reduced graphene oxide. The graphene oxide and S-reduced graphene 
oxide are made up of discrete and evenly spaced graphene oxide sheets. Additionally, 
the GO sheets have the typical properties of a fully exfoliated graphene oxide sheet, 
including 0.8 nm thickness.
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6.5 Raman Spectroscopy 

A common nondestructive method for characterizing nanocrystalline, amorphous, 
and crystalline carbons is Raman spectroscopy. It is a high-resolution instrument 
for analyzing the lattice structure, electrical, phonon, and optical characteristics of 
graphite and 3D diamond, 2D graphene, 1D carbon nanotubes, and 0d fullerenes 
carbon-based materials. Due to its sensitivity to the vibration of C–C bonds, Raman 
spectroscopy provides a potent and trustworthy method for the characterization of 
graphene family materials [52, 78, 80, 89, 90]. The density of flaws in graphene 
can be determined and measured using this extremely sensitive approach. Numerous 
other forms of carbon can be produced as byproducts of the diverse processes used to 
create graphene, including mechanical exfoliation, CVD, and chemical exfoliation. 

7 Graphene and Its Derivatives for Industrial Energy 
Storage 

7.1 Supercapacitor 

Supercapacitor, also known as ultracapacitor, plays a major role in modern indus-
tries and the schematic illustration of the various components of a supercapacitor 
is depicted in Fig. 5. Generally, a supercapacitor consists of four different compo-
nents, such as (i) anode, (ii) cathode, (iii) separator and, (iv) an electrolyte. The 
electrodes (anode and cathode) play a major role in charge separation and/or redox 
reactions during the electrochemical reactions. Similarly, the role of electrolytes is 
also very significant, which were used as the charge transport medium. Finally, the 
separator was used to limit the ion transport between the electrodes. Supercapacitor 
was classified into three different categories, such as electric double layer capaci-
tors (EDLC), pseudocapacitors (PCs), and hybrid capacitors (HCs) are based on the 
charge storage mechanism. In EDLCs, charges were stored through a non-faradaic 
process, such as the charges were separated through the applied electric field and 
created the electric double layers within the device. Whereas, pseudocapacity was 
created by the extremely reversible faradaic reactions that occurred at the electrodes 
and electrolyte interfaces. The term “EDLC” referred to the capacitance produced by 
the potential-dependent charge storage within the two diametrically opposed charged 
layers formed at the electrolyte-electrode interface [91]. Helmholtz was mostly recog-
nized for developing the best-practice EDLC model, hence double layers made up 
of separated charges were also known as Helmholtz double layers. [92]. The term 
“EDLC” was created to describe the supercapacitors that resulted from Becker’s 1957 
proposal of the first electricity storage and delivery device. The specific capacitance 
produced by the EDLC was represented as
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Fig. 5 Schematic representation of a supercapacitor. Reprinted with permission from The Royal 
Society of Chemistry 2021 and Ref. [94] 

C = ( εr ε0 
d 

) A (1) 

where A was the specific surface area of the electrode, which was accessible to the 
electrolyte ions, εr relative permittivity, ε0—permittivity of vacuum, and d—effective 
thickness of the EDLC. Pseudocapacitance was produced from the charge storage 
process by the highly reversible faradaic interactions between the electrolyte and 
electrode active material. Redox-active electrode materials being reduced caused by 
the lowering of the oxidation state, together with the intercalation/adsorption of elec-
trolytic cations from the electrode surfaces, can be used to explain how such charge 
storage works [92, 93]. The pseudocapacitance was the derivative of accumulated 
charges with regard to the voltage change. Since EDLC stored energy using an elec-
trostatic non-faradic method, their electrodes possessed higher power density, far 
longer cycle life, and lower resistance than those of pseudocapacitors. 

7.1.1 Application of Modified Graphene as Electrode Materials 
for Supercapacitors 

Materials made from graphene and/or its derivatives typically hold the advantages 
like high electrical conductivity, enormous surface area, etc. In general, either non-
covalent bonding or covalent interactions lead to graphene alterations. The former 
was often accomplished using a few methods, such as atom doping or interaction with 
the remaining functional groups on graphene that were created or destroyed along 
with the material’s unsaturated structure. The surface area, storage capacity, stability,
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Fig. 6 Different methods of 
graphene modification

mechanical characteristics, electrical conductivity, handling, and processing capa-
bilities, as well as solving production-related issues were rectified by the chemically 
modified graphene. A significant cause of worry was the graphene aggregates that 
form during the reduction process are reversible. The secondary van der Waals forces 
were activated by accumulation. Graphene must be modified in order to withstand 
these potent van der Waals forces. As a result of various chemical processes used to 
modify graphene, distinct interactions between the graphene sheets were depicted 
schematically in Fig. 6. 

. Covalent Modification of Graphene 

The existing oxygen linkages, also known as “oxygenated functional groups” or 
“π–π networks,” were often responsible for the attachment of various functional 
groups through covalent bonds on the graphene surfaces. Additionally, the surface 
functional characteristics of graphene were modified by the presence of hydroxyl/ 
epoxy functional groups above the surface and carboxylic acid groups at the edges 
of graphene oxide and graphene. Since stronger bonds were formed between the 
modifier and the graphene when it undergoes covalent modification, the performance 
of supercapacitors was improved and this method of modification of graphene was 
favorable in most of the applications.

. Direct Atom Doping Modifications of the Graphene Lattice 

Doping was a popular technique used to change the electronic characteristics of 
semiconductors. In order to transform carbon compounds into n- or p-type materials, 
nitrogen or boron atoms, respectively was utilized. At a high annealing temperature 
of 1200 °C in ammonia, graphene was electronically doped. Due to the changes 
in electrical structure and surface energy, nitrogen and boron doping created a
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significant impact on the ability of graphene to store charges. The increased elec-
trical conductivity and wettability by N-doping improved the microporous graphene-
specific capacity [95]. Since, N-doping improved and revealed higher charge storage 
capacity, according to the calculations using density functional theory. Numerous 
wearable supercapacitors were made by using N-doped graphene based on these 
theoretical projections. N-doped graphene-based supercapacitor devices were tested 
in both organic and KOH electrolytes and showed significantly greater capacitance 
than the device composed of pure graphene. Other small compounds, such as poly 
(ethylene imine), was investigated as a complementary and stable dopant in addition 
to nitrogen and boron. Theoretical investigations suggested that doping was used to 
modify the graphene’s band structure.

. Covalent Attachment with Organic Functionalities 

Successful preparation of graphene-based nanocomposites was based on the 
synthesis of scattered graphene sheets in organic solvents. In order to achieve 
improved dispersion, covalent modification of graphene with the introduction of 
diverse organic functional groups was the primary strategy. The most important 
organic species to react with sp2 hybridized carbon atoms on graphene were fullerene 
dienophiles and organic free radicals. The successful chemical modification resulted 
in the insertion surface of redox-active sites and also improved the conductivity of 
graphene. It was well known that the functional groups formed on the surface gave 
more pseudocapacitance to the graphene [95, 96]. The hydrophilic functional groups’ 
increased the wettability toward electrolytes possessed a major impact on the proper-
ties of EDLC as well. The specific capacitance of the supercapacitor was dramatically 
increased by additional functional groups found on the surface of graphene.

. Modification via the Free Radical Addition 

Graphite, fullerene, and carbon nanotubes were already undergone functionalization 
by the addition of free radicals and this was successfully used in graphene also, which 
resulted in bandgap promotion and solubility change. Thermal and photochemical 
treatments were used to functionalize the graphene using the free radical addition 
method. Along with the other organic free radicals listed below, aryl diazonium salts 
were the most often used adducts. 

– Aryl Diazonium Salts 

Aryl diazonium salts, such as diazonium tetrafluoroborate, were synthesized via the 
free radical method. It was frequently used to incorporate the aryl group through a 
created covalent bond on the graphene carbon network made up of sp2 hybridized 
carbon atoms. Due to its ionic nature, diazonium salt undergoes a polar reaction in 
an acidic environment, which leads to the creation of an aryl cation. On the other 
hand, when a neutral condition was upheld, as indicated in Fig. 7, a free radical step 
was taken place.

These two methods cause N2 gas to escape from the diazonium salts. In this 
process, graphene donated an electron to the diazonium salt to form a radical 
aryl molecule. Further, the functionalization reaction proceeded by a free radical
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Fig. 7 Mechanism of the addition of free radicals for phenyl compounds to graphene. Reprinted 
with permission from The Royal Society of Chemistry 2013 and Ref. [97]

mechanism. The aryldiazonium salts utilization for surface modification through 
the incorporation of various functional molecules on the surface of graphene was 
a potential solution to weaken the van der Waals forces. But compared to pure 
graphene, aryl diazonium salts functionalized graphene showed improved electro-
chemical characteristics with high specific capacitance values. The functionalized 
graphene produced with aryl diazonium salts showed significant improvements in 
terms of super capacitive performance, as demonstrated in Fig. 8. 

– Peroxides 

Peroxides were potentially used to incorporate the aryl group into the sp2 hybridized 
network of carbon atoms. Only a few types of peroxides, such as those containing 
two or more nitro groups in the phenyl ring, were present. These peroxides were 
useful because they work as radical initiators when exposed to light, which released 
two molecules of CO2 and created two radical species of phenyl Fig. 9.

Fig. 8 a CV and b GCD of ADS-G based supercapacitors. With permission from Elsevier Ltd., 
reprinted from Ref. [108] in 2012 
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Fig. 9 Mechanism of adding the phenyl moiety by a free radical mechanism on the graphene 
structure (bottom) and the generation of the phenyl radical from benzoyl peroxide (top). Reprinted 
with permission from The Royal Society of Chemistry 2013 and Ref. [97] 

– Bergman Cyclization 

Bergman cyclization occurred with the development of a ring with six members. 
The precursor contains the enediyne group undergone cyclotrimerization after high-
temperature thermal treatment using the radical process. 1, 4-Benzenediyl bi-radical 
types were produced as the result of cyclization. The carbon atoms in graphene 
were reacted with these extremely reactive bi-radical species, which formed covalent 
bonds. Both hydrogen bonds and polymerization were the potential outcomes for the 
radical’s other end. 

– Nucleophilic addition 

The cyclopropanation of fullerene was the chemical process that raised the Bingel 
reaction. In this method, the diethyl malonate group was halogenated, and a base, 
such as sodium hydride’s 1, 8-diazabicyclo or undec-7-ene, was used to carry out 
the reaction. An in-situ combination of a base and tetrahalomethane produced 
the halide-malonate. The base produced an enolate by the removal of a proton 
from the halide-malonate, which then nucleophilically engaged a C=C bond in 
the graphene framework. A subsequent nucleophilic substitution occurred on the 
resultant carbanion. 

– Kolbe electro-synthesis 

The electrolysis of carboxylate ions during the Kolbe reaction resulted in the forma-
tion of radical species during the subsequent decarboxylation stage (Fig. 10). The 
radical species was made up only of an alkyl chain.

. Non-Covalent Modification of Graphene 

Due to the minimal impact on the graphene’s inherent structure, the non-covalent 
modification strategy for graphene appeared more adaptable and advantageous. 
Numerous interactions, including nonpolar gas–π interactions, H–π interactions, 
cation–π interactions, π–π interaction, π–cation–π interaction, anion–π interac-
tions, hydrogen bonds, and coordination bonds, were involved in non-covalent
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Fig. 10 Free radical addition of radical species onto graphene (bottom) and Kolbe reaction toward 
the formation of radical species (top). Reprinted with permission from The Royal Society of 
Chemistry 2013 and Ref. [97],

methods of modification. Compared to covalent interactions, non-covalent changes 
were far weaker. Multiple non-covalent contacts can, nevertheless, always result in 
more stability. They were also frequently reversible and simple to acquire throughout 
the entire surface of graphene. When manufactured graphene needed a high electrical 
conductivity as well as a high surface area, these non-covalent production techniques 
were important [98, 99]. 

On the other hand, a different method for non-covalently altered graphene-based 
electrodes reduced the issue by using Van der Waals interactions to bind redox-
active components to the graphitic framework. Since this method has no impact on the 
uniform sp2 carbon network, it also has no negative effects on the double-layer capac-
itance for the electrodes of graphene-based supercapacitors. By lowering the quantity 
of chemicals needed and the number of synthesis steps, non-covalent modification 
also contributed to the simplification of material synthesis methods. The group π– 
π interaction was the primary interaction when using the non-covalent modification 
approach. The majority of “π–π” interactions have taken place between two sizable 
aromatic rings that were non-polar and have overlapped p-orbitals. Additionally, the 
modification via the “π–π stacking” technique aided in maintaining the conjugation 
of the graphene layers, and preserved the graphene’s electronic properties, which 
seems to be a major benefit. The reduced graphene oxide electrodes showed better 
performances, when they were functionalized with hydrophobic Bu-hydroquinone, 
and revealed 94% of its initial capacitance retention after eight hundred cycles 
[100]. An expanded p-electron system in polyaromatic hydrocarbon quinone deriva-
tives, such as anthraquinone, makes them more hydrophobic than benzoquinone/ 
hydroquinone and can strengthen non-covalent interactions. The supercapacitor’s 
performance of several polyaromatic-quinones-based materials was tested and it 
showed 95% of initial capacitance retention after ten thousand cycles. Similarly, 
sulfanilic acid azocromotrop based non-covalently functionalized graphene oxide 
revealed the supercapacitor performance of 366 Fg−1 specific capacitance value as 
shown in Fig. 11.
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Fig. 11 a CV curve and b GCD of the modified rGO. Reprinted with permission from The Royal 
Society of Chemistry 2015, and Ref. [101] 

In addition to these, there were other significant interactions in order to change 
the graphene properties and they were explained below.

. H–π Interaction 

Complexes with this type of interaction were of great interest, one of the hydrogen 
bond interactions was the H–π interaction. The degree of polarizability that the avail-
ability of π-electrons possessed a substantial impact on the geometry and makeup 
of the H–π interaction. According to the total number of electrons involved in the 
interaction, the amount of the dispersion energy tends to be proportional. The stabi-
lization of the multidentate H–π complexes was caused by a significant contribution 
from the dispersion energy for bigger π -systems, such as those that were present in 
larger complexes with multiple hydrogen bonds.

. Cation–π Interaction 

It was a unique instance of a π–π interaction, where the counter molecule was a 
metal cation and the developed interaction was dominated by both induction and 
electrostatic energy. An accurate assessment of the energy of interaction was neces-
sary for a successful interaction between the negative electron cloud and positive 
organic cation, which in turn necessitates taking the polarizability of the π-system 
into account. When transition metal complexes and π complexes were taken into 
account in place of alkali cations, the nature and characteristics of the numerous 
interactions in cation–π interactions were changed.

. Hydrogen bonding 

The energy storage materials possessed a lot of hydrogen bonds. The bond energy 
of the hydrogen bond is of 3–7 kcal mol−1 was insufficiently strong. Because of 
the formation of hydrogen bonds between groups containing leftover oxygen from 
hydroxyl groups and graphene sheets, the material’s tensile strength and Young’s 
modulus were improved. For instance, established hydrogen bonding interactions
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significantly increased Young’s modulus of polymeric composites with graphene that 
contains different poly (acrylonitrile), epoxy, polyaniline, and hydrophilic polymer 
compounds.

. Anion–π Interaction 

Compared to lone pair-π, H–π, and cation–π interactions, anion–π, and π–π inter-
actions were relatively new. Anion–π interactions received a lot of attention recently 
and have been thoroughly explored as electrode materials. Anion–π system interac-
tion energies were comparable to cation–π system interaction energies. The anion– 
π complexes’ overall energy was largely made up of the dispersion energies. A 
significant increase in the exchange-repulsion energy was another way to recognize 
anion–π-type interactions.

. Coordination bonds 

Numerous studies were reported on the oxygen-arbitrated coordination bonds, which 
were particularly common for transition metals. It was demonstrated that controlled 
alterations made to the macroscopic graphene–metal interface with the aid of oxygen 
intercalation considerably improved the interaction between graphene and metal. 

7.2 Battery 

As a crucial component in numerous energy-efficient applications, batteries are 
enthralling the market. They are heavily enhancing our job efficiency as they are 
implemented into many aerospace, electrical, textile, automotive, stationary markets, 
and electric vehicles. The issues with renewable energy sources are being resolved 
by electrochemical energy storage systems, such as batteries with substantial specific 
energy densities. Batteries are thought to be promising to give with all energy storage 
facility for our daily job due to their small structure and size. Due to their high 
energy density, extended cycle life, safety, and environmental friendliness, lithium-
ion batteries are the most often used power sources for electrochemical energy storage 
types [102, 103]. Due to their unique characteristics, other electrochemical energy 
storage technologies such as lithium-sulfur, sodium-ion, and lithium-air batteries 
have also gained increased interest. Although each of these battery types has its own 
benefits and drawbacks, there is still an opportunity for improvement. Graphene 
derivatives are particularly appealing as a material for batteries, and they can be used 
in a variety of battery applications. 

7.2.1 Lithium-Sulfur Batteries 

Li electrode-based modern generation batteries are well known for their excellent 
energy density and much-promised safety. Due to their low energy densities, the 
batteries currently on the market do not meet the requirements for long-term storage.
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A new type of lithium-based battery known as “lithium-sulfur” (Li-S) batteries has 
evolved to solve this issue, attracting interest due to its lighter weight, higher energy 
density, and increased safety. Lithium-sulfur batteries are the ones that are produced 
when the heavy anodes of LIBs are swapped out with lighter sulfur. Sulfur exhibits 
considerable potential to function as an efficient replacement for the traditional elec-
trodes utilized in the LIBs due to their enormous theoretical capacity. Sulfur also has 
other benefits, such as affordability, environmental friendliness, and natural avail-
ability, which make it particularly tempting as an electrode material for second-
generation LIBs used in everyday life [102-104]. However, sulfur has a very low 
electrical conductivity, which is thought to be the cause of the electrode’s poor elec-
trochemical performance and low contact, resulting in a low capacity and quickly 
depleting electrode. By incorporating highly conductive substrates like graphene 
and derivatives of graphene, it is possible to boost the electrical conductivity of the 
sulfur electrode and overcome these limitations. Different sulfur-graphene hybrids 
have been developed and researched in Li-S batteries in modern days. The use 
of fluorographene has recently been expanded as an intriguing electrode separator 
for use in lithium-sulfur batteries, preventing the migration of polysulfides toward 
the lithium anode. However, their performance was lower than that of the carbon-
sulfur hybrids, showing that improvements must be made to the sulfur/graphene and 
graphene derivatives interface in order to improve performance in the case of Li-S 
batteries [105, 106]. 

7.2.2 Lithium-Ion Batteries 

The first lithium-ion batteries (LIBs), utilized for commercial applications, were 
created 28 years ago by Sony Co. in Japan. These commercial batteries use laminar 
stacked-type compounds because the anode is made of graphite and the cathode 
is built of lithium cobalt oxide. Lithium ions move through a liquid lithium-ion 
electrolyte that is situated in between the electrodes as the charge–discharge process 
continues. Figure 12 provides an illustration of how such batteries’ mechanism func-
tions. Ions are ejected from the negatively charged anode and injected into the posi-
tively charged cathode during the discharge process. Through polymeric separator 
and electrolyte, ions play a major role in the current flow between the negative and 
positive electrodes. Due to its unique structural, mechanical, and chemical capabili-
ties, graphene and its derivatives are used in a variety of LIB applications as anode 
and cathode materials. Given that a single Li-ion can interact with six carbon atoms, 
graphite is expected to have a theoretical capacity of 372 mAhg−1. Due to its excep-
tional reversibility for the Li ions and extremely long cycling life, this is the anode 
material that LIBs use the most. On the other hand, graphite remained the most 
widely utilized anode material in the industry for a very long time. Graphene has the 
potential to hold lithium ions on both of its sides, theoretically doubling the capacity 
of conventional carbon compounds. According to theoretical calculations, graphene 
can have a maximum capacity of 740 mAhg−1 under the double-layer adsorption 
hypothesis [106, 107].
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Fig. 12 Ion intercalation 
mechanism of a lithium 
battery. Reprinted with 
permission from nature 
publication and Ref. [100], 

However, creating an appropriate electrode material remains difficult in order to 
reach the realistic values that would make LIBs viable in electric vehicles. However, 
because of its electrochemical activity, conductive properties and elastic nature, 
graphene has been able to successfully address a number of problems, including 
volume expansion, low conductivity, rate capability, and the rapid fading of capacity. 
The electrochemical performance of graphene derivatives and enhancement of the 
electron transportability and is still conceivable, according to experimental and theo-
retical studies to date. Graphene derivatives: The second option for LIBs is graphene 
oxide, which is a soft material. Graphene oxide is less mechanically robust than pure 
graphene, but it is nonetheless regarded as having good strength and has application 
potential in the fabrication of composite materials. Because graphene’s many elec-
tronic characteristics can be regulated, LIBs can use it effectively. In order to create 
new useful materials, chemical modification of graphene has become increasingly 
popular recently. One of the unique and intriguing functionalized materials is hydro-
genated graphene, which has a structure similar to graphene with a high hydrogen 
concentration. This material is ideal for LIBs fields because almost all of the carbon 
atoms are in the sp3 hybridized form. The capacity of the hydrogenated graphene 
produced by gamma-ray synthesis for use in LIBs is good, measuring at 680 mAhg−1 

(see Fig. 13).
On the other hand, because it is not associated with the conjugated electrons, 

fluorographene exhibits much more diverse features than graphene. When compared 
to pure [108] graphene, fluorographene has a significantly higher theoretical specific 
capacity for Li of 865 mAhg−1. Additionally, this substance is used as a cathode mate-
rial in secondary and primary LIB batteries, which improves the battery cells’ ability 
to store energy and discharge it. For use as an anode material in LIBs, graphyne/ 
graphdiyne are extremely intriguing options due to their alluring electrical and struc-
tural features. For the purpose of examining their possible uses in lithium storage,
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Fig. 13 a GCD and b cyclic stability of graphene. Reprinted with permission from nature 
publication and Ref. [108],

the 2-D carbon allotropes graphdiyne and graphyne were investigated using first-
principles calculations. The maximum amount of Li that can be stored in graphene is 
more than the maximum amount that can be stored in graphite. The gap between two 
subsequent graphyne layers is slightly affected by the intercalation of Li, and this is 
quite advantageous for the charging procedures. The high Li storage capacity and 
rapid mobility of graphene make it a potential material for anode uses in batteries. 

In addition to this, graphene nanoribbons are emerging as a strong contender for 
LIBs. Additionally, it has been claimed that the lithium storage capacity and diffusion 
coefficient are up to two orders greater than those of the graphene nanosheet. 

7.2.3 Sodium-Ion Batteries 

LIBs have been a popular rechargeable energy source in the past few decades. 
However, the increasing demand for LIBs on a wide scale raises worries about 
the high price and insufficient lithium supply on Earth. As a result, sodium-ion 
batteries (SIBs), which use cheap, readily available sodium from the alkaline earth 
metal family, have recently attracted more interest as a less expensive alternative to 
LIBs. SIBs were first suggested as a LIB substitute long ago, but because of their 
poor performance, they were long forgotten and never used in real-world applica-
tions. Although sodium is more readily available than lithium, it does not perform 
as well in terms of redox potential and ionic radius. The low cost and higher avail-
ability of SIBs, however, make them the most viable replacements for LIBs in cases 
of widespread application. Additionally, as demonstrated, the chemical and phys-
ical properties of sodium are extremely similar to those of lithium [95, 102, 103]. 
Through an aqueous or nonaqueous medium, sodium ions are transferred between 
the anode and cathode electrodes. Graphene and its numerous derivatives, in addition
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to sodium, have a great deal of significance in the design of SIBs since they have 
superior rate capability, higher specific capacity, and longer cycle lives than bare 
graphene. In comparison to other materials, graphene and its derivatives have, to 
present, demonstrated increased energy density and gravimetric capacity. Graphene 
and its numerous derivatives appear to be an effective material for SIBs, as demon-
strated by earlier investigations that deemed them to be the best anode material for 
usage in LIBs. 

7.2.4 Other Battery Technologies 

A lot of interest has been paid to battery technologies like sodium-sulfur (Na-S) and 
sodium-air (Na-air) batteries as prospective successors to current battery technolo-
gies. Due to its low cost and a number of other unique qualities, such as its high 
theoretical energy density, low cost, and minimal environmental impact, Na-air has 
received more attention recently. However, the Na-air battery has issues with its low 
power density, limited cyclability, and significant overpotential. Additionally, Na-air 
batteries require ultra-pure oxygen to be stored in a tank in order to produce oxygen, 
which raises the cost of the overall setup and adds to the inconvenience. 

Na-S batteries, on the other hand, provide a number of benefits, including a high 
theoretical energy density (760 Whkg−1), high efficiency, a long lifespan, and cheap 
material cost. With all of these benefits, the Na-S is positioned for success in storage 
applications like load-leveling and smooth power supply. The cell must be operating 
at a high temperature to provide a large quantity of current flow, which presents 
safety-related difficulties due to the weaker sodium-ion conductivity. For the Li-S 
battery, graphene has been predicted to operate as an encasing carbon matrix and 
a conductive agent; however, no such actions have been discovered for the Na-S 
battery [102]. 

8 Conclusion and Future Work 

Composites of graphene have taken on a significant role in the nanotechnology field 
as a result of the increasing need for a sustainable future. The world’s water crisis 
can be resolved with graphene, the strongest, thinnest substance (just an atom thick). 
Membranes that can segregate salt molecules from water molecules can be created 
using the tiny pores of graphene films. This could transform desalination technology 
and lower the cost of running businesses in places like the Middle East. Graphene’s 
distinctive hexagonal shape and the sp2 hybridized bonds that hold it together give 
it outstanding thermal and electrical conductivity. Supercapacitors can be made with 
graphene. It can replace silicon in transistors and be utilized to create ultra-thin, 
flexible touch panels. The scotch tape method was used to separate the first-ever 
graphene from graphite. Later, researchers created a variety of additional techniques 
for producing graphene. The bottom-up approach and top-down approach are the two



22 Functionalized Graphene and its Derivatives for Industrial Energy Storage 561

main approaches. Top-notch, expandable graphene is produced using the top-down 
approach, but there are drawbacks like low yield. The bottom-up strategy creates a 
large surface area, and nearly flawless graphene, but because processes like epitaxial 
growth require well-developed operational facilities, it is more expensive than the 
top-down method. The review study details numerous indirect techniques for synthe-
sizing secondary substrates into graphene and its derivatives. In addition, the review 
paper explains the numerous top-down and bottom-up methods for synthesizing 
graphene and its precursor, graphene oxide (GO). It has also been considered to 
use straw fermentation as a green method of synthesizing graphene. More recently, 
with the development of green chemistry and environmentally friendly, sustainable 
methods, graphene was produced using biomolecules as a substrate. The bottom-
up method was found to be more effective for producing nanomaterials based on 
graphene (GBNs). The GBNs’ low weight makes them an extremely helpful element 
in the medication delivery system. Because of a phenomenon known as the “barrier 
effect,” graphene composites offer more corrosion resistance than traditional coat-
ings. GNPs, or graphene nanoparticles, are utilized as adsorbents in the purification 
of water and in the detection of contaminants. Additionally, graphene has become 
a superior option for nanofillers in polymer matrices due to its characteristics such 
as excellent mechanical strength, tensile strength, and thermal degradation tempera-
tures. Researchers have discovered that graphene sheets can withstand twice as much 
damage as Kevlar, the material that is typically used in bulletproof armor. Due to 
graphene’s small weight, wearing bulletproof jackets will be more comfortable. It 
has been noted that graphene materials have greatly increased in commercial signif-
icance. The potential for using graphene in the future is enormous, paving the way 
for the development of engineering and technology. The time is quickly approaching 
when graphene will be utilized in our daily activities. 
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Chapter 23 
Functionalized Carbon and Its 
Derivatives Dedicated to Supercapacitors 
in Industrial Applications 

Ajay Singh and Sunil Sambyal 

1 Introduction 

Rapid industrialization in all sectors of day-to-day life has drastically escalated 
the demand for clean, safe, and sustainable energy worldwide, which encouraged 
researchers to resolve this triggering problem by developing efficient cost-effective 
novel energy materials utilized for production and storage systems. The depletion 
of conventional fossil fuel resources and excessive usage has raised many serious 
environmental pollution issues such as the emission of greenhouse gases, volatile 
organic compounds (VOCs), ozone layer depletion, and non-biodegradable petro 
byproducts. Earlier, natural renewable energy sources like water, sun and wind 
have been tapped to generate electricity via hydroelectricity, solar energy and wind 
power plants. Recently, many research activities are initiated in the area of energy-
generating technologies like fuel/solar cells and energy storage technologies such as 
lithium-ion batteries (LIBs) and supercapacitors. 

Supercapacitors (SCs), also called ultra-capacitors/electrochemical capacitors 
are considered promising power storage electronic devices owing to their high 
power density, quick charging/discharging rate, high efficiency (above 99%), cycling 
stability, eco-friendly and easy construction from easily available materials [1]. The 
specific capacitance (C), energy density (E) and maximum power density of a super-
capacitor are given as C = Q 

V , E = CV  
2 , and Pmax = V 2 

4R , where ‘Q’ is the charge 
stored on the electrode per unit mass, ‘V ’ is the operating voltage window and ‘R’ 
is the equivalent series resistance of all the components in the device.
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The electrochemical performance of SCs such as specific capacitance, power 
density, energy density and cycling stability are based on the electrode material 
used. Ideal electrode materials should possess high specific surface area, controlled 
porosity, high electronic conductivity, desirable electroactive sites, high thermal and 
chemical stability, and low costs. Based on the operating mechanism of electrochem-
ical double-layer capacitance (EDLC), the various carbon allotropes widely utilized 
as electrode material in supercapacitors are fullerenes, carbon nanotubes, graphene, 
carbon nanofiber, carbon aerogels and porous carbon [2–5]. 

The two operating mechanisms by which energy is stored in the supercapaci-
tors are: (i) Electro chemical double—layer capacitance (EDLC) and (ii) Pseudo-
capacitance. In EDLC, the specific capacitance is given as C = εr ε0 A 

d , where ‘εr ’ 
and ‘ε0’ is the relative permittivity of the medium and that of vacuum, ‘A’ is the  
specific surface area of the electrode and ‘d’ is the effective thickness of the elec-
trical double layer. In EDLC, the accumulation of electrons at the electrode is non-
Faradaic process. In the case of pseudo-capacitance, the capacitance is calculated as 
C = n×F 

M×V , where ‘n’ is the mean number of the electrons transferred in the redox 
reaction, ‘F’ is the Faraday constant, ‘M’ is the molar mass of the metal oxide and 
‘V ’ is the operating voltage window. In pseudo-capacitance, the accumulation of 
electrons at the electrode is a Faradaic process. 

