Open Access Article. Published on 20 March 2024. Downloaded on 1/22/2026 8:16:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

REVIEW

i '.) Check for updates

Cite this: RSC Adv., 2024, 14, 9406

Received 5th December 2023
Accepted 5th March 2024

DOI: 10.1039/d3ra08312h

rsc.li/rsc-advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Developments in conducting polymer-, metal
oxide-, and carbon nanotube-based composite
electrode materials for supercapacitors: a review
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Supercapacitors are the latest development in the field of energy storage devices (ESDs). A lot of research has been
done in the last few decades to increase the performance of supercapacitors. The electrodes of supercapacitors
are modified by composite materials based on conducting polymers, metal oxide nanoparticles, metal—organic
frameworks, covalent organic frameworks, MXenes, chalcogenides, carbon nanotubes (CNTs), etc. In
comparison to rechargeable batteries, supercapacitors have advantages such as quick charging and high power
density. This review is focused on the progress in the development of electrode materials for supercapacitors
using composite materials based on conducting polymers, graphene, metal oxide nanoparticles/nanofibres, and
CNTs. Moreover, we investigated different types of ESDs as well as their electrochemical energy storage
mechanisms and kinetic aspects. We have also discussed the classification of different types of SCs; advantages
and drawbacks of SCs and other ESDs; and the use of nanofibres, carbon, CNTs, graphene, metal oxide—
nanofibres, and conducting polymers as electrode materials for SCs. Furthermore, modifications in the
development of different types of SCs such as pseudo-capacitors, hybrid capacitors, and electrical double-layer
capacitors are discussed in detail; both electrolyte-based and electrolyte-free supercapacitors are taken into
consideration. This review will help in designing and fabricating high-performance supercapacitors with high
energy density and power output, which will act as an alternative to Li-ion batteries in the future.
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population is increasing at an alarming rate, raising energy
requirements. The combined effect of these two factors leads to
strain on the existing power infrastructure. Because of the rising
usage of environmentally friendly and renewable energy
systems in recent years, the consumption of hydrocarbon-based
energy resources has decreased." Automobiles, portable and
non-portable electronic gadgets, fuel cells, etc. use electro-
chemical systems such as battery packs, supercapacitors (SCs),
and bio-fuel cells to convert chemical energy into electrical
energy or for energy storage.> A straightforward Ragone plot
explains how batteries have moderated power and energy
sectors, whereas SCs are thought of as elevated-power systems
and fuel cells as high-energy systems (Fig. 1). The latest research
is focused on the fabrication of SCs because of their unique
properties, which has led to the testing of different composites
as electrode materials such as carbon nanotubes (CNTs),
conductive polymers (CPs), and metal oxide (MO) nanoparticles
(NPs). The variety of uses of elastic and blendable SCs that need
matching electrodes and components has led to the improve-
ment of specific electrode materials.® It leads to environment-
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friendly and minimum-cost energy storage systems with
emerging ecology and modern pollution free society.*

SCs are devices in which electrical energy can be stored via
double-layer (DL) charging, faradaic reactions, or a combination
of both. They are employed via thin dielectric layers and large
surface area electrodes, which give high power density,
outstanding periodic life, and a rapid charging/discharging rate,
which in turn leads to high electrochemical performance.>® The
Leyden jar created in 1746, Netherlands, where electrical charges
could be held on the plates of a so-called condenser, today known
as a capacitor, was the first double-layer SC. The first patent,
however, was only issued in 1957 and detailed a large surface area
carbon-based capacitor.” SCs, their components, and their
implementations are covered in a broader sense.**® The rise in
ED at the system level is mentioned in many articles published
and has been emphasized about widely applicable outcomes."”
The benefits of asymmetric and hybrid SC techniques have been
explored along with the subsequent aspects.'®*’

SCs play a major role in ESDs due to their unique character-
istics and advantages. A few advantages of SCs over conventional
batteries are as follows: (i) high power density: SCs can deliver and

Mr Rahul Sharma is pursuing
his Ph.D. from the Central
University of Haryana, Mahen-
dergarh (India). He completed
his Integrated M.Sc. Chemistry
degree from NIT Rourkela
(India) in the year 2016. He has
qualified JRF NET (2018) and
GATE (2022) examinations. He
has published 17 research
papers in reputed journals. He is
currently working as a Guest
faculty at the Central University
of Haryana, Mahendergarh.

Rahul Sharma

Ms Rajni Kumari was born in
1996 in Charkhi Dadri, Har-
yana, India. She completed her
B.Sc. from Kurukshetra Univer-
sity, India, (2015) and her M.Sc.
in Physical Chemistry from
Chaudhary Devi Lal University,
India (2017). She has qualified
CSIR-JRF (2018), CSIR-UGC-JRF
(2019) and GATE (2019) exami-
nations. Since, August 2019, she
has been pursuing her Ph.D.
from the Central University of
Haryana, India, wunder the
supervision of Prof. Harish Kumar. Her research work is focused on
Nano-material-based electrochemical sensors and their applica-
tions.

b
L a ¢

Rajni Kumari

RSC Adv, 2024, 14, 9406-9439 | 9407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08312h

Open Access Article. Published on 20 March 2024. Downloaded on 1/22/2026 8:16:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

absorb electrical energy at a much higher rate compared to
batteries. Their high power density allows for quick charging and
discharging, making them suitable for applications that require
quick bursts of energy, (ii) long cycle life: SCs have an excep-
tionally long cycle life, with the ability to undergo hundreds to
thousands or even millions of charge-discharge cycles,’ (iii) effi-
cient energy transfer: SCs show low internal resistance, and hence
efficient energy transfer between the storage device and the load.
This characteristic minimizes energy losses following charge and
discharge cycles, leading to higher overall system efficiency,* (iv)
wide temperature range: SCs can operate across a broad
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temperature range, from extreme cold to high heat, without
significant degradation in performance.”” This versatility makes
them suitable for various environments and applications,
including automotive, aerospace, and industrial sectors, (v) safety
and environmental friendliness: SCs are generally considered safe
due to their stable chemistry and lack of toxic materials. Unlike
some battery chemistries, they do not pose significant risks of
overheating, leakage, or explosion,'® and (vi) complementary to
rechargeable batteries: SCs can be used in conjunction with
batteries to create hybrid energy storage systems that leverage the
strengths of both technologies.'”*® By combining the high EDs
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Fig. 1 Ragone graph of power density vs. energy density (ED) for
different ESDs [Reproduced with permission from ref. 2. A copyright of
RSC, 2008].

and power densities of batteries and the rapid response of SCs,
these hybrid systems can enhance the overall performance,
extending battery life and improving energy management.

Hence, SCs have high power density, long cycle life, efficient
energy transfer, wide temperature range, safety, and environ-
mental friendliness. These qualities make them indispensable
in ESDs, supporting different applications where quick energy
delivery, longevity, and reliability are essential requirements.

SCs may be divided into three types: Pseudo Capacitors
(PCs), Electro-chemical Double Layer Capacitors (EDLC), and
a hybrid kind produced by combining EDLCs and PCs (Fig. 2).
Fig. 2 shows the working and internal structure of different
types of SCs.
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Fig. 2 Working and internal structure of different types of SCs.
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For the first time, we are introducing composite materials
based on conducting polymers like polyaniline (PANI), poly-
pyrrole (PPy), and polythiophene (PTh), CNTs [Single Walled
Carbon Nanotubes (SWCNTs), and Multi-Walled Carbon Nano-
tubes (MWCNTSs)] and transition MO NPs used in the fabrication
of PCs, EDLCs, and SCs. Progress made towards development
and modification done in increasing the charge storing capacity
and ED of SCs by modifying the electrode material and electrolyte
are discussed in detail. Kinetics and structural changes taking
place at the surface of the electrode during the charging and
discharging processes are discussed at full length. A comparison
between rechargeable batteries and SCs is also made at relevant
places. This review is mainly focused on the charge storage
principle of SCs and the properties of modified electrode mate-
rials used in the latest SCs. This review is structured as SCs and
their types, strategies of nanofiber (NF) fabrication, and different
kinds of electrode materials used, including C material (graphitic
carbon, graphene oxide, and CNTs), transition MO-based NF, and
CP-based electrode materials used in SCs. The use of different
MO/CPs-based composite as electrode materials (binary
composite) in SCs is investigated in detail. NC materials are made
of carbon along with MO NPs and CPs (tertiary composite) as the
anode and cathode material. Lastly, we discussed the future
scope and conclusions. This review article will certainly help
researchers working in the field of ESDs to increase their
performance and power output.

2. SCs as ESDs

SCs, also known as ultra-capacitors or electrochemical capacitors,
are a type of ESD that stores electrical energy through the

Active materials
and electrolyte
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Hybrid capacitor (HSC)

RSC Adv, 2024, 14, 9406-9439 | 9409


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08312h

Open Access Article. Published on 20 March 2024. Downloaded on 1/22/2026 8:16:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

electrostatic separation of charges at two plates. They are different
from traditional rechargeable batteries and have different advan-
tages over batteries like rapid charge and discharge capabilities
and longer cycle life. SCs are classified based on their unique
characteristics and applications as EDLCs, PCs, hybrid SCs,
symmetric and asymmetric SCs, flexible and printable SCs, etc.

EDLCs store energy by forming an electric DL at the elec-
trode-electrolyte interface. They have high power density, quick
charge/discharge rates, and long cycle life. EDLCs are used for
short-term energy storage, such as in regenerative braking
systems, and peak power shaving in renewable energy systems.
PCs store energy through fast and reversible faradaic reactions
at the electrode-electrolyte interface. They offer higher EDs as
compared to EDLCs but may have lower power density.
Common electrode materials used in EDLCs are transition MOs
(e.g., RuO) and CPs.

Hybrid SCs combine the features of both EDLCs and PCs to
provide a balance between energy and power density. These
devices typically consist of an EDLC electrode and a PC elec-
trode. Symmetric SCs have identical electrodes and are used for
high-power applications.

Asymmetric SCs have different electrodes with varying
properties to achieve a balance between energy and power
density. Flexible and printable SCs are designed to be flexible,
lightweight, and even printable on various substrates. They are
used in wearable electronics, smart textiles, and other applica-
tions where traditional rigid SCs would be impractical. The
choice of SC type depends on the specific requirements of the
application, such as ED, power density, voltage range, and
environmental conditions. Here, we will discuss a few impor-
tant SCs used in ESDs.

2.1. EDLCs as ESDs

An electrolyte, a separator, and two electrodes made of C-based
materials make EDLCs. EDLCs can conserve charge electro-
statically when utilizing a non-faradaic technique that prohibits
the charge from moving from the electrode to the
electrolyte.”** Electrochemical double layers are the basis for
EDLCs' energy storage system. Ions in the medium migrate over
the divider and the porous electrodes. When voltage is applied,
as a consequence of the affinity between opposing charges
generated by the potential difference. Ion recombination is
prevented by an extra layer of charge which is built up at the
electrodes. Electrodes composed of NCs possess a large Specific
Surface Area (SSA), which provides a large surface for electro-
chemical reactions, ion recombination, charge storage capacity,
etc. and hence, EDLCs show improved EDs.>*?*

Additionally, the efficient storage mechanism of EDLCs
enables much faster energy absorption, distribution, and
increased production of power. Chemical reactions are pre-
vented via the non-faradaic technique. It eliminates the swelling
that occurs when rechargeable batteries, especially Li-ion
batteries (LIBs), are charged and drained due to the active
substance present as an electrolyte.

There are a few key distinctions between EDLCs and
rechargeable batteries, that is, (i) batteries can only survive a few
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thousand cycles at best, but EDLCs can have large cycle life, and
(ii) in EDLCs, the electrolytic solvent does not contribute
significantly to the charge storage process; instead, it increases
ionic mobility and minimizes resistance between the two elec-
trodes. However, Solid-State Electrolytes (SSEs) have some
contribution to increase the charge storage capacity of
EDLCs.***® EDLC devices only have small EDs due to the elec-
trochemical surface charging mechanism. Because of this, the
majority of recent research on EDLCs has focused on improving
energy efficiency and extending the temperature range in which
batteries cannot work. The effectiveness of EDLCs can be
influenced by the type of electrolyte used.

2.2. Pseudocapacitors (PCs)

PCs are a type of ESD that combines the principles of traditional
capacitors and rechargeable batteries. They are designed to
provide high EDs and rapid charge/discharge capabilities, making
them ideal for a large number of applications. In the 1960s, the
pseudo-capacitance concept was introduced to understand
surface faradaic processes like hydrogen evolution and under-
potential deposition (UPD). UPD is defined as the electrodeposi-
tion of metal monolayers onto a different metal substrate at less
negative potential than the electrodeposition of the same metal as
the substrate.”® The CV shows significant and highly reversible
peaks due to the formation of different structures of the electro-
deposited monolayers on the surface of the electrode.

Compared to electrostatically charged EDLCs, PCs use the
faradaic principle to store charge, which includes the exchange of
charges between the two electrodes.** The cycling stability of SCs
was found to be intermediate between LIBs and EDLCs. If
a voltage is supplied in a PC, the electrode material undergoes
reduction and oxidation. A faradaic current flows via the SC
electrodes as a result of the transfer of charge via the DL. Due to
the involvement of the faradaic principle to store the charge, PCs
can reach higher specific capacity and EDs than EDLCs. MO NPs
and CPs are two examples that are used in PCs to increase charge-
storage capacity.” This raises the interest of researchers in these
materials, but they also possess cyclical instability and low power
density due to their faradaic nature, which necessitates a reduc-
tion-oxidation process comparable to that of batteries.****

Fig. 3 shows different types of electrochemical energy har-
nessing methods which depend on capacity which influences
the degree of electrode surface modification (structural
changes), over-potential, and types of electrode kinetics. The
main advantage of PCs is their short cycle life ranging from 10
seconds to 10 min.

The kinetic behavior of a battery involves chemical reactions
that occur during the charge and discharge processes. These
reactions typically involve the insertion and extraction of ions or
molecules into/from the electrode materials. PCs exhibit faster
kinetics than batteries because their charge and discharge
processes involve rapid surface redox reactions, which do not
require the diffusion of ions deep into the electrode material.
Batteries have slower charge and discharge rates compared to
PCs due to the relatively sluggish nature of the chemical reac-
tions involved. This slower kinetics is a limiting factor in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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applications that require rapid energy exchange. However, PCs
can deliver and store electrical energy quickly, making them
suitable for applications requiring rapid energy cycling, such as
regenerative braking in vehicles.

Batteries often undergo significant structural changes
during charge and discharge cycles. For example, in LIBs, the
anode and cathode materials can expand and contract as Li ions
intercalate and de-intercalate, leading to mechanical stress and
eventual electrode degradation.

