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Energy storage devices are recognized as environmentally friendly technologies. Supercapacitors, known for
their high cycle stability, have been proposed as potential alternatives to fossil fuels. Recent studies have
focused on selecting suitable electrode materials to achieve energy storage systems with high stability, high
specific capacity, and biocompatibility. In particular, carbon-based electrode materials, such as graphene
oxide, activated carbon, carbon nanotubes, and carbon-based quantum dots, have attracted considerable
attention due to their intrinsic properties, such as high conductivity and stability. However, carbon materials
alone exhibit limitations, such as low energy density and low specific capacitance. To address this limitation,
the synergistic effect of carbon materials has been combined with other electroactive materials to develop

electrode materials with enhanced supercapacitor properties. The present study also investigates the
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Accepted 5th Decernber 2024 supercapacitor performance of carbon-based nanocomposites. It examines the effect of each carbon

material (AC, CNT, GO, rGO) on improving the performance of other electroactive materials, including

DOI: 10.1039/d4ra08446b metal oxides, metal sulfides, MXenes, MOFs, and conductive polymers. This study provides valuable insights
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1. Introduction

With the growth of industry, the demand for fossil fuels has
increased. However, the limited supply of these resources, along
with the resulting environmental pollution from their combus-
tion, has prompted the need for alternative energy generation
and efficient energy storage solutions."” Therefore, suitable
alternative technologies to fossil fuels are necessary.* As efficient
energy storage devices, batteries,” fuel cells,® and supercapacitors
have great potential and have been introduced as alternatives to
fossil fuels.””® In other words, fuel cells, batteries, and super-
capacitors, as electrochemical energy storage technologies, have
received much attention as alternatives to fossil fuels in the last
few decades.”™ Fuel cells are open systems, where the cathodes
are responsible for carrying out charge transfer within the
system.™* In contrast, batteries and supercapacitors are closed
systems, where the mass of the active material in the electrodes
participates in redox reactions.”*” Supercapacitors, however, do
not necessarily involve redox reactions; energy storage is often
achieved through the electrical double layer.** Supercapacitor
devices, as energy storage solutions, offer several key advantages,
such as higher energy density than capacitors and higher power
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for further studies on carbon-based electrode materials for supercapacitor applications.

density than batteries."**® The typically long lifespan of super-
capacitors has led to their extensive use in industry.”* In contrast,
batteries may exhibit weaker performance due to reduced power
density caused by Faraday reactions.”” Therefore, the use of
batteries in industrial applications has limitations, although in
some cases, batteries are still used in systems that require high
energy density.”® The limitations of using batteries and super-
capacitors can be addressed through two general solutions.> The
first approach involves the fabrication of a hybrid system,
combining an electrode with pseudocapacitive properties (e.g.,
metal oxides, metal sulfides, conductive polymers) and an elec-
trode with double electric layer properties (e.g:, carbon materials,
including graphene, activated carbon).> The second approach
utilizes a two-terminal device, incorporating both a battery elec-
trode and a capacitor electrode.”® Connecting a supercapacitor
device to a battery can improve the battery performance,
including increasing its life and decreasing voltage instability.>”**
The performance of the supercapacitor device depends on the
type of electrode material used, so a smart choice of the electrode
material is important for achieving an efficient supercapacitor
device.” Commonly used electrode materials in supercapacitors
include metal oxides,** metal sulfides,* conductive polymers,*
quantum dots,® and metal-organic frameworks (MOFs).*
However, these materials used for constructing supercapacitors
have limitations too. Consequently, nanocomposites based on
carbon compounds have been synthesized to improve the final
performance and attain electrode materials with a high specific
surface area, better conductivity, and high specific capacitance.*
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Carbon materials that have been investigated as electric double-
layer capacitors (EDLCs) in supercapacitor systems include acti-
vated carbon, carbon nanotubes, and graphene oxide.*® These
materials alone have low energy density and low specific capaci-
tance,”” but compositing these materials with e.g, metal
oxides,*** metal sulfides,” MOFs," and conductive polymers
increases their specific surface area and performance.** There-
fore, the compositing of carbon materials with other materials
with pseudocapacitive properties can allow obtaining electrode
materials with optimal performance.”” Increasing the specific
surface area increases the rate of penetration of electrolyte ions,
resulting in a shortening of the ion-diffusion pathways.*>** In this
study, our team reviewed recent research on the supercapacitor
performance of carbon-based nanocomposites. Specifically, by
investigating recent studies on the supercapacitor performance of
various carbon-based nanocomposites (carbon/TMO materials,
carbon/TMS materials, carbon/conductive polymer materials,
carbon/MOF materials, and carbon/MXene materials), the effect
of the carbon materials on improving the performance of each
quasi-capacitor material was determined.