Due to the high cost of RuO2 and the electrochemical instabilities of most 
transition-metal compounds (represented by manganese oxide) in aqueous elec-
trolytes, the application of pseudocapacitors in commercial devices has been 
hampered [6]. Therefore, most commercially available SCs are EDLCs assembled 
using porous carbon electrodes and organic electrolytes composed of tetraethyl 
ammonium tetrafluoroborate solute and acetonitrile or propylene carbonate solvents 
[7]. A hybrid supercapacitor can be simultaneously both EDLC and pseudo-
capacitance. A hybrid supercapacitor can be a symmetric composite hybrid and 
asymmetric hybrids, which utilizes both Faradaic and non-Faradaic processes to 
store charge, have higher energy/power densities and good cycling stability. The 
symmetric supercapacitor has identical materials of the same capacitances at both 
electrodes (positive and negative) [8]. Inexpensive transition metal oxides have been 
used for the construction of symmetric supercapacitors [9]. Asymmetric superca-
pacitors (ASCs) have two different electrode materials with well-separated potential 
windows. The asymmetric device exhibited higher areal capacitance and energy 
density (380 mF cm−2 and 19.1 Wh Kg−1) than that of the symmetric device (194 
mF cm−2 and 4.5 Wh Kg−1). 

Various carbon materials such as activated carbon, graphene, carbon nanotubes 
and carbon aerogel are used as electrode materials for supercapacitor applications. 
However, the energy densities of SCs as low as 5–8 Wh Kg−1 (= 250 Wh Kg−1 

for lithium-ion batteries, and = 40 Wh Kg−1 for lithium-acid battery) [10] and the 
capital cost per watt-hour of SC is much higher than lithium-ion batteries and lead-
acid battery [11]. The high capital cost of SC is mainly ascribed to the high cost of 
porous carbon electrode active materials. Porous carbons used for SC applications 
have high prices ranging from 30 to 50 $ Kg−1 [12]. The high cost of porous carbon 
increases the cost of SC devices and the levelized cost of energy storage devices
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(LCES). The porous architecture of porous carbon electrodes decides the capaci-
tance and energy of an EDLC-type SC. To enhance the capacitance of EDLC-type 
SC, the development of high surface area porous carbon is required. The pores in 
porous materials are classified into macropore (>50 nm), mesopore (2–50 nm) and 
micropore (<2 nm) [13]. Macropores of porous carbon act as reservoirs of electrolyte 
ions, mesopores act as the diffusion channels for electrolyte ions and micropores 
play the roles for ion storage. The structural parameters of porous carbon such as 
SSA, pore-size distribution, surface functionalities and tap density can be controlled 
by synthetic parameters. Using porous carbon as electrode material in supercapac-
itor possess various advantages such as high surface area, surface functionalities 
and chemical stability [14]. Doping of heteroatoms into carbon enhances the elec-
tronic conductivity and surface faradic reactions which improves the capacitance. 
For example, nitrogen-doped carbon nanocages prepared by in situ MgO template 
method [15] showed increased capacitance from 11.8 to 17.4 μF cm−2 at a current 
density of 1 A g−1 in 6.0 M KOH. By using the thermal treatment of core–shell 
structured ZIF-8@ZIF-67 crystals [16], highly porous nitrogen-doped carbon (NC) 
as the cores and highly graphitic carbon (GC) have been prepared which shows 
high specific capacitance of 270 Fg−1 at a current density of 2 A g−1 in 1.0 M 
H2SO4. Feng and Zhang et al. investigated graphene-coupled 2D porous carbons 
which exhibit enhanced capacitance due to long-distance conductivity as compared 
to porous carbon without graphene as a template [17]. This concept can be easily 
spreader to design new 2D and 3D composites [18] for energy storage and conver-
sion. Due to redox reactions of electroactive species, pseudocapacitors show higher 
specific capacitance as compared to EDLCs. The robust redox reactions exhibited 
by pyridinic-N and pyrrolic-N, the N-doped ordered mesoporous few-layer carbon 
(OMFLC-N) show capacitance of 855 Fg−1 and an ultrahigh energy density of 41 Wh 
Kg−1 [19]. It has been observed that the accessible micropores of carbon materials 
determine the specific capacitance and rate capability depends on meso- and macro-
pores. An anomalous capacitance with a pore size below 1 nm is observed in porous 
carbon and the electrochemical performances of porous carbon electrodes depend 
upon both specific area and pore structure [20]. The other factors which impact the 
performance of capacitance are specific surface area, pore size distribution, surface 
heteroatoms (or functional groups), and structural defects [21–25]. 

This chapter explores the physical and chemical synthesis methods and character-
ization of activated carbon and graphene-based porous carbon doped with different 
organic and inorganic dopants for energy storage supercapacitors. The future perspec-
tive of the work will also be discussed for enhancing the performance of super-
capacitor storage capacity. This book chapter elaborates on the importance of the 
problem with brief historical, global scenarios with past, present and future perspec-
tives with proposed solutions/advantages/ disadvantages for energy storage device 
supercapacitor application.
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2 Synthesis Strategies of Porous Carbon 

Porous carbon is the most significant electrode active material and is manufactured 
at an industrial scale by the carbonization-activation method. However, this method 
of production of commercial porous carbon for supercapacitors suffers from various 
disadvantages such as corrosion of equipment, high production cost and emission of 
byproduct pollutants. In addition to the traditional carbonization-activation method, 
the novel strategies developed in recent years for the production of porous carbon 
materials are: emerging activation methods, template methods and self-template 
methods. 

2.1 Carbonization-Activation Technique 

Porous carbons obtained by this procedure are called activated carbon and are 
used in SC applications as electrode material. Carbonization is done by pyrolysis, 
which produces nonporous carbonaceous materials having low oxygen and hydrogen 
contents which are further activated by physical or chemical methods. 

2.1.1 Carbonization 

It is a physiochemical procedure that involves several reactions simultaneously 
like deoxygenation, dehydrogenation, crosslinking, hydrogen transfer, condensa-
tion and isomerization [26]. Many novel carbonization techniques have been 
developed to replace pyrolysis which is performed in an inert atmosphere are 
hydrothermal carbonization [27], dehydrogenation/deoxygenation enabled by high 
concentrated H2SO4 [28], microwave-assisted carbonization [26] and dehalogena-
tion of halogenated organic polymers [29]. These techniques result in the produc-
tion of carbonization materials having different structures and chemical composi-
tions. Microwave-assisted carbonization technique has various advantages which 
include: (i) instantaneous on and off of heating; (ii) minimizing heating duration; 
(iii) facilitating volumetric heating; (iv) minimizing reactor size. Despite various 
novel carbonization techniques available, pyrolysis is extensively used. In pyrolysis, 
at low temperature, disordered carbon having defects are produced, while at high 
temperature, partially ordered carbons having defective graphene layers are produced 
[30]. In low-temperature pyrolysis, the following reaction occurs: (i) at temperature 
<150 °C, loss of absorbed water takes place, (ii) at temperature <250 °C, dehydra-
tion of carbohydrate unit takes place, (iii) at temperature <400 °C, aromatization 
and scission reaction takes place. The major drawback of low-temperature pyrol-
ysis is that the obtained carbonized carbon has high oxygen content as compared 
to high-temperature pyrolysis because the deoxygenation reaction occurs around 
400–600 °C. A quasi-percolation model to describe the evolution of the structure
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of carbon during pyrolysis was proposed by Kercher and Nagle [31]. In this model, 
at temperature >600 °C, graphene sheets grow substantially, however, very little 
growth of large turbostratic crystallites occurs. At temperature ~900 °C, impinging 
of graphene layers on each other occurs. 

2.1.2 Physical Activation 

This procedure is carried out in an oxidizing atmosphere in high-temperature furnace 
(600–1200 °C) filled with inert gases. The activation agent used in this procedure is 
steam or CO2. During the physical activation process, the pores in porous carbon are 
formed by oxidation reactions (Eqs. (1) and (2)) in the oxidizing atmosphere [32]. 

C + H2O → CO + H2 (1) 

C + CO2 → 2CO (2) 

By physical activation, a more accurate and narrow pore size distribution is 
obtained which results in the reduction of microdomain size in the activated carbon 
[33]. The characteristics of physical activation are high activation temperature, rela-
tively low yields, small pore size, long activation duration, low tap density and low 
specific surface area (SSA). Owing to their low corrosion towards the reactor, phys-
ical activation is widely used for industrial production as compared to chemical 
activation. Sahin and Saka [34] investigated corn shells for the production of acti-
vated carbons by physical activation by pretreating with ZnCl2 and HCl followed 
by CO2 and H2O as activation agents. SSA and pore volume of activated carbon 
obtained using this procedure are 0.927 cm3 g−1 and 1779 m2 g−1. 

2.1.3 Traditional Chemical Activation 

The characteristics of chemical activation are low-temperature process, high carbon 
yields, and high mesopores ratios [35, 36]. For chemical activation, potassium 
hydroxide (KOH) [37, 38], sodium hydroxide (NaOH) [39, 40], zinc chloride (ZnCl2) 
[41], phosphoric acid (H3PO4) [42, 43], sodium carbonate (Na2CO3) [44] and potas-
sium carbonate (K2CO3) [44, 45] are employed as activation agents. Out of these 
activation agents, KOH is the most powerful followed by NaOH. Porous carbons 
having SSAs ranging from 500 to 3600 m2 g −1 [46, 47] can be produced by this 
method. The activated carbon produced by using NaOH, KOH, and a mixture of 
them exhibits SSAs of 2260, 1702 and 2747 m2 g−1, and pore volumes of 1.31, 0.74 
and 1.40 cm3 g−1, respectively. Research reports showed that the most developed 
pore structure, pore size distribution, and specific capacitance of 194.6 F g−1 at 0.5 
A g−1 measured by galvanostatic charge–discharge (GCD) in H2SO4 was obtained 
by a mixture of NaOH and KOH. Zhang et al. employing one-step carbonization of
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K2CO3 containing chitosan obtained a 3D porous carbon foam (PCF) with high SSA 
about 1030 m2 g−1, mesopores centered at 0.66 nm, and specific capacitance of 246.5 
F g−1 at 0.5 A g−1 [48]. Fuertes et al. employed carbonization and activation in one 
step by using a mixture of polypyrrole (PPy) and KOH and obtained porous carbon 
exhibiting SSA of 3000–3500 m2 g−1, a pore volume up to 2.6 cm3 g−1, and micro-
pore of 1 nm at 600 °C [49]. Zhang et al. obtained porous carbon by carbonizing 
lignin and KOH, which exhibits an SSA of 907 m2 g−1, a pore-size distribution 
ranging from 0.6 to 40 nm, and a high specific capacitance of 165.0 F g−1 at 0.05 A 
g−1 in H2SO4 electrolyte [50]. 

Chemical activation is not employed for the preparation of porous carbon in 
industrial production owing to its excessive consumption of KOH as an activation 
agent which is highly corrosive at high temperatures and chemical activation produces 
contaminants that are highly alkaline and polluting. 

2.1.4 New Chemical Activation Methods 

Based on different activation mechanisms, the new chemical agents can be grouped 
into three categories: molten salt, decomposable salt and oxidation salt. 

(i) Molten Salt Etching 

In this method, molten chemical agents such as CuCl2 [51], NiCl2 [52, 53], NaCl 
[54–56], KCl [56] and FeCl3 [57–59] react with carbon to produce porous structure 
at high temperature. For example, CuCl2 shows less destructive on the structure of 
biomass precursor comparison to KOH and ZnCl2, which crushed the carbon precur-
sors during the activation process. The reaction mechanism of CuCl2 is described 
below [51]: 

3CuCl2 + C + 2H2O → Cu + 2CuCl + CO2 + 4HCl (3) 

4CuCl + C + 2H2O → 4Cu + CO2 + 4HCl (4) 

In the above reaction mechanism, carbon is oxidized by Cu2+ ions and the role of 
Cl−1 needs to be confirmed. Moreover, the outlet gases released need to be purified 
for green synthesis. 

Wang et al. [54] used a KCl/NaCl mixture of molten salt for the pore formation 
mechanism through thermogravimetric techniques. In this process, they observed 
that at low temperature, O2 act as an etching agent while at high temperature above 
800 °C, Cl−1 acts as an etching agent and results in micro- and mesopores formation. 
Through this technique, porous carbon having an SSA of 1588 m2 g−1 and a specific 
capacitance of 407 F g−1 at 1 A g−1 is obtained. Chen et al. [56] showed that the SSA 
of porous carbon obtained using KCl/NaCl mixture molten salt is higher than that 
obtained using KCl or NaCl separately. A mixture of ZnCl2/KCl molten salt produced 
porous carbon having SSAs up to 3155 m2 g−1 [58]. The reaction mechanism of FeCl3
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as an activation agent has been described below [57]: 

FeCl3 + 2H2O → FeOOH + 3HCl (5) 

2FeOOH → Fe2O3 + H2O (6)  

6Fe2O3 → 4Fe3O4 + CO2 (7) 

2Fe2O3 + 3C → 4Fe + 3CO2 (8) 

Fe3O4 + 2C → 3Fe + 2CO2 (9) 

Fe3O4 + 4C → 3Fe + 4CO (10) 

In the above mechanism, the microporous of porous carbon is developed by the 
synergistic effect of Fe3+ and Cl−1. The disadvantage of using molten salt is its high 
cost which put obstacles for its practical production. 

(ii) Decomposable Salt Etching 

Salts that are decomposable produce various gases which further etch carbon to form 
pores. The various decomposable salts are: zinc acetate [60], Zn(NO3)2 [61], NaNO3 

[62], calcium acetate [63], sodium acetate, MgCO3 [64], sodium chloroacetate [65], 
K3PO4 [66] and NaH2PO4 [67]. The porous carbon synthesized using zinc acetate 
produces SSA two times more than carbon nanofibers (CNFs) without zinc acetate. 
Li et al. [60] synthesized porous carbon by using decomposable salt NaNO3 having 
an SSA of 2872.2 cm2 g−1. Antonietti et al. [68] investigated oxygen-containing 
anion salts and their abilities for pore formation and the mechanism is as follows: 

OH− : C + 2OH− → CO + H2 ↑ +  O2− (11) 

CO2− 
3 : C + CO2− 

3 → 2CO + O2− (12) 

NO− 
3 : 5C + 4NO− 

3 → 5CO2 + 2N2 ↑ +O2 ↑ (13) 

PO3− 
4 : a: 2C + PO3− 

4 → 2CO + PO3− 
2 (14) 

b: C + 2PO3− 
2 → CO + 2P ↑ +3O2− (15) 

SO2− 
4 : a: C + SO2− 

4 → CO + SO2− 
3 (16)
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b: 2C + SO2− 
3 → 2CO + S ↑ +  O2− (17) 

CIO− 
3 : 3C + 2CIO− 

3 → 2CO2 + 2CI− (18) 

On the basis of the above mechanism, various oxygen-containing salts have the 
potential to be utilized as activation agents. 

(iii) Oxidative Salt Etching 

Various oxidative activation agents like HNO3 [19, 69, 70], KMnO4 [71, 72], KNO3 

[73, 74] and Mn(NO3)2 are utilized to produce porous carbon. Wang et al. [71] 
used HNO3, KMnO4 and H2O2 to produce carbon cloth at room temperature with 
enhanced SSA from 5.3 to 61.2 m2 g−1. Yang et al. [69] used 69% HNO3 to fabricate 
single-wall carbon nanohorns (SWNHs) having an SSA up to 1464 m2 g−1. In order 
to generate more macropores and mesopores, KMnO4 is used as an activation agent. 
The reaction mechanism is as follows: 

2KMnO4 → K2MnO4 + MnO2 + O2 (19) 

K2MnO4 + C → K2CO3 + MnO (20) 

2MnO2 + C → 2MnO + CO2 (21) 

The porous carbon produced using KMnO4 activation agent have SSA up to 1199 
m2 g−1, pore volume of 11.7 cm3 g−1 and capacitance of 242.0 F g−1 at 1 A g−1 

and 145.0 F g−1 at 10 A g−1. Wang et al. [74] explode carbon into slices by putting 
inner stress using KNO3 and later produces porous carbon nanosheets (PCNSc) after 
activation by KOH which exhibits SSA up to 2788 m2 g−1, and capacitance of 226.9 
F g−1 at 1 A g−1 and 154.3 F g−1 at 50 A g−1. Ammonium persulfate ((NH4)2S2O8) 
is another activation agent, which produces carbon nanosheets having SSA of 1122 
m2 g−1, capacitances of 227.0 F g−1 at 0.5 A g−1 and 176.2 F g−1 at 20 A g−1. The  
reaction mechanism is as follows: 

2(NH4)2S2O8 → (NH4)2S2O7 + O2 (22) 

(NH4)2S2O7 → 2NH3 + 2SO3 + H2O (23)
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2.2 Template Methods 

To produce a well-defined pore structure of porous carbon, a template synthesis 
technique is applied. 

2.2.1 Hard Templates 

SiO2 [75–77], MgO [78, 79], ZnO [80–82], Al2O3 [83, 84], TiO2 [85], as well as 
zeolite [86, 87], are used as a hard template. Silica is the mostly used template for 
the synthesis of mesoporous carbon. The main steps in this methodology are: (i) 
synthesis of required hard template, (ii) carbon source is used for the impregna-
tion, (iii) pyrolysis at high temperature is done and (iv) acid or alkali solution is 
used for template etching. Liang et al. [75] employed 12 nm SiO2 nanoparticles 
(silica colloid), ordered mesoporous silica (SBA-15), and montmorillonite (MMT) 
as templates to produce three types of mesoporous carbon catalysts having SSA 
up to 572, 387 and 134 m2 g−1. Zhao et al. [84] employed a template based on 
porous anodic aluminum oxide (AAO) membrane to produce mesoporous carbon 
nanosheets having porous size distribution in the range of 50–200 nm. Fan et al. [87] 
investigated MgO nanoparticles and Mg(OH)2 nanosheets to form MgO templates 
which are used for the production of new porous carbon. Hu et al. [88] investigated a 
3D flower-shaped MgO template and produced porous carbon doped with nitrogen 
using cellulose, acetate, and urea having SSA of 937 m2 g−1, and capacitance of 333 
F g−1 at 1 A g−1. Bu et al.  [89] used a MgO template to produce high-density porous 
carbon named CCNC (collapsed carbon nanocage). The obtained CCNC shows an 
SSA of 1788 m2 g−1, a pore volume of 0.79 cm3 g−1, a high volumetric energy/ 
power density of 73 Wh L−1, and 67 kW L−1. 

The porous carbon produced using the hard-template method has uniform and 
controlled pores size. The disadvantage of this method is that it is time consuming, 
costly and tedious. The removal of inorganic templates by acid or alkali etching 
restricts their practical utility [90]. 

2.2.2 Soft Templates 

In this method, organic molecules having functional groups are used [91, 92], which 
provides strong interaction force [93, 94] or electrostatic interactions [95, 96]. The 
key factors for successful soft template methods are: (i) the ability to form nanos-
tructures, (ii) the formation of micro- or mesopores, and (iii) before the carbon 
skeleton maintaining the soft template porogens. Based on these factors, various 
soft templates such as polystyrene-b-poly(4-vinylpyridine) (PS-P4VP) [97], the 
poly (ethylene oxide)-b-poly (propylene oxide)-b-poly (-ethylene oxide) (PEO-PPO-
PEO) (F127 [98–100], F108 [101]and P123 [100, 102]) and some surfactants have 
been synthesized.
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Liang et al. [103] used a self-assembly technique to develop cubic mesoporous 
carbon, which exhibits an SSA of 637 m2 g−1, a pore volume of 0.32 cm3 g−1 and 
a specific capacitance of 159 F g−1 at 10 mV s−1 by employing triblock copolymer 
EO106-PO70-EO106 (F127) and the phenol–formaldehyde resol. Pang et al. [98] 
produce carbon nanospheres having a pore size of 37 nm, a small particle size of 
128 nm, an SSA of 635 m2 g−1 and a high N doping ratio of 6.8% by employing 
F127 as a soft template and the organic molecule 1,3,5-trimethylbenzene. 

2.3 Self-template Methods 

By carbonizing the self-templated materials directly porous carbon materials can be 
fabricated. This strategy uses self-generated porogens for the formation of porous 
carbon material. Ethylenediamine tetra acetates (EDTA)-based salts [104, 105], 
glycolates [106] MOFs [107] and their derivatives [108] and biomass-based organic 
salts [109] are used as self-template material. 

2.3.1 Organic Salts as Carbon Sources 

Organic salts such as potassium and sodium citrate salts are used to produce inter-
connected porous carbon nanosheets (IPCNs) by carbonization having SSA up to 
1736 m2 g−1, and thickness of 20–50 nm. IPCN with a capacitance of 200 F g−1 at 
5mVs−1 is produced using potassium and sodium citrate at a ratio of 2:8. Mesoporous 
carbon with N-doping having SSAs of 1190–1350 m2 g−1 is produced using zinc 
and calcium citrates with melamine [110]. By direct pyrolysis of sodium gluconate, 
a hierarchical microporous/mesoporous carbon nanosheet having an SSA of 1890 
m2 g−1, a capacitance of 140 F g−1 at 150 A g−1 is produced [111]. Xu et al. [105] 
employed pyrolysis of EDTA disodium magnesium salt to produce nitrogen-doped 
porous carbon having SSA 1811 m2 g−1, pore volume 1.16 cm3 g−1 and specific 
capacitances of 281 F g−1 at 0.05 A g−1and 196 F g−1 at 20 A g−1. Interconnected 
porous carbon nanosheets (PCNS) are produced using potassium citrate at 850 °C, 
which exhibits an SSA of 2220 m2 g−1, and thickness of less than 80 nm [112]. 

2.3.2 MOF Derivatives as Carbon Sources 

Metal–organic frameworks (MOFs) contain metal components which are used as self-
template during the pyrolysis process. Chen et al. [113] employed electrospinning of 
PAN/ZIF-8 composite to produce hollow particle based N-doped CNFs (HPCNFs-
N), which exhibits SSA of 417.9 m2 g−1 and specific capacitances of 307.2 and 193.4 
F g−1 at 1 and 50 A g−1. By pyrolysis of K-MOF nanorods, PCNs can be produced at 
200, 450, and 800 °C [114], which exhibits an SSA of 1678 m2 g−1. Wang et al. [115] 
employed MOF-5 derived porous carbon film as “mortar” and graphene nanosheets
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as “brick” to produce porous carbon (C-GMOF), which exhibits low SSA ~979 
m2 g−1, capacitances of 345 F g−1 at 2 mV s−1 and 201 F g−1 at 2 V s−1. Salunkhe 
et al. [116] used nanoporous carbon and cobalt oxide material to assemble SC, which 
possesses an SSA of 350 m2 g−1 and capacitance of 101 F g−1 at 2 A g−1. 

3 Factors Influencing Supercapacitance Based on Porous 
Carbon 

The various factors which determine the electrochemical performance and hence 
improve the specific capacitance and energy density of supercapacitors based on 
porous carbon are specific surface area, surface heteroatoms, electrode structure, 
structure defects and pore structure. 

3.1 Specific Surface Area 

Theoretically, the capacitance is linearly related to the specific surface area by the 
relation C = εr ε0 A 

d , however, experimentally no linear relation has been obtained 
[117–119]. In the case of porous carbon, most of the BET surface area is utilized by 
adsorption/desorption of probe gas like N2, CO2 or Ar, and due to the sieving effect of 
pores towards ions, only a fraction of ion-inaccessible to the surface [120]. Because 
of the mismatch between ionic size and pore size, some pore channels cannot absorb 
ions to form EDL. Since large specific surface area results in more ion adsorption 
sites and hence improves the specific capacitance. But, excessive surface area induces 
more microspores which decrease the capacitance of porous carbon. Therefore, to 
yield a super capacitance value, a balance between surface area and pore structure 
needs to be maintained. 

3.2 Surface Heteroatoms 

The electrochemical properties of porous carbon can be affected by the substitu-
tion of surface heteroatoms like nitrogen (N), sulfur (S), oxygen (O), boron (B) 
and fluorine (F). This surface heteroatom influences the conductivity and chemical 
heterogeneity of porous carbon [110]. Oxygen doping can be achieved by O2 func-
tional groups like hydroxyl, carboxyl and carbonyl through the process of pyrolysis 
of oxygen-containing groups (KOH/NaOH/HNO3/H2O2). In 1 mol/L H2SO4 elec-
trolyte, oxygen-doped carbon shows enhanced capacitance (264 F-g−1) than pristine 
carbon (30 F-g−1). These oxygen functional groups enhance the capacitance of SCs
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[121, 122]. Nitrogen doping provides extra electroactive sites in carbonaceous mate-
rials which improve surface polarity, electrical conductivity, wettability and results in 
the creation of defects. In N-doped carbon, nitrogen atom exists in various forms like 
pyrrolic-N, pyridinic-N, pyridinic-N-oxide and quaternary-N. Porous carbon doped 
with 21.7 at.% nitrogen forms electrochemically active nitrogen species exhibits 
enhanced superior energy density (36.8 Wh Kg−1 at 2 kW kg−1) and power density 
(38 kW kg−1 at 25.7 Wh kg−1) [123]. However, carbon derived from cocoon silk 
doped with 6.05 wt.% nitrogen form electroactive pyrrolic-N, and pyridinic-N and 
shows a high capacitance of 392 F g−1 at 1 A g−1 [124]. Heteroatoms of doped 
carbon are extensively studied and showed excellent capacitance performance [125]. 
For instance, N (Nitrogen) and F (fluorine) co-doped porous carbon show enhanced 
capacitance of 291 F g−1 at 0.5 A g−1 than obtained without F doped (238 F g−1) 
[126]. Porous carbon co-doped with N and B exhibits enhanced specific capacitance 
of 268 F-g−1 [127]. Similarly, porous carbon co-doped with P and N atoms shows 
a capacitance of 317 F-g−1 (482 F-cm−3) at 1 A g−1 in 1 mol/L H2SO4 electrolyte 
[128]. 

3.3 Electrode Structure 

The electrochemical performance of SCs is influenced by the design of the elec-
trode structure. In electrode material, the microstructural exchange between ionic 
diffusion and electronic transport takes place. The pores or channels present in the 
electrode material are responsible for ionic diffusion and effective electronic trans-
port is promoted by the connectivity of the carbon network. Recently, graphene 
has been used in place of Ketjen black (KB), thereby, reducing the volume expan-
sion (from 27 to 11%) of electrodes during the charge/discharge processes of SCs 
[129, 130] and enhancing the electrochemical performances of activated carbon by 
supporting carbon particles. The capacitance performance obtained from graphene 
(173 F g−1) is much better than that obtained from KB (153 F g−1) [131]. The 
graphene-cellular paper (GCP) as electrode material shows excellent specific capac-
itance (81 mF.cm−2) and outstanding mechanical flexibility because graphene act 
as a binder replacing conventional PTFE/PVDF and it constitutes a novel 3D inter-
woven structure of graphene nanosheets and cellulose fibers [132]. Additionally, the 
activated carbon intercalates graphene nanosheets and enhances the effective ion-
accessible surface area and promotes ionic diffusion. Therefore, an electrode made 
of binder-free reduced graphene oxide and activated carbon shows a high specific 
capacitance of 278 F g−1 at 1 mV s−1.
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3.4 Structural Defects 

To enhance the capacitance performance of carbonaceous substances, structural 
defects such as vacancies, edge-, basal- and surface defects are employed as electro-
chemically active sites for ion adsorption. Earlier reports show that edge-surfaces of 
carbon materials possess abundant electrochemically active sites resulting in gener-
ating high capacitance than basal-surfaces [133–135]. A single-layer graphene edge 
exhibits a faster electron transfer rate, enhanced electrochemical activity and shows 
fourfold higher capacitance as compared to basal-surfaces [136]. Methods such 
as heteroatom insertion, and activation followed by removal treatment have been 
employed to insert defects on the surface of carbonaceous materials to produce 
defective carbons [137, 138]. Defective carbon can be produced by adopting a two-
step activation procedure. HNO3 activation results in the inclusion of nitrogen atoms 
in the carbon obtained from lotus leaves followed by KOH activation which removes 
nitrogen atoms and results in the production of some defects and pores [137]. In 
graphite and expanded graphite, structural defects are created in the carbon layers 
by ball-milling for 100 h which results in the reduction of crystallite size from 15.4 
to 11.3 nm and hence producing numerous in-plane defects [139]. Earlier studies 
show that defects in carbon graphitic layer generate large values of capacitance and 
improve their capacitive performance [140]. 

3.5 Pore Structure 

Another important factor that impacts the charge transfer/ion transport and decides 
the rate performance, and capacitance of porous carbons are pore size, pore size 
distribution and pore shape. It has been observed from the previous reports that if the 
pore size is less, it will not contribute to EDL capacitance. Smaller pore size (<1 nm) 
in microporous carbon yields higher capacitance in various electrolytes having large 
solvated ions. It has been observed that the formation of effective EDL in porous 
carbon occurs at pore size 0.7 nm in aqueous electrolytes and 0.8 nm in organic 
electrolytes [141]. Thus, more research is focused on investigating sub-nanometer 
porous carbon. In exfoliated graphene (EG)-mediated graphene oxide (GO) film 
(EGM-GO), when the pore size matches the size of electrolyte ions, maximum 
pore usage takes place for optimizing volumetric capacitance [142]. Theoretical and 
experimental computations confirmed that in sub-nanometer pores, an ions desolva-
tion effect improved the capacitance [143, 144], however, it has been observed that 
as the pore size decreased from 1 nm to 0.65 nm, the desolvation effect increased 
[145]. Various pores shape exists in porous carbon such as endohedral shape like slit, 
spherical and cylindrical pores as well as exohedral pores like pores between carbon 
nanoparticles like CNTs and carbon onions [146]. Huang et al. [147] proposed an 
electric double-cylinder capacitance (EDCC) model by considering endohedral pore 
curvatures (cylindrical-shaped mesopores) and the EDCC capacitance is given by
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C = 
2πεr ε0L 

ln(b/a) 
(24) 

And when normalized with area A is given as 

C/A = εr ε0 

b ln(b/(b − d)) 
(25) 

where ‘L’ represents the pore length, ‘b’ and ‘a’ denotes radii of outer and inner 
cylinders, and ‘d’ is the distance between the center of counter ions and the pore 
walls. 

An electric wire-in-cylinder capacitance (EWCC) model is considered for 
micropores by assuming their cylindrical shape and the capacitance is given by 

C/A = εr ε0 

b ln(b/(a0)) 
(26) 

where ‘b’ is the radius of the micropore and ‘a0’ represents the radius of the inner 
cylinder formed by counter ions. 

A sandwich model for slit-shaped pores is given by Feng et al. [148] and the 
capacitance is expressed as 

C/A = εr ε0 

(b − a0) 
(27) 

where b is half of the slit-shaped pore width and a0 is the ion radius of counter ions. 
The outer surface of carbon onion and 1D CNT arrays forms an exohedral capaci-

tance and exohedral electric double-sphere capacitors (xEDSCs) and its capacitance 
is given as 

C = 
4πεr ε0ab 

b − a 
(28) 

C/A = 
εr ε0(a + b) 

(ad) 
(29) 

C/ A = εr ε0 

a ln
[

(a+b) 
a

] (30) 

where a: radius of the inner sphere/cylinder charge layer; b: outer sphere/cylindrical 
charge layer and d: effective double-layer thickness. 