The structural changes during the charging and discharging
of batteries can limit their cycle life, as repeated expansion and
contraction lead to electrode cracking and capacity fading with
time. PCs typically undergo minimal structural changes during
charge and discharge processes because their energy storage
primarily relies on surface redox reactions. There is less volume
change in the electrode materials compared to batteries. PCs
often have longer cycle lives compared to batteries due to the
reduced mechanical stress on the electrode materials. This
makes them more durable and capable of withstanding a large
number of charge-discharge cycles.

PCs are mainly composed of two components: electrodes
and an electrolyte. The electrodes in PCs are made of highly
conductive materials, such as Activated Carbon (AC), graphene,
CNT, CP, and MO-based composites, which provide a large
surface area for electrochemical reactions.***” The quick charge
transfer reactions due to the adsorbed species on the electrode
surface depend upon UPD, intermediates adsorbed on ions
present in the electrolyte, and electrode composition.”® The
electrolyte is a liquid or gel-like substance containing ions that
facilitate the charge transfer between the electrodes. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

working principle of PCs is based on two electrochemical
processes that are double-layer capacitance (Cq) and redox
reactions. Cyq; is produced in PCs when a voltage is applied
across the electrodes which results in the formation of an
electrical DL at the electrode-electrolyte (e-i) interface. The DL
comprises two regions: the Helmholtz-Perrin and diffuse-
charge layers. The Helmholtz-Perrin layer regularly contains
tightly bound ions (in a plane), while the diffuse charge layer
contains loosely bound randomly arranged ions. The separation
of charges at the e-i interface creates a DL capacitance (Cq),
which allows for the rapid storage of charge and instantaneous
release of electrical energy. In addition to DL capacitance, PCs
also exhibit pseudo-capacitance resulting from reversible fara-
daic redox reactions.’” This involves the transfer of electrons
between the two electrodes. The electrode material undergoes
oxidation and reduction reactions during the charging and
discharging of PCs. This redox reaction chemistry contributes
to the overall capacitance of the PC and hence increases its total
energy storage capacity. Fig. 4 shows different types of pseu-
docapacitance mechanisms that is adsorption, electrochemical,
and intercalation. The shape and area of the CV region
demonstrate the differences in the electrochemical perfor-
mance of SCs.

The combination of C4; and pseudo-capacitance enables PCs
to achieve higher energy storage densities than traditional
capacitors while maintaining fast charge/discharge cycles. The
working principle of PCs involves the process of charging and
discharging. During charging, when a voltage is applied, ions
from the electrolyte are attracted to the electrode surfaces,
creating a DL. Simultaneous redox reactions take place, leading

RSC Adv, 2024, 14, 9406-9439 | 9411
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to the reversible storage of charges in the form of ions at the e-i
interface. This results in the accumulation of electrical energy
in the PCs. During discharging, the stored charges are released,
and the ions return to the electrolyte, generating a flow of
electrons through an external circuit. This discharge process
can occur rapidly, enabling high-power delivery when needed.

PCs offer many advantages as compared to other ESDs, which
include the following: (i) high power density: PCs can deliver and
store energy rapidly due to the Cq4 and redox reaction chemistry,
(ii) long cycle life: PCs possess excellent cycle life with minimal
degradation, making them suitable for long-lasting applications,
(iif) high operating temperature range: PCs can operate in a wide
range of temperatures, increasing their applicability in different
environments, and (iv) high EDs: PCs have higher energy storage
capacities than traditional capacitors, although they generally
have lower EDs as compared to rechargeable batteries.

The first RuO, transition metal oxide-based PCs were re-
ported by Transatti et al. in 1971." The high cost of RuO, limits
its large-scale production. Later, in 1999, amorphous MnO,-
-nH,O0 in neutral aqueous solution-based PCs showed better
performance.?® The observed specific capacitance was 200 F g~
in KCI solution. In the late 1980s, CP-based PCs were devel-
oped.” The theoretical capacity of PANI-based PCs was
146 mA h g~ '3 Carbon/CP based NC electrode materials were
also used in PCs to increase the theoretical capacity of PCs.***°
In the 1980s, Li-ion intercalation was tested using organic
electrolytes.* The discovery of carbon nitrides that is TizC,T,
(MXenes), a new electrode material for PCs, led to an increase in
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the electrochemical performance of PCs.” This choice was
driven by the remarkable properties exhibited by MXenes,
including exceptional electrical conductivity,** electrochemical
activity, hydrophilicity, environmentally benign nature, layered
shape, large surface area, and thermal stability.*>**

PCs find applications in many fields, like energy storage
systems, hybrid vehicles, renewable energy systems, portable
electronics, and grid-level energy storage. They are particularly
useful in situations where high power delivery and rapid
charging/discharging are essential requirements.

2.3. Hybrid capacitors (HCs)

In PCs, EDLCs offer higher specific capacity while also having
great periodic stability and power performance. In HCs, the hybrid
system delivers a combination of both blending a power source
that is an electrode that functions like a capacitor and a source of
energy that is an electrode that functions like a battery in the same
cell.**** HCs, also known as asymmetric capacitors, are a type of
ESD that combines the features of both capacitors and recharge-
able batteries. They are designed to provide a balance between
high power density (like capacitors) and high EDs like LIBs,
making them suitable for applications that require both rapid
charge/discharge capabilities and long-term energy storage.

By raising the cell voltage with the appropriate electrode
composition, the ED and power density of HCs may be
improved. In the past, many combinations of aqueous and
inorganic electrolytes with positive and negative electrodes have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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been investigated. The faradaic electrode frequently boosts the
ED at the price of cycle stability. This is the main limitation of
hybrid devices contrasted to EDLCs.*”

HCs consist of two main components: an EDLC electrode and
a battery electrode. The EDLC electrode is typically made of a high
conductivity material with a large SSA, like AC, graphene, or CNTSs.
The battery electrode is composed of a high-capacity material,
such as an MO or a CP. A separator separates both electrodes and
is exposed to an electrolyte. The working principle of HCs is based
on the combination of an electrochemical DL capacitance and
battery-like faradaic reactions. Similar to traditional SCs, HCs
utilize the principle of C4.. When a voltage is applied, an electrical
DL forms at the e-i interface between the EDLC electrode and the
electrolyte. The charge separation at this interface creates a DL
capacitance, allowing for rapid charge and discharge of electrical
energy. In addition to Cg), HCs also exhibit faradaic reactions at
the battery electrode. The battery electrode undergoes reversible
redox reactions during the charging and discharging processes.
These reactions involve the transfer of charge between the two
electrodes and the electrolyte, leading to the charge storage and
release of electrical energy.*® The faradaic reactions contribute to
the overall energy storage capacity of the HCs. The combination of
Cq and faradaic reactions allows HCs to achieve a balance
between high power density and high ED.**** The operation
principle of HCs involves charging and discharging reactions.
During charging, a voltage is applied for a fixed duration, and
opposite charges are attracted to the EDLC electrodes, leading to
the formation of an electrified interface. Simultaneously, faradaic
reactions occur at the battery electrode, enabling the reversible
storage of charges at the electrode surface. This results in the
accumulation of electrical energy in the HCs. During discharging,
the stored charges are released. The discharge process involves
reciprocal redox reactions at the battery electrode and the release
of charges from the electrified interface at the EDLC electrode.
This discharge process can occur rapidly, providing high-power
delivery when needed.*

HCs have many advantages as compared to traditional capac-
itors and rechargeable batteries, which are as follows: (i) high
power density: HCs can deliver and store energy rapidly due to the
combination of Cq4 and faradaic reactions, (ii) high EDs: HCs
provide a higher energy storage capacity compared to traditional
capacitors, although typically lower than rechargeable batteries,
and (iii) long cycle life: HCs exhibit excellent cycle life, with
minimal degradation over multiple charge/discharge cycles. HCs
find applications in many fields, including electric vehicles,
renewable energy systems, portable electronics, and power backup
systems. They are particularly useful in applications that need
great power and energy storage for longer duration, striking
a balance between the capabilities of capacitors and batteries. The
present research focuses on the three primary types of hybrid
SCs—composite, asymmetric, and battery-type—which may be
distinguished by their electrode topologies.

2.4. Composite hybrid SCs

To generate a single electrode that can collect charges both
physically and chemically, electrodes are composed of AC and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MO or CP-based materials. The highly porous structure of AC
imparts a Cyq; of high charge and SSA to enhance the interfacial
interaction between pseudo-capacitive materials and the elec-
trolyte. By using the faradaic process, pseudo-capacitive mate-
rials increase the capacitance of the composite electrode. Two-
fold and three-fold composite materials are commonly used
in HCs. Whereas ternary composites utilize three distinct elec-
trode materials, a single electrode and binary composite elec-
trode employ two independent electrode materials. Every
composite falls into a variety of size categories, such as nano-
meters, micrometers, sub-micrometers, etc.>**

Composite hybrid SCs combine the advantages of both
traditional electrochemical SCs and rechargeable batteries,
offering high ED and power density. Some key areas of progress
in the development of composite hybrid SCs include the
following: (i) material development: researchers are constantly
exploring different advanced materials to improve the perfor-
mance of SCs. For example, graphene and other carbon-based
materials have been widely investigated due to their excellent
electrical conductivity and large surface area, which will increase
energy storage capacity, (ii) nanostructured electrode materials:
the use of nanostructured electrode materials has shown promise
in enhancing the energy storage capacity of SCs. By employing
nanomaterials, such as CNTs or MO NPs, CPs, MXenes, etc.,
researchers have increased the surface area available for charge
storage, leading to improved capacitance,® (iii) hybridization
with rechargeable batteries: combining SCs with rechargeable
batteries in a hybrid configuration has gained attention as
a means to achieve high EDs and power densities. This approach
combines the high energy storage capacity of rechargeable
batteries with the high power density and rapid charge/discharge
capabilities of SCs, (iv) advanced electrolytes: electrolytes play
a crucial role in the performance of hybrid SCs. Researchers have
been exploring the use of novel electrolytes, such as ionic liquids
or gel electrolytes, to improve the ED and stability of composite
hybrid SCs, and (v) device architecture: optimizing the device
architecture is another avenue of progress done in hybrid SCs.
Researchers are developing innovative designs, such as asym-
metric SCs or interdigitated structures, to enhance overall
performance by maximizing energy and power densities. It's
worth noting that the field of energy storage is actively evolving,
and a lot of progress has been made in increasing the ED and the
power density of composite hybrid SCs.

2.5. Asymmetric hybrid capacitors

Asymmetric HCs merge faradaic and non-faradaic reactions by
coupling EDLCs with an electrode for PCs. The positive elec-
trode is made up of CPs or MOs and the negative electrode is
composed of C-based materials.**

2.6. Battery-type hybrid capacitors

Battery-type HCs, like asymmetric hybrids, combine two
distinct electrodes. In this type of hybrid capacitor, the elec-
trodes from the battery and the SCs are joined. The advantages
of batteries and SCs were combined in one capacitor using the
design shown in Fig. 2.
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The energy storage and release mechanism of the EDLCs
occurs at the electrified interface, which is created electro-
chemically. The lack of chemical oxidation-reduction (redox)
processes renders the non-faradaic charge storage mechanism.
EDLCs possess increased cycle lifetimes since only physical
charge transfer occurs during the process. PCs, on the other
hand, are built using high-energy electrode materials that are
composed of CPs, metal-doped C, or metal oxides. In faradaic
redox reactions, these CP and C-based materials are used.***
These electrode materials enable the development of SCs with
higher EDs. When compared to EDLCs, PCs frequently have
higher EDs but also have shorter cycle lives and slower speeds.
As mentioned, both EDLC and PC processes are present in the
hybrid SCs.

The basic building block of an SC includes the two electrodes
segregated from one another by a selectively permeable
membrane acting as a separator (Fig. 2). The electrodes and
separator are impregnated with an electrolyte solution, which
permits ionic current to flow between them while obstructing
electronic current from the cell. Current collectors receive
current from the electrodes. The same equations that govern
regular capacitors also apply to SCs, and the capacitance may be
computed from the conventional capacitance, which would be
calculated using eqn (1).
go&rAe

where A. is the geometrical electrode surface area, ¢, is the
space permittivity, ¢, is the relative permittivity of the material
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used in dielectrics, and d is the distance between two electrodes
with opposing bias.

The SCs may be made from diverse materials depending on
the type of energy storage required for the task and the neces-
sary capacitance ranges. The major commercial material for SCs
is carbon, which is widely used and has a wide range of
potential transformations. There is currently a huge variety of
materials suitable for SCs. MO like Ni, Co, Mn, and Ru are
commonly used. In recent years, the usage of CNTs and CPs in
SCs has increased (Fig. 5). SCs are significantly more advanta-
geous than rechargeable batteries because of the novel mate-
rials used in the fabrication of electrode materials (Table 1).*>**
Table 1 shows the advantages and disadvantages of SCs and
other ESDs.

Nonetheless, SCs provide the required instant current and
minimize the battery current in the event of transitory power
interruption. The SCs may act as a complement to the present
battery technology. To compensate for transitory and momen-
tary disturbances, large battery units can be used parallel to
electrochemical SCs. This would considerably lessen the
unnecessary strain placed on batteries from frequent interrup-
tions.* Recent SC research has exclusively focused on figuring
out how to preserve high power density, quick charge/discharge,
and cycle stability while increasing EDs.>>**

2.6.1. Nanofibers (NFs) used as electrode materials in SCs.
NFs can be fabricated using a variety of techniques, including
plasma-based synthesis, chemical vapor deposition (CVD), dry-
spinning, gel spinning, wet-spinning, centrifugal jet spinning,
solution blow spinning, and the hydrothermal approach.>**
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|

I
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Fig. 5 Classifications of different types of SCs.
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Table 1 Benefits and drawbacks of SCs and other ESDs
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Types Benefits Drawbacks References
SCs (i) High power density (i) Lesser EDs 39-42
(if) Extended cycle life
(iii) Quick charging speed (ii) Spontaneous discharge
(iv) Effective performance at low-temperature
(v) Efficient charging and discharging circuit
LIBs (i) Enlarged-working platform (i) The cost of Li metal is high due 45 and 46
(ii) High EDs to the relatively lower abundance
(iii) Extended periodic stability (if) Overcharging and over-discharging
(iv) Efficient charging and discharging line management are required
(v) Good safety at room temperature, zero carbon
emission
(vi) Can perform at a wide temperature range
Lithium sulfur batteries (i) Higher EDs (i) Low-performance rate 47 and 48
(LSBs) (ii) High theoretical capacity
(iii) Less toxic and environmental preservation (ii) Poor Coulomb efficiency poorly stable
(iv) Good charge-discharge efficiency cycles
(v) Log cycle life
Na-ion batteries (SIBs) (i) EDs comparable to LIBs (i) Compared to LIBs, SIBs have a 172

(ii) Better stability

(iii) Better safety records

(iv) Extended service life

(v) Easy access to raw materials

(vi) The ability of SIBs to discharge to 0 V

slow charge-discharge rate
(ii) Large size and weight compared to LIBs
(iif) Low EDs compared to LIBs

(iv) SIBs require different anode
material as compared to carbon in LIBs

due to lack of over-discharge characteristics

The repeatability of the NFs as prepared can be hampered by the
type of processes, which are comparatively time-consuming,
expensive, and sophisticated.” A simple and rapid approach
to producing NFs is required.”® The electrospinning (ES)
approach has become widely used due to its adaptability for
commercial manufacture, simplicity, and ability to create con-
figurable features (diameter, morphology, and composition).**
The ES configuration, the method of producing NFs,* and the
factors affecting the morphology of the fibrils are therefore
briefly summarized in subsequent sections.