2. Supercapacitor devices

Supercapacitor systems can be divided into three categories
based on the charge-storage mechanism:** electrochemical
double layer (the charge accumulates in the interface between
the electrodes),***” pseudocapacitors (storage is done through
a reversible surface redox process),” and hybrid capacitors
(combination of double electric layer and pseudocapacitor).*®

Diffuse layer

—P-——-N

Yo

)

2oejans pagieys LjpAanisod
aoejans padieyd L2Aanisod

o) MO K-

View Article Online

Review

2.1. EDLCs

EDLCs were discovered at the beginning of the 15th century
during the study of opposite charges located at the interface of
colloidal particles.*® The performance of EDLCs is similar to
that of common capacitors, but EDLCs have a higher energy
density than capacitors.®* Conventional capacitors are made of
a dielectric medium, but in EDLCs, an electrolyte is located
between the two electrode layers.”” The energy-storage mech-
anism of EDLCs is physical. Then, during discharge, electrons
move from the negative terminal to the positive terminal,
which separates the cations and anions from the surface of the
electrons, and so charge transfer does not occur at the
electrode/electrolyte interface.®® Three general models were
proposed to define the structure of EDLCs (Fig. 1). The first
model was proposed by Helmholtz in the 19th century, in
which opposite charges accumulate at the interface of the
electrode and the electrolyte, and the two plates are separated
by a distance similar to in a capacitor. A second model was
introduced by Gouy and Chapman, in which a diffusion layer is
considered and the specific capacitance increases as the
charges approach each other. A third model was proposed by
Stern combining the two earlier models (Helmholtz's model
and Gouy and Chapman's model), which considers
a compressed layer (the Stern layer).”® The commonly used
electrode materials for EDLC supercapacitors are carbon
materials with a high specific surface area and promising
electrical conductivity, including activated carbon, graphene,
and carbon nanotubes.*
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Fig.1 Models for the electrical double layer at a positively charged surface: (a) the Helmholtz model, (b) the Gouy—Chapman model, and (c) the

Stern model.>*
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2.2. Pseudocapacitors

The charge-storage mechanism of pseudocapacitors is faradaic,
whereby electron transfer is carried out through the oxidation
and reduction of a chemical substance.”® This process can be
reversible or irreversible. In the reversible process, the redox
reaction is imposed on the electrode surface by applying
voltage, which causes the electrolyte ions to diffuse from the
solution to the electrode material. Then, the ions of the elec-
trode material return to the electrolyte at the time of discharge.
The performance and the specific capacitance of pseudocapa-
citors depend on the electrode morphology. For example,
molybdenum oxide can be synthesized as alpha and beta phases
under different conditions, including different temperatures
and reaction times. The alpha phase has a sheet or rod
morphology while the beta phase has a spherical morphology.
The sheet morphology has a larger specific surface area, which
allows for a higher specific capacitance.””*® Pseudocapacitors
have a higher specific capacitance than EDLCs, but the stability
of pseudocapacitors is lower than EDLCs due to their reliance
on faradaic reactions and their shorter cycle life. The general
process of pseudocapacitors is voltage-dependent due to the
charge-transfer mechanism depending on the voltage.*® Metal
oxides, conductive polymers, and metal sulfides are some
common electrode materials with pseudocapacitor properties.
However, while they have high capacitance, they are generally
less stable in charge-discharge cycles.