Thus, the above-mentioned parameters play important roles in their energy density 
and specific capacitance.
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4 Advantage of Pure/Porous Carbon as Compared to Other 
Earlier Materials Used in Supercapacitor Electrodes 
Fabrication 

Carbon possesses features that make it a good candidate for use as a fuel cell elec-
trode. Carbon is appealing as a spongy substrate because of its decent chemical 
resistance and electrical conductivity as well as its cheap intrinsic cost. The fuel 
or oxidant gas disseminates to the electrolyte electrode contact through the porous 
electrode. In an ideal situation, a three-phase contact between gas, electrolyte and 
electrode is formed, Homogeneity, regulated typical pore size, extremely fine pore 
spectra, mechanical robustness below strongly eroding chemical assault, excellent 
permeability for both reactants and products, and superior electrical conductivity are 
all desirable characteristics of porous carbon. It is critical that the manufacturing 
method produces isotropic porous carbon with repeatable characteristics. On the 
electrochemical recital of oxygen, air and hydrogen electrodes, data on penetrability, 
pore size dispersal and BET surface area are provided. The corporal characteristics 
of porous carbon are linked, thus optimizing one attribute may result in unintended 
changes in others. 

4.1 Supercapacitor Carbon Electrodes 

In thin film supercapacitors, electrodes consist of a layer of active material that 
varies from a few nm to several mm thick [149]. Carbon-based substances are 
commonly employed as electrodes in electric double layer supercapacitors because 
it meets electrode criteria while having a low specific capacitance. Activated carbon, 
carbon nanotubes, templated carbon, carbon onions, graphene and carbide-derived 
carbon were among the carbon materials employed [150–156]. Because these carbon 
compounds have a large surface area, they can generate a lot of specific energy and 
power. They are less expensive than supplementary substances, but their preparation 
technique may be advanced. The shape of the electrode solid is important since it 
controls the interface and, as a result, the electrochemical act. The energy-storing 
capacity of nanoporous carbon electrodes can be enhanced by coordinating the 
average pore size with the basic ion diameter [151]. Redox electrolytes, ionic liquids 
and the inclusion of redox-active materials, like heteroatom doping or metal oxides 
are some more techniques to boost the energy storage capacity of supercapacitors 
[157–159].
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4.2 Activated Carbon 

It has a great specific surface area, a complicated permeable structure, high electro-
chemical stability, strong electrical conductivity and is relatively cheap. The down-
sides include weak mechanical qualities and the requirement for metal current collec-
tors. Carbonization followed by activation (physical, chemical, or a mixture of both) 
produce activated carbon (fibers) having a large surface area and high capacitance 
[160, 161]. Doping activated carbon with carbon nanotubes, graphene oxide, polypyr-
role or silver nanowires can improve the electrical conductivity of thin film electrodes 
[162–165]. An increase of 39% in specific capacitance is achieved in an activated 
carbon electrode doped with 500 nm silver nanowires produced via the ultrasonic 
spray coating method [165]. In a similar study, activated carbon doped with silver 
nanowires and NiO–Co3O4 nanocomposites (produced via a hydrothermal method), 
shows a specific capacitance of 707 F g−1 with 93% of the capacitance remaining 
even after 5000 cycles [166].  In a 1 M H2SO4 electrolyte, activated carbon fiber 
electrodes with tin oxynitride nanorod arrays showed capacitance of 673 F g−1 at 1.0 
applied current/gram and a cycling stability of 99% at 5.0 applied current/gram for 
2000 cycles [167]. Thin film electrodes having activated carbon doped with MnO2 

and silver nanowires showed improved conductivity, specific capacitance of 1021 F 
g−1, which is 325% higher as compared to undoped activated carbon [168]. Recent 
research described a simple approach for fabricating porous carbon/silicon carbide 
composites directly from bamboo waste raw material. In this approach, hybrid elec-
trodes are created by mixing semiconductors to offset the problem of porous carbon’s 
low electrical conductivity. At a current density of 1.0 applied current/gram, the HPC/ 
SiC composite had a specific capacitance of 234 F/g [169]. 

4.3 Carbon Nanotubes 

Carbon nanotubes have a large surface area, a distinct core structure, a low-slung 
density, good electrical conductivity, mechanical qualities and chemical/thermal 
resilience. Carbon nanotubes are prepared by breaking down particular hydrocar-
bons and manipulating them into nanostructures. The operating speed of micro-
supercapacitors is influenced by the aspect ratio of carbon nanotube electrodes, with 
an increase in aspect ratio from 0.2 to 7.0 resulting in a non-linear drop in the relax-
ation time constant from 85.0 to around 0.5 ms [170]. Vacuum filtering with ensuing 
stamping and electrodeposition of cobalt-hydroxide nanoflakes created single-walled 
carbon nanotube thin films with outstanding structural stability. These thin film 
supercapacitor electrodes have a specific capacitance of 314 F g−1 [171]. Carbon 
nanotubes doped into nickel hydroxide thin film electrodes, the doped electrode 
showed a capacity of 430.0 mAh/g, which remained at 75% after 1000 cycles [172]. 
Photolithography and vacuum filtering were used to create carbon nanotube-MXene 
composites for on-chip micro-supercapacitor which exhibit areal capacitance of 61.0
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mF/cm2 at a current density of 0.5 milliampere/cm2 [173]. The double-layer capac-
itance of fully stretchable micro-supercapacitors was made using oxidized carbon 
nanotubes and polyvinyl-alcohol electrodes, which exhibit a capacitance of 20 mF/ 
cm2 at 0.1 mA/cm2 [174]. The electrode planar design was used to create ultrathin 
highly-aligned carbon-nanotubes sheet supercapacitors. With 50 layers and a total 
thickness of only 300 nm, these devices had an energy density of 10.5 milli Watt 
hour/cm3 and a power density of 19.0 W/cm3 [175]. 

4.4 Graphene 

Graphene is a planar-sheet of sp2 bonded carbon atoms organized in a honeycomb 
crystal-lattice that is one atom copious. It possesses exceptional thermal and chem-
ical stability, as well as great electrical, mechanical and morphological qualities. A 
hydrothermal process can be used to make graphene. The electrochemical perfor-
mance of quasi-solid-state micro-supercapacitors can be prepared using a cellular 
graphene layer and polyvinyl alcohol or H3PO4 [176]. Graphene fiber electrodes, 
which were created by electrochemical exfoliation of graphite foil tinny strips had a 
capacitance of around 248.0 milli Farad/cm2 at about 2.0 milli Ampere/cm2 [177]. 
Chemical vapor deposition is also used to create graphene structures for flexible 
micro-supercapacitors with outstanding cycle stability and capacitance of 1.5 milli 
Farad/cm2 at a scan rate of 10.0 V/sec [178]. Micro-supercapacitors made using 
laser-irradiated graphene have an ultra-long cycle life with 100% preservation of 
the original capacitance even after 1,00,000 cycles [179]. Flexible supercapaci-
tors contain electrodes made of graphene-coated copper foil with ruthenium-oxide 
produced by cathodic-electroplating, with a capacitance of 1561.0 F g−1 at a scan 
rate of 5.0 milli Volt/sec and a high energy density of roughly 13.0-W h/kg at a power 
density of about 21 kW/kg [180]. To boost the capacitance of graphene, it is doped 
with fluorine, and amalgamated is created by combining it with nanoscale carbide-
derived-carbon, which has a large specific surface area and a graded pore structure. 
At a scan rate of 5.0 milli Volt/sec, the specific-capacitance of this compound in the 
aqueous electrolyte is 321.0 F/g [181]. Two-dimensional hierarchically organized 
dual-meso-porous polypyrrole or graphene nanosheets with a high surface area of 
112.0 m2/g and capacitance of 376.0 F g−1 at 1 milli Volt/sec is used to create planar 
integrated-systems of micro-supercapacitors [182]. 

4.5 Onion-Like Carbon 

Carbon nano-onions, or onion-like carbon, have high stability and low density. As a 
result, they are ideal electrode materials for high-capacity supercapacitors. Carbon 
onions provide fast charge and discharge rates, allowing for easy ion accessibility
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and rapid electrical conduction [183]. Laser-assisted combustion, underwater-arc-
discharge, flame pyrolysis and vacuum annealing can all be used to make onion-like 
carbon [184–187]. Nanostructured carbon-onions with a diameter of 6.0–7.0 nm 
are used to make micro-supercapacitors with an electrophoretic deposition process 
generating a layer of several micrometers [188]. Specific-capacitance of onion-like 
carbon adorned with platinum nanoparticles is increased by four times [189]. In 
another work, carbon-onion grafted manually with 1.0-nitro-pyrene resulted in a 
twofold increase in electrode capacity to 38.0 milli Ah/g with primary capacity 
remaining extremely high even after 4,000 cycles [190]. 

4.6 Carbide-Derived Carbon 

Carbon-derived carbon from carbide powders such as metal carbides, carbo-nitrides 
or oxy-carbides by a chlorination process at a convinced temperature and time is 
explored recently [191–194]. Calcium-carbide inorganic salt reaction, hydrothermal 
leaching and carbide thermal breakdown are some of the various techniques to make 
CDC [195–197]. The aperture dimensions of these materials may be tailored to 
bout the solvated ion size in the electrolyte, resulting in increased capacitance [156, 
198, 199]. CDC also has excellent chemical resistance and electrical conductivity. 
CDC is appropriate for EDLC electrodes with outstanding capacitance because of 
its enough surface area of up to 1800 m2 g−1 and limited pore size dispersion [200]. 
Combining carbide-derived carbon with metal oxides, noble metals, and conducting 
polymers can boost energy density [201]. Polymer-derived ceramic materials such 
as poly-organo-siles-quioxane particles are employed as precursor materials for 
carbide-derived carbon and are produced using a MicroJet reactor technology on 
a large scale [202]. The generated CDC shows a pore capacity of 1.3–2.1 cm3/g and 
a specific surface area of 2014.0–2114.0 m2 g−1. In 1 M tetra-ethyl-ammonium 
tetra-fluoroborate in aceto-nitrile, the material’s specific capacitance is 116.0 F 
g−1 at 5.0 milli ampere/gram and 80.0 F g−1 at 100.0 milli ampere/gram [202]. 
Another study investigated the electrochemical behavior and performance of micro 
meter thick TiC-carbide-derived carbon diluted in either acetonitrile or propylene 
carbonate in 1-ethyl-3-methylimidazolium tetra fluoroborate (EMIMBF4) for micro-
supercapacitor applications. In 2 M EMIBF4/acetonitrile, it demonstrated a typical-
capacitive-signature of 169.0 F/cm3 and an energy density of 90.0 Wh/cm2 [203]. In 
supercapacitor setups with a typical organic electrolyte, the effect of nitrogen doping 
on CDC was investigated. The results revealed that a nitrogen content of 1 to 7 mass 
percent did not have a significant impact on energy-storing-capacity, but it did have 
a bigger impact on rate handling capability [204]. carbide-derived carbon-titanium 
oxide composites with the ranked structure are created by utilizing a solvothermal 
technique. This composite material exhibited a specific-capacitance of 173.0 F g−1 

and remarkable cycle stability [201].
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5 Parameters Required for Improving the Efficiency 
of Porous Carbon-Based Electrode 

Porous carbons are utilized as role material to examine the impact of pore structure 
on electrochemical performance, as pore structure is a significant aspect in creating 
porous materials as EDLC electrodes. An essential characteristic relating to the pore 
structure of a carbon electrode is the size of electrolytes, including anions and cations 
[205, 206]. Three different types of electrolytes such as aqueous electrolyte, non-
aqueous electrolyte and ionic liquid electrolyte are investigated. Due to the thermal 
breakdown of water, the aqueous electrolyte had a low working voltage of 1.23 V, 
but the non-aqueous electrolyte had a higher voltage of roughly 2.7 V [207, 208]. 
They might be employed for large potential windows bigger than 3.0 V in ionic 
liquid electrolytes. For aqueous electrolytes and organic electrolytes, Raymundo 
et al. [141] suggested pore diameters of roughly 0.7–0.8 nm in aqueous and organic 
electrolytes. The effect of carbon tunnels on capacitive performance is investigated 
in C/C composite cryogels with mesoporous structures. The larger micropore size 
distribution and carbon tunnels of C/C composites increase charge propagation inside 
the pore structure increasing the number of cotton fibers added to the C/C compos-
ites which further improved the capacitance. These findings show that the appro-
priate pore structure and amount of carbon tunnels or macropores may be critical in 
achieving high capacitance [209, 210]. However, the carbon fibers in the dispersed 
phase of C/C composite cryogels displayed moderate microporosity without meso-
porous capabilities due to the lack of activation to improve the porous qualities like 
activated carbon fibers. They may obstruct rapid charge propagation, leading to lower 
capacitance and electrostatics. Carbon fibers reduced the total specific surface area of 
C/C composites (C/C0 with cotton fibers had 1230 m2/g) and obstructed the matrix 
phase’s true capacitance value (the carbon cryogels). The capacitive performance 
of templated carbon xerogels (TCXs) (making macropores) would allow for high 
specific capacitance with fast charge propagation at a high discharge rate The influ-
ence of macropores on electrochemical performance has been studied using TCXs 
with a regulated surface area [210]. TCXs containing sponge-like carbon xerogels 
(TCX1V20, TCX2V20 and TCX3V20) are investigated which shows improved elec-
trochemically for the various RF formulations. At the same time, TCXs highlighted 
the importance of macropores, micropores and mesopores for EDLCs. Yang et al. 
investigated the electrical and ionic resistance of carbon aerogels at various pore sizes 
[211]. The pore size was discovered to be the most important component in deter-
mining the EDLC electrode’s electrochemical performance. Carbon aerogels with a 
high pore size have low ionic resistance, while carbon aerogels with a small pore 
size and a dense structure have low electronic resistance [212]. The capacitances of 
the ordered mesoporous carbon are greater than those of the disordered mesoporous 
carbon. The length of the straight channels worked as ion highways, resulting in 
good capacitance and rate performance [210]. The mass transfer resistance might 
be reduced by reducing particle size and increasing the mono-dispersity of carbon 
spheres, hence improving overall EDLC performance [213]. The capacitance was
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determined not only by the surface area, but also by the pore size distribution [214]. 
The influence of electrolyte type on capacitance was investigated by Zeller et al. 
[215]. The pore structure of porous carbon materials is also determined by the kind 
of electrolyte utilized. An aqueous electrolyte’s capacitance is solely determined by 
the overall surface area. Due to the good wettability of the organic electrolyte, Fang 
et al. changed the surface of activated carbon with oleate producing better capac-
itance [216]. The surface capacitance was measured using the (C2H5)4NBF4/AN 
electrolyte and several microporous carbons by Centeno’s team [217–219]. For the 
organic electrolyte (C2H5)4NBF4/AN, the surface capacitance became constant at 
about 0.094 ± 0.011 F/m2. 

6 Conclusion 

Owing to their excellent thermal and electrochemical stability, cheap-cost, strong 
electrical-conductivity, regulated absorbency and adequate lively sites, carbon-based 
materials are the most popular electrode materials for electric double layer superca-
pacitors. Micro supercapacitors are available in two major configurations: stacking 
and in-plane inter-digitated, with a tertiary form, the fiber-molded design, also being 
shown. The structural design of the electrode has an important effect on superca-
pacitor performance, and carbon electrode materials with a regulated pore-structure, 
sufficient specific-surface-area, and enough surface handy groups are required to 
produce high capacitance. Carbon nanotubes, activated-carbon, graphene, onion-
like carbon, and carbide-derived-carbon are all typical carbon materials utilized in 
micro-supercapacitors. Increased specific-capacitance, hybrid-electrodes, doping of 
activated carbon, fluorine drugging of graphene, laser irradiation of graphene, embel-
lishment of onion-like carbon with Pt, carbon nanotube composites with MXene, and 
graphene composites with carbide-derived-carbon are all examples of recent research 
on these carbon electrode materials. 
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Chapter 24 
FNM-Based Polymeric Nanocomposites 
Functionalized for Supercapacitor 
Applications in Different Industries 

M. Nandhinilakshmi, P. Saranya, D. Vanitha, and A. Arivarasan 

1 Introduction 

Natural gas, Coal, oil, and other nonrenewable fossil fuels are gradually running out 
in the modern world because of increasing energy demand and consumption, which 
has been found challenging to sustain for the long-term growth of humans both the 
economy and society. A novel form of energy storage device between batteries, and 
conventional capacitors, the supercapacitor described as an electrochemical capac-
itor, operates on the electric double layer capacitance or pseudo capacitance concept. 
It has garnered more attention as a result of its rate of charging and discharging, high 
power density, eco-friendly design, and prolonged cycle life [1]. Materials made 
from nanoscale dimensions are known as nanocomposites. Result in greater quali-
ties, they gradually replace the traditional type of micro-composites. The problems 
in their preparation, however, were greater than in former times because of a dearth 
of understanding in these fields. The 1991 discovery of carbon nanotubes has given 
nanocomposite technology a plethora of new knowledge. Wet and dry procedures 
are both used to produce nanocomposites [2]. 

Functioning electronics and electric appliances requires sustained energy storage. 
Advantages of fast charge storage & discharge process, electrochemical energy 
storage technologies continue to gain popularity. In addition, to the important facts 
of backup power and energy storage, electrochemical supercapacitors continue to be 
one of the first options for a variety of applications, including hybrid electric vehi-
cles [3], supercapacitors, renewable energy systems, aerospace, and portable gadgets. 
Supercapacitors differ from capacitors in that they store charge using electrodes that
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Fig. 1 A schematic diagram 
of a supercapacitor 

are dipped in an electrolytic solution rather than the insulator that is present between 
the electrodes shown in Fig. 1. 

Solid-state supercapacitors stand out among a broad range of choices attributed to 
their excellent electrochemical stability and high cycle life. In general gel electrolyte, 
provides better dependability for safer utility [4]. Depending on the charge storage 
process, the supercapacitor can be divided into two types; that are Electric Double 
Layer Capacitors (EDLC) and Pseudo capacitors (PC). Electrostatic adsorption of 
ions in the electrolyte to the electrode surface or inside of the electrode pores is 
whether EDLC stores the charge. There is an uneven distribution of ions at the 
electrode/electrolyte interface. The electrostatic double layer forms as a result of the 
ion’s electroneutrality at the interface. 

An electric double layer is defined as, a layer at the interface of two oppositely 
charged ions. The Faradaic processes (transfer of electrons) at the interface are related 
to pseudo capacitance. PCs have a storage capacity for ions that is at least ten times 
more than that of EDLCs. PC electrodes exhibit a linear change between the charge 
stored and the potential for charging. When intercalating and de-intercalating, PCs 
do not exhibit phase transformation as batteries do. Electrodes, electrolytes, current 
collectors, and separators are the fundamental elements of supercapacitors [5]. 

In the scientific literature, functionalized nanoparticle-loaded nanocomposites 
have drawn more interest because they offer varied property enhancements, even at 
low particulate concentrations, leading to an extraordinary output in energy appli-
cations. These performances depend on many factors, but the biggest obstacles to 
full nanocomposite exploitation in many energy application areas are nanoparticle 
dispersion and distribution [2]. 

Polymers are chosen over metals and ceramics depending on their low density, 
good specific tensile, and high specific strength (strength-to-density ratio). However, 
they have poor thermal conductivity, a significant coefficient of thermal expansion, 
weak mechanical characteristics (strength and Young’s modulus), and very low elec-
trical conductivity. By inserting the suitable volume fraction (or loading) of fillers 
(i.e., fibers or particles) into the polymer matrix, referred to as polymer matrix 
composites or nanocomposites based on the size of constituents or matrix, these
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qualities can be improved. The blend of two or more components or phases is known 
as polymer nanocomposites. That has properties that are distinct from those of the 
constituents in isolation. The polymer matrix’s dispersed constituents must have at 
least one dimension between 1 and 100 nm. To avoid (or decrease) their agglom-
erations, surface modification of nanoparticles or nanofibers with chemical groups 
interacting with the polymer is necessary. Unless this is done, the nanoparticles will 
tend to cluster and eventually cause fissures to form in the polymer nanocomposites 
[6]. 

The energy storage and discharge capacity of supercapacitors are significantly 
influenced by the materials used for the electrodes. Materials with various storing 
strategies, including those with high surface areas of carbon-based materials, metal 
oxides, and conductive polymers, have been actively explored. Due to the highly 
obtained pseudo capacitance compared to EDLCs due to the redox activities, elec-
troactive conductive polymers (ECPs) are materials that hold a lot of promise for use 
as supercapacitor materials. ECPs’ limited industrial application is due to their weak 
cycling stability [7, 8]. 

2 Various Nanostructures for Functionalized Polymer 
Nanocomposite 

Conducting polymers are significant candidates in the functionalization of polymer 
nanocompositebecause of their electrical conductivity tuning capabilities, dielec-
tric characteristics, simple processing, low cost, availability, etc. Some functional-
ization based on carbon and graphene chart is shown in Fig. 2. To gain insight into 
the transport characteristics of electrolytes and also create high-performance elec-
trochemical devices, it is essential to comprehend the interaction and structure of 
the ion channels found in polymer electrolytes. The modification of ionic channels 
was the focus of recent research in polymer electrolytes. This is accomplished by 
adding various functional nanofillers, such as metal nanoparticles, inorganic oxides, 
graphene, nano clay, and carbon nanotubes (CNTs) [9]. Figure 2 explains some 
functionalization of polymer nanocomposite.

To reduce nanotube aggregation and improve the distribution and stability of CNTs 
within a polymer matrix, the functionalization of CNTs is an efficient method. CNTs 
can be functionalized using various techniques, such as defect functionalization, 
covalent functionalization, and non-covalent functionalization. Due to their special 
physical and chemical characteristics, conducting polymer and carbon nanotube-
based nanocomposites have attracts a lot of attention.
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Fig. 2 Few functionalizations based on carbon and graphene of polymer nanocomposite for 
supercapacitor

3 Carbon Nanostructure 

Excellent physicochemical characteristics can be found in CNTs. It is regarded as 
the best electrode-based material for supercapacitors because of its distinct hollow 
porous structure, large specific surface area, and strong conductivity [1]. CNTs were 
recognized as the ideal reinforcements for a wide range of composite materials with 
excellent mechanical properties. The atom in CNT caps is more reactive than atoms on 
the sidewall due to the increased strain inside the cap region [10, 11]. CNT purification 
produced the earliest indications of chemical functionalization of CNT ends. The 
ends of CNTs with caps will open under the influence of oxidants including HNO3/ 
H2SO4 or an acidic potassium permanganate solution, resulting in open fullerene 
pipes. The radicals at the ends are stabilized by forming bonds to hydroxylic (–OH) 
or carboxylic acid (–COOH) groups. The functional groups of the CNTs have a long 
chemical history and can act as precursors for other chemical reactions [12–14]. The 
carbon and graphene structure-based literature review is given in Table 1.

3.1 Single-Wall Nanotube 

The promising tool for accomplishing the link of species with electronic circuitry is 
nanomaterials. Carbon nanotubes are quite a type of tubular carbon material formed 
of curled graphite layers in single or multiple layers. The continuous porous structure 
and hexagonal carbon atoms connecting it make up an extremely precise structure. 
CNTs are divided into two types: single-walled carbon nanotubes (SWCNTs) and 
multi-walled carbon nanotubes (MWCNTs). The specific surface area of single-
walled carbon nanotubes is larger, but their preparation and purification are more 
challenging [29–31].
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Table 1 Carbon and Graphene-based common polymers for nanocomposite 

Polymer Nanoparticle Preparation method/ 
functionalization 

References 

Polyaniline and polypyrrole CNH In-situ 
polymerization 

[15] 

Polyamide 6 MWCNT Extrusion process [16] 

Poly (vinyl alcohol) CNT Gel polymerization [17] 

Poly (vinylidene 
fluoride-co-hexafluoropropylene) 

MWCNT Gel polymerization [18] 

Polypyrrole GO/MWCNT Ternary 
nanocomposite 

[19] 

Polyaniline MWCNT In-situ 
polymerization 

[20] 

Poly (propylene glycol) Poly (ethylene 
glycol) 

MWCNT Chemical vapor 
deposition 

[21] 

Poly (vinylidene 
fluoride-co-chlorotrifluoroethylene)-g-poly 
(oxyethylene methacrylate) and Poly (vinyl 
pyrrolidone) 

1D porous 
carbon 

Solution mixing [22] 

Polythiophene and Polyaniline MWCNT In-situ oxidative 
polymerization 

[23] 

Poly (vinylidene 
fluoride-co-hexafluoropropylene) 

CNT Solution casting [24] 

Polypyrrol GO Sonication [25] 

Polypropylene Graphene Hummer’s method [26] 

Polyaniline Graphene In-situ oxidative 
polymerization 

[27] 

Poly-aniline GQT Solution casting [28]

The various methodologies of developing SWCNT electrodes were reported in 
the literature on the subject of making CNT electrodes. Carbon nanotubes within 
the collection of accessible nano-objects demonstrated several particular qualities to 
develop new electrochemical devices. Especially SWCNTs have the perfect balance 
of electrical, biocompatible, and nanowire morphological features. Along the top of 
the electrode, vertically oriented SWCNTs can be developed to increase the numer-
ical number of edges, while randomly depositing SWCNT films produces a CNT 
network with a large surface area. In terms of hydrophobicity, electrostatic affinity, 
or electrochemical activity, these variations give electroactive surfaces various phys-
ical characteristics. For instance, it was demonstrated that electron transport occurred 
more quickly at the CNT edges than at the CNT walls [32, 33]. 

The PVA/H3PO4 polymeric electrolyte was used as both the electrolyte and the 
separator in Martti et al. [34] on the fabrication and use of thin film supercapacitors 
employing sprayed SWCNT films and PET as electrodes. For assessing the stability 
of the devices, they examined the cyclic voltammetry characteristics of the PVA/ 
H3PO4 polymer electrolyte. Additionally, they looked into how the device discharged
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and charged Galvano statically. Because of the rather thick electrolyte layer and the 
relatively high resistance of the SWCNT film, the absolute device resistance is still 
higher when compared to commercial supercapacitors for all electrolytes utilized. 
These difficulties are being dealt with by the device optimization effort. 

3.2 Multi-Wall Nanotube (MWCNT) 

The prepared nanocomposite can effectively suppress electromagnetic radiation is 
improved by the conductive system structure made of MWCNT as well as graphite 
nanoplate. The MWCNTs were covalently as well as noncovalently functionalized 
for improved matrix dispersion. Additionally, FESEM, tensile strength, electrical 
conductivity, and thermal stability have been used to study how processing methods 
and nanotube content affect the characteristics of composites [35]. The non-covalent 
functionalization of nanotubes is extremely fascinating because it enhances solubility 
and processability without altering the physical characteristics of CNTs. Surfactants, 
biomacromolecules, or polymer wrapping are commonly used in this type of func-
tionalization. The CNT can be functionalized to increase its solubility and dispersion 
in polymers and solvents. Covalent functionalization can be carried out by adding 
reagents directly to the side walls of nanotubes or by altering the carboxylic acid 
groups that are bound to the surface of the nanotubes [36]. 

Yogesh and co-workers [18] focused on gel polymer electrolyte-based EDLCs. 
Ionic liquid EMITf and gel polymer electrolyte prepared using the solution 
casting technique was added. The electrolyte’s electrochemical stability was deter-
mined between 2.1 and +2.1 V. They reported cyclic voltammetry and galvanostatic 
charge/discharge studies for multi-wall nanotubes as electrode EDLC devices. Using 
80:20 PVDF-HFP: NH4I as a polymer electrolyte, Ranu et al. [24] reported on the 
preparation and use of an electric double layer capacitor. They described the polymer 
electrolyte’s dielectric as well as ionic conductivity properties, which were utilized to 
evaluate the stability. They also looked into the EDLC, which was made with porous 
carbon nanotube/graphite electrodes derived from Kala Chana (natural legume seeds) 
and the highest conductivity film (2 wt.% CNT) as the current collector. This device 
had a Csp of 35 F g−1, which is consistent with low-frequency impedance studies. 

3.3 Carbon Nano Horn (CNH) 

A new carbon allotrope in the family of prolonged carbon nanotubes is called carbon 
nano horn (CNH). CNH has cone caps that resemble horns and spherical aggregated 
tubules that resemble dahlias. A wide range of technical applications has found CNH 
to be an ideal and promising material. SWCNH has been created by the ablation of 
a graphite target with a CO2 laser in an argon atmosphere at room temperature. The 
continuum field-theory gauge model was used to investigate the electronic structure
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of SWCNH. It was discovered that the nano horn had diamagnetic susceptibility. 
Additionally, pure SWCNH displayed semiconducting characteristics. It was discov-
ered that the gas adsorption of oxygen and carbon dioxide had an impact on these 
properties [37, 38]. 

Polyaniline (PANI), a conducting polymer, has been regarded as a crucial compo-
nent for supercapacitors due to its good environmental stability, ease of synthesis, 
redox reversibility, low cost, and high electrical conductivity. Carbon-based nano-
materials were deemed supercapacitor materials due to their nanoscale size, good 
aspect ratio, extraordinary electrical conductivity, and high surface area as per Maiti 
et al. [39]. Using in-situ aniline polymerization created a composite of fiber-like 
polyaniline (PANI) and carbon nano horn (CNH) for use as electrode materials in 
supercapacitors. While compared to pure PANI and CNH, the composites showed a 
high specific capacitance value of 834 F g−1 at a 5 mV s−1 scan rate. A constant inter-
connected conducting network had formed, as evidenced by the maximum electrical 
conductivity of 6.7 × 10–2 S cm−1, according to Wei et al. [40]. 

4 Graphene Nanostructure 

The most promising candidates for improving Supercapacitor (SC) performance are 
graphene and its derivative, which improve the conduction qualities among both elec-
trodes and electrolytes. Graphene nanosheets were tested in increased electrodes as a 
valuable filler with a nanocomposite [41, 42]. They have been proven to be the most 
conductive material on earth [43]. Chains of single (C–C) as well as double (C=C) 
carbon bonds make up the backbone of CPs, which are electrically conductive due to 
their conjugated nature. They are simple to create chemically or electrochemically 
through oxidation (for instance, using iron chloride also as an oxidant). In contrast to 
the typical carbon-based EDLCs, CPs have relatively high specific capacitances and 
also good charge mobilities and were generally treated to be good pseudocapacitive 
materials for fabricating supercapacitors to higher energy densities. 