2.6.2. ES approach of synthesis of NFs. For the most part,
a standard ES setup requires four components, as illustrated in
Fig. 6, a spinneret with a small spine, a syringe, a potential
source (kV), and a fiber collector. The vertical ES setup (the
stationary mode-b) and the horizontal ES setup (the vibrant
mode-a) are the two divisions of the ES configuration. The high-
voltage source is attached to a syringe containing molten metal
or a solution of a polymer with a pendant droplet. The ES
solution is released as threads to the collector at a set flow rate
that is controlled by a syringe pump. The polymeric droplet's
hemispherical surface is charged due to electrostatic interac-
tions and then stretched until it assumes the shape of a Taylor
cone.” The surface tension of the polymeric solution is released
at a threshold voltage, dissipating enough force produced by
electrostatic interactions to cause a continuous jet to depart the
spinneret and go to the collector. When the repellent power
between the electrified jets grows stronger, it causes more
bending instability and elongation, which leads to the devel-
opment of thinner fibers. After that, the jet gradually evaporates
and hardens, producing continuous ES fibers.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The primary factors that affect the morphology of the ES
fibers are the tip-collector distance, applied voltage, flow
velocity, and the polymeric solution's viscosity.>® Additionally,
the assembly of the fibers may be accomplished by utilizing
a variety of collector types. For instance, static collectors are
used to construct fibers with a web-like structural morphology,
whereas cylindrical spinning drum collectors are used to create
non-woven fibers.>”*

2.6.3.
SCs depend on the EDLC and type of electrodes that is graphene
oxide, carbon aerogels, activated charcoal, CNTs, and carbon
nanofibres (CNFs), which possess exceptional properties due to
consistent electrochemical activity over an extended period.
With their potential to offer improved electrical conductivity,

Carbon NFs used as electrode materials in SCs. The

a) Horizontal ES setup

| LT |
|

Collector

b) Vertical ES setup

Syringe pump —»

|

P sTug
T

Fibers =
T —J Power supply

| [

The formation of Taylor cone

Fig. 6 Setup of the ES system: (a) parallel (horizontal) setup and (b)
perpendicular (vertical) setup [Reproduced with permission from ref.
55. A copyright of Elsevier, 2019].
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mechanical stability, thermal stability high SSA,* and ease of
manufacture,®**> CNFs have been viewed as one of the most
promising options for SCs. Every polymer with a carbon chain
can be used as an ES CNF starting material, and they can be
classified into water-soluble polymers, like poly-vinyl pyrroli-
done (PVP), polyvinyl acetate (PVAc), polyvinyl alcohol (PVA),
and poly-ethylene oxide (PEO), and water-insoluble polymers,
including polyvinylidene fluoride (PVDF), and polyacrylonitrile
(PAN).***” Nonetheless, PAN was found to be the most often
used ES carbon NF precursor due to its excellent characteristics,
particularly large carbon output (more than 50%), flexibility,
and environmental well-being.**°

CNFs can be created mainly within two phases, starting with
stabilization and ending with carbonization. To stabilize the ES
NFs, they are first put in a tube furnace and heated between 250
and 300 °C. The polymer is now transformed into a compound
with a double-stranded polymer with the connectivity of
a ladder, which aids in maintaining the fibrous structural
morphology at elevated temperatures. The stabilized fibers are
next turned into CNFs that resemble graphite by carbonization
in an inactive environment at a temperature exceeding 505 °C,
as seen in Fig. 7. Fig. 7 shows the variation in structural
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morphology of poly-acrylonitrile (PAN) to CNFs. Additionally,
the majority of non-carbon components (H,0, NH;, HCN, CO,,
N,, and CO) are removed along this procedure,” which reduces
the diameter dimensions of CNFs and increases accessible
surface area and hence conductivity also gets increased.
Furthermore, the creation of a porous structural morphology in
CNFs, i.e., microporous (<2 nm in size), mesoporous (2-50 nm),
and macroporous (>50 nm) has been extensively researched for
flexible SCs (FSCs). Feng and his team observed that micro-
porous CNFs (2.0 nm) can boost charge transfer resistance
because they partially stop electrolytes from entering the
microporous electrode, even during charging/discharging.” As
they have higher electrochemical performance, mesoporous
(2.0-50 nm) CNFs are favorable to alleviate this ionic diffu-
sion.”>”* Intriguingly, micro/mesoporous CNFs produced from
PAN-based fibers, a silica pattern, and potassium hydroxide
treatment have SSAs up to 1796 m® g~ !, which promotes the
quick passage and diffusion of electroactive species while dis-
playing a large electrical capacity of 198 F g~".7® Although their
capacitance has grown, a study has been done to control the
void size within porous CNFs for better electrochemical
performance in SCs.”®

(@
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Fig. 7 Variation in the structural morphology of poly-acrylonitrile (PAN) to CNFs using (a) stabilization”® and (b) carbonization” methods.
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3. Electrode materials

SCs have two properties, specific capacitance, and charge-
storage density, which are affected by the composition of elec-
trode materials used.

3.1. Carbon materials

All types of carbon compounds are used as electrode materials
while making SCs. Large surface area, low price, accessibility,
and well-established electrode production technology are the
few reasons for using C-based materials in SCs.”® C-based
materials use an electrochemical DL storage system, which
forms at the electrolyte/electrode interface. Thus, the capaci-
tance mostly depends on the area of the surface where elec-
trolyte ions come into contact with the electrode.
Electrochemical performance is significantly influenced by SSA,
pore structure, shape and size distribution of pores, functional
groups at the surface, and electrical properties.”®' In partic-
ular, when it comes to carbon materials, they have large SSA,
which enhances the capacity for the charge to build up at the
electrode-electrolyte contact. When boosting specific capaci-
tance for carbon materials, surface functionalization must take
into consideration the pore size and large SSA. A few examples
of carbon compounds used in fabricating the electrode mate-
rials of SCs include charcoal filters, carbon aerogels, CNTs,
graphene, and other forms of carbon.

3.1.1. Activated carbon (AC) based SCs. AC has a large SSA,
robust electrical conductivity, and a competitive price.** It is
possible to produce AC by physically or chemically activating
some carbon-related materials (for example, coal, nutshell,
wood, etc.). The carbon precursors must be heated to a high
temperature (between 750 and 1150 °C) to be physically acti-
vated. Chemical activation does not require high temperatures
and is done by using activators including ZnCl,, NaOH, KOH,
and H;PO,.** AC provides a well-defined surface area of 3000 m?>
g~ and a diversity in physicochemical properties. There are
a variety of pore sizes in the AC produced by activation,
comprising macro-pores (>50.0 nm), mesopores (>2.0 nm), and
micro-pores (~2.0 nm).3*%

Different studies have assessed this connection, and there
appears to be an imbalance between specific capacitance and
a particular surface area of AC. A comparatively low capacitance
was achieved with a high SSA of around 3000 m* g~ ".*® This
demonstrates that not all pores are productive while charges are
accumulating. Therefore, even if the SSA in EDLC is a key
performance parameter, other factors are also taken into
account in carbon materials, such as pore size distribution,
which has a significant impact on electrochemical perfor-
mance.” Moreover, over-activation results in a high pore
volume, which has limitations, ie., small conductivity and
density, which causes low EDs and a decrease in power capacity.

An attempt was made to ascertain how different electrolytes
affect the functionality of AC in affecting the capacitance of SCs.
It was found that aqueous electrolytes present between AC-based
electrodes have a higher capacitance (ranging from 100 F g~ to
300 F g~ ") than organic electrolytes (150 F g~ ").*® Cooked chicken

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bone waste along with KOH electrolyte was used as an electrode
material for SCs. The chicken bone-based SCs show a specific
energy of 11.3 W h kg™ " and a specific power of 8.50 kW kg™ ".*

3.1.2. CNT-based SCs. The study of carbon materials has
significantly grown since the discovery of CNTs in both science
and engineering. The total component resistance of SCs is what
defines their power density. CNTs have received a considerable
amount of attention as SC electrode materials because of their
unique pore structure, great mechanical and thermal stability,
and extraordinary electrical conductivity.”®** Certain hydrocar-
bons require catalytic breakdown to produce CNTs. It is
possible to make nanostructures in a range of conformations
and have control over their crystalline structure by carefully
adjusting some factors.®” Because the mesopores in CNTs are
linked, unlike those in other carbon-based electrodes, this
enables a continuous charge distribution that practically uses
the whole available surface area. Since the electrolyte may
infiltrate into the mesoporous network, CNTs have a smaller
Equivalent Series Resistance (ESR) than AC.”* SWCNTs and
MWCNTs are the two varieties of CNTs being researched as
prominent materials for SC electrodes.”® The strong electrical
conduction and easily accessible surface area of CNTs make
them recognized as high-power electrode materials. They also
form an excellent basis for active nanomaterials owing to their
excellent mechanical durability and tubular structure.

As opposed to AC, CNTs often have a tiny SSA (500 m* g~ or
less), which results in lower EDs. To increase CNT's specific
capacitance, KOH can be chemically used as an activator. The
aforementioned technique can significantly enhance CNTs'
surface area (by a two- to three-fold factor) while preserving
their nano-tubular architecture.®

CNTs have been extensively investigated as electrode mate-
rials for SCs due to their unique properties, including high
surface area, excellent electrical conductivity, and mechanical
strength. To increase the performance of CNT-based SCs,
researchers have developed NCs by incorporating CNTs with
other materials. Here are some examples of NCs used as elec-
trode materials in CNT-based SCs: (i) CNTs/MO NCs: MOs such
as MnO,, RuO,, and NiO have been combined with CNTSs to
form NC-based electrode materials of SCs.**** These materials
provide additional pseudocapacitance, which significantly
increases the energy storage capacity of SCs. The combination
of CNTs with MO can be achieved through various methods,
including electrodeposition, CVD, or hydrothermal synthesis,
(ii) CNTs/CPs NCs: CPs, such as PPy, PANI, and poly(3,4-
ethylene dioxythiophene), have been integrated with CNTs to
create NC based electrode materials of SCs. The CPs contribute
to the overall capacitance of the SCs, while CNTs provide
enhanced electrical conductivity and mechanical stability.
These NCs can be synthesized through methods such as in situ
polymerization or electrochemical deposition, (iii) CNTSs/
graphene NCs: graphene, another carbon-based material, has
been combined with CNTs to form NC-based electrode mate-
rials of SCs. The combination of these two-dimensional carbon
materials offers a large surface area, high electrical conduc-
tivity, and excellent mechanical properties. The NC structure
facilitates charge transfer and improves the overall performance
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of the SCs, and (iv) CNTs/metal NCs: metal NPs, such as Au, Ag,
and Pt, have been incorporated into CNTs to fabricate NCs. The
presence of metal NPs enhances the electrochemical activity of
the electrode, leading to increased energy storage capacity. The
synthesis of CNTs/metal NCs can be achieved through methods
such as chemical reduction or electrodeposition. The specific
choice of NC-based electrode materials in SCs depends on the
desired properties and performance requirements of the SCs.

3.1.3. Graphene-based SCs. Graphene has received a lot of
interest recently.”**® Graphene is a unique carbon derivative
that has the potential to be used in ESD applications due to its
exceptional properties of appreciable conductivity, chemical
stability, and broad surface for adsorption and -catalytic
reactions.”” ' The use of graphene as a material for SC appli-
cations has recently been proposed because, unlike many other
carbon materials like AC and CNTs, graphene's usage as an
electrode material for SCs does not depend on the dispersion of
pores in the solid state.'®®'®* The SSA of newly synthesized
graphene, which is about 2630 m® g™ ', is larger than that of any
other carbon-based nanomaterials used in the fabrication of
electrodes in EDLCs."*>'* If the full potential of the SSA is used,
graphene can achieve a capacitance of up to 550 F g~ *.%7

CVD, arc discharge, micro-mechanical exfoliation,** unfold-
ing CNTs, chemical and electrochemical processes, and interca-
lation of carbon-graphite are just a few of the procedures that
may be used to produce different types of graphene.'®*%” The
high intrinsic surface capacitance and SSA of single-layer gra-
phene were utilized in the fabrication of graphene-based elec-
trode materials for SCs. Efforts were made to prevent graphene
sheets from stacking on one another during the synthesis of
graphene along with electrode production. Blended graphene
sheets were developed to achieve high efficiency and prevent face-
to-face stacking. An ED of 85.6 W h kg™ ' was achieved at standard
temperature and 136 W h kg™" at 80 °C with the current at
1.0 A g'. The reported EDs are similar to that of the Ni-H
battery.”” Aqueous and organic electrolytes were investigated with
chemically modified graphene (CMG), and electrical capacities up
to 135 and 99 F g~ were produced.* The results are better than
carbon-based SC electrodes. For example, when the potential is
1.0 volt and an aqueous electrolyte is present, the graphene
material used in SC electrodes produces a better capacitance of
205 F g~ ' with an ED of 28.5 W h kg . A single-layer graphene
oxide (GO) sheet was depleted in the experiment using gas-based
hydrazine at ambient temperature. The graphene produced by
this method is less agglomerated than graphene manufactured
using an aqueous solution-based synthesis of chemically altered
graphene.'”® Three distinct approaches were investigated to
discover better capacitance by employing graphene as the elec-
trode material for SCs. The first approach used thermally induced
graphitic oxide exfoliation, the second involved heating nano-
diamonds to a temperature of 1650 °C in a helium environment
to produce graphene, and the third involved decomposing
camphor over nickel NPs. The graphitic oxide was thermally
exfoliated to provide an excellent specific capacity of 118 F g~*
and an ED of 32 W h kg "' It is essential to create SCs with
significant capacitance and fast charging at high current densities
since high-power applications are the main application of SCs.
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A modified Hummers technique and tip sonication method
were used to synthesize graphene. Graphene is chemically
exfoliated at high temperatures. A novel approach was studied
which uses C-precursors to exfoliate graphene owing to unique
chemistry taking place at the surface revealed by a low-
temperature exfoliation method. The resulting capacitance is
greater than that of high-temperature exfoliated graphene.******
The problem of agglomeration and restacking that graphene
faces can be minimized in different ways. Graphite oxide was
thermally reduced at a high temperature, and then quickly
cooled with liquid nitrogen to create sheets of graphene with
a high degree of exfoliation. A better specific capacitance of 349
F g ' was achieved. Problems caused by graphene-based elec-
trodes can be improved by using graphene oxide-based NCs.'*

To conclude, constant efforts are being made to improve the
conductivity of SC electrodes by incorporating graphene and its
derivatives. Graphene's high electrical conductivity helps in
achieving better charge-discharge rates. Attempts were also
made towards the development of hybrid materials for hybrid
structure electrodes by combining graphene with other mate-
rials, such as MO or CPs, which have been explored to optimize
energy storage and increase specific capacitance. CNTs are often
used in composite electrode materials when used with other
materials to increase SC performance. CNT-CP composites,
CNT-MO composites, and CNT-graphene composites have been
tested for improving the conductivity and capacitance of SCs.