Ashish et al. [26] reported the preparation and functionalization of graphene 
sheets using metal oxides RuO2, TiO2, and Fe3O4 and polyaniline. Techniques like 
Fourier transform infrared Raman spectroscopy(FTIR), X-ray diffraction(XRD), and 
electron microscopy are used to characterize materials. Performance of prepared 
graphene, functionalized graphene, and nanocomposite graphene in electrochemical 
reactions. Even at a maximum voltage scanning rate of 100 mV s−1, each nanocom-
posite’s specific capacitance maintains up to 85%. Graphene as well as its nanocom-
posites are made commercially viable by a simple and affordable preparation method 
that exhibits good capacitive behavior.
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4.1 Graphene/Single-Layer Graphite 

There are numerous ways to create graphene, which is a single layer of graphite. 
Graphene has gained interest in a number of application areas due to its distinctive 
electrical/electronic and optical properties (such as tunable band gap, extraordinary 
electronic transport behaviour, great thermal conductivity, high mechanical strength, 
and significantly tunable surface area). There have also been developed a number of 
physical and chemical processes for making graphene. 

In-situ polymerization was used to create composites of surfactant-stabilized 
graphene (SSG) and polyaniline (PANI), according to research by Lu Mao et al. 
[44], Transmission Electron Microscopy (TEM), Scanning Electron Microscopy 
(SEM), X-Ray Diffraction (XRD), and Thermo Gravimetric Analysis (TGA) were 
used to characterize the structure and morphology of the composites. The effec-
tiveness of SSG/PANI-F composite material as electrode for supercapacitors was 
assessed using conventional cyclic voltammetry (CV) and galvanostatic charge– 
discharge techniques. The composites with the highest value of specific capacitance 
of 526 F g−1 at a current density of 0.2 A g−1 achieved high specific capacitances 
and good cycling stability. 

Covalently grafted graphene and polyaniline nanocomposites in three dimensions 
were reported on by Mukesh et al. [36] in their studies. To improve the grafting of 
polyaniline and protect the aggregation and aging of the sp2 network of the graphene 
sheet, various nucleation sites were added by diazotization with p-aminobenzoic acid. 
FT-IR, Raman, XRD, XPS, and UV–vis spectroscopy were used to confirm covalent 
functionalization and reduction. In the finished nanocomposites, the specific capaci-
tance was increased by up to 358 F g−1. Graphene nanocomposites with PANI grafts 
may be used to create future energy storage materials. In Fig. 3 the nanocomposites 
demonstrated better electrochemical performance when related to pure polyaniline 
and graphene. 

Fig. 3 Charge/discharge 
curves for various graphene 
PANI nanocomposites, 
RDG-NH2, PANI, and PANI 
at the current density 1 A 
g−1[36]
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Sumanta et al. [27], the research looked into how polyaniline-based nanocom-
posite’s electrochemical performance was affected by graphene’s surface modifi-
cation. From the Fourier Transform Infrared (FT-IR) Spectroscopic Analysis they 
reported, surface modification, and with the help of high-resolution transmission 
electron microscopy, the modified graphene had a regular polyaniline coating. The 
combination of graphene and polyaniline had a specific capacitance of 242 F g−1, 
but reported graphene modification, it decreased to 193 F g−1. The change to the 
graphene, however, caused the capacitance retention to rise from 86 to 89% after 
500 cycles. After the graphene modification, the composite’s thermal stability also 
improved. They concluded that improved graphene-based nanocomposite has better 
application potential in supercapacitors and other energy storage systems. 

Farah [45] and the co-authors reported a supercapacitor based on the Graphene– 
polyethylene dioxythiophene (PEDOT) conducting polymer nanocomposite (Fig. 4). 
X-ray diffraction, scanning electron microscopy(SEM), transmission electron 
microscopy (TEM), Raman spectroscopy, FT-IR spectroscopy, electrochemical 
impedance spectroscopy (EIS), and cyclic voltammetry (CV) techniques were used 
to characterize the G-PEDOT nanocomposite, which was synthesized by a chem-
ical oxidative polymerization method. With a specific capacity of 350 F g−1, the  
G-PEDOT electrochemical reaction has demonstrated faster performance. The elec-
trochemical behavior of supercapacitors can be improved further by optimizing the 
electrolyte, electrode material, and supercapacitor design.

4.2 Graphite Nanoplatelets 

A prominent nanocarbon substance with exceptional qualities and usage is graphene. 
Graphene nanoplatelets typically have up to 30 graphene layers. These are, in 
other words, tiny bundles of layered graphene nanosheets. The thickness of a 
graphene nanoplatelet with 18 nanosheets is 6 nm. The pure graphene nanosheet 
has outstanding electrical, mechanical, and thermal capabilities that are all carried 
inside the structure of graphene nanoplatelets. Graphite is an important factor 
in the top-down methods used to create graphene nanoplatelets. The mechanical 
milling of graphite to create the graphene nanoplatelet is one straight forward tech-
nique. Graphite intercalation substances have also been used to create graphene 
nanoplatelets. 

Ayesha et al. [46], reported that the graphene nanoplatelet assisted in strength-
ening the polyaniline matrix. The graphene nanoplatelet was effectively used 
as a reinforcing agent to produce more suitable nanocomposites. The polyani-
line and graphene nanoplatelet may facilitate the interactions between the matrix 
and nanofiller. Supercapacitor devices that incorporate graphene nanoplatelet elec-
trodes offer a good power density, energy density, and cycling lifetime. Although 
there is still room for improvement in the stability and lifetime of the electrode as 
well as the polyaniline/graphene nanoplatelet’s specific capacitance.
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Fig. 4 a Diagrams of the graphene, PEDOT, and G-PEDOT structures (Scheme 1). b Synthesis of 
G-PEDOT schematic (Scheme 2) [45]

Amit et al.  [47], focused on the PANI/MoO3/GNP (PMG), the composite was 
synthesized via an oxidative polymerization technique. Thermogravimetric Anal-
ysis (TGA), Field Emission Scanning Electron Microscopy (FESEM) Study, High-
Resolution Transmission Electron Microscopy (HR-TEM) Study, Fourier Transform 
Infrared (FT-IR) Spectroscopic Analysis, Wide Angle X-Ray Diffraction (WAXD) 
Analysis, Raman Spectroscopic Analysis, and Raman Spectroscopic Analysis were 
used to confirm the existence of PMG composites. By cyclic voltammetry and elec-
trochemical impedance spectroscopy, studies on the electrochemical characteristics 
of each electrode material were investigated. Figure 5 explains with 1 M H2SO4 as the 
electrolyte, at various scan rates (10–200 mV s−1), cyclic voltammetric (CV) results 
were made. Within the potential range of 0.3–0.8 V. Researchers were able to achieve 
PANI with a fiber-like shape and avoid the restacking of GNPs by coating the GNP/ 
MoO3 composite with PANI and intercalating within the graphene layers. With a 
significant specific capacitance of 593 F g−1 at 1 A g−1 current density, 734 F g−1 at 10 
mV s−1 scan rate, and impressive cyclic stability (over 1000 charging and discharge 
cycles, maintaining 92.4% of its specific capacitance), this PMG composite produced 
impressive results. This composite contains GNP and MoO3, which together increase 
its specific capacitance and supply its high power and energy density.

Maria et al. [48], investigated two distinct GNP ratios, the form of resins packed 
with hyper-cross-linked (HCL) styrene-based resins were made. The synthesized
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Fig. 5 The specific capacitances of PANI, PG composite, and PMG composite are shown in CV 
plots at various scan rates in figures (a–d) [47]

composite is characterized by transmission electron microscopy (TEM) and ther-
mogravimetric analysis (TG-DTG). Cyclic voltammetry(CV) was used to analyze 
the capacitance performance of the manufactured electrode materials at various scan 
rates in a 0.5 M H2SO4 solution. With GNP filler ratios of 7.5 wt.% and 10 wt.%, 
respectively, it displayed high specific capacitances (Csp) of 52.1 F g−1 and 60.4 F 
g−1. High capacitance retention of up to 97% over 10,000 cycles was also demon-
strated by the synthesized nanocomposites, showing their excellent capabilities as 
reliable EDLC electrode materials. 

4.3 Graphene Oxide (GO) 

Because of its large area, superior mechanical qualities, and conductivity of graphene, 
a two-dimensional version of graphite, has garnered a lot of interest. It is possible 
to fabricate graphene oxide (GO), which is a singular sheet of graphite oxide with
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oxygen functional groups (such as epoxide, hydroxyl, and carboxyl groups) on its 
basal planes and edges. GO has the potential to be a useful material for the synthesis 
of functional nanocomposites because of its adaptable oxygen functional groups 
and strong incorporation with polymers. Guiheng et al. [49] it is commonly recog-
nized that GO reduction is essential for microelectronic applications. Typically, either 
chemically or thermally can be used to achieve the decrease. However, because poly-
mers are unable to endure harsh chemical reagents and high temperatures, neither 
reduction procedure can be compatible with the stability of polymeric substrates 
[50]. 

Li et al. [25], reported that nanocomposites are made from polypyrrole and 
graphene oxide. They proposed a general method for sandwiching conducting poly-
mers with various morphologies to form layered graphene oxide structures. The 
theory behind the technique mainly depends on the electrostatic interactions between 
negatively charged graphene oxide sheets and positively charged surfactant micelles. 
Fourier-transform infrared (FT-IR) spectra were analyzed using the attenuated total 
reflectance (ATR) technique X-ray diffraction (XRD) patterns were collected and 
also scanning electron microscope (FESEM), X-ray photoelectron spectroscopy 
(XPS), transmission electron microscope (TEM) studies were taken. The pure PPy 
and GOPPy-F composite electrodes’ electrochemical stability at a 5 A g−1 current 
density. More than 70% of the initial capacitance is still present for the composite 
GOPPy-F electrode after 1000 cycles, compared to just 30% for the pure PPy-F elec-
trode. This shows that the composite material has substantially higher cycle ability 
than the pure polymer electrode. 

Guiheng [49], was prepared via situ polymerization with the support of super-
critical carbon dioxide (SC CO2), and a graphene oxide (GO)/polyaniline (PANI) 
nanocomposite was synthesized. Scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), X-ray diffraction (XRD), FT-IR, Raman, and UV–vis 
spectrophotometry were used to analyze the morphology and chemical composi-
tion of the synthesized samples. An aniline concentration of 0.1 M in a GO/PANI 
nanocomposite results in high specific capacitance (425 F g−1) at a current density of 
0.2 A g−1. Due to the synergistic interaction of the small nanosized PANI nanopar-
ticles and the GO with a high specific surface area, the electrochemical capacitance 
and cycle stability are outstanding. In this investigation, an easy method for covering 
uniformly-sized carbon materials with conducting polymer nanoparticle nanocom-
posites is introduced. These nanocomposites have interesting uses in energy storage 
devices. 

Muhammad [19] and the co-authors focused on the multi-walled carbon 
nanotubes, Graphene oxide, and polypyrrole were combined to synthesize a potentio 
static ternary nanocomposite in a single step for supercapacitors. Electrochemical 
analysis, field emission scanning electron microscopy (FESEM), Fourier transforms 
infrared (FT-IR), and Raman spectroscopy was used to analyze the PPy/GO/MWCNT 
nanocomposite. For further investigation, the electrodes’ capacitive performance was 
taken by CV measurements. In order to characterize the materials prior to putting 
the device together, the electrochemical performance of the manufactured electrodes 
was evaluated using a three-electrode system CV test with a range of 0.5–0.5 V
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and a scan rate of 50 mV s−1 shown in Fig. 6. The PPy/GO, PPy/MWCNT, and 
PPy/GO/MWCNT CV curves exhibit good capacity behavior with a roughly rectan-
gular shape and no apparent redox peak. High conductivity and high surface area are 
achieved by the PPy/GO/MWCNT nanocomposite with well-crumpled nanosheets, 
which enhances the nanocomposite’s capacitive performance. High specific capac-
itance (358.69 F g−1), low Rct (0.87), high specific energy (40.45 Wh kg−1), and 
great cycling stability (88.69% retention after 2000 cycles) were all characteristics 
of the PPy/GO/MWCNT nanocomposite. As a result, the PPy/GO/MWCNT ternary 
nanocomposite is a great choice to be used in next-generation supercapacitors.

According to DayongGui et al. [51], polyaniline and graphene oxide-based 
nanocomposites were made from aniline (ANI), graphene oxide (GO), and ammo-
nium per sulphate (APS) with the mass ratios (mANI:mGO) of 1000:1, 100:1, and 
10:1, respectively, in ice water. Electrochemical characteristics of the composite 
were observed by impedance spectroscope, galvanostatic charge/discharge, and 
cyclic voltammetry, respectively. The surface topography and crystal structure of 
the composites were characterized through Fourier transform infrared spectrum 
(FT-IR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The 
composite electrode materials have improved cyclic voltammetry performance in 
comparison to pure PANI-based electrode materials. The special surface chemistry 
of the PG1000:1 composite is responsible for its improved super capacitive perfor-
mance, which reached 355.2 F g−1 at 0.5 A g−1. After 1,000 cycles of charge/ 
discharge, the PG1000:1 composite maintained 285.8 F g−1, showing good cycling 
stability. The authors are convinced that this composite will produce devices for 
supercapacitors or other power source systems that are promising. 

4.4 Reduced Graphene Oxide 

Sulfonated polyaniline (SPANI) was prepared by Parthasarathi et al. [52], as well as 
functionalized reduced graphene oxide (rGO) (SPANI/G-1) was made using aniline-
initiated polymerization. Infrared Fourier transform, Raman, X-ray photoelectron, 
and thermogravimetric analysis all supported the success of SPANI’s surface modi-
fication of graphene. An asymmetric supercapacitor device prepared by chemically 
reduced GO (rGO) as the negative electrode but also SPANI/G-1 as the positive 
electrode. At a current density of 1 A g−1 in a three-electrode system, SPANI/G-
1 1107 F g−1 had the highest specific capacitance. The lower oxygen content in 
SPANI/G-1, which enhances the chemical interaction between graphene and SPANI 
chains, maybe the cause of the higher sp2 carbon on the graphene sheets. Two elec-
trode asymmetric supercapacitor (SPANI/G-1/rGO) devices were designed by using 
SPANI/G-1 as the positive electrode and rGO as the negative electrode. The device 
displayed a specific capacitance of 157 F g−1 at a current density of 1.5 A g−1. The  
suggested device results in cycling stability of retention in C of 94% after 5,000 
charge–discharge cycles. Furthermore, the as-prepared asymmetric supercapacitor’s 
energy density and power density maximum up to 31.4 Wh kg−1 as well as 14,764
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Fig. 6 system with three electrodes a At 50 mV s−1, the PPy/GO, PPy/MWCNT, and PPy/GO/ 
MWCNT CV curves are shown. b PPy/GO/MWCNT CV curves at various scan rates (5–200 mV 
s−1) complete cell arrangement c In 1 M Na2SO4, the CV curves of I PPy/GO, (ii) PPy/MWCNT, 
and (iii) PPy/GO/MWCNT. d PPy/GO/MWCNT CV curves at various scan rates (5–200 mV s−1). 
e Particular capacitance values for PPy/GO, PPy/MWCNT, and PPy/GO/MWCNT nanocomposites 
at various scan rates [19]
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W kg−1, respectively, demonstrating its viability as a new class of high-power edible 
energy storage device. 

Zhisen [53], and their co-author’s research based on nitrogen-doped 3D reduced 
graphene oxide/polyaniline composite as the active material N-3D-rGO/PANI 
composites were made by a standard in-situ chemical polymer technique. The 
structure, morphology, and electrochemical properties of the composites are char-
acterized using X-ray diffraction, Fourier transforms infrared spectroscopy, X-ray 
photoelectron spectroscopy, Brunauer–Emmett–Teller analysis, transmission elec-
tron microscopy, scanning electron microscopy, charge–discharge test, cyclic voltam-
metry, and electrochemical impedance spectroscopy. The supercapacitor had a 282 F 
g−1 specific capacitance at 1 A g−1 and a 64.5% retention rate as the current density 
varied from 1 to 8 A g−1. This outstanding performance is a result of the nitrogen-
doped macroporous graphene and β-MnO2 structures. The cyclic voltammetry 
performance is given in Fig. 7. 

Ramesh et al. [54], reported synthesis and characterization of hybrid nanocom-
posite of cellulose fiber and multi-walled carbon nanotube (MWCNT), reduced 
graphene oxide (rGO), Cobalt oxide (Co3O4), and tin oxide (SnO2). By using the

Fig. 7 At a scan rate of 100 mV s−1, the CV curve shows N-3D-rGO, 3D-rGO (a), as well as various 
PANI composites, shown (b). Different PANI composites’ galvanostatic charge–discharge curves 
at a current density of 1 A g−1 (c). At different current densities, the galvanostatic charge–discharge 
curves of N-3D-rGO and PANI-B (d) [53] 
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hydrothermal method the nanocomposite was prepared. The nanocomposites char-
acterized by scanning electron microscope (SEM), transmission electron microscope 
(TEM), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) 
and Raman spectroscopy, Energy dispersive X-ray spectroscopy (EDX). The elec-
trode is made by the nanocomposite. Cyclic voltammetry (CV) showed good cyclic 
stability with 88% capacitance retention after 1,000 cycles and a capacitance of 215 
F g−1 and 181 F g−1 at a current density of 0.2 A g−1 and 0.4 A g−1, respectively. 

Zafer et al. [55], reported ternary reduced graphene oxide (rGO), gold nanopar-
ticles (Au NPs), and polyaniline (PANI) nanocomposite prepared with a low-cost, 
two-step, and green approach. Graphene oxide (GO) was reduced and stabilized by 
the plant Cetraria Islandica L. Ach lichen extract. The Reduced Graphene oxide 
nanosheets were uniformly coated with interconnected Au and PANI ultrafine film 
by polymerization of aniline monomer by using HAuCl4 as an oxidizing agent. 
The prepared composite was characterized by using Fourier transform infrared 
spectroscopy (FT-IR), scanning electron microscope (SEM), and X-ray diffraction 
(XRD). The electrochemical performance was observed by cyclic voltammetry (CV). 
In two-electrode symmetrical composition, the specific capacitance of rGO-Au and 
PANI nanocomposite was achieved at a current density of 1 A g−1 as 212.8 F g−1. 
After 5000 consecutive cycles at a current density of 2 A g−1, the ternary rGO-Au 
and PANI nanocomposite maintained 86.9% of its initial specific capacitance. 

5 Functionalization Based on Metal Oxides as Fillers 

Generally, polymers are used for a variety of static and anti-static discharging applica-
tions, and inherently conductive polymers, don’t contain any metals but conduct elec-
tricity when chemically altered with dopants. The two main types of conductive poly-
mers [56]. High specific capacitance as well as low resistance, through metal oxides, 
provides an additional option for the materials used to make the electrodes for super-
capacitors. Make highly powerful and energy-efficient supercapacitors. The most 
widely used metal oxides are copper oxide, iridium oxide, nickel oxide, ruthenium 
dioxide, manganese oxide, and ruthenium dioxide. They are a practical substitute 
due to their lower production costs and use of a milder electrolyte [57]. 

The method of synthesis and ease of production, of various conducting poly-
mers, are the subject of major research for supercapacitor electrodes. Compared to 
carbon-based electrodes, conducting polymers have high capacitance, conductivity, 
and equivalent series resistance. The n/p type composition, which consists of one 
negatively charged (n-doped) and another one positively charged (p-doped) electrode, 
offers high energy, though the potential of pseudo-capacitors has been constrained 
by less amount of n-doped conducting polymer electrode materials. Oxidation is 
used to store and release the charge in conducting polymers through the reduction 
process. Ions are transferred to the backbone of the polymer if oxidation, also known 
as doping, takes place [58–61].
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Ease of production and low cost of various conducting polymers have been the 
subject of extensive research as supercapacitor electrode materials. One of the poly-
thiophene family’s members, PEDOT, has gained recognition as a strong candidate 
for pseudo-capacitor electrodes because of its quick electrochemical kinetics and 
superior intrinsic conductivity [62] compared to other conducting polymers(CPs) 
[18]. The hydrothermal method was used by Rajesh et al. [63] to demonstrate the 
in-situ polymerization of Poly(3,4 ethylene dioxythiophene) (PEDOT) on a flex-
ible 3D carbon fiber cloth (CFC). Because of the greater susceptible surface area, 
high conductivity, good porosity, chemical stability, flexibility, lightweight, and cost-
effectiveness, CFC was selected as a substrate for this study. In order to increase the 
electrode–electrolyte interface and improve ion diffusion, a homogeneous distribu-
tion of the growing PEDOT on the surface of the CFC can be very advantageous. 
This can give a good specific capacitance of 203 F g−1 (5 mV s−1) and result in 
low Rct (0.2 Ω) and Rs (0.6 Ω) values compared to bare CFC. The almost perfect 
triangular shapes of the galvanostatic charge/discharge curves, coupled with a slight 
voltage drop (IR drop) at the start of the discharging curve, indicate low internal 
resistance and good electrochemical reversibility. The capacitance of PEDOT/CFC 
also held well (about 86% after 12,000 cycles), demonstrating the material’s strong 
electrochemical stability. 

Through combining CPs (TMO/CP-based fibers), the pseudocapacitive properties 
of fiber composites can be improved. In the comparison between TMO- and CP-based 
fibers individually, TMOs and CPs can co-operate to give outstanding electrochem-
ical behavior of the fiber composites by contributing a greater specific capacitance 
and superior electrical conductivity. They both have quick/reversible redox reac-
tions and high specific energies, which explains this. Microfibers made of poly(vinyl 
alcohol), graphene oxide, and manganese oxide (PVA-GO-MnO2) were used by  
Mohd et al. [64] as a template for PEDOT deposition. Due to GO’s increased surface 
area, which also prevents MnO2 NP aggregation, compared to PVA-MnO2/PEDOT 
(107.22 F g−1), the homogenous distribution of PEDOT on the PVA-GO-MnO2 

microfibres showed a significantly higher specific capacitance (144.6 F g−1). The 
PVA-GO-MnO2/PEDOT micro composite’s potential window can be raised to 1.8 V 
while maintaining an appropriate rate capability (91.18% capacitance maintained 
after 1,000 cycles). 

Resulting in value theoretical specific capacity (1370 F g−1), good environmental 
compatibility [65], high operating potential, and cost-effectiveness [66–69], MnO2 

has emerged as a superior faradaic material that can be used in place of RuO2. Yang 
et al. [70] used MnO2 to hybridize with PAN/pitch-based CNFs that were boron-
enriched through one-step electrospinning and carbonization. This research showed 
that MnO2 and Boron both offer more electrochemically active redox reaction sites 
and low-resistance mechanisms for electron transport. The resulting nanocomposite 
(Fig. 8) produced a high specific capacitance of 208 F g−1 and a maximum specific 
energy of 25.66 Wh kg−1 while having a specific surface area of 718 m2 g−1.
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Fig. 8 a The variation in specific capacitance of PPBMn(5) about 3000 cycles at a constant current 
density of 1 mA cm−2 through 6 M KOH aqueous electrolyte; b CV characterized at 25 mV s−1 

obtained in both devices upon running for 3000 cycles [70] 

6 Nanoparticles as Fillers in Polymer Electrolytes 

Besides interacting with mobile ions, metal oxide nanoparticles can significantly 
improve the ionic conductivity of solid polymer electrolytes and mechanical strength. 
Perhaps it is a good idea to disperse nanofillers like ZnO, Al2O3, SiO2, and TiO2. 
This inclusion offers a wide electrochemical window, good mechanical strength, and 
high ionic conductivity within the range of 10–3 to 10–2 S cm−1. The crystallization 
kinetics of polymer chains are typically slowed down and the degree of crystallinity 
is decreased when nanoparticles are added to the polymer salt system. Ion transport 
in the composites is enhanced as a result of this decrease in crystallinity. The polymer 
dipole orientation is also impacted by the addition of fillers in the polymer electrolyte. 
Due to the surface charge on the ceramic filler, this altered orientation encourages 
flexible segmental chain motion as well as ion pair dissociation [71, 72]. 

Mee et al. [73], reported the solid polymer electrolyte (SPE) based on fumed silica 
nanoparticles as nanofillers, hydroxylethyl cellulose (HEC) as the host polymer, 
magnesium trifluoromethanesulfonate salt, and 1-ethyl-3-methylimidazolium triflu-
oromethanesulfonate ionic liquid was prepared and functionalized. SPE is character-
ized, and it is concluded that the SPE doped with 2 wt.% of fumed silica nanoparticles 
achieves the greatest ionic conductivity (2.7 × 10–4 S cm−1) at room temperature as 
well as a significant reduction in crystallinity at peak 2θ = 20° by 53.4%. However, 
the nanoparticles’ increased ability to adsorb ions onto the polymer backbone was 
facilitated by their high dielectric permittivity (9.0 × 104) and low activation energy 
(0.213 eV). As a result, EDLCs that perform well predominate. Higher conducting 
sample-based EDLC is the best-performing cell because it can maintain 71.3% of 
the capacitance of its beginning capacitances over 1,600 cycles at a current density 
of 0.4 A g−1. This result was shown in Fig. 9.

The relation between ionic conductivity and the surface area of the SPE is inverse. 
The improvement of ionic conductivity of the composite polymer electrolyte system
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Fig. 9 a EDLC cell discharge curves at a current density of 30 mA g−1 with and without the 
inclusion of fumed silica nanoparticles. b Curves of HE40’s galvanostatic charge–discharge at 
various current densities Galvanostatic charge–discharge shape of HS2 at various current densities 
are shown in figure (c). (d) The HS2-based EDLC’s specific capacitance over 1600 cycles at 0.4 A 
g−1 of current density [73]

is largely due to several factors, including high salt ion concentration, large surface 
area by the porous structure of the system, and amorphous nature of the polymer, 
Lewis’s acid–base interaction among ceramic fillers, as well as the presence of a space 
charge region at the interfaces. Mukta et al. [74] reported the SPE synthesis using ZnO 
as a nanofiller, tetraethylammonium tetrafluoroborate (TEABF4) as a salt, ethylene 
carbonate (EC) and propylene carbonate (PC) as plasticizers, and PVDF-HFP as the 
polymer. By incorporating 12 wt.% of ZnO nanoparticles in the complex, a maximum 
ionic conductivity value of 6.3× 10–3 S cm−1 was attained. Ionic transference number 
and activation energy are calculated to be 0.84 and 0.074 eV, respectively. This 
demonstrates that ionic conduction is dominant. The current research demonstrates 
a wide window at 3.3 V, which is adequate for the electrolyte system to function as 
a separator in EDLCs.
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7 Applications of Polymer Nanocomposites in Different 
Fields 

The Nanocomposite application was explained in Fig. 10 chart format. Although 
“supercapacitors” are currently the most well-known name for electrochemical 
capacitors (ECs), other names for them include “ultracapacitors” and “power capaci-
tors.” NEC, the first company to initiate a product in 1971 [75] under the name Super-
capacitor TM, came up with the term “supercapacitor.” Since 1957, when Becker 
[76] used carbon flooded with the use of a sulfuric acid electrolyte for charge storage 
first at the interface of these two materials, supercapacitors have been under develop-
ment. However, SOHIO [77] was the company that first introduced this technology 
to the market in 1969. Supercapacitors’ real breakthrough came in the 1990s when 
government initiatives in the US provided funding for this technology’s development 
so that it could be incorporated into hybrid cars to provide the required energy for 
acceleration [78, 79]. 

Today, industrial and commercial supercapacitors are available in many nations 
(including Japan, Russia, and the United States), and the most of capacitors are

Fig. 10 Nano composite based supercapacitor applications 
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EDLC. Supercapacitors have been the subject of extensive research by US compa-
nies, Los Alamos National Laboratory (Los Alamos, NM), Eaton (Cleveland, OH), 
Evans Capacitor Company (East Providence, RI), and Maxwell Technologies (San 
Diego, CA). Common electrochemical supercapacitors are produced by industrial 
and commercial firms like Maxwell Technologies and Panasonic (Osaka, Japan) 
and used symmetric activated carbon electrode materials also and acetonitrile elec-
trolytes. China is testing a novel electric bus design called the CapabusTM. It uses 
large onboard EDLC, which are quickly recharged whenever the bus is at a bus stop 
(under “electric umbrellas”) and are charged up in the terminus, to operate without 
powerlines. At the beginning of 2005, Shanghai hosted some prototype testing. Bus 
with a diesel-electric battery drive system and EDLC was tested by VAG (the public 
transportation provider in Nuremberg, Germany) in 2001 and 2002. A light-rail 
vehicle (LRV) that uses EDLC to store braking energy has been in use by Mannheim 
Stadtbahn (Mannheim, Germany) since 2003 [80, 81]. 

7.1 Buffer 

When basic or acidic substances are added, a buffer is a component that can resist 
the pH change. Few amounts of acid or base can be neutralized by it, keeping the 
solution’s pH level largely stable. Low-power devices like random access memo-
ries, microcontrollers, and computer cards receive their power from supercapacitors, 
which also serve as an emergency shutdown source. For small-energy applications 
like automated reading technology or industrial electronics event information, they 
serve as the only power source. 

Supercapacitors act as power “buffers” between rechargeable batteries and the 
grid, reducing the impact of brief power outages and high current peaks. The largest 
banks of electrolytic capacitors in UPS have been replaced by supercapacitors. With 
this setup, the cost per cycle is lower, replacement and maintenance expenses are 
cut, the battery can be made smaller, and the lifespan is increased. In wind turbine 
pitch systems, supercapacitors give backup power for actuators so that blade pitch 
can be changed whether the main supply fails. 

7.2 Power Harvesting 

For energy harvesting systems, supercapacitors are versatile as alternate energy 
storage devices. Energy is gathered from external or reusable sources, such as 
mechanical motion, light, and electromagnetic fields, and it was transformed into 
an energy storage device as electrical energy in energy harvesting systems. For 
instance, it has been shown that energy gathered from RF fields can be stored in 
a printed supercapacitor using an RF antenna as the proper rectifier circuit. Then,
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an application-specific integrated circuit is powered for more than 10 h using the 
harvested energy. 

Low wind conditions need not call for a system with a megawatt-range gener-
ator. Returning to energy harvesting, the research unearths a novel hybrid circuit 
that combines a battery and supercapacitor. In order to harvest energy, Worthington 
proposed a novel circuit in 2010 that manages to combine the co-existed switched 
harvesting technique and a direct connection to a load capacitor. This made it possible 
for the capacitor to function as a reservoir that could be disconnected once it had 
reached its full charge before discharging to a load. A charge pump-type circuit was 
used to connect the circuit [82, 83]. 

7.3 Low-Resistance Capacitors for Military 

Supercapacitors can be used in applications that call for short-term, high currents 
due to their low internal resistance. The earliest applications were (cold diesel engine 
starting) motor startups for sizable engines in submarines and tanks. Supercapacitors 
serve as a battery buffer, coping with brief current peaks and lowering cycling. 
Military radio communications, phased-array radar antennae, avionic displays, laser 
power sources, backup power for airbag deployment, and GPS-based missiles and 
projectiles are additional military applications that call for high power density. 

Hejira et al. [84] the outcomes of the current work, in which a highly stable 
asymmetric SC device was created using a GO and PANI nanocomposite with a 
1.2 V extended potential window. After 10,000 cycles at 3 A g−1, the device displayed 
better coulombic efficiency (98.06%), and extremely high electrochemical stability 
with specific capacitance retention of 118.6%. Additionally, the device demonstrated 
strong performance and maintained a specific capacitance of 73.94% even at a higher 
current density (10 A g−1). It has a power density of 2503 W kg−1 at 1 A g−1 current 
density, which results in its highest energy density (28.5 Wh kg−1). At 3.2 mA cm2, 
it exhibits an aerial capacitance of 57 mF cm2. At a power density of 10.47 W cm2, 
the maximum energy density was 0.92 m Wh cm2. 