Techniques for aligning CNTs in the electrode structure were
developed to maximize the utilization of CNTs' unique proper-
ties, such as their high aspect ratio. Porous structures of AC
were also utilized towards the development of hybrid electrode
materials for SCs. Researchers are focusing on tailoring the pore
structure of AC to optimize ion transport and increase surface
area. Hierarchically structured AC with micro, meso, and
macro-pores has been thoroughly investigated.

New methods of chemical activation have been explored to
create AC with improved performance characteristics, such as
higher specific capacitance and better charge-discharge rates.
Additional manufacturing techniques, such as 3D printing,
have been applied to create complex electrode structures with
improved performance and design flexibility. Advances in
nanomaterial synthesis and integration techniques have
enabled the development of electrodes with precisely controlled
nanoscale features, leading to enhanced performance.

The use of ionic liquids as advanced electrolytes has gained
attention for improving the ED and stability of SCs. Researchers
have also explored the use of pseudo-capacitive electrolytes to
increase the overall capacitance and ED of SCs. Researchers
continue to work on increasing the ED of SCs to bridge the gap
between traditional SCs and batteries. Efforts are also being
made to enhance the durability and long-term stability of SCs
for various applications.

3.2. MO NF-based SCs

MO-NFs have received great attention for usage as PC electrodes
in the development of novel high-performance ESDs due to
their better specific energy when compared to EDLCs."'*'*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Certain MO-NFs, such as Co;0,4, RuO,, V,05, MnO,, and NiO,
are frequently employed in SCs due to their high specific
capacitance."*™° Few important MO-NF-based SCs include
RuO NFs, MnO NFs, NiO NFs, CoO NFs, CoO NFs, and VO NFs.

MO NPs are often employed as electrode materials in SCs
due to their unique properties, which make them suitable for
energy storage applications. The electrochemical reactions in
SCs involve the storage of electrical energy through the revers-
ible adsorption and desorption of ions at the electrode-elec-
trolyte interface."*"** These MO NPs participate in the electrode
reactions in different ways. (i) MO NPs have a high surface area
and are characterized by a large number of active sites. The high
surface area is crucial for enhancing the electrode-electrolyte
interface, promoting more significant ion adsorption, and
thereby increasing the capacitance of the SCs."* (ii) During the
charging process, MO NPs undergo oxidation, and metal ions
within the oxide matrix release electrons. Simultaneously,
cations from the electrolyte, typically in the form of an elec-
trolyte solution, are adsorbed onto the surface of the MO NPs.
This process is reversible during the discharge cycle. (iii) SCs
operate based on two main mechanisms: double-layer capaci-
tance and pseudocapacitance. MO NPs contribute to both. (iv)
Double-layer capacitance can occur at the interface between the
electrode and the electrolyte. The high surface area of MO NPs
facilitates the formation of an electric double layer, where
charged ions are attracted to the charged surface of the NPs.""”
(v) Some MO, especially transition MO like RuO or MnO, exhibit
pseudocapacitance. This involves fast and reversible faradaic
redox reactions at the surface of the metal oxide nanoparticles.
The MO NPs store charge through the reversible electro-
chemical reaction of the metal ions with the electrolyte."® (vi)
The stability of MO NPs during repeated charge/discharge
cycles is essential for the longevity of the SCs. Some metal
oxides may undergo structural changes during cycling, affecting
their performance over time. Researchers often focus on
designing MO NP structures that can withstand numerous
cycles without significant degradation.**

MO NPs in SC electrodes participate in electrochemical
reactions by providing a high surface area for ion adsorption,
promoting double-layer capacitance, and, in some -cases,
contributing to pseudocapacitance through reversible faradaic
redox reactions. The specific properties of the MO and the
electrode design play a crucial role in determining the perfor-
mance characteristics of the SCs.

3.2.1. Ru-O NF-based SCs. RuO, is considered a critical
electrode material for oxide-based SCs with remarkable capac-
itive properties due to its high theoretical specific capacitance
(between 750 and 1200 F g '), higher electrical conductivity,
and increased rate capability. RuO, is regarded as a prospective
SC material that is more expensive to prepare than EDLCs and
other electrodes based on CPs and has a higher specific energy
(7.5 W h kg "). RuO,-xH,0 nanotube electrode SCs were
designed with a specific power of 4320 kW kg~ ' and a specific
energy of 7.5 W h kg™ .2 The clustering of RuO, NPs during the
charge/discharge process, however, limits RuO,'s higher elec-
trochemical performance.”” The RuO, was electroplated into
nano-porous gold, which increased the ionic conductivity and
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hence increased its capacitance to 1500 F g~ *. The efficiency of
RuO, might be improved by including 1D nanostructures like
CNFs, which provide a significant SSA, intense electric
conductivity, and mechanical stability.”*® This would make it
possible for the composite to propagate charges more effec-
tively. Using CVD and subsequently following RuO, electro-
deposition, Jhao et al. produced coaxial NPs of RuO, and Gra-
phene NFs (GNFs).*** The created RuO,/GNF coaxial nano-
structures with a macroporous structure enable the excellent
spatial and temporal capacity of 53.82 mF cm > at 50 mV s~ *
with better periodic stability (84% capacity) across 5 x 10°
cycles. Fig. 8 shows the steps for the production of double-
walled CNFs modified with RuO, and poly(benzimidazole).

Two redox peaks in the Cyclic Voltammetry (CV) of RuO,/
GNF were observed as a result of the faradaic behavior of RuO,,
showing appreciable capacitance. By adding a sacrificial mate-
rial that will degrade throughout the carbonization process, one
can make nano-structured cavities in the carbon polymeric
network. Kim et al.*** described the ES of two copolymers, poly
methyl methacrylate (PMMA), and polyacrylonitrile (PAN),
accompanied by a chemical activation method, to produce
RuO, and high-mesopore-activated CNFs that is RuPM-ACNFs.
The optimum PAN@PMMA mix ratio (70:30) produced the
largest energy output of 24 W h kg™ " at a power rate of 410 W
kg~ " with a small semi-circle (R.c = 1.07), which was mostly due
to the presence of mesoporous RuPM that may operate as
binding sites for rapid ion transportation. A lot of interest has
also arisen in ternary hybrid composites based on RuO, for
application in high-performance SCs.

Balan and his coworkers*?® used double-walled CNFs of RuO,
poly-benzimidazole (PBI), abbreviated as CNFs-RuO,-PBI (RP)
composite, to achieve a better maximum specific capacitance of
1060 F g~ ' when the scan rate was 20 mV s~ over a voltage of
1.3 V for RP-1 (Fig. 9). Fig. 9 shows the design for the preparation
of the MnO,/PCNFs composite, and (b) SEM of the MnO,/PCNFs
composite. By applying a modified polyol technique to embed
RuO, NPs on functionalized porous CNFs (F-CNFs), this ternary
hybrid electrode was developed. In the next step, phosphoric-
acid-doped PBI was tested. The RuO, NPs were evenly covered
with a very thin layer of H;PO, doped PBI without aggregation, as
seen in the TEM pictures (Fig. 10). As a result, the resistance
caused by charge transport at the electrode-electrolyte interface
was decreased. However, creating a ternary composite electrode
material requires a lot of time and effort, thus being inappro-
priate for mass production. As a result, Kim et al.**® suggested ES
and activation as a quick and easy way to prepare RuO,/ACNF. It's
interesting to note that the electrode that was already constructed
(20% RuO, concentration) had a better electrical conductivity
(4.8 S cm™') and a big SSA (678 m” g '), which produced an
excellent electrical capacity of 535 F g~ * corresponding to 22 mV
s~ ' scans per seconds.

3.2.2. Mn-O NF-based SCs. Due to its better conceptual
specific capacity (1375 F g~ ), prolonged operational potential,
cost-effectiveness, and outstanding environmental compati-
bility, MnO, has been promoted as an ideal material for a fara-
daic mechanism that may be utilized as another transition MO
(replacing RuO,)"*”*** and to use MnO, as an electrode material,
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one has to understand the mechanism of action of MnO, in
aqueous electrolytes.”® A 3D Mn,0;@CNT-based electrode
material was fabricated with a maximum specific capacity of
868 mA h g ' at 0.2 A g . The weak electrical (10 °-
107°S em ™) and ionic (107** S em ") conductivities** of MnO,
are the sole factors that prevent it from being used in
commercial applications and limit its ability to have a useful
capacitance and rate. So far, it has been thought that the logical
model of MnO, nano structural morphologies offers a viable
means of using the vast acceptable surface area of fiber mate-
rials, which is the conductive and pseudo capacitive nature of
MnO,. Yue et al. proposed a metal-organic network made of Mn
and Zn as starting materials, and tri-mesic acid (H;BTC) (Mn-
ZnBTC) was pyrolyzed to produce a very thin CNF with the
MnO,-CNFs composite.**® An electrical capacitance of 180 F g
was achieved by the non-aggregated, evenly distributed
morphology of the MnO,-CNFs, which also maintained a high
periodic durability of 98% over 5000 cycles. The metal-organic
network skeleton formed between MnO, and CNFs increases
the conductivity.*>*** These outcomes can be attributed to the
increased MnO, and CNF contact area, which has positive
synergistic effects for better electrochemical performance. For
high electrochemical performance, MnO, core-shell type
materials were used as electrodes.™

Since the electrolyte ion may permeate through the MnO,
shell in a short (10 nm) distance, mesoporous MnO, core-shells

© 2024 The Author(s). Published by the Royal Society of Chemistry

covered on the perpendicular alignment of CNFs (MnO,/CNFs)
may offer a larger capacitive performance of 473 F g '.1%
Furthermore, Klankowski et al™® and Wen et al' have
researched the creation of CNFs using degradable, inexpensive
bamboo chopsticks. The created carbon-fiber sheets (CFSs)
were electrodeposited with MnO, NPs (20-50 nm), which
resulted in materials with impressive constant capacitance (376
Fg 'at1.0Ag '), amazing EDs (11.0Whkg 'at 530 Wh g™ ),
and better long-term periodic stability (99.4% performance was
preserved even after 5000 cycles). The synergistic effects of the
faradaic charge storage mechanism of EDLC, the enlarged
electro-active sites, and the migration of the electrolyte ion
contribute to the outstanding electrochemical activities of CFs/
MnO,. Core-shell fibers have been thoroughly studied to ach-
ieve a high electrochemical activity in hybrid SCs."*” For
example, PAN solution and PAN-Mn(NOj3),-PAN mixture were
employed as the core and shell solutions, respectively, when C/
MnO, NC fibres (C/MnO,) were synthesized utilizing the core-
shell ES technique by Pech and Maensiri.**® Different MnO,-
based nanostructured materials possess different applications,
especially in ESDs. The carbon/MnO,-based composite SCs
show the highest specific capacitance of 213.6 Fg " at0.5Ag ™"
current density, energy density of 30 mW h g~', and power
density of 249 mw g~ '.1%

The C/MnO, hybrid was able to acquire a high SSA, which in
turn increased the electrical capacity to 214 F g~ ' in 6.0 M KOH
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by using EDLC and pseudo-capacitance of carbon and MnO,.
Zhou et al.™ used a one-step ES process followed by in situ
deposition to produce the MnO, nanoflakes/porous CNFs
(MnO,/PCNFs) as depicted in Fig. 8. SEM imaging shows that
manganese oxide nanoflakes grow vertically, forming a sizable
lateral area between manganese oxide and the electrolyte ions
on the outermost layer of PCNFs. The MnO,/PCNF nanoflakes
were highly mesoporous and had a high SSA (1815 m”> g™ '),
which allowed them to retain their initial capacitance even after
4000 cycles. According to the electrochemical impedance spec-
troscopy (EIS) experiments,'*® the greater charge resistance of
MnO,/PCNFs compared to PCNFs was caused by the electrode's
increased induction of high electronic conductivity. To ratio-
nally create hierarchical hollow MnO, NFs, Xu et al.** used the
hydrothermal technique. The hollow MnO, NFs have an SSA of
195 m*> g ' and an average mesopore size that is similar to
4.0 nm, according to Brunauer-Emmett-Teller (BET) measure-
ments, offering a sizable number of active sites for electron
transport. Also, they show adequate retention; the electrical
capacity of MnO, NFs could be maintained between 290 and
214 F g~ " when the amount of current per gram was in the range
of 1.0 and 10.0 A g™ .

For optimal capacitive nature and reversibility, galvanostatic
charge-discharge arcs are fabricated in triangular and uniform
shapes. Lately, it has been investigated how dopants like boron,
which have a pseudo-capacitive effect, might enhance carbon
materials' electrochemical performance. Yang and Kim'** used
a one-step ES and carbonization process to hybridize MnO, with
boron as a dopant to PAN@pitch based-CNFs (PPBMn). It
demonstrates how a huge amount of electroactive spots for
redox activities are made possible by the low-impedance elec-
tron transport channels found in boron and MnO,. The PPBMn
shows a high ED of 25.67 W h kg™" and a better electrical
capacity of 209 F g~ '. Chi et al. used boron as a dopant in MnO,
crystallites with a possible bonding with hydrogen, producing
a high specific capacity of 365 F g~ " at a scan rate of 2 mV s,
which is much greater than that of electrodes that are not doped
(306 F g~ 1)1

Furthermore, the interior structure of boron-doped MnO,
contains Mn”>*, which results in low cycling stability (80.5%
after 9000 cycles). The combined usage of materials in EDLC
with NFs based on MnO, overcomes the drawbacks of pseudo-
capacitive materials. Encouraging high electrical conductivity,
it boosts the number of electroactive locations for immediate
ion diffusion. Lee and Kim used ES and thermal processing to
generate SCs utilizing MnO,/HPCNFs/G (MnO,/hierarchical
porous CNFs/graphene)."** As evidenced by the exceptional
electrochemical properties, the HPCNFs/consistent graphitic
MnO, pattern, which might lower the charge transport barrier,
is strongly supported in this category by the strong rate capa-
bility attributes and high specific power of graphene. Even at
high scan speeds (10-100 mV s™'), MnO,/HPCNFs/G retained
the quasi-rectangular CV shape, resulting in an improved
consistent capacitance of 212 F ¢~ and strong electrochemical
reversibility. Lee et al. have fabricated MnO,/porpus carbon
fibre and graphene based composite electrode material for
SCs."* The SCs electrode with a concentration of 5 wt. percent

9422 | RSC Adv, 2024, 14, 9406-9439

View Article Online

Review

graphene gives a better specific capacitance (210 F g™ '), good
rate capability, and high energy density (24 W h kg™') in an
electrolyte of 6.0 M KOH solution.

According to Sliwak and Grygleweicz, the counter electrode
should be a high voltage non-symmetric SC based on AC, and
the positive electrode should be MnO,/oxidized CNFs.*** They
demonstrated high-efficiency and stable performance (94%)
after 5000 cycles when the electrical power was at 100 W kg™
with an ED of 25 W h kg~ " in the potential range 0-2.2 V. After
1.0 x 10° charge/discharge cycles at 2.0 V, the efficiency is still
above 97% when the positive electrode is formed of reduced
graphene oxide (rGO) CNFs and Mn,COj;, and the negative
electrode is likewise comprised of rGO in 1.0 M Na,SO,. 3-MnO,
NFs and SWCNTs were produced by Wang et al utilizing
vacuum filtering.'*® The real capacitance rose to 965 mF cm™ >,
which is greater than that of SWCNTs and 8-MnO, films when
used with PVA and KOH as the electrolytes. The findings explain
why SWCNTs are superior to other materials. They also help to
explain why 3-MnO,/SWCNT hybrid electrodes have enlarged
surface area and an improved electrical conductivity of up to
81.2 S ecm ™" (Fig. 9).

3.2.3. Ni-O-based NFs used in SCs. In SCs, NiO is treated as
one of the most hopeful electrodes due to its large surface
area,"® non-toxicity, and affordable production.** Nano-
flakes,*® nanosheets,'* nanowires,’> and nanoribbons®° are
some of the important morphologies of NiO. NiO-based NFs can
be produced using a variety of methods, including sol-
vothermal, hydrothermal, and chemical immersion. Through
the hydrothermal and post-annealing treatments (590 °C), Zhu
et al. created 3D NiO nanowalls, which helped the CVD proce-
dure to produce CNFs more quickly on metal wires."® This
method enhances the surface area of NCs, which raises the real
capacitance to 12.6 mF cm > with an impressive efficiency
(92%) even after 3000 cycles. By operating a light-emitting diode
with two of the capacitors linked in series, the high efficiency of
the CNFs/MW 3D NiO SCs was confirmed. The outcome
demonstrates a variety of uses for beneficial and portable elec-
tronic devices.

Yang et al. proposed the direct thermal decomposition of
Metal-Organic Frameworks (MOFs) consisting of Ni and Zn for
the in situ production of diluted NiO-CNFs.'*” The covalent
bonding of organic molecules and metal ions in MOFs improves
the electrochemical properties and the final product's
porosity.”* Only 28% of the specific capacitance was depleted
from its starting capacitance even at high scan rates, because of
the mesoporous structure of NiO/CNFs MOFs. This results in
a good rate capability of SCs. Moreover, a significant quantity of
NiO was distributed across the surface of CNFs, increasing the
energy output of SCs to 33.5 W h kg~ " with outstanding rate
capability and minimal internal resistance. The potential drop
observed was small throughout the system.

Zhang et al. used NiO sheets to make hollow tube NFs using
the ES process using citric acid."*®* Because of their larger
surface area and potential electrocapacitive properties, the NCs
synthesized from NiO/citric acid exhibit high electrical capacity,
ie., 338 F g~ ' compared with NiO alone. Furthermore, due to
the short electron diffusion paths produced by the development

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of a hollow structure, a minimal charge transfer resistance was
observed, i.e., 0.25 Q. NiO has a very low intrinsic conductivity,
which is considered a drawback that is rectified by synthesizing
a porous NiO/citric acid structure to enhance the reactive
surface area. Wang et al. have reported metal organic frame-
work based 3D nanostructures for hybrid supercapacitors.***

Zang et al. have synthesized NiO NFs using a hydrothermal
method followed by calcination. Because of their unique surface
morphology and quick electron transport during the faradaic
process, they showed a capacitive performance of 885 F g~ ' with
12% capacitance fading even after 1000 cycles."® Kundu and
Liu*° developed an easy method to speed up the formation of
porous NiO NFs on a nickel foam by the ES process. This simple
process yields a 738 F g~ " specific capacitance and exceptional
stability performance even after 8000 cycles. With the help of
active surface sites, the Ni foam was successfully bonded to the
porous structure of NiO-NFs, which increased the rate of ion
diffusion and enhanced capacitive performance.

Li et al. synthesized porous Ni-doped CNFs (PNCNFs) with
NiO NPs scattered throughout the framework, which had
a better synergistic impact over the NiO NPs and PNCNFs and
significantly increased specific capacity to 852 F g~ ' in 6.0 M
KOH electrolyte."” Due to the breakdown of dicyandiamide
(DCDA), which aids in the uniform dispersion of NiO NPs across
the whole framework, different gases (CO, CO,, H,0O, and NHj)
evolved throughout the entire nano framework. The NiO NPs do
not naturally agglomerate. As a result of the creation of pores on
the PNCNF surfaces and the presence of non-aggregated NiO,
non-breakable charge transport channels may be induced,
which improves stability performance by reducing ion diffusion
resistance. Additionally, this approach demonstrates that as the
Ni concentration on the surface of PCNFs grows, rate capacity
improves, leading to an improvement in cycle stability of 97%
after 1.0 x 10> cycles (Fig. 10). Fig. 10 shows the fabrication
method of NiO and PCNF based electrode materials for SCs.
TEM images of electrode materials were shown (Fig. 10b). The
variation of specific capacity (F g ') was observed against
current (A g~ ') for different types of composite electrodes
(Fig. 10c). The specific capacity was found to be higher for the
NiO/PCNF-0.75 composite-based electrode material in all
current density measurements. The capacity retention power of
the NiO/PCNF-0.75 composite-based electrode material was
observed after different cycle numbers (Fig. 10d). It was
observed that the capacity retention of the NiO/PCNF-0.75
composite-based electrode material was more than 80% even
after 10 000 cycles.

3.2.4. Co03;04 NF-based SCs. Co;0, has been very recently
introduced as the ideal electrode material.****** The improved
specific capacitance of Co;0, NF-based SCs was due to its
superior redox characteristics."******* In comparison to other
transition MO, Co;0, is becoming more and more environ-
mentally benign and cost-effective because of the straightfor-
ward synthetic process of Co;0, NPs.'** The surface morphology
of the nanomaterials and the electronic structure of metals like
Co®" and Co®" typically determine the redox characteristics of
Co30,."* This guarantees the synthesis of different types of
Co3;04 NPs with a higher degree of charge transfer capability,
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which must be employed in fabricating Co;0, NP based SCs.
Co030, NPs and graded porous CNFs were mixed by Yaseen et al.
to create an HC, which improved its electrical conductivity and
stability.'® This NF hybrid composite was created utilizing the
cost-effective ES process, followed by carbonization, which
increases ion transport throughout the system and yields
a surface area of 485 m”> g~ '.%® An electrical capacity of 912 F g *
in H,SO, (1.0 M) as the electrolyte was obtained as a conse-
quence of this technique, which exhibits outstanding preser-
vation of initial capacitance after 1000 cycles (approximately
78%). There is an alternative technique to increase the perfor-
mance's efficacy and stability, which involves employing binary
metal oxides, like CoMnQO,, in the NC electrodes of SCs.***

Utilizing the thermal breakdown of MO and the annealing of
vapour-grown CNFs (VGCNFs), Kim et al. created Mn/Co binary
oxide NFs.'* VGCNFs have multi-dimensional pathways for
electron transfer throughout the system and further minimize
the separation between the CoMnO, electrode and bulky elec-
trolyte. This system produces specific capacitance up to 630 F
g ' at a scan rate of 5 mV s~ . When compared to other mate-
rials, Ni froth and CoMnO,/VGCNFs demonstrate greater
capacitance efficiency, keeping 95% of their original capaci-
tance even after 1.0 x 10° cycles. 1D spinel CoMnO, porous NFs
were also produced at a low cost for solid-state SCs using the
one-step ES approach.'®® Additionally, certain holes or gaps that
were created in between spherical CoMnO, particles might
serve as an ion buffering resource. This special characteristic of
CoMnO, particles results in a reduced diffusion resistance of up
to 6.11 ohm and a good specific energy density of 75 W h kg ™"
with a power density of 2000 W kg™ ".1%°

3.2.5. V,05-NF based SCs. One of the most significant
forms of vanadium oxide is V,0s, which is thought to be a viable
working material for SCs. Because of the variable oxidation
states from V>* to V**, vanadium oxides possess outstanding
redox characteristics, a distinctive layered structure,'*® and
a large potential window.'*® Recently, NC-based SCs including
V,05 and carbonaceous materials like SWCNT, MWCNT, AC,
etc. have been explored.'**'”* After annealing at 550 °C, Than-
gappan et al. used the ES process to create extremely porous GO/
V,0s5 NFs with a diameter range of roughly 190 to 80 nm.'*®
These NCs were unique due to their surface shape, which
promotes K" diffusion from the electrolyte placed into the pores
of NC electrodes. The specific capacity of GO/V,0s5 increases up
to 455 F g ' at 12 mV s~ ' in a 2.0 M potassium hydroxide
electrolyte, which was greater than that of the separate GO and
V,0s electrodes. Only a small number of ions may be used by
the active electrode in GO/V,05 NFs, and only the activated
electrode's outer surface interacts with the NCs during the
charging or discharging process. The specific capacity of the NF
framework decreases when the scan rate is increased, which is
considered a drawback of the GO/V,05 framework.

Utilizing GO with a larger surface area improves capacitance
and conductivity, which solves the issue of capacity fading at
higher cycles. V,05/CNFs were synthesized by Kim et al.'®®
utilizing the carbonization and ES techniques. The V,05 utilized
in this procedure was used in weight percentages of 5, 10, and
20%. They investigated several V,0; weight percentages to
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determine which weight % was best for the CNFC microporous
structure. Finally, they concluded that V,05-20 is the material
that works well in the microporous structure of CNF-Cs and
produces great results, such as specific capacitance up to 152 F
g " and impressive ED of 19 W h kg™ (because of the enlarged
area of the region between CNFCs and V,0s (20%)). Multi-
channel CNFs with amorphous V,05 doped into their micro-
porous structure have been found by Huang et al. to provide
a higher specific capacity of 745 F g~ " with a current density of
0.5 A g '."° An improved relationship between V,0s high
capacitance and enlarged surface area can provide SCs with
outstanding electrochemical characteristics.

The correlation between V,0s; in the multichannel CNF
microporous structure increases the region where the electrode
and electrolyte interact, which lowers the charge transfer
resistance by up to 0.25 Q. Additionally, due to their numerous
oxidation states in the same framework, researchers are
currently concentrating on generating mixed transition MO NF
composites (binary spinel) to improve specific capacitance and
achieve higher efficacy in the stability performance of SCs."”
For instance, the NCs made from V,05 and Cu,O (Cu,0/V,0s) by
varying the weight fraction of the vanadium and copper
precursors exhibit much higher performance and specific
capacitance than either Cu,O or V,05 alone.””* Large interfacial
area in the NCs created from V,05 and Cu,O precursors reduces
charge transfer resistance by 0.2 Q. Additionally, it increases the
charge capacity of bimetallic oxides.'*

To conclude, different transition MO, including RuO,,
MnO,, and Coz04, have been extensively studied for their high
specific capacitance and electrochemical stability of SCs.
Researchers have designed MO NPs with controlled sizes,
shapes, and surface structures to optimize their electrochemical
properties. NPs with high SSA and porosity are desirable for
improving capacitance. Hybrid electrode materials that
combine MO NPs with carbonaceous materials, such as gra-
phene, CNTs, or AC, were developed to increase the capacitance
and electrical conductivity of SCs. Doping MO NPs with other
elements or ions can improve their electrochemical perfor-
mance. For example, nitrogen-doped MOs can exhibit enhanced
capacitance due to the improved electronic conductivity and
altered surface chemistry of the composite electrode material of
SCs. Atomic layer deposition has been employed to deposit MO
NPs with precise control over thickness and uniformity. This
technique enables the creation of tailored electrode materials
with enhanced electrochemical properties.

Researchers have been working on strategies to increase the
ED of SCs using MO NPs. This includes optimizing the design of
asymmetric SCs and exploring novel materials for higher
voltage operation. Continuous efforts have been made to
improve the long-term stability and cycle life of MO-based SCs
by mitigating issues like particle aggregation, dissolution, and
structural degradation during charge-discharge cycles.

Exploration of alternative MO NPs beyond the commonly
studied ones, such as V,05, WO3, and NiO, for their potential in
SC applications is essentially required. Sustainable and envi-
ronmentally friendly synthesis methods for MO NPs have been
a focus of research to reduce the environmental impact of SC
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uses and production. MO-based SCs have been integrated into
various electronic and ESDs, such as wearable electronics,
energy harvesters, and hybrid energy storage systems.