7.4 Nano Composite Supercapacitor 

The electrolyte system can be affecting the specific capacitance. The SWCNH-based 
supercapacitor was reported by Yang et al. [85]. The impact of SWCNH’s hole-
opening on the capacitive characteristics of the supercapacitor was reported. The 
relationship between SWCHN’s nano window size and specific capacitance also 
was investigated. High capacitance supercapacitors were produced by SWCNH of 
larger nano window sizes. Thus, by adjusting the nano window size, a single-wall 
nanocarbon of high ion selectivity has been created. Izadi-Najafabadi et al. [86] 
created a composite electrode using meso-micro pore single-wall carbon nanotubes
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(SWCNT) and SWCNH. The electrode of the supercapacitor reached its maximum 
power rating of 1 M W kg−1. Due to its monolithic chemical composition as well as 
mechanical stability, the composite electrode showed a 6.5% decrease in capacitance 
over 100,000 cycles. 

Li et al. [25] and colleagues created the conducting polymer-pillared graphene 
oxide sheets with exceptional electro-capacitive qualities. Such nanostructured 
composites take advantage of the special qualities of both graphene oxide and 
conducting polymers. These are just a few of the benefits of composite materials 
are; (1) The highly porous graphene oxide dispersed in solution offers a good acces-
sible surface for joining of the conducting polymer; (2) The mechanical strength 
of the composite stabilizes the polymers during the charge–discharge process can 
be improved by the three-dimensional layered structure; (3) The graphene oxide 
nanostructure with conducting polymer pillars decrease the resistance in the elec-
trolyte; and (4) The readily available conducting polymers significantly increase 
the overall energy storage’s pseudo capacitance. This method produced a graphene 
oxide-polypyrrole composite with excellent electro-capacitive performance and a 
high specific capacitance of over 500 F g−1. 

7.5 Dye-Sensitized Solar Cells 

Dye-sensitized solar cells (DSSC) are the focus of a lot of research [80]. Compared to 
conventional silicon solar cells, it is cheaper, easier to manufacture, and has a higher 
conversion efficiency. DSSC has thus been taken into consideration as a possible 
substitute for traditional silicon solar cells. In DSSC, an electron-collecting dye 
is adsorbed on a nanocrystalline photoelectrode. Platinum and other noble metals 
are potential electrode materials for DSSC. However, using platinum is expensive. 
Nanocarbon, carbon nanotubes (CNT), graphene, carbon composite, polyaniline, 
poly(3,4-ethylene-dioxythiophene) (PEDOT), and polystyrene sulphonate (PSS) are 
a few examples of functional materials that have been studied to reinstate platinum 
[87–90]. For use in DSSC applications, 

Sushmita et al. [91] prepared counter electrodes decorated with graphene 
nanoplatelets (GNP) and SWCNH. The photovoltaic conversion efficiency of the 
SWCNH-loaded DSSC was higher (4.09%) than that of the GNP (3.13%). Investi-
gations of the SWCNH and GNP composite using atomic force microscopy (AFM) 
were also carried out. SWCNH was found to have a surface roughness of about 
158.59 nm, which was greater than GNP (53.23 nm). By using CV measurements, 
the catalytic characteristics and reaction kinetics of various types of counter elec-
trodes were examined. Redox peaks in two pairs were noticed. The photocurrent 
density (JSC) and fill factor of the SWCNH-based electrode were improved (FF).
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7.6 Railway 

In starter systems for fuel railroad locomotives with diesel-electric transmission, 
supercapacitors can replace batteries. The capacitors store the braking energy from 
a complete stop and deliver the peak current for the diesel engine’s start-up and 
train acceleration, and guarantee the stability of the catenary voltage. Recovering 
braking energy can result in energy savings of up to 30%, depending on the driving 
mode. Supercapacitors were chosen because of their low maintenance require-
ments and environmentally friendly construction. Sustainable polymers and envi-
ronmentally friendly nanofillers are premium characteristics of green nanocom-
posites. High-performance green nanocomposites have been created by incorpo-
rating eco-nanofillers into eco-polymers. The choice of eco-nanofiller, green polymer 
matrices, and green synthesis techniques affect the energy performance of green 
nanocomposites [92]. 

Xi et al. [93] by pyrolyzing, freeze-drying, and dissolving bamboo cellulose fibers, 
a unique cellulosic carbon aerogel has been created. Porous nanoplatelets wrapped 
interconnected fiber framework with a micro surface area of 910 m2 g−1 and high 
flexibility of 86% at a compressive stress of 23 kPa were visible in the texture. Acti-
vated carbon fiber aerogel displayed impressive specific capacitance (381 F g−1) 
as well as an intriguing retention rate (90% at 200 mV s−1) as a result of these 
structural advantages. Further study on flexible supercapacitors is encouraged by 
the carbon fiber aerogel’s highly stable and ultralight multi-porous structure. Addi-
tionally, producing eco-friendly porous carbon fiber aerogel from readily available 
biomass material offers an affordable and sustainable method of using energy storage 
devices. 

Others reported, Zafer et al. [94] here, a two-step, inexpensive, and environmen-
tally friendly method was used to prepare ternary reduced graphene oxide (rGO)—Au 
nanoparticles (Au NPs) at polyaniline (PANI) nanocomposite. The first step involved 
using CetrariaIslandica L. Ach lichen extract to reduce and stabilize graphene oxide 
(GO). In-situ polymerization of aniline monomer using HAuCl4 as an oxidizing agent 
was followed by uniformly coating the rGO nanosheets with a combination of Au 
and PANI ultrafine film. With a current density of 1 A g−1, the rGO-Au and PANI 
nano composite exhibit a high specific capacitance of 212.8 F g−1. Additionally, 
after 5,000 cycles, the nanocomposite electrodes show 86.9% specific capacitance 
retention. 

Kalaiarasi et al. [95] in this study, graphene oxide was reduced by plant leaves 
before hydrothermal preparation was used to create ZnO/rGO composites. When the 
current density was 0.5 A g−1, the synthesized nano composites’ specific capacitance 
reached 180 F g−1. At a current density of 0. 5 A g−1, the average specific had 
decreased by 20% after 2,400 cycles. The synthesized nanocomposite has good 
cycle stability. The attained specific capacitance retention is still 80%. Capacitors 
are acknowledged as commercial energy storage devices, particularly for electrical 
energy. Various Functionalized polymer nanocomposites have been fulfilled as high-
performance supercapacitors.
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Chapter 25 
Current Trends in the Commercialization 
of Supercapacitors as Emerging Energy 
Storing Systems 

Aqib Muzaffar, M. Basheer Ahamed, and Chaudhery Mustansar Hussain 

1 Introduction 

The evolution and rapid development of industrialization in the diverse fields has 
resulted in the rise of energy requirements to cater to the progress and to meet the 
growing energy demands [1]. The combination of these two factors has strayed a 
major dent in the existing energy harvesting and delivering infrastructure, thereby 
posing severe concerns on the future of both human race and industrialization. Up 
to twentieth century, most of the energy demands were met by the utilization of 
fossil fuels. However, the limited energy harvested from these sources has led to the 
exploration of alternative energy sources, since the beginning of twenty-first century 
[2]. In recent lines, there has been enormous amount of interest in exploring and 
development of new energy sources to address the energy challenges. In this context, 
most of and development has been devoted towards the creation of efficient and 
low-cost sources, like rechargeable batteries, supercapacitors and fuel calls [3–5]. 
Particularly, supercapacitors among the mentioned devices are the most promising 
devices, due to their versatility and overwhelming characteristics [6]. 

Supercapacitors commonly called electrochemical capacitors formulate one of 
the most efficient energy-storing devices dedicated to store electrical energy [7]. 
They are often referred to as the bridging devices between batteries and conventional 
capacitors to tender advantages like higher power and energy density along with faster 
charging and discharging kinetics, low cost, long cyclic life, low maintenance and
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most importantly no environmental pollution [8–12]. Generally, supercapacitors are 
designed and dedicated for high-power delivery systems, when compared to recharge-
able batteries. However, in the last few decades, there has been a gradual expansion 
in research and development of supercapacitors to surpass the usage of fossil fuels 
and rechargeable batteries. In this context, various nanostructured materials have 
been explored to develop next generation supercapacitors [13–15]. The utilization 
of nanostructured materials for supercapacitors provides better capacitances along 
with other electrochemical properties than their bulkier counterparts. 

The nanostructured materials provide better electrochemical activity with features 
like better electrochemical kinetics, constrained diffusion paths for ions, higher 
active surface area along with probation of additional active sites for electrochemical 
reactions. Supercapacitors apart from these features nowadays require compatibility 
with the environment to deliver higher performance thereby enhancing their appli-
cability to ensure their place in the commercial market. The commercial aspects 
associated with any device require parameters like industrial control, miniaturization 
of devices, power, transportation, etc. Currently, supercapacitors devices occupy a 
benign marketplace and are mostly used in transportation, defence, medical, commu-
nication and hybrid electric vehicles. However, their potential can be extended to 
many fields thereby understanding the market and designing the devices to suffice 
the requirements. The extensive exploration of supercapacitors presents unlimited 
opportunities along with extreme challenges. 

This chapter is dedicated to portray supercapacitor insights in terms of histor-
ical perspective to understand the developmental phases of supercapacitors along 
with their commercialization. The opportunities and challenges arising in their 
development are also discussed. 

2 Historical Aspects of Supercapacitors 

The history of supercapacitor backs to 1970s and 1980s as an energy-storing 
option for commercialization using a polarized electrolyte solution. The device was 
portrayed to perform energy storing activity, intermediate to the conventional capac-
itors and batteries [16]. Based on charge storing mechanism, supercapacitors are 
mainly categorized into two main types, viz., electric double layer capacitor (EDLC) 
and pseudocapacitors. The former stores energy based on the electrostatic means, 
and the later involves reversible redox reactions of faradaic nature for energy storage. 
EDLC’s rely layer charge storing at the electrode–electrolyte interface while as pseu-
docapacitors rely more on redox reactions at the interfacial boundary between the 
electrode and the electrolyte. 

Generally, batteries were the main source of energy for the short duration instru-
ments, while as Supercapacitors serve in the applications requiring faster charging/ 
discharging power kinetics [17]. The applicability of supercapacitors in regenerative 
braking utilizes the heat power recovery for, the goods and passengers in the hybrid 
electric vehicles. The high power output delivered by the supercapacitors marks
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their potent candidature for next generation energy storing devices. However, super-
capacitors suffer from comparatively low energy storing capacity as that of batteries 
thereby utilizing per unit mass of the active material or by utilization of active area 
in the material. Supercapacitors and batteries both are dependent on electrochemical 
reactions for energy storage. Thus, for the devices using electrochemical principle 
of energy storage, the energy storing perspective has led to extensive growth in the 
research and development of new materials tendering heavy to extreme capacity for 
energy storage along with relatively smaller recharging speeds for both batteries 
and supercapacitors [18]. The differentiating factor between supercapacitors and 
batteries, however, is the electrochemical reactions responsible for charge storage. 
In batteries (Li-ion battery), the addition of Li-ion causes redox reactions in the mate-
rials of the bulk electrodes where in the process kinetics are relatively slower due 
to ionic diffusion However, in supercapacitors, (EDLC), the ionic adsorption (from 
electrolyte onto the electrode) is responsible for energy storage. In supercapacitors, 
the variations in potential in terms of response are more rapid than power thereby 
leading to faster charging/discharging activity [19]. The batteries can be differenti-
ated from supercapacitors on the basis of potentio-static and galvanostatic methods 
[20]. 

These characterization methods are used to depict double-layer capacitances based 
on the constant current time-dependence against a linear potential variation to yield 
rectangular-shaped plots [21]. On the other hand, in pseudocapacitors, the behaviour 
is depicted from reversible reactions occurring at the surfaces of the respectable elec-
trodes enabling higher charge storage [22]. This type of pseudo or false capacitance 
dictates the energy storage encompassing capacitive behaviour. The key performance 
parameter evaluation from the supercapacitor is illustrated in Fig. 1.

The commercialized research regarding supercapacitors finds its presence in 
historical perspectives in countries like the USA, Russia, Japan, France, South Korea 
and other European countries. The prominent commercial brands for supercapacitors 
include Maxwell from the USA, Tokin, NEC and Panasonic from Japan, Econd from 
Russia, etc. The properties of EDLC were estimated early in 1879 by Von Helmholtz 
thereby proposing the concept of double layer. 

However, the concept of a double layer has been applied for energy storage in 
the last few decades [23]. The applicability of supercapacitors as energy-storing 
devices was proposed by Becker in 1957 due to their specific energy being in close 
proximity to the standard batteries. The first patent for a double-layer capacitor was 
proposed by the oil Corporation Sohio in 1968 using carbonaceous materials with 
high specific surface areas. Later NEC started to produce supercapacitor systems 
for electric vehicles starting in 1979. Panasonic also started to develop superca-
pacitors using activated carbon as the active material for the electrodes immersed 
in an organic electrolyte around the same time. Since then supercapacitor market 
has seen continuous growth in terms of industrialization on a higher scale with the 
introduction of new supercapacitor devices. Supercapacitor industrialization on a 
massive scale began in the 1980s; Generation-1980NEC is manufacturer with the 
introduction of supercapacitor products from Panasonic and Mitsubishi in 1987. 
Later in 1990, Econd and ELIT also introduced their supercapacitors dedicated to
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Fig. 1 Schematic diagram of key performance parameters, test methods, major affecting factors 
for the assessment of supercapacitors [17]

high power delivery. Currently, in commercial markets, the companies like NEC, 
Panasonic, Maxwell, EPCOS and NESS are extensively active in the exploration 
and development of supercapacitors. 

Currently, products from Japan, Russia and USA occupy the entire supercapacitor 
market with supercapacitors from each country tendering their unique features in 
terms of power delivery, capacitance, energy cost and so on. Supercapacitors due 
to their unique blend of characteristics have attracted global attention since their 
introduction to the commercial market. The rise in the expansion of global demand 
has found a new bright spot in the field of chemical power. As per a report from Bosch, 
during 2007–2022, the research and development regarding commercialization has 
major investment from China with a global market estimation of $16 × 107 up to 
2015. As per the report, the supercapacitor market is expected to exceed the $95 × 
109 mark by the end of 2023. The annual growth for the market is expected to rise 
by 40%. Considering these figures, the supercapacitor market is growing globally 
at a brisk pace. The breakthrough in terms of material advancements along with 
device fabrication has improved supercapacitor performance to a significant extent 
thereby yielding new-generation supercapacitors for industrialization on a high scale. 
Furthermore, supercapacitor products have become well established with the scope 
for applicability rising continuously. Supercapacitors have been extensively used in 
the medical field, defence, transportation and communication, etc. [24, 25].
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Supercapacitor in the last few decades has evolved as special energy-storing 
devices ranging from small-power to large-scale power applications. In addition to 
that the combination of supercapacitors with batteries and fuel cells as hybrid devices 
has also been explored tendering a unique set of advantages. In general, supercapac-
itors present brilliant performance advantages leading to their extensive research 
portrayed towards a variety of applications with exceptional potential for electronic 
industries and markets. Thus, supercapacitors in future have been portrayed to exhibit 
limitless opportunities as next-generation energy-storing devices. 

3 Fundamentals of Energy Storage 

The electrical energy can be stored directly without the incorporation of transfor-
mation steps in devices like capacitors and inductances. Both of these devices are 
widely used in electronic devices to electricals ranging from electric motors with 
glued large capacitors to power plants using large transformers [26]. These devices 
are also found in mobile phones and microelectronics as inductances and capaci-
tances in the miniaturized form [27]. The principle behind energy-storing devices 
live supercapacitors seems not suitable for large-scale energy storage due to amount 
of energy stored in them. For instance, an inductance stores energy upto 216 kWh 
at a maximum current of 5700 A with a self-inductance of 48 Hy at the optimum 
weight of 276 tonnes as installed at CERN, Geneva in hydrogen bubble chambers. 
For large-scale energy storing projects (5000–10,000 M Wh), as per the analysts, it is 
estimated to include large coils of huge diameter thereby engulfing higher magnetic 
fields requiring underground or remote installations. Similarly, disappointing results 
have been attained from similar considerations for capacitances [28]. However, both 
capacitances and inductances for energy storage attract great interest despite funda-
mentally being capable of storing and delivering energy at rapid and high rates. Thus, 
there exists substantial and growth in terms of interest for applicability. Although 
considering inductances, very limited scope is at the stake but for capacitors huge 
progress has been made beyond conventional dielectric capacitor [29]. 

The energy (electrical) can be stored as electric U in a capacitor as capacitance C 
as 

C = 
Q 

U 
(1) 

wherein the stored energy W and the power at constantly varying E (ΔE) as at  
constant voltage (V) is given by expression: 

W = 
1 

2 
C(ΔE)2 = 

1 

2 
C(U )2 (2) 

and
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P = 
W 

t 
(3) 

⇒ P = 
(ΔE)2 

ESR 
= 

(U )2 

ESR 
(4) 

wherein ΔE = U is the difference of electric potential between the capacitor plates 
(electrodes), in a capacitor, t is the duration and ESR denotes the equivalent series 
resistance of the device [30]. ESR comprises the sum of all ohmic components 
within the capacitor device sandwiched between the current collectors. The resis-
tance incorporates resistances from electrodes, electrolyte ions, current collectors, 
electrode mass, etc. The value of ESR for supercapacitors ranges from milli-Ohms 
to few Ohms varying from material to material. 

The energy W and power P follows common relation with time. During charging, 
the supercapacitor undergoes decreasing current thereby leading to decline in power. 
As per Eq. (4), the changes are spontaneous. However, relation between the voltage, 
power and ESR is uncertain wherein power is equivalent to the product of current and 
voltage, where current (I = U/ESR) follows relation with voltage and ESR (internal). 
Thus Eq. (4) stays valid up to certain time during discharging. The maximum value 
of energy for supercapacitor is considered at the beginning of discharge, wherein the 
resulting power designates the maximums power. 

The capacitance C of capacitor depends on the area A of the plates/electrodes and 
the dielectric constant εr of the material sandwiched between the plates as determined 
by the relation: 

C = 
ε0εr 

d 
A (5) 

(ε0 = dielectric constant of medium). 
The capacitance and energy storage follow a direct correlation however by 

enhancement in operating potential can cause relatively large impact on both energy 
as well as the capacitance. 

Initially the supercapacitors (EDL) were developed with an aim to increase elec-
trode surface areas which could be envisaged to the formulation of electrolytic 
capacitor later termed as the double-layer capacitor [31]. 

To attain larger values of capacitance, large size electrodes must be considered. 
This principle however does not hold true for supercapacitors. For supercapacitors, it 
is the material properties which determine its electrochemical capacitance irrespec-
tive of being used in bulk or large size. Also the interfacial interaction between the 
electrode and electrolyte to greater extent determines the value for specific capac-
itance along with the active material utilizations. In supercapacitors, the charge is 
generally stored at the interfaces of the electrode and electrolyte [32]. 

The charge storage in supercapacitors is accompanied by localized gathering 
of electrons from the conduction band occupying an electronically conducting
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phase followed by the simultaneous gathering of counterbalancing ions in the ion-
conducting phase. Finally, the energy storage in the supercapacitor follows depen-
dence on the potential difference existing between the electrodes, which in turn are 
dependent on the change difference between the electrodes. The capacitance outcome 
for supercapacitors stays substantial due to device conductance in the form of elec-
tronically conducting electrodes and ionically conducting electrolytes, combined to 
attain feasible charge movement during device charging/discharging. 

Apart from porous carbonaceous materials, the addition of metal oxides when 
explored for supercapacitors displayed surface-confined redox reactions; that is the 
formation of oxide or hydroxide layer on the electrode surfaces followed by reaction 
products. The hydroxide ion in the reaction stands strongly adsorbed onto the metallic 
surfaces and displays a current response accompanied by varying electrode potential 
thereby yielding interfacial capacitances termed pseudocapacitance or redox capac-
itance [33]. Pseudocapacitance generally describes the electrode’s response to the 
current towards the varying potential as depicted in cyclic voltammetry. It is impor-
tant to highlight here that the redox response observed in the battery system although 
being analogous stays different to that of pseudocapacitance. In battery electrodes, 
the charge transfer reaction occurs within itself with accumulation/decumulation 
taking place at the electrode/electrolyte solution interface, thereby yielding reaction 
products. The adsorption of ions strengthens the interaction between the adsorbed 
ions in response to the electrode potential to demonstrate current responses at the 
specific conditions thereby displaying a capacitive shape in the voltammograms. 

The influence of metal oxide properties with values of band gaps along with the 
relative positions of band edges, in contrast to the electrochemically approachable 
electrode potential, stays central to capacitive behaviour [34]. The electrochemi-
cally attainable sites in the metal oxides stay pivotal to the conduction band thereby, 
enabling no charge transfer. As a consequence, limited specific capacitance is attained 
from metal oxides. The utilization of metallic or metal compound surfaces exhibiting 
larger specific surface area in contact with electrolyte solution, the specific capaci-
tance and in particular pseudocapacitance exceeds 10–100 times than the double layer 
capacitance in terms of the actual electrode surface can be attained [35]. In super-
capacitors, there exist unlimited possibilities to attain maximum parameter output 
when explored to the fullest potential. 

4 Upscale of Supercapacitors for Commercialization 

The success of any product in the commercial market stays central to the cost. For 
any product after the research and development stages, for industrial upscale, the 
costs are involved in materials, production and the marketing. The lower the costs 
are, the more output can be generated in terms of productivity. However, the costs 
are recovered from the scale of the product sales. The success of the product in the 
commercial market is the main contributor demand for its economic fame. Thus, 
lowering supercapacitor costs and price becomes a vital step in the domination of
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the future markets. The pricing of supercapacitors is not proportional to value per 
farads. However, the supercapacitor cost and pricing depends on the material and 
production costs. For high-purity carbon-based supercapacitors, the cost is about 
$70/kg thereby portraying the competitive potential of supercapacitors in terms of 
$ per kW of energy with respect to other energy-storing devices. Currently, there is 
huge potential for low, cost energy-storing devices. However, it has been only a few 
years, since supercapacitors are considered as serious devices in the field of energy 
storage. 

For the commercial market, most of the supercapacitors are fabricated from 
carbonaceous material with a standard device fabricated from them, yielding capac-
itance of 100 F g−1 with a market cost of $20 per kg [36]. As per trade estimates, 
the supercapacitor cell prices are expected to decline due to advancements in mate-
rial technology thereby translating to a cost of about $0.0082 F g−1 with significant 
performance enhancement with manufacturing efficiency profits. Furthermore, the 
prices can still be lowered by enhancing the operating potential for the supercapac-
itors up to 3.5 V. As such, materials like graphene and nanocarbons are nowadays 
implied in commercial markets to provide higher capacitance. The market for super-
capacitors as per estimates contributed to $470 million in the year 2010, thereafter 
reaching $1.2 billion in the year 2015. The demand after that has eventually doubled 
in the years after and is estimated to reach $5 billion in 2025 [37]. 

The market for supercapacitors in the electronic industry for memory protection is 
estimated at $1.34 billion per year [38, 39]. The possibilities are further extended to 
the portable electronic devices market and the power quality market to aid distributed 
generation [40, 41]. The supercapacitors market has already been extended to hybrid 
cars to ensure low emission and also in the transportation industry (buses and trucks). 
The growth of supercapacitors in the commercial market puts traditional capacitors 
and batteries on the same page in terms of energy storage delivery. The economic 
feasibility of supercapacitors as mass energy storing devices can be intrigued by 
enhancing their energy density to higher values to attain faster charging/discharging 
activity along with low cost. It has already been established that supercapacitors are 
high power delivery devices capable of fast discharge; however, they suffer from low 
energy density. Supercapacitors are generally environmentally friendly, lead-free, 
safe disposal off and restriction of hazardous substances compliant, thereby rising 
their preference for industrialization. 

The most important and costly components for supercapacitors are the electrodes, 
electrolyte materials and separator material. Most commercial supercapacitors use 
electrodes composed of bulk carbon with macropores leading to micropores. The 
energy density enhancements in supercapacitors following the replacement of battery 
along with time constant for electrolytic solution replacement in supercapacitors 
stay exohedral. This means that materials in the nanostructure form like allotropes 
of carbon like graphene and carbon nanotubes have shown great promise. In partic-
ular, graphene has shown better results in terms of electrochemical activity, but 
the commercial aspect of graphene as a supercapacitor remains uncertain. Bigger 
supercapacitors are portrayed to be used in electric vehicles, power grids, railways, 
regenerative braking and other applications. The supercapacitors are considered to
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replace batteries eventually in vehicles for regenerative braking and bus door opening. 
Furthermore, they are anticipated to replace inverter capacitors also. The transporta-
tion sector presents a huge market opportunity, concerned with engine starting, elec-
trical system augmentation, for braking energy regeneration, torque delivery and 
thrusts of power for idle start/stop processes [42]. 

For supercapacitors, the designing enhancements, low-cost manufacturing and 
assembly along with volumetric sales, all together have contributed to the improve-
ments in managing the manufacturing costs over the recent years. The research and 
development have been anticipated to increase, considering the industrial point of 
view. The brands in future energy implicate their dominance for power storage while 
currently, supercapacitors are emerging as a replacement option for fuel in efficient 
transportation. 

Supercapacitors continue to gain applicability in applications requiring storage 
and delivery of high-energy output with quick time intervals. The projections of 
supercapacitors continue to emerge as the bright energy-storing devices in markets 
due to technological evolutions. As per studies, supercapacitor sales in the USA in 
2016 were about $400 million [43]. The reported study by Zion Market Research 
of Sarasota, Florida, had projected to grow from $684.7 million in 2016 to over $2 
billion by the end of 2022 at an annual compound growth rate of 20.5%. In another 
report, by Research and Markets, the compound annual growth rate for superca-
pacitors is portrayed at 18.6% from 2017 to 2018 thereby achieving the target of 
$2.44 billion [44]. The different commercially available supercapacitors are listed in 
Table 1 [2]. The more anticipated estimates from ID Tech Ex suggest the growth of 
energy storage devices (supercapacitors) in the market to a tenfold value. ID Tech Ex 
projected expected growth for supercapacitors as per their estimates at 2 billion by the 
end of 2026 in contrast to $240 million currently. Supercapacitors are expected to earn 
the $800 million to $1 billion mark considering their potential market opportunity 
[45]. Their report suggests the limitations towards the exponential or rapid growth 
of supercapacitors due to features like high cost and lack of industrial exploita-
tion. Supercapacitor manufacturers continue to improve in terms of technological 
advancements thereby enhancing power handling and overall performance for the 
supercapacitors.

5 Importance of Supercapacitors in Current Markets 

Supercapacitors exhibit advantages that highly overshadow the limitations of 
different commercially available energy storage devices. As such supercapacitors 
have gained enormous popularity in terms of academics and commercial markets 
[46]. Supercapacitors generally are capable of delivering and generating higher power 
densities when compared with batteries or fuel cells. On the other hand, they display 
higher energy density when compared to the dielectric capacitors. The Ragone for 
different energy-storing devices is depicted in Fig. 2, correlating specific power to
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Table 1 Different supercapacitors available in commercial market with their characteristics. 
Reproduced with copyright permission from Ref. [2]. © 2019 Elsevier Ltd. All rights reserved 

Manufacturer Series name Capacitance 
(F) 

Cell 
voltage 
(V) 

Specific 
power 
(W 
kg−1) 

Specific 
energy 
(Wh 
kg−1) 

Remarks 

A PowerCap A PowerCap 4–2800 2.7 900 ≤4.5 – 

AVX BestCap 0.05–0.56 3.6 – ≤0.13 Modules upto 
20 V 

Asahi Glass – 1375 2.7 390 4.9 – 

Batscap – 1680 2.7 2050 4.2 – 

CapXX CapXX 0.17–2.1 2.5 ≤2.2 – – 

CDE Ultracapacitor 0.1–1.0 3.6 – – – 

Cooper PowerStor 0.22–3000 2.5/2.7 – – Modules upto 
62 V 

ELNA DYNACAP 
POWERCAP 

0.047–1500 2.5/3.6 – – – 

Evans Capattery 0.001–10 5.5…125 – – Hybrid 
Capacitor 

FastCAP 
Systems 

EEX 340–460 1.3 ≤10.5 – – 

Green Tech Supercapacitor 2–600 2.7/2.8 – – Modules upto 
64 V 

Illinios Supercapacitor 0–3800 2.3/2.7 ≤8.6 ≤6.6 – 

Loxus Ultracapacitor 100–300 2.7 ≤8.7 ≤6.4 Modules upto 
130 V 

JSR Micro Ultimo 1100–3300 3.8 ≤20 ≤12 Li-Ion capacitor 

Korchip STARCAP 0.02–400 2.5/2.7 ≤7.0 ≤6.1 – 

LS Mtron Ultracapacitor 100–3400 2.7/2.8 900 4.45 Modules upto 
130 V 

Maxwell BoostCap 1–3400 2.2/2.8 – ≤6.0 Modules upto 
160 V 

Murata EDLC 0.22–1.0 4.2/5.5 ≤27 ≤13.1 2 cells in series 

NEC Tokin Supercapacitor 0.047–200 2.7/11 – – 

NesCap EDLC, 
Pseudocapacitor 

3–1800 
50–5085 

2.7 975, 
958 

≤4.5 
≤8.7 

Modules upto 
125 V 

Nichion EverCAP 1.0–6000 2.5/2.7 – – – 

NCC, ECC DLCCAP 350–2300 2.5 – – – 

Panasonic GoldCap 0.1–1200 2.3/2.5 514 2.3 Modules upto 
15 V

(continued)
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Table 1 (continued)

Manufacturer Series name Capacitance
(F)

Cell
voltage
(V)

Specific
power
(W
kg−1)

Specific
energy
(Wh
kg−1)

Remarks

Power Sys 
(PC) 

– 1350 2.7 650 4.9 – 

Samwha GreenCap, 
ESD-SCAP 

3–7500 2.5/2.7 ≤7.6 ≤7.0 – 

Skeleton SkelCap 250–4500 2.85 ≤14.1 ≤10.1 Modules upto 
350 V 

Taiyo Yuden PAS capacitor 
LIC capacitor 

0.5–20 
0.5–27 

2.5/3 
3.8 

– – Pseudocapacitor 
Li-ion capacitor 

VinaTech Hy-Cap 1–500 2.3/3.0 ≤8.7 ≤6.3 – 

Vishay ENYCAP 4–15 1.4 – – Modules upto 
8.4 V 

WIMA SuperCap 100–3000 2.5 – – Modules upto 
28 V 

YEC Kapton 
Capacitor 

0.5–400 2.7 – – – 

Yunasko Ultracapacitor 480–1700 2.7 – – Modules upto 
48 V

the specific energy [21]. From the plot, it is evident that supercapacitors are the inter-
mediate energy storing and conversion devices to the normal capacitors and batteries 
in terms of both energy and power delivery factors. In addition to that, supercapac-
itors exhibit features like longer cyclic life in contrast to batteries due to smaller 
chemical phase changes in the electrodes while undergoing charging/discharging 
[47, 48]. Supercapacitors also feature environment friendliness along with a variety 
of materials capable of exploration. Thus, supercapacitors are versatile and attrac-
tive devices, considering high-powered energy storage and hence portrayed to play 
a major role and energy storing technology [49].