3.3. CP-based SCs

Particularly in the case of PCs, CPs are regarded as an
outstanding electrode material for SCs. At the surface and
across the electrode, they exhibit reversible redox behavior that
allows them to retain charges. Conjugate double bonds with
free electrons that are delocalized throughout the whole struc-
ture are necessary for CPs.”>'”® This gives CPs the ability to
conduct heat and electricity. p-Doping or n-doping can increase
the conductivity of the polymers. Doping decreases the distance
between the conduction band (CB) and the valence band (VB),
allowing electrons to travel more freely inside the system in
a larger sense; however, this also includes redox polymers
containing redox centers, polymeric electrolytes, or poly-
electrolytes. Redox polymers and CPs possess different methods
for transferring electrons despite having different structural
configurations.'”*

For intrinsic CPs, sometimes referred to as ICPs, the
conduction process is carried out by the movement of the
electronic charge from end-to-end conjugation.””>® The
hopping process may occur between both the chains, and any
flaws if present retard the conduction of electrons.'”” PANI, PPy,
polyacetylene (PA), PTh, etc. are a few examples of CPs. These
CPs are used to make SC electrodes, which have several benefits
including strong conductivity, flexibility, affordability, and ease
of synthesis. Furthermore, several investigators have observed
the electrochemical properties of CPs and their NCs as elec-
trodes and have explored numerous techniques to enhance
their characteristics."”®**® Table 2 shows different types of CPs,
their structures, energy gap, and electrical conductivity. CPs are
synthesized by the chemical oxidation technique, electro-
chemical polarization technique, vapor phase polymerization
techniques, template polymerization, solid state polymeriza-
tion, microwave-assisted polymerization, in situ polymerization,
and many more. Fig. 11 shows different polarization methods
for fabricating CP-based electrode materials.

CPs are generally used as electrode materials in SCs due to
their unique electrical and electrochemical properties. The
diffusion and absorption properties of CPs play a significant
role in determining the efficiency of SCs.'***** These adsorption
and diffusion properties of CPs influence the application of SCs
in one or another way. CPs have a porous structure that allows
ions from the electrolyte to diffuse and penetrate the bulk of the
CPs during the charging and discharging processes. This high
ion diffusion capability is crucial for achieving high capacitance
and fast charge/discharge rates.”®® CP electrodes usually have
a large specific surface area, which enhances the electrode-
electrolyte interface and promotes efficient ion diffusion. The
higher the surface area, the more ions can be stored, contrib-
uting to the overall capacitance of the SCs. CPs can absorb and
hold a significant number of electrolytes within their structure.
This absorption capacity contributes to the increase in the
overall charge storage capacity of the SCs. Some CPs exhibit
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Table 2 Different types of CPs, their structures, energy gaps, and electrical conductivity
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Types of CPs Structures Energy gap (eV) Conductivity (S cm ™) References
H
N n
Polyaniline 3.2 300-200 180-186
n
Polypyrrole / \ 3.1 10°-1.7 x 10° 102-105
N n
H
Polyacetylene /{/Wn 1.5 10*-1.7 x 10° 172-174
Polythiophene / \ 2.0 10 x 10° 219-223
S |n
Poly(p-phenylene vinylene) W 2.5 3.5 x 10° 175 and 176
P3HT ‘\’\h\ 2.3 6.675 x 107°-0.34 177
S n
Polyphenylene M 3.0 10% x 10° 17
Interfacial Electrochemical In-situ
Polymerization Polymerization Polymerization

Fig. 11 Different polarization methods for fabricating CP-based electrode materials.
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swelling/shrinking behavior during the redox processes asso-
ciated with charging and discharging. This reversible swelling
allows the CPs to accommodate the volume changes associated
with ion absorption and desorption, contributing to the
longevity and stability of the SCs.'8*'%

The efficient diffusion and absorption properties of CPs
contribute to high capacitance values. This means that the SCs
can store a large amount of electrical energy per unit mass or
volume, making them more efficient in terms of energy storage.
The ability of CPs to facilitate rapid ion diffusion allows for fast
charge and discharge cycles. This property is crucial for appli-
cations where quick bursts of energy are required. The swelling
and contraction behavior, combined with the overall structural
stability of CPs, influences the cycling stability of the SCs. A
stable and reversible redox process, along with minimal struc-
tural degradation over numerous cycles, is essential for long-
lasting and efficient SCs."*

The diffusion and absorption properties of CPs have
a significant impact on the efficiency of SCs by influencing key
performance factors such as capacitance, charge/discharge
rates, and cycling stability. The ability of CPs to effectively
accommodate ions and maintain structural stability during
repeated cycling contributes to the overall effectiveness and
reliability of the SCs.*®"**°

Different synthetic approaches were reported for synthesizing
CPs in the current scenario and also had several applications for
electrochemical storage devices.”>'”® We will focus on three major
CP (PANI, PPy, and PTh) based NCs, their electrochemical
properties, and their impact as electrode materials in SCs.

3.3.1. PANI-based SCs. Different techniques were used to
polymerize aniline monomer to synthesize PANI, which has
benefits including being simple to make and environmentally
friendly.'®**** Sivakumar et al. created PANI NFs at a reasonable
cost via interfacial polymerization techniques.'®® Due to
ongoing reversible redox processes that demonstrate a large
capacitance of 554 F ¢~ ' when a constant current of 1.0 Ag™" is
applied. The cycle stability was quite poor due to the initial
capacitance loss, which was the main drawback. Li et al'**
examined the highest theoretical specific capacity of PANI in
sulphuric acid as the electrolyte and discovered a maximum
capacity of 608 F g~ '. The experimental results are in direct
opposition to the values observed by the theoretical technique.
This is because a very small amount of PANI contributes to
initial capacitance stability after a large number of cycles. In
general, using pure PANI as the electrode material in SCs
produces improved specific capacitance with a reduction in
initial capacitance, which results in a reduction in electro-
chemical performance efficiency. As a result, researchers
concentrated on the synthesis of PANI-based composites by
combining PANI with carbon and MO to increase the effec-
tiveness and durability of SCs by increasing their electro-
chemical characteristics.'*"¢

The electrochemical performance of SCs using the CPs-C
composite as the electrode material exhibits a notable increase in
efficiency and stability performance of SCs in comparison to
individual CP components and CP-carbon material composite.
Examples include the PANI/CNTs composite and PANI/CNFs
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composite, both exhibiting maximum specific capacitance in
comparison to the separate components.”*"** PANI/graphene
nanoplate (GN) composites were created by Zhang et al.**®
using the in situ polymerization process under acidic conditions.
SCs having a maximum electrical capacity of 482 F g~ ' when the
amount of current is 0.1 A g~ * were produced via the associated
mechanism. They have great cycling stability efficiency and retain
their original capacitance after many cycles. Chemical precipi-
tation was used by Gomez et al. to create a PANI/GN composite.??
The composite made up of PANI and NPs emphasized high-end
features and applications.””” It shows a maximum electrical
capacity of 500 F g~' at a current density of 0.1 A g '. Both
examples demonstrate that using a composite CPs-carbon
material as an electrode in SCs may increase the specific capac-
itance of SCs. Furthermore, the NCs made by any CPs, especially
PANI and GO, show increased electrochemical activity and
greater specific capacity because of the synergetic effect between
them.**?% The reason why NCs retain their original capacitance
to such a great extent is that they offer a far bigger interior surface
area than individual components. This characteristic of NCs
guarantees increased performance stability and increased effi-
ciency of PANI composite-based electrodes and hence electro-
chemical characteristics. Additionally, there is little room for
improvement in the specific capacitance of carbon materials.
Current research thus focuses on modifications in the composite
electrode material created by CPs-MO-based SCs.

Researchers recently created a CPs-MO composite, which
offered benefits including good cycle stability, excellent conduc-
tivity, and a large surface area.”*"**> Gemeay et al. discovered that
the amount of crystallinity of the NCs PANI/MnO, in an acidic
medium is influenced by the acidic anions present in the
media.**® Zhang and coworkers created PANI@intercalated
multilayer MnO, in N-methyl-2-pyrrolidone solvent via an
exchange reaction method.>* The corresponding process mech-
anism demonstrates that the composite created had improved
conductivity. When the current was 1.0 A g, the composite had
a maximum electrical capacity of 350 F g~'. Even after 1000
cycles, the composite still had 95% of its initial capacitance. A
PANI nanorod-MnO, NPs composite film was created by Chen
et al®>*® When compared to earlier instances and individual
components, the NC film created has a significant amount of
surface area. As a result, they successfully created electrode
materials using the PANI-based NCs, which offer minimum
expensive performance which is more effective, good charge
storage capability, and are eco-friendly.

3.3.2. PPy-based SCs. In the realm of SCs, PPy is one of the
important CPs with a wide variety of uses. Utilizing interfacial
polymerization, Yang et al. fabricated free-standing PPy films with
or without a surfactant.*®® On the PPy surface, tiny holes were
created as a result of interfacial polymerization, and the material
had outstanding electrochemical performance. They exhibited
a maximum electrical capacity of 260 F g~' at 25 mV s and
preserved over 75% of the original capacitance value even after
1000 cycles. Fig. 12 shows the surface morphology of PPy films
produced using the interfacial polymerization technique. Two
different surfactants, Tween 80 and Span 80, were used during the
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Fig.12 Surface morphology of PPy films produced using interfacial polymerization technique. (a) PPy fabricated without a surfactant at 25 °C, (b
and c) PPy fabricated using Tween 80 and (d and e) PPy fabricated using Span 80 as surfactants at 25 °C and 0 °C [Reproduced with permission

from ref. 206. A copyright of Wiley, 2014].

polymerization of PPy CPs. The surface morphology was influ-
enced by the nature of the surfactant used [Fig. 12(c and e)].

Li and Yang>” used methyl orange/FeCl; as a reactive, self-
destructing template to create a pure PPy film using a chem-
ical oxidation approach. They used 0.5 M FeCl;, and the
resulting film was composed of nanotubes of 5 to 6 pm with
diameters of 50 to 60 nm. The polymer resulted in significantly
better electrochemical performance because of the resulting
tube-like structure, which reached a maximum electrical
capacity of 578 F ¢ ' at 0.2 A g~ ". Even after 1000 cycles in an
electrolyte containing 1.0 M KCl, it maintained a capacitance of
80%. Using in situ polymerization, Xu et al. prepared conductive
cotton textiles that were covered with PPy nanorods. The FeCl;-
methyl orange complex was used as a template.”*®

Although the fabrics produced by the aforementioned tech-
nique have a good specific capacity of 328 F ¢~" and ED of
25 W h kg™" at a current of 0.7 mA em™>, they cannot be
employed as electrodes for SCs. Although, they can maintain
a capacitance of 64% after 500 cycles, their periodical stability is
quite low. Rajesh et al.** created PPy films using phytic acid,
a dopant, using the electron polymerization process. As
a result, the SC conductivity rises, reaching a maximum electrical
capacity of 345 F g~ ' at a scan rate of 5.0 mV s~ *. The preservation
of initial capacitance of 90% at 10 A g ' even after 4 x 10> cycles
shows that the PPy-based electrode has high specific capacitance.

In general, the synthetic approach, dopant types, template
used, and other variables had an impact on the microporous
structure and reversible redox characteristics of PPy-based
composite electrodes. Even if these parameters are adjusted,
some of the qualities of PPy-based composite electrodes can be
improved, but other features may deteriorate, making PPy-
based electrodes still unable to fulfil the needs of practical
applications. Due to the potential for these hybrid composites

© 2024 The Author(s). Published by the Royal Society of Chemistry

to improve the energy storage capacity of PPy composites,
researchers have recently concentrated on the development of
PPy-carbon material composites or PPy-MO NCs.?**'* Because
their reversible redox characteristics have been improved
throughout the system, the composites exhibit higher electro-
chemical performance and better mechanical properties when
compared to pure PPy.

Tang et al. used the electron deposition approach to create
the CNT/PPy film. The CNT/PPy served as the anode in CNTs/
MnO,/KCI@CH,@CH-SiO,/poly-acrylamide/CNTs-PPy SCs.**
When the electron deposition was 2000 s, the specific capacity
of these SCs reached a high of 638 F g~' when the amount of
current was 1.0 mA cm 2 Additionally, the ED reached
a maximum value of roughly 40 W h kg™ having a power of 520
kW kg~ " and a strain of 100%, demonstrating greatly increased
stability. The composite showed better efficiency in specific
capacitance compared with individual components. By using an
in situ chemical oxidation approach, Yang et al. created unique
PPy/CNTs composites that are connected in their structure.*'*
The conductivity and thermal stability of the associated
composites were enhanced when PPy was evenly coated on the
surface of air plasma-activated CNTs. Overall, the PPy/plasma-
activated CNTs composite's electrochemical characteristics are
improved and are higher than those of the PPy/CNTs composite.
Additionally, the conjugated structure created at the active sites
made available by the nitrogen groups on PPy strengthens the
interaction between CNTs. The development of composites with
better electrochemical characteristics is facilitated by PPy. By
making adjustments to the elements that are essential for the
creation of the composite, the mechanical characteristics of the
PPy/CNTs composite may also be enhanced. Chen et al
synthesized a durable and flexible CNT-based electrode
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material for SCs.?” In this combination, a vacuum-filtered CNT
film was covered with PPy that was electronically deposited.

The mechanical qualities of the electrode material are
improved by this method, which also increases electrochemical
performance. SCs using the aforementioned electrode (PPy/CNT)
produced long-term stability and exceptional flexibility, retaining
~95% of their initial capacity even after 1.0 x 10" cycles. However,
despite significant improvements in electrochemical efficiency for
PPy/CNT composite's cycling stability, these NC electrode mate-
rials still have lower energy and power densities than LIBs due to
their limited capacity for charge build-up.***> Due to these factors,
SCs using the PPy/CNT composite as their electrode material are
unable to satisfy the demands of real-world applications. As the
demand for improved electrode materials grows, researchers
concentrate on creating composite materials using PPy and metal
oxides. High theoretical capacitances are present in MO-based
composites.””® For instance, a PPy/MnO, nanowire composite
was created by Shayeh et al. using an electrochemical oxidation
method.” Increased specific capacitance due to this process can
reach 210 F g, almost twice as much as the value of a single PPy
(104 Fg™™).

Metal oxides are regarded as the optimum active material for
PCs, including C0;0,,>** Mn0O,,** NiO,2** Cu0,?” W03, VO, "
and V,0s.>*° Their hypothetical capacitance was more than that
of pure PPy. The theoretical capacitance of Co;0, is greater than
3000 F g~'; however, in fact, it was discovered that the experi-
mental capacitance of the corresponding MO is lower than the
theoretical value.**® It is because standard dense electrode films
have a restriction on ion diffusion, and low conductivity results
in worse electron transport.”*»**> Additionally, they also
encounter volume changes as a result of the unstable charge/
discharge transfer. Better capacitance is produced by adjust-
ing the charge/discharge process and enhancing conductivity.

Researchers concentrate on creating NCs out of various
electroactive materials including CPs and MO since they offer so
many benefits. They have good electrical, mechanical, and
electrochemical capabilities, resulting in the development of
ESDs.*”® 3D NCs made of a PPy@CoO hybrid nanowire array on
nickel foam were created by Zhou et al. and exhibited good
pseudo-capacitive performance.”* Since it has great rate capa-
bility, its specific capacitance reaches a maximum of up to 2225
F g " at a current of 1.0 mA em™ >, which leads to the retention
of an initial specific capacity of 99.7% after 2000 cycles at a scan
rate of 20 mA cm > It served as a positive electrode in an
aqueous asymmetric SC with a hybrid array that can provide
EDs of up to 34 W h kg™ " as its maximum. It also has a higher
power density, which was measured at 5500 W kg~". The perfect
synergetic effect between the PPy and the CoO nanowires is the
reason why this SC exhibits exceptional stability for 2000 cycles.

Ji et al.>*® created a PPy nanotube/MnO, composite using
a simple method that exhibits outstanding cyclic stability and
specific capacitance of a maximum of 405 F ¢~ at a current of
1.0 A g~ . Even after 800 cycles, it still retains up to 89% of its
original capacitance. The efficiency results from a superior
synergistic interaction between PPy and MnO,, which increases
the capacitance. Coated MnO, also prevents structural changes
in PPy during long-term cycles. Sun et al.**' used a two-step
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process to synthesize the resulting PPy/V,05, which exhibits
greater electrochemical performance efficiency than either
component alone. Furthermore, using a direct electrochemical
co-deposition process on an interdigital-like electrode, Qian
et al>'® created a core/shell CuO/PPy nanosheet array for
distinctive on-chip SCs. An exceptional electrical capacity of
1276 F cm™? and an energy per volume of 29 W h cm ™ are
produced by this process. The device's ability to maintain its
specific capacitance up to 100% at a current density of 2.6 A
ecm 3 even after 3000 cycles is its main benefit. The device's
strong electrochemical characteristics demonstrate its potential
for use in practical SC electrode applications.

In general, electrode materials for SC composites consisting
of PPy and MO frequently demonstrate good electrochemical
performance, including power density, high EDs, exceptional,
superior cycle stability, and amazing specific capacity, due to
the synergistic effect of the two composites.**?

3.3.3. PTh-based SCs. PTh and its derivatives are regarded
as superb SC electrode materials and have recently drawn a lot of
interest from the scientific community. This is because they have
greater environmental stability, higher electrical conductivity,
and extended wavelength absorption.””*?* As a result, research
on pure PTh electrode materials has increased, and researchers
have concentrated on creating different synthesis techniques for
PTh-based SCs.”*® By using a chemical process, Laforgue et al.
created a pure PTh-based electrode material.**® This activated
material produced a high specific capacitance at a current of
40 mA h g~ ' and remarkable cycling stability, allowing its original
capacitance to be retained even after 500 cycles. Another typical
example of this kind is a symmetric SC with flexible and wire-like
properties, where the electrode material was made by electro-
chemically polymerizing PTh and coating a TiO, wire, fabricated
by Ambade et al.>*® This SC device has outstanding cycle stability
and a capacitance of 1537 mF g~ . Even after 3000 cycles, it still
retains 96% of its initial capacitance.

Gnanakan et al. used the dilute polymerization process to
create perfect PTh-based NPs and PTh/tartaric acid (TA) NPs in
which TA functions as a dopant.”®" These two NPs had a specific
capacity of 135 and 157 F g ', respectively. Nejati used an
oxidative chemical vapor deposition approach to make a PTh film
without any replacement, which is covered with an ultrathin layer
over a variety of substrates.>” According to the experimental
findings, the specific capacity of an activated carbon electrode
wrapped using the PTh film rose to 50% when compared to an
active carbon electrode that was not coated, and up to 90% of its
initial capacity might still be present even after 5.0 x 10° cycles.
By using a sequential ionic layer deposition and reaction
approach with FeCl; as the oxidizing agent, Patil et al. created an
amorphous form of PTh.>** In 0.1 M LiClO, metal salt solution,
this mechanism produces a capacitance of 255 F g .

In general, pure PTh-based electrode materials for SCs are often
impacted by a variety of variables, which has an impact on their
electrochemical performance. These elements include the surface
structure of PTh, the methods used for production, the creation of
the substrate, and more. Due to the adjustment of the aforemen-
tioned parameters in the recent scenario, the electrochemical
performance was significantly enhanced. However, it is still unable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to satisfy the demands of practical applications because its
inherent limitations, such as rapid loss of power density and low
specific capacitance, make it inferior to PPy and PANL>*

Nowadays, researchers are focussing on the fabrication of
PTh-based NC materials to address the drawbacks of pure PTh-
based electrode materials. To create PTh NCs, there are
primarily two types of methods: one involves creating compos-
ites of PTh and carbon nanomaterials, and the other involves
PTh and MO. A PTh/MWCNTSs composite, which may be used as
a representative example for the first category, was created by Fu
et al.®>® The aforementioned electrochemical polymerization
process was used to create the PTh NCs. This PTh/MWCNT
composite outperforms individual MWCNT and pure PTh in
terms of electrochemical performance. At a scan speed of 60 mV
s7", it had a maximum electrical capacity of 110 F g~ . Even
after 1000 continuous cycles, the SCs employing the afore-
mentioned PTh/MWCNT composites as the electrodes still
retain up to 90% of their initial capacitance. Through the use of
an electrochemical polymerization process, Zhang et al. created
a PTh/MWCNT composite of thickness 2-3 nm.*** When the
amount of current was 1.0 A g, this composite then displayed
an increasing specific capacity of 218 F g~ ' because of the
insignificant internal resistance, which promoted strong elec-
tron transport between the two electrodes of SCs.

Ambade et al. gave an easy method to fabricate graphite/
thiophene/benzylidene (GTB) and GO/thiophene/benzylidene
(GO-TB) using in situ polymerization of conjugated polymer
PTh (PTCPs).>* By creating and manufacturing GTB and GO-TB,
the PTCP film was non-covalently bound on both the graphene
and GO sheets in the NCs, which improves the synergistic
impact of the microstructures and also delivers improved
doping in graphene. The electrochemical experiments show
that the GO-TB composite exhibited better electrochemical
performance, resulting in lower serial resistance, excellent
specific capacity, and EDs of 298 F ¢~ ' and 150 W h kg™,
respectively. It also showed high cycling stability and increased
ionic conductivity. Because of the synergistic impact, PTh/
carbon material composites demonstrated greater capacitance
and cycle stability when compared to single components.
Different factors affect the performance of these SCs like the
type of PTh, the shape and dimensions of the electrode,
production techniques, and efficiency of accumulation of PTh
on carbon materials. As previously described for PANI and PPy-
based MO composites, PTh-based composites are also appro-
priate for the production of electrode materials for SCs. Because
the specific capacity of SCs with PTh electrodes is substantially
less than that of PPy and PANI-based SCs, progress in the
development of PTh/MO composites is slower than that of
PANI/MO and PPy/MO composites. There is no effective way to
enhance the electrochemical performance of CP-based SCs.

Currently, there has been some research performed on PTh/
MO composite-based electrodes of SCs.*®”**® To improve the
electrochemical performance efficiency, more research is
required. The composites formed between the above-
mentioned CPs and other materials like activated carbon,
CNTs, etc. also had merits and demerits.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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All three CP and NC-based SCs have merits and demerits.
Merits of PANI CPs include a high range of specific capacitance,
ease of synthesis, and ease of control of the conductivity. It has
high flexibility. Doping and de-doping are simple in the PANI.
PANI also shows high theoretical capacitance. The demerit of
PANI is that the specific capacitance depends upon the fabri-
cation method. It also shows poor cycling stability. PANI-based
electrodes are applied in proton-type electrolytes only.**>**

Merits of PPy are high specific capacitance per volume, being
easy to synthesize, and have greater cycling stability than PANI. It
also shows better flexibility than PANI. It is mainly used to
neutralize electrolytes. Demerits of PPy are as follows: doping and
de-doping is difficult, it has low specific capacitance per unit
gram, and it can be used only as a material for the cathode.******

PTh has advantages, ie., it is also flexible, the synthesis
technique is much easier, and stability in the environment is
very high. The cycling stability of PTh is favorable. Demerits of
PTh are that its conductivity, and specific capacitance are very
poor.2237238

While all three, i.e. PANI, PPy, and PTh, CPs-based electrode
materials used separately in SCs offer advantages for energy
storage applications, there are some differences in their proper-
ties and performance. PANI exhibits pseudocapacitive behavior,
which means that the charge storage mechanism involves redox
reactions at the electrode-electrolyte interface. PANI-based elec-
trodes generally have high specific capacitance and good cycling
stability. However, the low intrinsic conductivity of PANI limits its
overall energy density and power density compared to other
materials. PPy-based electrodes exhibit pseudocapacitive
behavior, providing high specific capacitance. PPy has a relatively
higher intrinsic conductivity compared to PANI, allowing for
better charge transfer and higher power density. However, PPy
electrodes may suffer from decreased cycling stability over long-
term use due to structural degradation and potential leaching of
dopant ions. PTh-based electrodes in SCs exhibit a combination
of both EDLC and pseudocapacitance, providing a balanced
energy storage mechanism. PTh offers good cycling stability and
long-term electrochemical performance. However, compared to
PANI and PPy, PTh typically has a lower specific capacitance,
limiting its overall energy storage capacity. Overall, the choice of
CPs for SCs electrodes depends on the specific requirements of
the application. Researchers often explore composite materials
and hybrid systems to combine the advantages of different CPs
and optimize the overall performance of SCs.

4. Ternary NC, i.e., carbon material/
CP/MO-based SCs

In the past, researchers were focused on creating binary NC-
based SCs since they attracted more attention due to their
superior electrochemical and mechanical capabilities
compared to their separate components.”®® In the current
scenario, researchers worked hard to develop carbon material-
based ternary NCs because the composites show better resul-
tant electrochemical and mechanical properties than CP-based
binary NCs.**° Different factors affect the electrochemical
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performance of carbon-based ternary NCs, including synergistic
effect, conductivity, surface area, internal resistance, specific
capacitance, cycling stability, etc. This section discusses the
most recent advancements in various carbon-based ternary NCs
used as SC electrode materials.

Due to the potential physical and chemical relevance of
carbon materials, CPs, and MO, different researchers have
attempted to synthesize carbon/CP/MO-based composites.>**>*
A dynamic electrode for SCs was fabricated by Chen et al.**
using a nanowire network of freestanding NiMoO, that is
equally dispersed in all directions. This standalone NiMoO,
nanowire array, which was coated with the CP PANI and
a conductive carbon cloth, is recognized as an effective elec-
trode layer for PCs. The final composite showed better electro-
chemical performance and may be employed as an outstanding
electrode in SCs. This indicates improved cycle durability and
rate capabilities. A CP/MO electrode material based ternary
composite with carbon cloth was prepared through hydro-
thermal methods and also had application in the field of
ESDs.>*® Fig. 13 shows the fabrication process of carbon cloth/
PANI/NiMoO,-based flexible electrode materials used in SCs.

In comparison to individual components, the aforemen-
tioned NCs have an exceptional specific capacitance of 1340 F
g " at 1.0 mA ecm >, and they preserve their original capacitance
of 97% even after 2000 cycles. Dynamic graphene oxide (GO),
PPy, and manganese oxide (GO/PPy/MnO,) NCs were fabricated
by Ng et al.>*® and used as a working electrode in SCs. They
showed strong cycling stability and better specific capacitance
even after 1000 cycles and were able to maintain an initial
capacitance of 96.5%. Using GO and PPy, MOs like TiO, (ref.
246) and ZnO*¥ different ternary electrode materials for SCs
were also tested. Using GO, ternary composites demonstrated
good electrochemical and mechanical characteristics.

NiMoO, NWs array
T,
Oil Bath

Fig. 13
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Sk's team developed the MWCNT/MnO,/PANI ternary NCs
using in situ polymerization. They reported a unique MWCNT-
based composite electrode material with pseudo capaci-
tance.”® The specific capacitance of these NCs can reach
a maximum of 530 F ¢ and EDs can reach a maximum of
74 W h kg, while the w-7 interactions, and n-m interactions
between constituents improve the electrochemical perfor-
mance. The power density reached as high as 11.35 kW kg™ '. A
pseudo-capacitive shell was produced after evenly coating CNT
with MnO,. The resulting NC working electrode produces
increased capacitive performance up to a maximum value of
529.5 F g ' at 0.1 A g~ ' current density and also maintains its
original capacitance up to 98.5% after 1.0 x 10 cycles at
a5Ag ' current. Having a power density of 100 W kg™, it offers
a greater energy content of up to 38.5 W h kg™ " while retaining
60% of its initial capacitance. By coating PPy on MnO, NPs that
were placed on CNT cloth, Yun et al.>*® attempted to increase the
energy output and cycle dependability. The SCs with these
ternary NCs also showed remarkable flexible capacity. These
ternary composite-based electrode materials demonstrated
significant use in SCs.*** Table 3 shows the development made
towards improving the electrochemical performance of SCs.

CP-based electrodes used in SCs and their modification were
discussed by Wustoni et al.**° In another research, intrinsic CPs
combined with MO NP-based electrode materials were designed
and fabricated to improve the performance of SCs.*** The prob-
able reason for electrode material degradation with an increase
in cycle life was also investigated. The reason for electrode
surface rupture and degradation in the mechanical stability of
electrode materials with cycle life was poor linking between metal
NPs and CPs. The MO NPs start rupturing from the electrode
surface with an increase in the charge/discharge cycle.

In another research, flexible SCs based on CNT-based elec-
trodes were reported.?® The fiber fabrics (FF) were used in CNT-

(a) Representation of a fabrication process for carbon cloth/PANI/NiMoOy, (b) digital photo of pristine carbon cloth, and (c) digital view of

carbon cloth/PANI/NiMoO,4 and (d) final product of carbon cloth/PANI/NiMoO, [Reproduced with permission from ref. 242. A copyright of

Elsevier, 2015].
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Table 3 Progress made toward the development of different MO, CP, and CNT-based SCs

Specific capacitance

Specific surface

Type of electrode material used achieved (F g ") Current density area (m* g ') Reference
AC 300 05A¢g" 3000 88
Graphene 550 0.1Ag" 2630 97
GO 349 — — 111
RuO NFs 2000 — — 121
CNFs/RuO/PBI 1060 05Ag™" 678 125
MnO, 1375 — — 127
MnO,/PCNFs 290 — 1815 140
MnO,/CNTs 965 — — 146
NiO/citric acid 338 05Ag" — 148
CNFs/NiO 852 — — 158
Co50, 3560 — 485 160
CoMnO,/VG CNFs 630 01Ag’ — 165
GO/V,05 455 — — 167
V,05/CNFs 745 0.5Ag " — 168
PANI/GN 482 01Ag" — 199
PANI/MnO, 350 1.0Ag™" 872 203
PPy/FeCl; 578 02Ag" — 208
CNT/PPy 638 1.0 mA cm ™ — 209
PPy/CoO 2225 1.0 mA cm > 612 221
PPy/MnO, 405 1.0Ag! — 215
PPy/CuO 1276 2.6 Acm™? 478 217
PTh/TiO, 1533 — — 228
PTh/LiClO, 255 232
Graphite/PTh/benzylidine 298 236
Carbon/PANI/NiMnO, 1340 1 mA cm > 244
PANI/MWCNT/MnO, 530 0.1Ag™" 248

based electrodes to increase the flexibility of SCs. The function-
alization of electrode materials was done with MnO, NPs. Ogihara
et al. reported an intercalated MOF-based active electrode mate-
rial for Li-ion-based ESDs.”*® They used 0.8 V potential for inter-
calation of Li-ions in the MOF matrix. This hybrid ESD shows an
85% retention capacity at 400 mA g~ ". The performance of this
hybrid ESD was compared with that of an AC-based positive
electrode, which shows 91% capacity retention even after 1000
discharge/charge cycles at a current of 0.15 A cm 2. Brunet Cabré
et al. have reported Ti/C/T/MXene electrode-based PSCs.*** The Ti
metal was used instead of Li metal for de-intercalation/
intercalation reactions. The acidic medium was used as an elec-
trolyte. Deprotonation/protonation of the oxygen functional
group on the surface of the MXene-based electrode was followed.
The capacity retention of MXene in the presence of Ti ions was
found to be higher than that of CNT and CP-based ESDs.