Additionally, supercapacitor provides flexible, lightweight and portable energy 
downing option, thereby portraying their significance in portable and more miniatur-
ized electronic devices and wearable electronics further strengthening their role in the 
upcoming year. In commercial terms, huge efforts have been dedicated for improving 
the performance characteristics of supercapacitor components for their commercial 
viability. An immense amount of progress has been made in terms of supercapacitor 
material design and material development, which symbolize two key applicability 
areas for supercapacitors, viz., electrode and electrolyte material. Considering elec-
trode materials for supercapacitors, the impetus has been on the development of high-
capacitive materials including carbonaceous materials, metal oxides and polymeric 
composites. On the other hand, considering the electrolytes, the most important crite-
rion requiring enhancement is the widening of the potential window. Supercapacitors
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Fig. 2 Ragone plot for different energy storing devices. Reproduced with copyright permission 
from Ref. [21]

hence are portrayed to hold an important and strategic position in the next-generation 
energy storage and delivery devices using electrochemical conversion and storage 
principle. 

6 Applicability of Supercapacitors in Marked 
and Economy 

Supercapacitors were produced to provide a backup power supply in electronics 
as their main application. Contrary to that, supercapacitors exhibited a tendency 
to discharge large amounts of power within seconds, hence making them ideal for 
providing uninterrupted and instant power supply during surges in energy or shut-
down. In comparison, batteries are considered to be non-ideal for this type of applica-
tion due to the involvement of more expenses in addition to temperature escalations 
beyond control [50, 51]. 

The longer cyclic life and high power delivery characteristics of supercapacitors 
marks their applicability for both military and consumer applications. In partic-
ular, Coleman’s portless and cordless screwdrivers powered by supercapacitors are 
feasible commercially for home usage. The screwdriver exhibits quick charging, 
taking only one minute and thirty seconds for a full charge [52]. For military appli-
cations, supercapacitors are used as power delivery devices for electronics in armed 
vehicles, in black boxes in fighter aircraft and helicopters [53].
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In transportation, supercapacitors find their applicability for energy recovery. by 
hybrid electric vehicles. In public transportation, the primary challenge erupts in the 
form of energy harvesting from regenerative means. In particular, energy harvesting 
from regenerative braking due to frequent stops in public transportation can be reused 
while accelerating the vehicle. Supercapacitors exhibit the remark tendency to store 
instantaneous energy while braking and discharge at the time of requirement to 
enhance fuel efficiency. 

The rapid growth of flexible energy-storing devices is growing enormously these 
days for their potential applicability in portable electronics. In this regard, the new 
addition to supercapacitors in the form of flexible energy storage devices holds an 
essential position. Flexible supercapacitors provide advantages like lightweight, a 
high degree of flexibility along with reduced interfacial resistance when compared 
with normal supercapacitors. In particular, solid-state flexible supercapacitors 
composed of flexible and solid-state electrodes and electrolytes are manufactured 
along with solid-state separators and flexible packaging material [54]. The manufac-
turing process of these energy-storing devices is relatively low and involves simplistic 
processing. These flexible supercapacitors are currently used in wearable electronic 
devices including LEDs and smart watches [53]. 

7 Summary and Commercial Perspective 
of Supercapacitors 

Currently, supercapacitors are available in the market in the form of modules or 
cells. The potential window for supercapacitors commercially lies in the range of 
0–3 V [55]. Supercapacitors available in the market can reach up to the values of 
1000–10,000 Farads [56]. The packaging design for such supercapacitors is depicted 
in Fig. 3. To attain maximum capacitance values, the supercapacitor dimensions are 
altered [57, 58].

The technical aspects of a commercial supercapacitor capable of functioning at 
25 °C are accomplished by the use of an organic electrolyte. The aspects of such 
commercial supercapacitor cells are elaborated on in Table 2 [55]. For Commercial 
supercapacitor cells listed in Table 2, the electrochemical parameters can be varied 
depending on the organic electrolytes and the manufacturing agency. It is noteworthy 
to mention here that higher outcomes in terms of energy and power can be attained 
based on the maximum operating potential. From a manufacturing perspective, the 
energy and power parameters can vary based on the weight and cell volume.

The application of aqueous electrolytes in supercapacitors for commercial market 
tenders maximum operating potential of up to 2 V. Due to low operating potential 
the capacitance value for these supercapacitors is generally low. The comparison 
of a commercial supercapacitor using organic and aqueous electrolytes is provided 
in Table 3 [55]. The results commend the ideology lower potential enabled lower 
output. However, significant improvement in terms of capacitance can be achieved
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Fig. 3 Commercial 
Packaging sketch for 
supercapacitor cells available 
(cylindrical and prismatic 
packaging modules). 
Adapted with courtesy from 
Ref. [55]

using an aqueous electrolyte instead of an organic one, involving higher weight or 
volume than that using an organic electrolyte in the cells.

The promising results obtained while using aqueous electrolytes are portrayed in 
Table 4. However, the supercapacitors enlisted, manufactured by ESMA are yet to 
be viable commercially. For aqueous electrolytes, higher specific capacitance values 
can be attained based on the higher weight or volume of electrolytes [55].

The supercapacitor devices employing higher weight or volume of aqueous elec-
trolytes, manufactured by ESMA are enlisted in Table 5 [55]. These supercapaci-
tors relatively display higher specific energy when compared to those mentioned in
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Table 2 Properties of commercial supercapacitors using organic electrolyte technology. Adapted 
with courtesy from Ref. [55] 

Technical specifications NESSCAP 
Cell-type ESHSP 500C002R7 

EPCOS 
Cell-type 
B49410B-2506Q0000 

Rated capacitance (F)-tolerance 
(%) 

5000 
−10%, +20% 

5000 
−10%, +30% 

Rated voltage, Vg (V) 2.7 2.5 

Maximum internal resistance 
(mΩ) 

0.35 (0.4) (0.2) 0.35 

Maximum leakage current (mA) 22 No specification 

Surge voltage (V) 2.85 2.8 

Maximum stored energy at Vg 
(Joule) 

18,225 (5.06 Wh) 15,625 (4.34 Wh) 

Specific energy (Wh kg−1) at Vg 5.69:7.10 4.10:4.70 

Specific power (kW kg−1) 5.12:6.39* 2.00:2.3** 

Weight (g) 890 1050 

Volume (mL) 713 930 

Operating temperature range (°C) −40 … +60 −30 … +70 

Cyclic life (cycles) 500,000 500,000 

* The cell load is equal with its internal resistance 
** The cell load is higher than its internal resistance

Table 1 using organic electrolytes. The manufacturing alterations and optimizations 
can yield lower weight or volume of electrolyte for functionality. Consequently, the 
specific power for these devices is significantly low when compared with those using 
organic electrolytes. However, the supercapacitor systems using aqueous electrolytes 
can enable significantly high capacitance values in contrast to organic electrolytes 
[59].

The concept of making use of accessible energy generated using regenerative 
processes and designated power systems capable of operating at the potential in the 
range of 2–5 are required. Supercapacitors are delivering energy during regenerative 
braking in trains and public transportation. The supercapacitors dedicated to this 
purpose are connected together following a series connection in a module of the 
cells to maintain balance within the module [60]. It is also necessary to maintain 
cell voltage within specific frame rates during the operation. The properties of super-
capacitor modules dedicated to high energy are listed in Table 5 [55]. The listed 
modules depict a trend, wherein the decline in both specific power and energy is 
observed while following a series cell connection into a module. The supercapaci-
tors from the manufacturing companies like EPCOS and NESSCAP follow a desired 
pattern at lower rated voltages. While at voltages listed in the table, the superca-
pacitor modules tend to portray higher values for energy as well as power, thereby 
promising their applicability in renewable energy or power quality applications. The
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Table 3 Comparison of 
supercapacitor cells 
characteristics using organic 
and aqueous electrolyte 
technology for commercial 
market. Adapted with 
courtesy from Ref. [55] 

Technical 
specifications 

Maxwell 
technologies 
Cell-type 
BCAP3000P270 

ESMA 
Cell-type (aqueous 
electrolyte) 

Rated capacitance 
(F) 

3000 3200 

Rated voltage, Vg 
(V) 

2.7 1.5 

Maximum internal 
resistance (mΩ) 

0.24 (0.29) 0.6 (0.9) 

Maximum leakage 
current (mA) 

5.2 5 

Surge voltage (V) No Specifications 1.6 

Maximum stored 
energy at Vg 
(Joule) 

10,935 (3.04 Wh) 3600 (1 Wh) 

Specific energy 
(Wh kg−1) at Vg 

5.52:6.4 2.94:5.12 

Specific power 
(kW kg−1) 

5.12:6.39* 2.64:4.61* 

Weight (g) 550 340 

Volume (mL) 475 195 

Operating 
temperature range 
(°C) 

−40 … +65 −50 … +50 

Cyclic life (cycles) 100,000 >300,000 

* The supercapacitor load is equal with its internal resistance

energy output in such modules is proportional to the number of cells used in series 
with values of capacitance reaching up to values of 45,000–80,000 F with higher 
energy storage attainable. 

8 Challenges and Future Opportunities 

Supercapacitors find their applicability in transportation, military, electronics, 
industry and communication fields due to their excellent electrochemical proper-
ties. However, supercapacitors also suffer from some hard comings. The challenges 
for supercapacitors are categorized in terms of technical terms, consistency along 
with industrial standards for commercialization.
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Table 4 Aqueous 
electrolyte-based cells with 
higher capacitance values 
instead of using organic 
electrolytic cells. Adapted 
with courtesy from Ref. [55] 

Technical specifications ESMA 
Cell-type 
EC501 

ESMA 
Cell-type 
EC404 

Rated capacitance (F) 6000 14,000 

Rated voltage, Vg (V) 1.5 1.6 

Maximum internal resistance 
(mΩ) 

0.3 (0.5) 0.4 (0.6) 

Maximum leakage current 
(mA) 

10 10 

Surge voltage (V) 1.6 1.75 

Maximum stored energy at Vg 
(Joule) 

6750 
(1.87 Wh) 

17,920 
(4.98 Wh) 

Specific energy (Wh kg−1) at  
Vg 

2.67:4.80 5.53:9.05 

Specific power (kW kg−1) 2.57:4.80* 2.00:3.27* 

Weight (g) 700 900 

Volume (mL) 389 550 

Operating temperature range 
(°C) 

−50 … +50 −50 … +50 

Cyclic life (cycles) >300,000 100,000 

* The supercapacitor load is equal with its internal resistance

The energy densities of supercapacitors are relatively low when compared to their 
counter electrochemical devices. In terms of energy density, currently supercapaci-
tors deliver energy <20 Wh kg−1 commercially in comparison to the batteries deliv-
ering 30–200 Wh kg−1 of energy density. Therefore for commercial supercapacitors 
as well, the improving factor still remains of energy density as the main challenging 
aspect requiring a lot of research focus [61, 62]. The consequent improvements in 
manufacturing processes along with technological advances stay an effective and 
efficient approach to attain desired results thereby improving the storage capacity 
of commercial supercapacitors. For long-term results, it is essential to develop new 
electrode and electrolyte materials to attain higher electrochemical performance. It 
is essential to develop compact devices capable of storing the higher amounts of 
energy in contrast to bulkier devices. Already an effective approach for enhancing 
the electrode surface area to provide more electrochemically active sites along with 
increasing the operating potential of electrolytes has featured a lot of research devel-
opment. Currently, most of research and innovation are focused on the development 
of novel electrode and electrolyte materials to meet the challenges. 

The other challenge in the development of supercapacitors arises in terms of 
establishing a standard model. For instance, the supercapacitor model developed for 
a certain application may be ideal but for other applications, the model may lack feasi-
bility. The supercapacitor standard model developed by manufacturers may be ideal 
for commercial applications, however, when the same model features in military
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Table 5 Supercapacitors 
with high capacitance output 
using aqueous electrolytes. 
Adapted with courtesy from 
Ref. [55] 

Technical specifications ESMA 
Cell-type 
EC303 

ESMA 
Cell-type 
EC353 

Rated capacitance (F) 45,000 80,000 

Rated voltage, Vg (V) 1.6 1.7 

Maximum internal resistance 
(mΩ) 

0.2 (0.3) 0.5 (1.0) 

Maximum leakage current 
(mA) 

30 No 
specification 

Surge voltage (V) 1.75 1.75 

Maximum stored energy at 
Vg (Joule) 

57,600 
(16 Wh) 

115,600 
(32 Wh) 

Specific energy (Wh kg−1) at  
Vg 

6.15:9.51 13.33:19.02 

Specific power (kW kg−1) 1.23:1.90* 0.58:0.80* 

Weight (g) 2600 2400 

Volume (mL) 1682 1682 

Operating temperature range 
(°C) 

−50 … +50 −50 … +50 

Cyclic life (cycles) 100,000 >10,000 

* The supercapacitor load is equal with its internal resistance

applications (requiring power supply) or in aircraft/spacecrafts or satellites, many 
potential risks are observed, which cannot be neglected. Thus designing reliability 
stays an important challenge while dedicating supercapacitors for suitable applica-
tions, considering, the impact on load nature, external environmental fluctuations to 
ensure device stability [63]. The commercialization on huge-scale for supercapaci-
tors is mainly limited due to low-rated voltages (up to 2.7). This means for practical 
usage, a lot of series connections are required to attain the desired storage. The 
enhancement of rated voltage for supercapacitors in applications will provide better 
response. Supercapacitors require high current while charging/discharging during 
their functionality in a system. At lower rated voltage, the overcharging of superca-
pacitor becomes a serious issue which alters the life of the supercapacitors. Therefore, 
it is essential to establish consistent voltage in supercapacitors irrespective of being 
connected in series or not. 

Generally, supercapacitors have shorter development time at fast speeds when it 
comes to industrialization. The development of supercapacitors under healthy indus-
trial standards along with market supervision stays essential to develop practical 
standards for the industry to meet global energy storage standards. As such estab-
lishment of technical standard models like classification models, electrical perfor-
mance model, safety testing, specification description methods, charging/discharging 
parameters and requirements, production requirements, transportation of devices and 
disposal becomes important to establish device market. However standardization of
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these models for industrial upscale is necessary to promote and ensure the healthy 
development of supercapacitor industries. 

9 Conclusion 

Supercapacitors are one of the most researched and explored devices using electro-
chemical principle of energy storage and conversions to store and deliver energy. 
Supercapacitors find an important place in establishment of next generation devices 
based on utilization of electrochemical energy. This chapter has presented and attempt 
to elaborate commercial aspects of supercapacitors in accordance with current market 
trends. 
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Chapter 26 
Future of Nanotechnology 
and Functionalized Nanomaterials 

D. A. Nayana, Nithya S. George, S. Nandakumar, Arun Aravind, 
and P. K. Manoj 

1 Introduction 

Nanotechnology results in a huge impact on day-to-day life of human beings. As 
described from past decades, ‘nanotechnology’ is the branch of science in which 
the material’s length scale is limited to 1–100 nm. It is time to elaborate this defini-
tion more widely to incorporate many developments in the field of nanotechnology. 
As per Richard Jones, today industries are based on incremental and evolutionary 
nanotechnology, which involves improving the properties of materials by control-
ling their nanoscale structure, the production of nanoscale devices with interesting 
behaviour, including solid-state lasers, quantum dots and sensors respectively [5]. 
New approaches were needed to tackle the challenges and limitations of future 
nanotechnology. Nowadays, nanomaterials have a huge impact on various fields 
of research and engineering. 

As per the survey conducted by Royal Society and Royal Academy of Engineering, 
the concerns and fears regarding nanotechnology were pointed out, which suggests 
the toxicity of evolving particles. It is always necessary to find efficient solutions to 
the existing problems involving human health and environmental friendliness [6]. 
The functionalized nanomaterials, which are currently being developed with a keen 
scientific eye and scientific patience, are the smart materials of the future material 
science field. Suitable surface functionalization and modification of nanoparticles

D. A. Nayana · P. K. Manoj (B) 
Department of Physics, TKM College of Arts and Science, Kollam, Kerala 691005, India 
e-mail: pkmanoj@gmail.com 

N. S. George · S. Nandakumar · A. Aravind (B) 
Centre for Advanced Functional Materials (CAFM), Department of Physics, Bishop Moore 
College (Research Centre affiliated to University of Kerala), Mavelikara, Kerala 690110, India 
e-mail: arun@bishopmoorecollege.org 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
C. M. Hussain and M. B. Ahamed (eds.), Functionalized Nanomaterials Based 
Supercapacitor, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-99-3021-0_26 

655

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3021-0_26&domain=pdf
mailto:pkmanoj@gmail.com
mailto:arun@bishopmoorecollege.org
https://doi.org/10.1007/978-981-99-3021-0_26


656 D. A. Nayana et al.

will enhance their interaction with the rest of the environment [7]. Surface char-
acteristics such as corrosivity, hydrophobicity, hydrophilicity and conductivity of 
nanoparticles can be modified by surface functionalization. The current impact of 
multifunctional nanoparticles is notable because in biomedical applications, they 
enhance the cellular targeted drug delivery [8]. Here we are dealing with the signifi-
cance of using FNM, various synthesis strategies associated with it, discussing about 
some highly interesting FNM materials and the recent updates of FNM in various 
fields. 

2 Need for Functionalized Nanomaterials 

The development of nanotechnology is increasing with new approaches and 
maximising the value proposition. The material properties were enhanced by tailoring 
the nanomaterials structural characteristics [9]. Functionalized nanomaterials are 
materials developed by considering the faults and limitations of bare nanomate-
rials with applications including wastewater treatment, biomedical application, water 
purification, nanobiotechnology, bioenergy and other industrial applications. The 
functionalized properties of the nanomaterials were investigated in a variety of appli-
cations. In functionalization of nanomaterials, various organic molecules and poly-
mers were attached to the surface by different synthesis methods which enhanced the 
properties of the materials. It will result in making environmentally friendly materials 
with increased surface-active sites, higher stability, a reduced bandgap and improved 
reactivity. The main step is to choose the proper linkage material for developing 
functionalized nanomaterials. Now we are dealing with different synthesis methods 
employed in functionalization which is discussed below. 

3 Methods for Functionalizing Nanomaterials 

Surface properties can be modified or enhanced by tailoring the nanoparticle during 
the synthesis step. Nanoparticles can be functionalized by using various sources 
in the synthesis technique, such as polymers, dendrimers, biomolecules, surfac-
tants and other inorganic molecules. Hydrophobicity can be developed by treating 
nanoparticles with hydrophobic molecules such as oleic acid, dodecanethiol, oley-
lamine, dodecanethiol, triphenylphosphine and tetraoctylammonium bromide during 
synthesis. Similarly, hydrophilicity can be incorporated by the use of polyethy-
lene glycol, mercaptosuccinic acid, mercaptoacetic acid, mercaptoundecanoic acid. 
etc. as we have seen in previous reports [10]. These types of surface modifications 
take time through various synthesis strategies which are depicted in the flowchart 
(Fig. 1). It includes the use of chemisorption and physisorption methods including 
(say) the attachment of a thiol group on the surface of nanoparticles and the milling
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Fig. 1 Different synthesis strategies employed in functionalization of nanoparticles 

method respectively. The electrostatic interaction involves the attraction of nega-
tively charged nanoparticles and positively charged small molecules and vice versa. 
Covalent interaction is done using the interaction of functional groups of nanoparti-
cles and attaching molecules. Another synthesis strategy involving the non-covalent 
interaction or the supramolecular affinity is related to the receptor-ligand system and 
the weak interaction between the molecule and the nanoparticle. Surface engineering 
is also used, where the incorporation of heteroatoms is accomplished either by defect 
engineering. 

3.1 Covalent Functionalization 

Molecular functionalization involves the covalent and non-covalent functionalization 
of nanoparticles. Covalent functionalization entails using covalent bonds to attach 
chemical species to nanoparticles. It is widely used in connecting with biomolecules, 
polymers and organic/inorganic molecules to attain better properties. Different chem-
ical variants attached by means of covalent bonds with the nanomaterials resulted 
in covalent functionalization. It is well explored because of its wide applicability in 
various fields such as agriculture, industrial, environmental, biomedical application, 
catalysis and cosmetics enhancing the basic properties of metal oxide nanoparti-
cles, two-dimensional (2D) derivatives of nanoparticle including Graphene Oxide 
(GO), layered Transition Metal Dichalcogenides (TMDs), boron nitrides and Carbon 
Nanotubes (CNTs). The attachment of chemical species like biomolecules, polymers 
and organic/inorganic molecules to the surface of nanoparticles helps with better 
adsorption and other viable properties. Most commonly, the covalent functional-
ization using heterobifunctional cross-linker molecules for the functionalization of 
proteins, peptides, oligonucleotides and nanoparticles is based on [11],
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1. Organofunctional alkoxysilanes 
2. Glutaraldehyde (GA) 
3. N-hydroxysuccinimide (NHS) 
4. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

Treccani et al. briefly explained the covalent functionalization by silanization, 
GA, NHS and EDC protocols [12]. Nanoparticles involving 2D derivatives of layered 
hydroxides, and carbon-based materials such as GO, oxidised CNTs, metal oxides, 
hydroxyl functionalized boron nitride nanosheets and TMDs can be engineered 
or modified using the above-mentioned protocols. The incorporation of various 
groups such as –COOH, –OH and –NH2 groups on nanomaterials can enhance their 
dispersibility, effectiveness and can tune the nanomaterial’s structure and properties. 
Table 1 denotes various FNMs with functionalization methods and applications. 

Table 1 Various FNMs with functionalization method and applications 

FNM Functionalization 
method 

Specific functional groups Application/ 
FNM properties 

Ref 

Hexagonal Boron 
Nitride 

Covalent 
chemical 
functionalization 

Alkoxy groups and hydrolytic 
de functionalization 

Enhanced 
mechanical 
properties, 
efficient polymer 
reinforcement 

[13] 

GO nanosheets Salinization 
protocol 

3-Aminopropyltrimethoxysilane 
(APTMS) coated graphene by 
oxo-vanadium Schiff base 

Efficient 
catalytic 
reactivity for 
oxidation of 
various alcohols 

[14] 

SWCNT & MWCNT Covalent 
functionalization 

Functionalization using 
heteroarene Iodonium salts and 
substituted arene 

Incorporated 
many functional 
groups—electron 
rich and electron 
poor arenes, 
esters and 
heteroarenes 

[15] 

MoS2 & Ag- MoS2 
nanocomposite 

Covalent 
functionalization 

Organic functional group 
decorated TMD using thiol 
reagents as ligands 
(mercaptopropionic acid, 
1-thioglycerol and L-cysteine) 

High density of 
nucleation sites 
due to -COOH 
groups 

[16] 

Fe3O4 and NaYF4: 
Yb, Er 

Covalent 
coupling method 

Carboxyl-functionalized 
magnetic Fe3O4, amino 
functionalized-silica coated 
NaYF4: Yb,  Er  

Biolabeling and 
fluorescent 
imaging of 
cancer 
cells—Magnetic 
luminescent 
multifunctional 
nanoparticles 

[7]
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3.2 Noncovalent Functionalization 

In non-covalent functionalization, there exist attractive and repulsive forces between 
the molecules. Foreign material gets adsorbed on the surface of the nanomaterial by 
chemisorption or physisorption mechanisms. It is mostly preferred for the surface 
modification in carbon-based materials. The molecules used for the non-covalent 
functionalization of carbon-related materials enhance the dispersion of nanomate-
rials in various polymer-based compounds [17]. Functionalization of mesoporous 
materials with suitable ligands confers desirable properties for the nanostructures 
including high surface area and rapid reaction kinetics which will act as effective 
adsorbents for capturing contaminants from wastewater and in other applications too 
[18]. 

The following are the main steps in polymer coatings of nanoparticles: 

1. The surface of nanoparticle has been functionalized by using a suitable 
molecule which serves as the instigator for rest of the interfacially controlled 
polymerization. 

2. The synthesis of such polymer material is followed by surface anchoring. 

An example for polymer wrapping is shown in Fig. 3. The proposed method has 
its benefits of managing the surface density of that desired polymer synthesised and 
the length of polymer chains [20]. Figures 2 and 4 depict the surface functional-
ization of Iron oxide nanoparticles. Magnetic Fe3O4 nanoparticles are an effective 
adsorbent for various toxic metals from aqueous media. But the functionalization 
of these materials is challenging since the iron surfaces bound with the complex 
groups will result in chemical inertness. To solve this, several research projects were 
reported. The problem can be eliminated by a two-step non-covalent functionalization 
of nanomaterials [18]. 

Fig. 2 Surface functionalization of Iron Oxide nanoparticles. Reproduced with permission from 
[19]. Copyright 2021, Elsevier
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Fig. 3 Diagram showing the chemical structure of pectin, tergitol nanoparticles, schematic repre-
sentation of GO and interaction between pectin/GO and pectin/GOf* nanocomposites (*pectin 
funtionalised GO). Reproduced with permission from [17]. Copyright 2017, Elsevier 

Fig. 4 Schematic diagram of non-covalently functionalized Fe3O4 nanoparticles. The phenyl 
ligand shell (in black) helps non-covalent interaction with the thiol bearing layer. Reproduced 
with permission from Ref. [18]. Copyright 2015, Royal Society of Chemistry
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3.3 Intrinsic Surface Engineering 

Surface functionalization or ‘intrinsic surface engineering’ emerged as a new 
advanced application in smart materials. The eccentric potential of smart materials 
emerged primarily as a result of surface functionalization, which changes existing 
pristine material properties or develops new ones. The methods include surface ligand 
bonding, incorporation, defect engineering and patching, an effective method to tune 
the intrinsic physical properties of functionalized nanomaterials (Fig. 5). 

Several research works focused on the functionalization of nanomaterial surfaces 
by various structures including polymers (example in Fig. 6), silica, hybrid structures 
and inorganic nanoparticles [19]. Bond formation with surface ligands will over-
come the mechanical deformations and overall morphological changes. The ligands 
attaching to the surface of nanoparticles will form a capping layer that separates 
the material from the surrounding environment and will control the nucleation and 
growth during the synthesis of nanostructures. Thus, ligands can effectively influence 
the optical and electronic properties of nanomaterials.

The ability to engineer the surface patches in nanostructures holds great impor-
tance. When the material surface is heated above the glass transition temperatures, 
the polymer patches will melt which has huge potential in many applications in 
various fields of optics and catalysis.

Fig. 5 Surface engineering strategies for developing functional nanomaterials with specific 
physical properties and applications 
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Fig. 6 Surface modification 
of the nanoparticles by 
polymers using A grafting 
to, B grafting from and C 
grafting through techniques. 
Reproduced with permission 
from Ref. [19]. Copyright 
2021, Elsevier

4 Functionalization of Different Nanomaterials 

Modifying nanomaterials with various groups resulted in developing material with 
enhanced properties such as high affinity, adsorption capacity, easy dispersibility 
and fast response in various techniques. The materials having unique properties like 
as carbon-based materials, magnetic and 2D layered materials, functionalized by 
covalent or non-covalent functionalization methods for acquiring desired properties 
for several applications. To reduce the limitation of nanomaterials such as in magnetic 
materials, the material get modifies with silica, alumina which are that much resultant 
in huge experimental conditions. Thus, the easy and effective functionalization ability 
of nanomaterials spreads their application in much more areas. Let’s look into some 
of the most widely used FNMs. 

4.1 Functionalization of Carbon-Based Nanomaterials 

In the field of nanotechnology, the functionalization of nanoparticles has opened 
up a lot of possibilities. Carbon-based nanoparticles are functionalized in order to 
be used in various fields of nanotechnology, such as electronics, composites and 
biomedicine, opening up numerous future possibilities (Table 2). Some impressive 
examples include the use of functionalized carbon nanotube in biomedicine, func-
tionalizing graphene oxide for use as cement reinforcement, and non-covalently func-
tionalizing graphene for use as an adhesive with improved thermal conductivity. The 
highly emerging fields of nanotechnology and engineering are constantly revolution-
ising many established ones in a vast area, including energy generation, conversion 
and storage, electronic packaging, catalysis, sensors, drug delivery, additives and in 
biomedical applications.
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Table 2 Functionalization of CNT-based nanomaterials and its analysis 

FNM Application/analysis Reference 

Carbon materials—GO, CNT, AC, carbon 
fibers 

Electronic devices [21] 

CNT Functionalization Removal of aqueous heavy metal [22] 

CNT Functionalization and Graphene Adsorption of heavy metal from water [23] 

CNT Functionalization Interfacial characteristic study [24] 

SWCNT Optical property analysis [25] 

4.1.1 Functionalized Carbon Nanotubes (CNT) 

The need for functionalization of CNT is to enhance the low dispersion and solu-
bility of the material in various solvents due to the chemical nature of CNT. In 
order to overcome this, we can functionalize the CNT to improvise its chemical 
properties. Functionalization can be achieved by covalent or non-covalent function-
alization which is discussed above. There are several studies under way where the 
mechanism of functionalization of CNT is done through different functional group 
additions such as amidation, bromination, fluorination, chlorination, hydrogenation 
and electrophilic addition (Fig. 7). Thus, functionalized CNTs can be used in various 
applications including wastewater treatment, dye degradation from aqueous media, 
medical treatment and in drug delivery.

4.1.2 Functionalized GO, rGO and Graphene 

Due to its distinct structural features and versatility in various applications, graphene 
and its derivatives are attractive among the other carbonaceous compounds. GO 
and reduced Graphene Oxide (rGO) improvise the functionalization ability and thus 
widen the applications. GO is the oxidised form of graphene with a honeycomb 
structure having enormous oxygen-rich functional groups. On the other hand, rGO is 
the reduced form of GO having some oxygen functional groups and defect structures 
[27]. 

The functionalization of graphene is achieved either by covalent or non-covalent 
methods with respect to their interactions with the ligands and sp2 lattice. In covalent 
functionalization, there is formation of covalent bonds between graphene and various 
functional groups, on other side, π electron delocalization of graphene nanosheets 
remains consistent in non-covalent functionalization. Chemical functionalization of 
graphene can be done by other synthesis strategies including spin coating, filtration 
and the layer-by-layer approach. A schematic diagram of chemical treatment for 
functionalize GO is shown in Fig. 8. On the other hand, GO is used as the triggering 
source for the synthesis of functionalized graphene. Graphene’s layered structure and 
large surface area attract the material most in wastewater treatment. These chemically
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Fig. 7 New strategies for 
functionalization of CNTs. 
Reproduced with permission 
from [26]. Copyright 2021, 
Hindawi

modified graphenes have been studied widely in energy storage applications, sensors, 
dye degradation and insulation materials [28].