Zhang et al. have reported integrated electrochemical SCs for
portable ESDs used in drones and E-vehicles.”® They have
fabricated heavy load-bearing integrated ESDs comprised of
electrochemical capacitors based on polymeric solid-state elec-
trolytes. They observed an ED of 0.131 W h m ™2, power density of
0.13 W m™2, and specific capacitance of 32.5 F cm ™. Li et al. have
reported 2D and 3D porous material MXene hydrogel-based PSCs
for high-performance ESDs.**° The different MXene used in PSCs
are Mo/Ti/C/Ty, Ti/C/Ty, and Nb/C/T,. 3D MXene-based porous
materials show large SSA, good electrical conductivity, and
mechanical properties. PSCs show a high specific capacitance of
230Fg 'at10Vs 'or3.32 Fem >at 10 mV s~ ', high ED 0f 9.3 x

10"® W h em ™2, and power density of 7.0 mW cm 2,

© 2024 The Author(s). Published by the Royal Society of Chemistry

Liang et al. have reported novel semiconductor-based elec-
trode materials for advanced SCs.*” The performance of
semiconductor-based electrode materials was compared with
that of AC, CNT, and CP-based electrode materials. The
performance of Si and MO-based semiconductor electrode
materials was found to be almost comparable to that of AC-
based electrode materials but was lesser than that of CP, CNT,
and MXene-based electrode materials of SCs. Panwar et al. have
reported a MoS,/graphene-based electrode material for ultra-
thin SCs.?*® They used the field effect transistor (FET) concept in
their SCs. They prepared a few atomic thick layers of MoS,/
graphene in FET-based SCs. A gel electrolyte was used between
the two electrodes of FETs of SCs. They observed that on
combining MoS,/graphene, the capacitance increases to 3000%
in contrast to MoS, in the absence of graphene, which shows an
18% increase in capacitance.

Biswas et al. have reported anthraquinone/polydiacetylene-
based asymmetric SCs.>* They observed an increase in elec-
trochemical performance in terms of high capacity retention
(>90%), specific capacitance (340 F g~ ') and ED, and power
density. Panwar et al. have fabricated FET-based SCs comprised
of MoS,/graphene.”® They compared the electrochemical
performance of ultrathin SCs with that of MoS, and graphene
electrode material-based SCs. They observed that electro-
chemical performance increases almost 1000 times when
combining MoS,/graphene.

Ma et al. investigated the aging behavior of SCs with an
increase in charging/discharging cycles.>® This aging behavior
(deterioration) of the electrode surface with an increase in the
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discharge/charge cycle of SCs was based on the nature and
composition of electrode materials used in SCs. The perfor-
mance of single-material-based electrodes was found to be
better with an increase in cycle life as compared to composite
electrode material-based SCs.

In general, the ternary NCs improved specific capacitance, ED,
power density, cycle stability, and other properties, especially
using different CNTs. Several parameters, including electrical
and thermal conductivity, internal resistance, and the kind of
CNTs, CPs, and metal oxides, were utilized, which have an impact
on the electrochemical and mechanical characteristics of ternary
composites. Researchers were able to produce more effective
ternary NC electrode materials for SCs by adjusting the different
features. The effect of AC on the performance of SCs was
comparable to MnO,/PCNF-based electrodes used in SCs. A high
theoretical capacity of 3000 F g~ was not attained experimentally
in the case of PPy/CoO-based SCs. The maximum specific
capacitance observed was 2225 F g~ " in PPy/CoO NC-based SCs.
The Coz;0, when used alone shows a very high specific capaci-
tance of NiO 710 F g~ with a specific area of 485 m*> g". Out of
the three investigated CPs that is PANI, PPy, and PTh, the PPy-
based composite material shows good electrochemical perfor-
mance in comparison to the two other CPs. The performance of
SWCNTs and MWCNTs is almost comparable with some better
results in the case of SWCNTs. The influence of graphene and GO
on the performance of SCs was not up to mark. But when the
carbon-based cloth was used with PANI/NiMoO; its performance
increased appreciably.

By combining MO, CPs, and CNTs into ternary nano-
composites, the resulting electrode materials of SCs can achieve
a synergistic effect, maximizing their specific capacitance,
electrical conductivity, cycling stability, and power density. The
precise composition, morphology, and fabrication methods of
these NCs can be tailored to optimize the desired properties for
specific SC applications.

The use of nanomaterials like CNTs, graphene, MO NPs, and
CPs in electrode materials for SCs increases their stability by
different mechanisms.>**?** A few important are as follows: (i)
nanomaterials typically have a large surface area-to-volume ratio.
This increases the number of active sites for electrochemical
reactions, thus facilitating better charge storage and faster ion
diffusion, (ii) nanomaterials show good electrical conductivity
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compared to their bulk material. This property reduces the
internal resistance of the SCs, leading to increased charge and
discharge rates and overall improved stability, (iii) the unique
structural properties of nanomaterials contribute to increased
mechanical strength. This is crucial for maintaining the struc-
tural integrity of the electrode material during repeated charge-
discharge cycles, leading to a longer lifespan of SCs, (iv) nano-
materials offer better electrochemical performance, i.e., higher
capacitance and energy density. This results in more efficient and
stable SCs, (v) nanomaterials are often more resistant to volume
changes during the charge-discharge process. This minimizes
electrode swelling and shrinking, reducing the likelihood of
mechanical degradation and maintaining stability with time of
operation, (vi) the nanoscale features of nanomaterials facilitate
better accessibility for ions, improving ion diffusion and
reducing the chances of concentration polarization. This leads to
more consistent and stable performance of the SCs, and (vii)
nanomaterials can be easily modified or functionalized to tailor
their surface properties. This allows for better control over
interactions with electrolytes and ions, optimizing the electrode-
electrolyte interface and enhancing stability.

In a nutshell, the incorporation of nanomaterials in SC
electrodes addresses different challenges, including increased
surface area, improved conductivity, enhanced mechanical
strength, and optimized electrochemical performance. These
factors collectively contribute to the stability and longevity of
SCs (Table 4).

5. Future perspective

SCs have an encouraging future in ESDs. In future SCs will
improve to be very essential and beneficial in terms of the
following: (i) high power density: SCs to be developed in future
will deliver and store energy at a much higher rate as compared
to rechargeable batteries (LIBs), making them suitable for
applications in rapid energy requiring equipment/machinery,
(if) rapid charging: futuristic SCs will be charged and dis-
charged quickly, enabling shorter charging times for ESDs and
electric vehicles (EVs), (iii) long cycle life: new generation SCs
will have a longer lifespan than traditional rechargeable
batteries, with the ability to undergo 100 s to 1000 s of charge-
discharge cycles without significant degradation, (iv) increased

Table 4 Different nanomaterials, and electrolytes used and their impact on the performance of SCs

Nanomaterial Type of electrolyte used

Impact of electrolyte on the performance of SCs

References

Carbon and CNTs Aqueous (e.g., H,SO,)

(i) High surface area for increased capacitance

90-94 and 262-267

(ii) Good electrical conductivity for fast charge/discharge
(iii) Enhanced stability due to mechanical strength

Transition metal
dichalcogenides (e.g., M0S,)

Ionic liquids

(i) High specific capacitance and energy density
(if) Improved stability in non-aqueous environments

268-270

(iii) Slower ion diffusion may affect charge/discharge rates

MXene nanosheets Aqueous (e.g., Na;SO,)

(i) High conductivity and large surface area

15, 39 and 271-274

(ii) Good stability and mechanical strength
(iii) Suitable for environmentally friendly aqueous systems
(iv) Promising for high-performance supercapacitors
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efficiency: future research should focus on to improve the ED of
SCs, allowing them to store more energy per unit volume or
weight, which would enhance their overall efficiency, (v) hybrid
energy storage systems: future of SCs lies in combining SCs with
other energy storage technologies, such as rechargeable
batteries, which can create hybrid systems that take advantage
of both technologies, providing higher EDs and power output,
(vi) grid energy storage: in future, SCs can play a role in devel-
oping grid-scale energy storage systems, providing fast-
response power to stabilize the grid during peak demand or
intermittent renewable energy generation, (vii) portable elec-
tronics: future of SCs also lies in increasing the performance of
portable electronic devices by providing quick bursts of power
during high-demand activities, improving user experience and
reducing reliance on batteries, (viii) SC materials: future
research of SCs will be focused on developing advanced mate-
rials with higher capacitance and EDs, such as graphene and
CNT-based electrodes, which could lead to significant
advancements in SC technology, (ix) sustainable energy storage:
futuristic SCs will also provide environmental benefits as they
do not rely on rare earth materials or heavy metals typically used
in rechargeable batteries. Their longer lifespan and recyclability
contribute to a more sustainable energy storage solution, and
(x) integration with renewable energy: futuristic SCs can also
help in addressing the intermittent nature of renewable sources
of energy like wind, and solar by storing energy during low-
demand periods and releasing it at peak demand, facilitating
a more reliable and stable renewable energy grid.

In a nutshell, SCs have great potential as ESDs, offering high
power density, rapid charging, long cycle life, and the ability to
integrate with other technologies, making them suitable for
numerous applications in the future.

6. Conclusions

SCs or ultracapacitors are ESDs that bridge the gap between
traditional capacitors and rechargeable batteries, especially LIBs.
They offer higher power density and faster charge-discharge
rates compared to rechargeable batteries while providing higher
EDs than conventional capacitors. The specific capacitance is
a crucial parameter that determines the energy storage capacity
of SCs. Researchers have made significant progress in improving
the specific capacitance of SCs. By utilizing advanced materials,
such as C-based nanomaterials (such as graphene, CPs, and
CNTs) and transition MO, a high specific capacitance was ach-
ieved in the range of 10 to a few 100 F g~ '. The cut-off power
density in the range of 100 to a few 1000 W kg ' has been re-
ported for SCs. These values demonstrate their potential use in
large power appliances, like regenerative braking in electric
vehicles, peak power leveling in renewable energy systems, and
various other power-intensive applications.

Out of the three investigated CPs that is PANI, PPy, and PTh,
the PPy-based composite material shows good electrochemical
performance in comparison to PANI and PTh CPs. The perfor-
mance of SWCNTs and MWCNTSs is almost comparable with
some better results in the case of SWCNTs. The influence of
graphene and GO on the performance of SCs was not up to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mark. But when the carbon-based cloth was used with PANI/
NiMoO, its performance increased appreciably.

Advancements in electrode design, including nano-
structuring and hierarchical architectures, have contributed to
improved power density in SCs. The development of new elec-
trolytes, SWCNTs, MWCNTs, and CPs has led to increased ionic
mobility and faster charge-discharge rates of SCs. Latest
developments in electrode materials for SCs include the use of
(i) C-based materials, such as AC, CNTs, and graphene (G, rGO,
and GO), which have a high SSA, excellent electrical conduc-
tivity, and good chemical stability, (ii) transition MO, such as
RuO,, MnO,, and NiO, which have shown high specific capac-
itance, (iii) CPs, including PANI, PPy, PTh, etc., which have been
reported as electrode materials for SCs. These CP-based elec-
trode materials exhibit high electrical conductivity and redox
activity, (iv) MOF-based electrode materials in SCs. MOFs
possess high surface areas and tuneable structures, offering
potential for SC applications, and (v) 2D materials: in addition
to graphene, other 2D materials, like TMDs and MXenes, have
emerged as promising candidates for SC electrodes. These
materials offer high surface areas, excellent electrical conduc-
tivity, and unique electrochemical properties, which can
enhance the energy storage performance of SCs.

Abbreviations

CNTs Carbon Nanotubes

SCs Supercapacitors

EDs Energy Densities

EDLCs Electrical Double Layer Capacitors
ESDs Energy Storage Devices

MO Metal Oxide

NPs Nanoparticles

NCs Nanocomposites

PCs Pseudo Capacitors

HCs Hybrid Capacitors

ES Electrospinning

BET Brunauer-Emmett-Teller

R Charge Transfer Resistance
SSA Specific Surface Area

ESR Equivalent Series Resistance
PVP Polyvinyl Pyrrolidone

PEO Polyethylene Oxide

PVA Polyvinyl Alcohol

PAN Polyacrylo Nitrile

PVDF Polyvinylidene Fluoride

AC Activated Carbon

CMG Chemically Modified Graphene
GO Graphene Oxide

NFs Nanofibers

TMDs Transition Metal Dichalcogenides
MOFs Metal-Organic Frameworks

DL Double Layer

CPs Conducting Polymers

PANI Polyaniline

PPy Polypyrrole

PTh Polythiophene
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SWCNTs Single-Walled Carbon Nanotubes
MWCNTSs Multiwalled Carbon Nanotubes
LIBs Lithium-Ion batteries

Cal Double Layer Capacitance

CVD Chemical Vapour Deposition
CNFs Carbon Nano Fibres

PVAC Polyvinyl Acetate

FSCs Flexible Supercapacitors
GNFs Graphene Nano Fibres

cv Cyclic Voltammetry

PMMA Polymethyl Methacrylate

CFSs Carbon Fibre Sheets

PCNFs Porous Carbon Nano Fibres

EIS Electrochemical Impedance Spectroscopy
rGO Reduced Graphene Oxide

DCDAP Dicyanodiamide

VGCNFs Vapour Grown Carbon Nano Fibres
CB Conduction Band

VB Valence Band

ICPs Intrinsic Conducting Polymers
GNs Graphene Nanoplates

UPD Underpotential Deposition
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