4.2 Functionalized 2D TMDs 

The curious investigation on 2D nanomaterials increased very rapidly after the 
discovery of graphene. The ultra-thin layered property exhibits unique features which 
are different from their bulk counterparts. Among various 2D materials, transition 
metal dichalcogenides get considerable attraction. Layered TMDs are attracted to 
various areas including catalysis, electronics, energy storage and sensing due to the 
impressive physical and chemical properties shown by them. Because of their elec-
tronic configuration (d electrons) and the coordination of transition metal atoms, 2D 
TMDs are widely used in a variety of applications [29]. 

Although the TMD characteristics are theoretically excellent, it is found that 
its excellence can be improved by chemical functionalization (Fig. 9). The prop-
erty enhancement of these materials is carried out by surface functionalization with 
various organic and inorganic nanomaterials by covalent and non-covalent interac-
tions. This functionalization may change the fermi level of these 2D materials. 2D 
WS2 nanosheets modified with poly (acrylic acid) show high solubility in common
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Fig. 8 A schematic diagram of the chemical method used for functionalize GO with amino-
methylimidazole IL, Reproduced with permission from Ref. [28]. Copyright 2020, IOP Science

solvents and good stability, thus it can be conserved at room temperature [30]. The 
photoluminescence effect of 2D MoS2 is enhanced when it is modified with bis 
(trifluoromethane)sulfonamide [31]. These enhanced features of the functionalized 
2D TMDs have great opportunities to grow up in future applications (Table 3) [32].

4.3 Functionalized Magnetic Nanoparticles 

The use of magnetic nanoparticles (MNPs) in large-scale industrial and environ-
mental applications is growing because it can be used for easy functionalization, 
effective adsorption of pathogens, fast recovery and curing. It has wide applica-
tions in drug delivery, ferrofluids, magnetic storage systems, targeting and magnetic 
resonance imaging (MRI) (Fig. 10).

When reduced to nanoscale dimensions, they provide a large surface area for 
maximum dissolution of particles. The toxic nature of MNPs arises because of their 
high chemical reactivity and surface area, which generate highly reactive oxygen 
species. The biocompatibility of the material is determined by its size, hydrophilicity 
and surface charge. The properties of the coating molecules such as mass and charge 
also affect the biocompatibility [38]. Functionalization of these materials attaches 
various functional groups to provide biologically active sites for specific applications. 
For the effective targeted delivery and interaction, MNPs are better functionalized 
with suitable molecules such as bioproteins, carbohydrates and antibodies. Surface
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Fig. 9 Functionalization of 
TMDs using various organic/ 
inorganic compounds. 
Reproduced with permission 
from Ref. [29]. Copyright 
2016, WILEY–VCH 

Table 3 Applications and enhanced performance of some 2D TMDs functionalized with various 
materials 

FNM Functionalizing 
element 

Results (after 
functionalization)/Application 

References 

MoS2 Iodine Metallic to semiconducting 
phase transition 

[33] 

WS2 Ag Enhanced gas sensing 
performance 

[34] 

WS2 Bovine serum albumin Signal capturing from tumour 
inserted site-cancer therapy 

[35] 

MoS2 Zinc porphyrin Increased photocatalytic 
hydrogen evolution rate 

[36] 

MoS2/TiO2 
nanocomposite 

Carbon coated along 
with glucose addition 

Enhanced electrochemical 
performance—LIBs 

[37]

engineering of MNPs by organic compounds can be performed by main steps which 
includes.

. Organic vapour condensation

. Polymer coating

. Surfactant adsorption
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Fig. 10 Various applications 
of functionalized MNPs [20]

. Direct salinization 

The high reactivity of spinel ferrite structures over many functional groups results 
in multiple combinations. Hydrophilic functional compounds can be made by ligand 
exchange, silica coating or polymer coating of which the main steps for polymer 
coating are discussed in the previous section. Ligand exchange approaches replace 
the hydrophobic ligands with hydrophilic molecules without altering the rest of the 
core structure (Fig. 11) [38]. 

Fig. 11 Functionalization of Magnetic nanoparticles in biological application. Reproduced with 
permission from Ref. [38]. Copyright 2016, RSC Advances
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Silica coating, on the other hand, provides enhanced chemical stability to the 
magnetic part. In various methods involving silica coating, silica shells with the 
desired thickness were obtained with the addition of tetraethyl orthosilicate (TEOS) 
to the nanoparticle medium and the coating could be done by a dense liquid coating 
approach. Alternatively, various organ silanes groups such as -SH and -NH groups 
can be used to functionalize silica coating. 

5 Recent Updates and Use of FNM in Various Fields 

Environmental engineering, chemical process engineering and petroleum engi-
neering are some of the most challenging areas in material science and engineering 
today. The main interest is that nanotechnology, nanomaterials and FNM are helping 
modern research to advance quickly. The major and most important aim as well as the 
main requirement for modern human civilization is sustainability, whether it is in the 
fields of environment, energy, society or economy. The key problems that need to be 
tackled are the environmental catastrophes, climate change and the scarcity of fossil 
fuel supplies. This field of study is on the bleeding edge thanks to nanoengineering 
and nanovision. 

5.1 Industrial Application 

Nanotechnology proffers industrial processes that are both economical and environ-
mentally beneficial since it has the capability to control each atom’s uniqueness. 
Significant research has been conducted to develop functionalized nanomaterials for 
a wide range of industrial applications due to their excellent technological and indus-
trial characteristics. For the manufacture of stretchy, flexible, and photonic devices 
in the electronics sector using these functionalized nanomaterials such as semicon-
ductors, noble metals, metal oxides and alloys. Over the past five years, the industrial 
as well as electronic sectors have significantly increased their usage of nanomate-
rials. About 900 enterprises around world have centred their efforts on developing 
cutting edge nanomaterials and nanodevices. Miniature three-dimensional electronic 
devices with embedded logic circuits enabling wide applications, including wearable 
electronic gadgets and display devices, have a significant impact on the evolution 
of our contemporary technology. Next generation flexible and speedier electronic 
storage systems, which can go beyond micro-processing consisting of millions of 
small transistors, can contribute to the arrival of new electronic devices. Mobility, 
toughness, flexibility, compactness and ease of structural integration are the other 
characteristics of nanodevices.
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5.2 In Human Healthcare—Nanomedicine 

In order to know the impact of using nanomaterials in medical treatment, studies 
were going on in biomaterials, biosensors, tissue fabrication. It helps with fast drug 
delivery, improved tissue healing, the detection of cancerous cells and antibacterial 
performance. Furthermore, efforts and researchers will be made to address safety 
concerns. Standardized reference materials for nanotoxicity measurements were 
initiated by international laboratory groups but the nanocomplex structures are great 
challenges which would lead to more futuristic aspects [39]. 

The emergence of various diseases paved the way for developing proper target 
dosages for curing the diseases and maintaining human health [40]. Biomedical appli-
cations need complete biocompatibility and biodegradability to overcome adverse 
reactions of the immune system [27]. Proper sensing of biomolecules and their 
detection are important to sustain the life cycle. Thus, the design of biosensors 
is critical. Biosensors are developed for plant disease detection by functionaliza-
tion [41]. In biomedical applications, surface functionalization with biomolecules 
provides selectivity, high compatibility, stealth properties, targeted delivery and inter-
nalization ability. The ability to activate the molecular oxygen into reactive oxygen 
species on light irradiation makes graphene and fullerenes an efficient source for 
cancer treatment. The surface chemical properties of various carbon-based materials 
and 2D structures get modified by suitable functional materials along with surface 
engineering in order to reduce toxicity, increase water solubility and have other 
characteristic features. 

Drug encapsulation is becoming a reality for systematic and precise targeted drug 
delivery. Poly ethylene glycol (PEG) nanoparticles were used for treating tumour 
cells (Fig. 12) [40]. These polymeric groups have impressive biocompatibility and 
a non-crystalline nature, possessing unique physical and chemical properties. Also, 
there exists growing perspectives on therapeutics and in diagnostic application over 
various diseases such as cancer by using functionalized 2D TMDs [32]. The enhanced 
biomedical applications employ low toxicity, high stability for these materials as 
compared to other nanomaterials (Fig. 13).

5.3 Environmental 

Water, the most needed resource for mankind, poses serious contamination on a large 
scale. Decolorization due to dyes and organic contaminants is needed to be elim-
inated for the sake of environmental protection since the consumption of these by 
the ecosystem causes severe side effects [42]. In addition to its potential to increase 
energy efficiency, nanotechnology has vast range of applications in detection and 
removal of environmental pollutants. Through quick, inexpensive detection and treat-
ment of water contaminants, nanotechnology may be able to help address the need 
for accessible, clean drinking water. Amino functionalized magnetic nanoparticles



670 D. A. Nayana et al.

Fig. 12 PEGylated nanoparticles used for skin tumour treatment. Reproduced with permission 
from [40]. Copyright 2019, Elsevier 

Fig. 13 Applications of various carbon nanostructures in biomedical application

were employed for wastewater treatment. The organic and inorganic coatings on the 
surfaces of nanoparticles not only stabilize the material and eliminate the agglomer-
ation but also used for easy functionalization with –COOH, –NH2 and –SH groups 
[43]. An example of functionalization of GO modified gold electrode is shown in 
Fig. 14. The strong metal chelating ability and high surface area enable the amino 
groups to adsorb various heavy metal ions from the aqueous medium.
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Fig. 14 Modification of gold electrode with L-cysteine functionalization, EDC/NHS coupling 
of GO. The active oxygenated sites of GO result in capturing and complexation of metal ions. 
Reproduced with permission from [44]. Copyright 2014, RSC Advances 

5.4 Inorganic and Heavy Metal Ion Removal 

Identification and evaluation of inorganic and heavy metal ions in aqueous bodies 
are crucial for human health. Several techniques are employed for the effective 
removal of these contaminants including membrane filtration, chemical precipita-
tion, ion exchange, flotation and most importantly adsorption. Nanomaterial-based 
adsorbents are used due to their potential for functionalization and the large surface 
area attributes increased active sites for heavy adsorption of ions (Table 4). In order to 
enhance the efficiency, the nanomaterial gets functionalized using various materials 
including polymers, metal organic frameworks, oligomers, etc. in order to enhance 
the adsorption capacity. These polymer compounds serve as heavy metal ion binders. 
Pb2+ and Hg2+ which are harmful pollutants causing acute damage to the nervous 
system can be monitored using CNTs with 1,3,6,8-pyrenetetrasulphonic acid sodium 
(PyTS-CNTs). Doping acrylamide (AM) with titanium oxide (TiO2–AM) exhibits 
efficient removal of Cd2+ with 50% efficiency in 30 min due to the presence of empty 
sites on the nanocomposite. Also, treating with sulfuric acid and nitric acid results 
in the addition of –COOH and –OH functional groups in CNT.

5.5 Sensing Toxic Gases and Other Organic Compounds 

Nanomaterial-based sensors are normally conducting or semiconducting and the 
electrical characteristics may change when they are exposed to some toxic gases. 
Gas sensing materials that have been extensively explored are CNTs, metal oxide-
based semiconductors, conducting polymers and 2D materials for the detection of 
SO2, CO, NH3 and others. PANI/Au/Nafion composite material investigated for NO2 

gas sensing exhibits a high sensitivity of around 2 mA/ppm [49].
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Table 4 Heavy metal ion removal application of various FNM 

FNM LOD/Optimized adsorption condition Heavy 
metal 
ions 

Reference 

CeO2/AM/CNT Modified with sulfuric and nitric acid 
25 °C, pH 3–7.4 

Cr4+ [45] 

Mn (TPA)/SWCNT 0.10–14.0 μM, 
LOD 38 nM 

Pb2+ [46] 

GO modified Au Minimum detection limit: Pb (0.4), Cu (1.2) and 
Hg (0.8) ppb 

Hg2+, 
Cu2+, 
Pb2+ 

[44] 

Au-chitosan 
composite 

Calibration range 1*10−9 to 0.1 μM, 
LOD 0.8 fM 

Hg2+ [47] 

Phosphonic acid 
functionalized CNT 

Cr concentration 0.01 to 10 ppb, 
LOD 0.01 ppb 

Cr4+ [48]

The π electron transfer from PANI to the adsorbed gas after NO2 exposure reduces 
the resistance. Layer-by-layer TiO2/rGO nanocomposite assembly attributes include 
fast response, efficient selectivity, reversibility and proper detection of SO2 gas. 
Volatile organic compounds (VOCs) including toluene, methanol, acetone, formalde-
hyde, cyclohexane, n-butanol and so on, get released from oil refineries, vehicle 
exhaust and transportation. The presence of VOCs is much higher indoors than 
outdoors and can be readily detected for further adsorption. CuO–Fe2O3 nano-cubes 
have excellent electrochemical capability, high sensitivity and selectivity, long-term 
stability and a wide concentration range when exposed to ethanol [50]. 

5.6 Electrochemical 

Energy has come to be seen as a defining aspect of civilization and economic growth, 
and increasing energy use has negative environmental effects. As per the interna-
tional Energy Outlook in 2017, there was 28% increment in energy demand which 
is reported from 2015 to 2040. Energy-based research now examines all aspects, 
including energy generation, harvesting, conserving, converting and storing, in an 
effort to find more environmentally responsible and sustainable energy sources. All 
recent advancements in the energy sector have depended heavily on nanomaterials, 
which have unique characteristics. Li-ion batteries, Zn-air batteries, Na-ion batteries, 
supercapacitors and fuel cells are a few examples of nanomaterials used for energy 
storage. Functionalized graphene-based nanocomposite is employed for supercapac-
itor energy storage applications. The use of functionalized graphene enhances the 
overall specific capacitance and also provides active sites for modification of metal
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oxide nanostructures (RuO2, TiO2 and Fe3O4) and conducting polymers. PANI-
coated functionalized graphene and a nanocomposite of metal oxide and functional-
ized graphene were developed for investigating the supercapacitor device application 
[51]. The presence of graphene in the metal oxide-based system and PANI-coated 
functionalized graphene prevents the agglomeration of nanomaterials, which helps 
in attaining high capacitance. Functionalized DWCNT and GO nanosheets in energy 
storage applications are interestingly noted widely. The use of –NH2 and –COOH– 
modified DWCNT improved the electrode quality because the presence of these 
functional groups results in easy CNT interaction based on the opposite charges 
[52]. 

The key element in an electrochemical energy-based systems is the catalyst. 
Functionalized nanomaterials also enable the creation of catalysts. Materials with 
high sensitivity, efficiency, optimum electrochemical surface area and energy are the 
necessary electrochemical characteristics. 

5.7 Optoelectronics 

Electrical transformers and nanoelectrodes are only two examples of how the industry 
has benefited from nanotechnology. Electrical transformers are among the most 
commonly seen components of electricity production and the distribution network 
since they are the source of energy supply interruptions. They are actually static 
devices that are internally constructed from a range of materials, including metals 
and polymers. To protect the interior components of dry-cast transformers, polymeric 
resin is added; for oil-immersed transformers, insulating fluids with thermal and 
dielectric properties are added. Recently, nanofluids have been proposed as an alter-
native. With insulating nanofluids, the most recent transformer’s cooling capacity was 
enhanced. Taha-Tijerina et al. [53] referred to a dielectric mineral oil-based nanodi-
amond fluid which is used as a transformer insulating fluid. They found that thermal 
fluids containing nanodiamonds boosted heat conductivity by 70% when compared 
to normal mineral oil. Li et al. [53] first presented natural ester-based insulating fluids 
with Fe3O4 nanoparticles. The physical, chemical, electrical and ageing properties 
of the dielectric mineral insulating oil were examined. The lighting impulse break-
down voltage of natural ester nanofluids was found to be improved by the addition 
of magnetic Fe3O4 nanoparticles. 

6 Challenges and Future Perspectives 

Future nanotechnology discoveries possess both positive and negative impacts. On 
the one hand, the industry would develop world widely, driven, among other things, by 
technological advances, increased government assistance, more private investment 
and increasing consumer needs for smaller gadgets. The environmental hazards,
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human health, along with safety issues posed by nanotechnology and issues with 
commercialization, could, however, put limit the market growth. Numerous scien-
tific advances have recently been made in research programmes involving nanoma-
terials and nanotechnology used to increase the reliability and efficiency of common 
materials. 

Nanotechnology deals with great challenges in plant disease management by 
decreasing the chemical impacts and enhancing the fast detection of diseases in 
plants [41]. In terms of cost and reproducibility, the industrial scale-up of graphene-
based nanomaterials presents significant challenges. Therefore, new approaches are 
needed for the efficient design and development of new strategies for increasing 
the large-scale production and quality of these materials [16]. Various application 
possibilities of MNPs are still under study, involving the detection and removal of 
harmful materials and pathogens with high precision and reliability in the future. The 
main challenges in the case of polymeric nanoparticles are their toxic degradation 
when the materials associated with them become toxic. But they are widely used in 
biomedicine, tissue engineering and pharmaceuticals. Thus, polymeric nanoparticles 
and nanocomposites will have a huge impact on biomedical applications in the future. 

The development of multifunctional materials leads to the construction and main-
tenance of lighter, safer, more intelligent, and more efficient ships, planes and 
hybrid vehicles. Additionally, nanotechnology provides several ways to enhance 
the transportation system. 

Polymer-based nanocomposites for structural components, high-power density 
batteries, thermoelectric materials, reduced rolling resistance tyres, high-efficiency, 
cost effective sensors and electronics, thin-film based solar panels, fuel additives, and 
efficient catalytic converters for cleaner exhaust and longer range are few examples of 
nano-engineered materials used in automotive products. The bio-functional magnetic 
nanomaterials enable the detection and capture of various pathogens at very low 
concentrations, which is not achieved with conventional methods. Nano-engineering 
holds great promise for enhancing the performance, resiliency and longevity of 
highway and transportation infrastructure components while lowering their life cycle 
costs. 

7 Conclusion 

The accessibility and vast differences in the properties of various carbon-based mate-
rials, 2D TMDs and magnetic materials enable new technological applications. This 
chapter thus focused on the methods of developing various functionalized nano-
materials, emphasized some of the most relevant nanomaterials functionalized with 
various inorganic/ organic molecules and also the recent use of FNM in some specific 
application fields. Even though the surface properties get enhanced upon reducing 
the bulk to nanoscale dimension, their performance could further increase by various 
functionalization approaches which leads to incorporating additional functionalities
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to the existing ones. The ligand conjugation has a key role in covalent functionaliza-
tion while the interfaces are clean in case of non-covalent functionalization. Thus, 
these strategies have their own merits and demerits. In addition, the synergetic effects 
that arise after the interaction between some nanomaterials and functionalizing mate-
rial are still under research studies and need to be fully utilized with full potential 
to broaden the application. Reviewing various FNM, there are a lot of concerns with 
respect to health and environmental hazards. Thu it is crucial and challenging to 
develop facile and environmentally friendly FNM. 
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Chapter 27 
FNM-Based Supercapacitor in Futuristic 
Application 

Soumya Jha and R. Prasanth 

1 Introduction 

Energy systems are evolving into systems with variable power consumption at 
every level, from consumer electronics to electrical grids. Indeed, because they 
perform increasingly diverse duties with varying power needs, contemporary elec-
tronic devices, from smartphones to sensors, have varied power demands [1]. The 
necessity for high-power energy storage is evident as variable renewable energy 
sources are included into electrical systems. Numerous alternative technologies have 
emerged to alleviate severe concerns about the energy problem. Energy harvesting 
from renewable resources has been the main objective of the research community 
in recent years of energy scarcity. The main objective of the technology is to reduce 
greenhouse gas pollution caused by the usage of non-renewable energy resources. 
Additionally, experts are working to develop ways to store this energy as electricity. 
One of the main concerns in the globalized era is the need for effective energy storage 
and sustainable energy options [2–8]. 

Energy storage technologies like batteries, fuel cells, and other energy-storing 
technologies can be used to meet the need [9, 10]. One such equipment used to 
store energy is called a supercapacitor. Electrochemical conversions are the basis of 
unconventional energy storage systems including batteries, fuel cells, and superca-
pacitors. They offer suitable energy and power densities that are designed for low to 
high power ensuing uses. They are storage devices that stand between batteries and 
the typical spectrum of capacitors, thus forming connecting link between secondary 
ion batteries and conventional capacitors. Energy storage mechanism of supercapac-
itors is based on the accumulation of charge or reversible redox reactions [11–13].
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Fig. 1 Schematic diagram and classifications of supercapacitors. Reproduced with permission from 
Ref. [14]. Copyright © 2020 Elsevier 

According to the storage criterion, supercapacitors can be divided into three main 
categories: EDLC, pseudo capacitor, and hybrid supercapacitor. Figure 1 represents 
the schematic diagram and classifications of supercapacitors [14]. 

In comparison to secondary ion batteries, supercapacitors are continuously 
creating energy-producing gadgets that are built for high power supply [15]. Over the 
past few decades, there has been a steady rise in scientific research about the potential 
applications of diverse functionalized nanostructured materials in supercapacitors. 
Compared to their bulk counterparts, these nanostructured materials typically exhibit 
improved capacitance behavior. Better chemical kinetics, chemical activity, shorter 
ionic diffusion channel lengths, greater surface area, and an abundance of active sites 
for electrochemical reactions are all advantages of functionalized nanostructured 
materials [16, 17]. It is one of the hotspots of multidisciplinary research and involves 
materials, energy, chemistry, electrical devices, and other disciplines. It can be used 
in a variety of industries, including industrial control, power, transportation, intelli-
gent instruments, consumer electronics, national defence, communications, medical 
equipment like defibrillators and pulsed lasers, as well as new energy vehicles, thanks 
to its excellent performance and environmental friendliness [18–21]. 

Based on the state of research at the time, the prospects, difficulties, and devel-
opment patterns of supercapacitors are outlined in this chapter. Section 1 provides 
information about introduction of functionalized nanomaterials for futuristic appli-
cation. Next Sect. 2 provides brief summary of principle and mechanism of energy 
storage in supercapacitors. Next, in Sect. 3 a detailed summary of role of function-
alized nanomaterial for energy storage applications is provided. Section 4 describes 
the current application of supercapacitors whereas Sect. 5 describes future develop-
ment and application based on supercapacitors. A general summary of this chapter
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and the prospects for the current research scenario in FNM-based supercapacitor for 
futuristic application are provided in Sect. 6. 

2 Brief of Supercapacitors 

At least not in the near future, the entire human population of the planet must run 
on something other than renewable energy sources. Expanding pollution compels 
us to consider various methods for managing energy utilization. Figure 2 depicts 
the proportion of renewable energy sources compared to other energy sources in 
2020 [22, 23]. Renewable energy should supply all of the world’s energy needs for 
a sustainable world, but it requires a long-term strategy. Hence, it is essential to 
continuously boost the share of renewable energy sources in global energy produc-
tion. Subsequently, due to its non-dispatchable behavior, energy from renewable 
sources must be stored and used as needed. 

The crucial aspect of utilizing renewable energy sources is energy storage and 
accumulation. One of the options to store energy from renewable energy sources now 
is to use batteries or special hydropower facilities. Other experimental options include 
superconducting magnetic energy storage systems (SMES), which keep energy in a 
magnetic field produced by the current flowing through a superconducting coil that 
has been cryogenically cooled to a reduced temperature than its superconducting 
critical temperature. Supercapacitors might be a replacement for traditional batteries 
[24–31]. This section discusses a succinct overview of supercapacitors, their types, 
operation principles, and most recent advancements. 

Supercapacitors, often called electrochemically or ultracapacitors, use thin elec-
trolytic dielectrics and high-surface-area electrode materials to produce capacitances

Fig. 2 a Total generation of renewable energy along with other types of energy sources throughout 
2009–2022 in India [22]. b Estimated renewable energy share of global final energy consumption 
[23] 



682 S. Jha and R. Prasanth

(a) (b) 

Fig. 3 Technical development of supercapacitors throughout years Reprinted with permission from 
ref. [34] Copyright © 2018, American Chemical Society 

that are several orders of magnitude greater than those of conventional capacitors. 
By accomplishing this, supercapacitors can preserve conventional capacitors’ typical 
high-power density while achieving higher energy densities. In the 1950s, superca-
pacitor research and development began. General Electric (GE) and Standard Oil of 
Ohio (SOHIO) undertook the first trials during the 1950s and 1970s. The capacity 
of these earliest electrochemical supercapacitors was roughly 1F. SOHIO patented 
supercapacitors of this kind in 1971. In 1982, Panasonic introduced the first commer-
cially available supercapacitor, the “Gold Cap,” which had a high equivalent series 
resistance (ESR). The Pinnacle Research Institute (PRI) created the first electric 
double-layer capacitor (EDLC) supercapacitor in 1982 for military applications. 
Supercapacitors became industrialized in the 1980s with the Generation-1980 NEC/ 
Tokin and 1987 Panasonic and Mitsubishi Products. Econd and ELIT introduced 
electrochemical capacitors or high-power start-up power applications in the 1990s. 
Companies like NEC, Panasonic, EPCOS, Maxwell, and NESS are currently heavily 
involved in studying supercapacitors. Currently, the supercapacitor market is nearly 
entirely dominated by goods from the United States, Japan, and Russia. Figure 3 
shows the advancement of supercapacitors in several nations [32–34]. 

2.1 Supercapacitor Against Other Energy Storage Devices 

Energy storage alternatives come in a wide variety of forms, and new ones are 
constantly being developed as this technology becomes a crucial part of the global 
energy systems of the future. Energy storage in the industry is becoming more and 
more necessary. As a result, various solutions become available as the demands get 
more particular and innovations utilizing cutting-edge materials and technologies 
are created. Energy storage is booming in the industry, even though the need to 
decrease imbalances between energy demand and production while utilizing energy
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produced during peak periods for later use is not new. Electrochemical energy storage 
systems are among the most appealing because of their many benefits, including 
high efficiency, affordable price, adaptable capacities, etc. Rechargeable battery 
chemistries that are technologically mature and well-developed have resulted in 
their extensive application in various industries, such as electric/hybrid electric vehi-
cles, smartphones, medical equipment, computers, and small to large-scale energy 
storage applications. But rechargeable batteries have many drawbacks, including 
lower power densities, shortened cycle lifetimes, longer charging times, problems 
with thermal management, and environmental safety. Researchers worldwide have 
recently become more interested in supercapacitors (SCs), which are considered 
promising alternatives for electrical energy storage and are closely related to and can 
complement rechargeable batteries. SC technology has advanced in recent years and 
has demonstrated enormous potential for use as a possible energy storage system 
at a commercial scale. Supercapacitors are environmentally benign, have unusu-
ally long cycle lives compared to traditional rechargeable batteries, and have quick 
charge/discharge periods. Figure 4 illustrates the demand for supercapacitors and 
other electrochemical storage devices [24, 25].

2.2 Supercapacitor Categories and Operation Principle 

As shown in Fig. 1, these devices are divided into three categories based on the 
energy storage mechanism of supercapacitors. It should be noted that the super-
capacitors are under the domain of wet electrolytic capacitors, which use a liquid 
electrolyte consisting of ions (charged complexes) to facilitate charge transmission. 
The first category comprises Electric Double Layer Capacitors, often called EDLC 
Supercapacitors. The surface energy that is electrostatically stored at the interface of 
the capacitor electrodes is potential-dependent, which results in double-layer capac-
itance. The size of the electrodes’ surface area and the Helmholtz layer’s thickness 
are crucial factors in achieving an extraordinarily high capacity. EDLC supercapac-
itors have high cycle stability across millions of cycles and durability. Because of 
its sizeable specific surface area, activated carbon (AC) is frequently employed as 
an electrode material for EDLC supercapacitors. Liquid electrolyte is used in EDLC 
supercapacitors. The majority of these electrolytes contain dissolved ions like lithium 
hexafluoroacetate (LiAsF6) or tetraethylammonium tetrafluoroborate (TEABF4) in  
aprotic solvents like propylene carbonate (PC), dimethyl carbonate (DME), diethyl 
carbonate (DEC), or ethylene carbonate (EC) [36–41]. 

The pseudo-supercapacitors, also known as faradaic supercapacitors, fall under 
the second category. Electrode materials that perform redox reactions and interme-
diate electron transfer are characterized as pseudocapacitance. By manner of oper-
ation, they resemble batteries more than capacitors [42]. The pseudocapacitance 
develops at the electrode surfaces, where faradaic reactions initiate, and throughout 
processes that require the transfer of energy across a double layer, much like when 
a battery is being charged or discharged [43]. However, capacitance grows because
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REN21 Renewable 2021 Global status report 

Fig. 4 a Ragone plot of various electrochemical devices [25]. b Comparison between supercapac-
itors & batteries. Reproduced with permission from Ref. [24] Copyright © 2018 Elsevier

of a unique relationship between the amount of energy accepted (q) and the change 
in potential (V), such that the derivative d(∆ q)/d(∆ V) or dq/dV is equivalent to the 
capacitance C. Redox reactions occur resulting from the bonds in the compounds and 
transfer of energy between the electrolyte and electrode happen during charge and 
discharge. The “dielectric” layer does not contain energy; the energy of molecular 
bonding does [44–46]. The difference between an EDLC and a pseudocapacitor is 
that a pseudocapacitor involves quick and reversible redox reactions that occur at the
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interface between the active material on the electrode and the electrolyte. In contrast 
to the electrostatic storage principle, the electrodes in these systems are strained 
and deteriorate more quickly while charging and discharging. It is related to raising 
the internal resistance of supercapacitors and conducting polymers like polyani-
line (PANI), carbon-based hetero-atoms, other transition metal oxides, nanoporous 
carbons with electrosorbed hydrogen, and metal oxides such as ruthenium oxides, 
vanadium nitride, and manganese oxide exhibit pseudocapacitance [47–49]. 

The final and third kinds of supercapacitors are referred to as hybrid supercapac-
itors. To increase energy density to between 20 and 30 W h Kg−1, the concept of 
a hybrid supercapacitor was developed [50]. These efforts were explicitly focused 
on improving the energy density requirements for EDLCs by using either superior 
electrode and electrolyte materials or by designing hybrid supercapacitors. Different 
redox and EDLC materials, such as graphene or graphite, metal oxides, conducting 
polymers, and activated carbon, are coupled to create hybrid supercapacitors [50– 
53]. The coupling strategy was proposed to overcome the energy density factor of 
conventional EDLCs and pseudocapacitors by employing hybrid systems made up 
of electrodes that resemble both capacitor (nonfaradaic) and battery (faradaic) elec-
trodes [21]. In comparison to traditional capacitors, EDLC, and pseudocapacitors, 
hybrid supercapacitors have a greater working potential and produce capacitance that 
is two to three times higher. The storage concepts for hybrid supercapacitors combine 
the EDLC and pseudocapacitor storage principles. The pseudocapacitor lacks the 
limiting property of both EDLC and pseudocapacitor. When these two components 
are combined, the constraints of the individual components are obscured, which has 
the benefit of supplying a greater capacitance [54]. Hybrid supercapacitors can be 
symmetric or asymmetric depending on how the assembly is set up. When two sepa-
rate electrodes of different materials are combined to form a hybrid supercapacitor, it 
exhibits better electrochemical behavior than the individual ones. The cycle stability 
and affordability of hybrid systems are maintained, which are the constraining factors 
in the success of the pseudocapacitor. Compared to the symmetrical EDLC, the hybrid 
type has greater rated voltages and expanded values of specific capacitance, which 
correspond to higher specific energies [55, 56]. 

Electrolytes play an essential role in supercapacitors. Aprotic and protic elec-
trolytes are the two kinds of electrolytes utilized which has unique advantages and 
restrictions. Protic solvents based on the water offer greater conductivity, safety, and 
environmental friendliness. Sulfuric acid (H2SO4), potassium hydroxide (KOH), and 
sodium hydroxide (NaOH) electrolyte is the most commonly used protic electrolyte. 
Aprotic electrolytes are used instead of water-soluble electrolytes, the working 
voltage window is expanded, increasing the energy density. Lithium salts such 
as lithium perchlorate (LiClO4), lithium hexafluorophosphate (LiPF6), and lithium 
tetrafluoroborate (LiBF4) mixed in a variety of solvents like diethyl carbonate (DEC), 
dimethyl carbonate (DMC), and ethylene carbonate (EC) are among the most popular 
aprotic electrolytes [57–61].
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3 Role of Functionalized Nanomaterials 
for Supercapacitors 

In order to tackle the challenge of storing energy by having high energy density as well 
as power density, inventing new materials hold the key to significant advancements in 
energy conversion and storage. Nanomaterials, in particular, provide unique features 
or combinations of characteristics as electrodes and electrolytes in a broad range 
of energy storage devices such as supercapacitors. Nanostructured materials have 
sparked a lot of attention because of the remarkable mechanical, electrical, and optical 
properties that are given by confining the dimensions of such materials, as well as the 
interaction of bulk and surface features with the overall behavior [62]. Comparing 
nanomaterials to traditional battery and supercapacitor materials, they offer signifi-
cantly better ionic transport and electrical conductivity. They also make it possible 
for all intercalation sites in the particle volume to be occupied, which results in high 
specific capacities and rapid ion diffusion. These characteristics enable nanomaterial-
based electrodes to withstand high currents, providing a viable method for storing 
high-energy and high-power density storage [38]. Numerous factors contribute to 
effectiveness of nanoparticle in energy storage applications. In order to leverage 
several charge storage methods, such as pseudocapacitance, diffusion-limited inter-
calation processes, and surface-based ion adsorption, nanostructuring is becoming 
increasingly crucial for controlling the electrochemical performance. However, there 
are still a lot of difficulties with their application in energy storage technologies, and 
there are very few commercial products that incorporate nanoparticles. Due to high 
surface area of nanomaterials, which leads to parasitic interactions with the elec-
trolyte, notably during the initial cycle, known as the first cycle irreversibility, and 
their tendency to aggregate, limitation of nanomaterials in energy storage devices. 
Therefore, future initiatives seek to create controlled geometric designs via adaptive 
nanomaterial assembly. 

The materials utilized for the electrodes have a significant impact on the capac-
itance and charge storage of supercapacitors. Therefore, the most crucial approach 
to overcoming these difficulties is to use FNMs with high capacitance and increased 
performance to boost existing electrode materials. Integrating new elements or 
functional groups in nanomaterial to create functionalized nanomaterials (FNMs) 
is one way to tackle all shortcoming faced while using conventional nanomate-
rials. Functional nanomaterials are enhanced nanomaterials with nanometer-scale 
internal or exterior dimensions. Compared to other materials, FNMs have better 
physical, chemical, and mechanical properties. FNMs are thought to be attrac-
tive materials for supercapacitor electrode material because they offer specialized 
surface areas for tailored molecule attachment. Numerous functionalized nanoma-
terials have been investigated for use as supercapacitor electrodes which include 
carbon based, polymer based, metal based, and composite FNM. These types of 
functionalized nanomaterials are intended to enhance the charge storage properties 
of supercapacitors.
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Carbon-based FNMs can be functionalized with the use of components like 
polymers, hydroxyl and carboxyl groups, and elements like fluorine and nitrogen. 
Graphene and its variants, as well as carbon nanotubes (CNT), are the most prevalent 
functionalized carbon nanomaterials. CNT is one of the astonishing carbon nanoma-
terials whose sides of the nanotube are constructed of hexagonally shaped particles 
[63]. Functionalization of CNT is usually done by either forming covalent bond 
between the defect groups on molecules on the conjugated side walls of the CNTs 
and the functional groups or adsorption of a specific type of functional molecule in a 
CNT results in chemical interaction [64]. Similar to CNT, graphene exhibits variety 
of remarkable properties, including good optical transmittance, excellent electronic 
transport properties, a large specific surface area, superior mechanical stiffness and 
flexibility, a high 3D aspect ratio, and exceptional thermal response, because of 
their exceptional microscale crystallinity. Despite having such excellent properties 
graphene have tendency to get agglomerated while stacking. Self-assembly, spin 
coating, and filtration are examples of solvent-assisted techniques that can be used 
to chemically restructure graphene. An extensively grown graphene derivative is 
graphene oxide (GO), which has been chemically functionalized [65–70]. 

In order to create units of intermediate specific energy, functionalized conducting 
polymers are supposed to close the gap between batteries and the current carbon-
based supercapacitors. Because of their high charge density and affordable cost, 
functionalized conducting polymers are usually intriguing. The broadest range of 
specific capacitance is displayed by polyaniline, which is made into functionalized 
conducting polymer by doping, adding additional composite materials like activated 
carbon material, etc. Similarly, functionalization of polypyrrole is thought to improve 
charge storage qualities because polyimide matrix protects the polypyrrole from 
oxidative degradation and it is cathodically electroactive. Also, most of functional-
ized polythiophene-based derivatives are stable in air and moisture and are either 
p-doped or undoped. Thiophene-based functionalized conjugated polymers hold an 
unrivaled position among the abundant conjugated polymers and that is continually 
growing because of their exceptional optical and conductive characteristics [71–78]. 

Functionalized metal-based supercapacitor electrode material is known for good 
electrochemical activity and electrical conductivity. Transitional metal-based FNMs 
are widely exploited in energy conversion and storage systems because of their 
reasonable affordability, flexible valence states and morphologies, and high capaci-
tance [79]. Theoretically, the low resistance and suitable specific capacitance of the 
new generation materials utilized to make supercapacitor electrodes include transi-
tion metal oxides, hydroxides, dichalcogens, and metal oxide heterostructures [80]. 
For having functionalized transition metal-based electrode material the first strategy 
involves increasing the number of active sites on the surfaces of nanomaterials, where 
electrochemical reactions take place. The second strategy is to develop novel features 
in nanostructured materials that distinguish them from their bulk material counter-
parts, i.e., by exposing more atoms on the surface of nanostructured materials, thus 
optimizing surface-volume ratio [81–85]. 

Composite FNMs have been used to achieve performance beyond the capabilities 
of each material, particularly in terms of energy density and durability. Composites
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are usually combination of one base material, e.g., carboneous material with other 
components [86]. Combining these different nanoscale capacitive materials with their 
unique advantages demands for meticulous fabrication procedures. The morphology 
and interfacial qualities of the constituent components as well as the choice of 
constituent components affect the features of the composites. When designing and 
producing nanocomposite electroactive materials for supercapacitors, many factors 
must be taken into account, such as the choice of material, synthesis methods, fabrica-
tion process parameters, interfacial properties, electrical conductivity, nanocrystallite 
size, and surface area [87]. 

Although number of research studies have been done on FNM-based supercapac-
itor electrode material, the wide application of these materials is still limited because 
research related to synthesizing and developing FNMs are still in infancy. A thor-
ough understanding of the mechanism can serve as an excellent guide for developing 
next-generation materials that will boost the energy density of SC material systems. 
Instead of being restricted to lab-scale research, the goal of SC development by using 
FNM-based electrode material is going forward for actual commercial applications. It 
is necessary to underline the concomitant vital concerns of large-scale production via 
a simple synthesis approach, cost-effectiveness, and environmental friendliness. An 
effective way for achieving the screening of novel, high-performance capacitive-type 
electrode materials would be to develop and apply new machine-learning algorithms 
in material design. 

4 Current Perspective and Challenges Using FNM-Based 
Supercapacitors 

Supercapacitors are presently commercially accessible. Their capacity to combine 
better energy density with long-term stability is suitable for applications that 
need unhindered energy for smooth functioning, such as hybrid electric vehicles. 
However, their need for more power proficiency restricts their use for many commer-
cial purposes. Using functional nanostructured materials has already improved the 
tool available for demonstrating the power efficiency of faradaic electrodes. The 
microstructural alterations that occur while cycling negotiate the impact of nanostruc-
ture based on the electrolyte. However, no commercially available device currently 
uses the core–shell design with FNM-based supercapacitor electrode material. The 
primary focus for developing supercapacitors is to create a new generation of func-
tional nanomaterials with high cell voltage, electrode capacitance, and an environ-
mentally sustainable and affordable nature. The development of inexpensive mate-
rials is made possible in large part by the use of aqueous electrolytes. Recent research 
is being done on solid-state electrolytes that simultaneously serve as separators. Cell 
component optimization is an essential aspect of developing functional supercapac-
itors. Developing an electrolyte that can function well at low temperatures and a 
low oxidation resistance provided by current collectors in an aqueous medium is
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required. The output current and voltage can be controlled with such a setup. The 
functionalization of nanomaterials by incorporating a wide variety of dopants, func-
tional groups, and complexes has been created utilizing various methods, including 
hydrothermal treatment and straightforward heat treatment of given base nanoma-
terial with dopant-containing complexes, which results in the formation of func-
tionalized nanomaterial complexes in an inert atmosphere. However, sometimes it 
is observed due to certain dopants in a particular set of base nanomaterials, e.g., 
heat treatment techniques in the presence of nitrogen in carbon nanomaterials to 
decrease in surface area and, vice versa, a method to increase surface area mainly 
causes a reduction in nitrogen content. More advancements in synthesizing FNM-
based supercapacitors are needed immediately to provide the conditions necessary 
for better-performing devices. This section addresses the present scenario, market 
analysis of FNM-based supercapacitors, and its challenges. 

4.1 Recent Development in the Supercapacitor Market 

Supercapacitors have undergone significant development in the last few decades, 
from specialized energy storage devices with small capacities to large-scale power 
storage, from distinct energy storage to blended energy storage with batteries or fuel 
cells. They have demonstrated many different advantages. Due to their excellent 
performance advantages, supercapacitors have received much attention in research, 
are used widely, and have enormous promise in the consumer electronics sector. The 
Global Supercapacitors Market was estimated to be worth USD 549.1 million in 
2021, and it is anticipated to grow to be worth USD 1,114.60 million by 2027, at a 
CAGR of 13.19% [88]. Figure 5 illustrates the current trend analysis of the global 
supercapacitor market. Supercapacitors offer greater flexibility than conventional 
batteries, which replace standard electric car batteries with their rapid charging and 
temperature stability properties. Supercapacitor charging and discharging also aids 
in the maintenance of peak loads and backup power, which are critical for battery-
powered industrial applications such as video doorbells, smoke alarms, smart meters, 
and medical applications. Supercapacitors have become increasingly in demand in 
recent years because of their need for communication systems in telecommunica-
tions and space. At its Vikram Sarabhai Space Center (VSSC), the Indian Space 
Research Organization (ISRO) developed the technology for synthesizing superca-
pacitors (2.5 V) with variable capacitance values, including 5 F, 120 F, 350 F, and 
500 F, to meet a variety of societal and space-related applications. Additionally, 
several market vendors have noticed a rise in revenue in the electric vehicle sector, 
driving the expansion of supercapacitors in the automotive sector. The digital trans-
formation in the industry also influences the electrical sector with the COVID-19 
outbreak. Governments, utilities, and manufacturers are embracing digital technolo-
gies more and more. This can be seen in the rise in the purchase of smart meters,
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Fig. 5 Global supercapacitor market analysis from 2014 to 2025 

digital substations, smart EV charging infrastructure, software solutions like artifi-
cial intelligence, digital twins, dynamic line rating, and blockchain technology. New 
prospects in the supercapacitor industry are anticipated due to such investments. 

4.2 Present Scenario of FNM-Based Supercapacitors 

The effectiveness of supercapacitors is constantly improving, which causes an 
increase in their applications. Rechargeable batteries have dominated the energy 
storage industry for the past two decades. The energy storage industry needs to opti-
mize performance and save costs. Using functionalized nanomaterial for supercapac-
itor electrode material is one method to solve the issue. This scenario drives current 
efforts in FNM research for energy applications for future energy. One of the main 
reasons for selecting FNM-based supercapacitor electrode material is that the dopants 
or complexes used to functionalize nanomaterials are generally cheaper, abundant, 
and environmentally friendly. In addition, thanks to FNM’s various bonding states 
and allotropes, a family of new nanomaterials can be derived. This section discusses 
the application of supercapacitors in the current environment. 

4.2.1 Automobiles and Transport Application 

Electric Vehicle (EV) producers employ new methods to improve their vehicles’ 
functionality and driving range. Energy storage systems for multi-tasking operations 
like ignition, start-up, security, transmission, and lighting are well-known needs for 
the automobile sector. The electric or hybrid vehicles need a high current for a brief 
period during charging, causing a power pulse that is quickly produced by employing
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Fig. 6 Power management in EVs [89] 

an FNM-based supercapacitor. Examples of such vehicles are those made by Toyota 
and Mazda. For power bursts, beginning and stopping fuel-saving arrangements that 
allow for faster preliminary acceleration, Toyota’s Yaris Hybrid-R and PSA Peugeot 
Citron use supercapacitors, respectively. A simplified design of SCs integrated with 
batteries to power an EV’s drive train is shown in Fig. 6. The central control system 
instructs the motor to provide the necessary torque and speed when the accelerator 
pedal is pressed [89]. The motor switches to generating mode, and the power flow is 
reversed to charge the battery and supercapacitors when braking. 

It is already widely known that supercapacitors are used in regenerative braking. 
By halting the automobile while retaining its braking energy, this is accomplished. 
This was observed when a one-ton hybrid supercapacitors assembly was installed in 
a tram in Switzerland. Maxwell designed a similar type of assembly that was used 
on trams in Paris and Belgium. It combined a high cycle rate with the installation of 
48 supercapacitors in each vehicle. The FNM-based supercapacitors can supply this 
energy for the diesel engine’s ignition and for accelerating by capturing the braking 
power. This recuperation has the potential to save up to 30% of energy. Initially, 
the effective consideration of the use of a supercapacitor with public transportation 
was the motivating characteristic. The application of a process to increase energy 
efficiency in vehicles like trucks and buses to prevent the loss of heat energy at a 
stop while the engine is running. The idea behind supercapacitors is to convert this 
energy into electrical energy and use it to drive acceleration support requirements. 
Reducing CO2 emissions and fuel use promotes eco-saving [90, 91]. 

4.2.2 Public Sector Applications 

Ubiquitous applications include products with simple operations. The cordless screw-
driver is powered solely by supercapacitors developed by Coleman Company Inc. 
and lasts less time than the one powered by a rechargeable battery. The downside of
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using the supercapacitor model is that the runtime is half that of the battery model, but 
it has the advantage of 90-s charging and charge retention. Additionally, Maxwell 
Technologies (a producer of supercapacitors) and Celadon have developed items, 
including supercapacitor-powered remote controllers [92]. The remote control was 
initially powered by two AAA batteries and operated with a quick charging function 
provided by a supercapacitor. In 2010, three Japanese firms 2010’s Nippon-Chemi-
Con, collaborated to produce eco-friendly street lighting in Japan by combining solar 
energy with supercapacitors as energy storage devices [93]. The assembly included 
LED bulbs and solar panels to capture solar energy throughout the day and store it in 
supercapacitors for later use (charging); supercapacitors help discharge and escort 
the LED illumination at night. As a result, clean energy systems are more durable 
and have longer lifetimes than existing energy systems. 

FNM-based supercapacitors are employed in renewable and sustainable energy 
sources because they act as stabilizers in solar and wind energy-based power line 
systems. Due to their quick reaction time to erratic weather fluctuations, FNM super-
capacitors provide wind turbines with brief energy bursts [94]. Such supercapacitors, 
which can adjust blade orientation and protect a wind turbine from strong winds, 
are used to handle power outages. FNM-based supercapacitors also benefit from 
their high cycle count, energy compatibility with power density, and absence of 
maintenance [95]. 

4.2.3 Medical and Industrial Applications 

Supercapacitors can be used in high-voltage pulse delivery applications in the medical 
industry. As a result, they are fed into defibrillators, which administer up to 500 J 
energy push to shock the heart back to regular operation. Patients who have experi-
enced mental trauma are treated using similar techniques. Novel use of supercapaci-
tors is the ventilator backup together with dental technology, etc. JSR Micro created 
a hybrid supercapacitor for medical imaging equipment for backup power supply 
[96]. 

This industry has the broadest range of uses for hybrid supercapacitors, from 
industrial electronics like automated meter reading (AMR) to emergency backup 
power sources to prevent catastrophic failures until power is restored. FastCAP devel-
oped supercapacitor-powered drills as a result of the stability of supercapacitors. 
Additionally, there are industrial applications involving the cooperation of batteries 
and hybrid supercapacitors. The partnership limits the energy benefits from both 
energy storage device types and may be helpful in many power-related applications 
[97]. 

4.2.4 Defense and Military Applications 

An intriguing field for FNM-based supercapacitor applications is instruments that 
rely on batteries, such as navigational, sensing, and communication devices. With the
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Fig. 7 SCs used for various 
defences applications [98] 

proper FNM-based supercapacitor assembly, the radar system, electromagnetic pulse 
weapons, torpedoes, etc., may all be operated. Tecate Group has produced numerous 
supercapacitor systems for use in military applications. Phased array radar antennas, 
avionics display devices, airbag exploitation power, GPS, and missiles are examples 
of applications requiring high specific power, which FNM-based supercapacitors can 
fulfill. Figure 7 illustrates SCs used for various defence applications [98]. 

4.3 Challenges for FNM-Based Supercapacitors 

Because of their exceptional qualities, supercapacitors are widely employed in the 
automotive, industrial, military, consumer electronics, and other sectors. These tech-
nologies do, however, have significant drawbacks. The four major aspects primarily 
characterize the current issues that need to be solved are illustrated in Fig. 8.

4.3.1 Technical Problem 

The energy densities of supercapacitors are low. The energy densities of supercapaci-
tors (<20 W h Kg−1) and batteries (30–200 W h Kg−1) now differ somewhat, and how 
to close this gap remains a research priority and challenge in the field of supercapac-
itors. Supercapacitor storage capacity can be increased by upgrading manufacturing 
processes and technologies. However, finding new electrolytes and electrode-active 
materials with improved electrochemical performance will be challenging and time-
consuming in the long run. Low energy density supercapacitors make for bulkier, less 
compact devices. Supercapacitors’ energy densities can be increased by expanding 
the operation voltage window, increasing the electrochemically active surface area
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Fig. 8 Four primary 
challenges faced by 
supercapacitors

of electrode materials in double-layer capacitors, or doing both. More research is 
being done to create novel materials with high surface areas and use suitable organic 
electrolytes that can withstand a wider voltage window [99]. 

4.3.2 Establishment of Electrical Parameter Model 

The supercapacitor model may be comparable to the ideal model in some circum-
stances. Still, in military applications, particularly in satellite and spacecraft power 
supply applications, several nonideal factors may provide concerns that must be taken 
into consideration. Due to its restricted energy, resonance induced by periodic signal, 
filter, and energy storage capacitor has a stable solution. Due to their tremendous 
energy, supercapacitors have the capacity for immediate throughput and enormous 
power. It is crucial to have a trustworthy design to analyze the effects of load nature, 
load fluctuation or the external environment, and unintentional disturbance on the 
system’s stability [6]. 

4.3.3 Consistency Detection 

Because a supercapacitor’s rated voltage is so low (less than 2.7 V), numerous 
series connections are necessary for use in real-world scenarios. It is crucial to 
know whether the voltages on each capacitor in series are stable since applications 
frequently require high current charging and discharging and overcharging hurts the 
lifespan of capacitors [6].
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4.3.4 Industrial Standard 

Supercapacitors have hit the market and developed themselves in a short period 
with high speed. There are various levels of enterprises in the supercapacitor sector. 
Since supercapacitors are a novel kind of energy storage, their healthy develop-
ment is inextricably linked to market and industry regulation, which strives to create 
workable regional, national, and even global standards. For supercapacitors, a set 
of technical standards should be established, including terms, a classification model 
naming method, an electrical performance test method, technical safety require-
ments, general specifications, electrode material requirements, electrolyte require-
ments, charger requirements, production requirements, transportation requirements, 
recovery requirements, and destruction requirements. It is an essential tool for 
fostering the healthy growth of the industry. 

5 Future Development of FNM-Based Supercapacitor 

Being one of the most popular options to enhance industrial operations, energy 
storage systems have started to play a crucial role in recent years. These tools 
boost the productivity of industrial systems while improving the energy effective-
ness, dependability, and adaptability of electrical systems. These gadgets improve 
electrical systems’ energy efficiency, reliability, and adaptability while increasing 
the productivity of industrial systems. Supercapacitors (SCs), which reduce the gap 
between batteries and traditional capacitors, have a better trend than their rivals due 
to their high technology readiness level (TRL), TRL8, and auspicious track record. 
SCs have a high power density but low specific energy [100]. 

As previously mentioned, SCs concentrate on applications requiring charge– 
discharge cycle periods between a few seconds and several minutes. Numerous study 
publications have been published as a result of this. In recent years, research and 
development initiatives have been created to enhance the performance of industrial 
processes and electrical systems. These studies seek to develop new ESS industrial 
products based on SCs. The numerous research on SCs demonstrates the existing 
need for this technology, which is growing annually and inspiring high hopes for the 
future. Figure 9 depicts the classification of SC-related scientific publications over 
the past ten years based on their applications.

In this section, we primarily concentrated on recent efforts to produce electrode 
materials, characterize functionalized nanomaterials, and analyze and investigate 
their applicability in the field of energy storage as supercapacitors. Here, we’ve 
outlined the cutting-edge methods for using FNMs that improve their use in the field 
of supercapacitors for future applications. Based on the state of research at the time, 
supercapacitors’ potential, difficulties, and development patterns are enumerated. 
Figure 10 illustrates the futuristic approach development trend of supercapacitors 
which is discussed and elaborated in this section.
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Fig. 9 Classification of SCs 
related to scientific 
publication over past decade 
based on their applications

Fig. 10 Futuristic approach development trend of supercapacitors 

5.1 Technical Aspects 

5.1.1 Flexibility and Microminiaturization 

The development of flexible, compact energy storage systems with strong electro-
chemical capabilities is crucial. Researchers are increasingly interested in flexible 
energy storage systems due to the rapid growth of portable electronics and the idea 
of wearable electronics. The electrode’s rigidity severely constrains the geometry of 
typical FNM-based supercapacitors, and the electrode’s preparation with the metal 
collector and bonding agent further lowers the supercapacitor’s electrochemical 
performance. The next generation of flexible storage devices will be developed to pair
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a flexible FNM-based supercapacitor with a portable electronic device [101–103]. 
Numerous reports have been made on flexible supercapacitors with various macro-
morphologies and microstructures. Positive and negative electrodes, diaphragms, 
electrolytes, fluid collectors, and packaging shells in flexible supercapacitors are 
flexible in contrast to traditional nonflexible supercapacitors, which allows for flex-
ible supercapacitors to be assembled in thin, light, and intelligent designs of any shape 
and size, increasing their potential for use in flexible and wearable fields. From a 
practical research perspective, finding appropriate flexible electrodes is essential to 
producing flexible supercapacitors. These can be achievable by the intelligent use of 
functional nanomaterials, which can be used as electrode material for flexible super-
capacitors. Therefore, the fabrication of high-performance flexible electrodes is a 
study area of interest. Up to this point, a vast and intricate system has been researched 
on flexible electrodes and supercapacitors. The constructed flexible electrodes and 
flexible supercapacitors exhibit physical morphology and functional features that 
are dynamic and diverse. Flexible electrodes can be made by growing the active 
material ex situ or in situ on a flexible substrate, such as conducting polyethylene 
terephthalate (PET), carbon cloth, and so on [103]. Since no polymeric binders are 
necessary for the deposition of active material on the flexible substrate in the case 
of in situ growth, the electrodes exhibit improved electrochemical performance in 
addition to being flexible. When designing device structures, it’s essential to elimi-
nate electrolyte leakage, simplify the encapsulation process, increase the utilization 
rate of electrode materials, and provide good compatibility between gel electrolytes 
and electrode materials [104]. Future research will focus on developing flexible 
electrodes with straightforward processes, solid electrochemical performance, and 
flexibility to integrate active ingredients, flexible substrates, and electrolytes. It is 
essential to design functionalized nanolevel electrode materials to provide additional 
electrochemical active sites or to compound the materials to reduce the electrode size 
without reducing its energy density. This can be accomplished by using nanostruc-
tures specially designed with the help of functionalization to give an excess of redox 
reaction sites and increased surface area. Meanwhile, its downsizing is also aided by 
developing flexible all-solid SC. Ultrahigh power delivery, excellent rate capabilities, 
and high-frequency response are all desirable qualities of micro-supercapacitors. It 
is believed that using capacitors in wearable, microelectronic, and other goods may 
be expanded by developing flexible and micro-capacitors [105–107]. 

5.1.2 Hybridization 

Building hybrid batteries and supercapacitors is an excellent solution to the issue of 
the low energy density of supercapacitors is to use supercapacitors, which are systems 
where one electrode stores charge using a battery-type Faradaic process while the 
other does it using a capacitive mechanism. Lithium/sodium/potassium/magnesium 
ion hybrid battery-supercapacitors are one type of hybrid battery-supercapacitor 
device that inherits the high power (0.1–30 kW kg−1) of supercapacitors and the
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high energy density (5–200 W h Kg−1) of secondary batteries [108]. Addition-
ally, these devices benefit from steady extended cycle performance and affordable 
prices. Due to its potential use in future electric vehicles, smart electric grids, and 
even miniaturized electronic/optoelectronic devices, among other things, the battery-
supercapacitor hybrid device (BSH), which is typically built with a high-capacity 
battery-type electrode and a high-rate capacitive electrode, has attracted enormous 
attention. With the appropriate design, BSH will offer unique benefits like high 
performance, affordability, safety, and environmental friendliness [109]. The devel-
opment of an attractive BSH device with a broader cell voltage and more capacity 
is made possible by swapping out one of a symmetric SC’s capacitive electrodes 
for a battery electrode (thus higher energy density). BSHs could have high power 
densities comparable to traditional SCs with the right battery electrode architecture 
design. The findings of laborious research demonstrate that the two-dimensional or 
nanoscale approach of the battery-type electrode materials may effectively reduce the 
electrolyte ion transport retardation. Because of this, it still needs to be improved to 
match the anode and cathode materials properly to perform as hybrid supercapacitors. 
The voltage window and the electrolyte selection, in addition to the compatibility 
of the anode and cathode materials, play a significant role in the performance of the 
hybrid battery-supercapacitors [110]. 

An optimal power source in broader applications is anticipated to be dense. Super-
capacitors can effectively compete with secondary batteries in this circumstance and 
may even prove to be a superior replacement. Supercapacitors can compete favor-
ably with secondary batteries in such a situation and might even be an acceptable 
replacement for them as energy storage devices. 

5.2 Application Aspect 

5.2.1 Requirement of the Society 

The application features of supercapacitors are crucial for addressing social 
requirements and advancing industrial growth. High-capacity portable supplies are 
becoming increasingly important as the electronic sector develops quickly. On the 
one hand, environmental preservation and energy use are topics in which people 
worldwide are becoming more and more interested. The world population is actively 
looking for solutions, and they are enthusiastic for more and more renewable energy 
to be employed. The invention of supercapacitors, on the other hand, is a result of 
the pressing demand for high-capacity, portable backup power to be available for 
all types of electronic equipment due to the rise of the electronics industry. These 
societal demands help the supercapacitor sector develop quickly to some extent, and 
the market opportunity is enormous. 

The United States Department of Energy and USABC coordinated national labora-
tories and businesses (such as Maxwell, GE, etc.) to work together on the development 
of dual-layer supercapacitors made of carbon materials starting in 1992. The original
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objective is to achieve a supercapacitor with a 5W hKg−1 energy density and a 1 kW 
kg−1 power density. This objective has essentially been met. The SAFT firm led the 
European Community in formulating the supercapacitor research strategy for electric 
vehicles in 1996. The goal is to meet the specifications of the electrochemical cell 
and fuel cell electric vehicles by achieving specific energies of 6 W h Kg−1, special 
powers of 1500 Wkg−1, and cycle lives of more than 100,000 cycles. According to 
the data sources, supercapacitors will be perfect for hybrid vehicles whenever their 
specific energy hits 20 W h Kg−1. The current research level must be enhanced to 
meet the needs of social growth. In addition, new energy vehicles, rail transit, intel-
ligent meters, wind turbines, power grid equipment, heavy port machinery, national 
defense military industry, and other fields are widely used. The application field 
for supercapacitors will keep growing as cooperation and communication between 
upstream and downstream businesses improves. 

5.2.2 Improvement of the Cost Performance 

The first and most important factor to take into account for every industry to survive 
is improving product performance and lowering production costs. The study in this 
area primarily focuses on enhancing the supercapacitor’s technology, as well as the 
manufacturing process and technology. This includes finding stable and efficient 
electrode and electrolyte materials to improve performance while lowering costs. 
To realize the goal of complementary performance and low overall price, one must 
(1) find new minimal crude ingredients, such as natural mineral resources; (2) look 
for the combination of low-price and high-price raw materials; and (3) improve the 
production process (such as by streamlining the process) and the production equip-
ment. Consequently, this will also serve as the primary focus and strategic objective of 
the product’s further development; (4) Pay attention to cost concerns when applying 
new electrode materials, such as carbon fiber graphene, and the potential for indus-
trialization of the materials; (6) The research of group modules should pay more 
focus on the overall life span characteristics and capacitors and the management 
system to improve reliability and security. Research on matching existing electrode 
materials, such as matching of existing electrode materials with the electrolyte, is 
another critical area [5]. 

6 Conclusion 

Functional nanomaterial-based supercapacitors have demonstrated considerable 
promise in many sectors and fields as a new kind of environmentally friendly and 
effective energy storage device. FNM-based supercapacitor development will have 
countless opportunities thanks to the enormous potential market. These suitable 
energy storage technologies do, however, nonetheless have issues. While improving
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energy density, lowering prices, and expanding the range of applications for superca-
pacitors are vital goals, future research will continue to be focused on the electrode 
materials that now limit the performance and price of supercapacitors. Exploration 
of the FNM-based supercapacitor research area is still in its infancy, and the future 
development of novel, cutting-edge materials for these uses is quite promising. 
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