2.3. Hybrid capacitors

Hybrid devices are intermediates or combinations of EDLCs
and pseudocapacitors.® Hybrid devices are classified into three
general categories. The first category is composites, which are
fabricated from a combination of carbon materials (graphene,
carbon nanotubes, and activated carbon) and pseudocapacitor
materials (metal oxides, metal sulfides, and conductive poly-
mers). Composite electrode materials can be used as symmetric
or asymmetric systems. In asymmetric systems, composite and
carbon materials are used as the positive and the negative
electrodes, respectively. The second category is asymmetric
devices, which utilize pseudocapacitor materials (metal oxides,
conductive polymers) as positive electrodes and carbon mate-
rials (graphene, CNT, and active carbon) as negative electrodes.
The third category is asymmetric supercapacitors of the battery
type. In this type of asymmetric supercapacitor, the positive
electrode is a battery material and the negative electrode is
a capacitor material.®* The operation of a battery-type super-
capacitor in non-ionic electrolytes occurs via several stages. In
the first stage, during charging, the negative ions of the elec-
trolyte move toward the positive electrode, and the positive ions
of the electrolyte move toward the negative electrode (the
volume of ions thus decrease in the electrolyte solution). In the
second stage, the ions return to the electrolyte upon discharge,
and the volume of ions in the electrolyte solution thus
increases. In the third stage, the concentration of negative ions
in the electrolyte is constant and the positive ions move toward
the positive electrode. Therefore, a constant concentration of
positive and negative ions remain in the electrolyte.>

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

To evaluate the quality of supercapacitors, it is necessary to
check certain parameters, such as the specific capacitance,
current density, power density, and stability. Therefore, reliable
techniques are needed to evaluate these parameters. Using the
following three techniques, the electrochemical properties of
the supercapacitor can be checked.®

2.4.1 Cyclic voltammetry. Cyclic voltammetry (CV) analysis
can be used to check the electrochemical behavior of an elec-
trode material. When the applied voltage is higher than the
predicted voltage, the current can be checked using CV analysis
(Nernst equation).®® In CV analysis, the electrochemical
behavior during the forward and the reverse scan is investi-
gated, which can be distinguished from the pseudocapacitor
behavior according to the observed peaks and the general shape
of the EDLC behavior diagram for the electrode material.** This
technique examines the material's electrochemical behavior by
using working, reference, and counter electrodes in a three-
electrode setup in supercapacitor systems.®® The main limita-
tion of cyclic voltammetry is that the thermodynamic aspect is
ignored and only the kinetic aspect of the material is consid-
ered. The specific capacitance can be calculated using the cyclic
voltammetry technique with eqn (1).%

[iv dv

€= 2um AV (1)

where i, V, m, and v are the current density, potential region,
mass of active materials, and scan rate, respectively.®’

2.4.2 Galvanostatic charge/discharge. Galvanostatic charge
and discharge analysis examines changes in the potential over
time. In this analysis, the electrode material is charged and
discharged at a certain time according to the properties of the
material type (specific surface, electrical activity, etc.).*® The
specific capacity, power density, stability, and energy balance
are calculated from the data related to the potential window and
the charge and discharge time.*” The general shape of the
charge—discharge diagram shows the difference between EDLC
and pseudocapacitor behaviors according to the shoulders
created by the faradaic currents. Eqn (2)-(4) can be used in
galvanostatic charge and discharge analysis to calculate the
specific capacity, current density, and power density.”

IAt
=4Cyy = —— 2
¢ Coan mAV &)
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where Ceey (F g Y), m, At, E, AV, and I are the specific capaci-
tance, total mass of active material, discharge time, energy
density, discharge current density, and potential window,
respectively.”

2.4.3 Electrochemical impedance spectroscopy (EIS).
Impedance analysis can be performed to evaluate the required

parameters of supercapacitor devices. The data from
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impedance analysis are usually processed by suitable software,
such as ZView, so an equivalent circuit can be defined for this
analysis.”” The elements of this equivalent circuit show the
general characteristics of the supercapacitor, such as the
equivalent series resistance, the supercapacitor's non-ideal
behavior, and the charge-transfer capacitance. Using the
results of the impedance analysis, the specific capacitance can
be calculated using eqn (5).”

1
C= ——+ 5
/1) ©)
where |Z| and fare the imaginary part of the impedance, and the
frequency.

3. Carbon materials

The use of carbon materials with a high specific surface area as
a conductive component in carbon-based nanocomposites can
improve the performance of other materials (metal oxides,
MOFs, metal sulfides, and conductive polymers). In the
following, we review different types of carbon materials.””

3.1. Carbon onions

Carbon onions are carbon skins with a spherical morphology
that were first introduced as carbon nano-onions (CNOs) and
later called onion-like carbon (OLC). OLC was discovered by
chance in a transmission electron microscopy (TEM) image in
1980 in Sumio lijima's study investigating carbon black.” It was
later found that OLC with the sp® network structure allows
passing loads faster.”” These materials (OLCs) were later used as
EDLC electrode materials in the construction of super-
capacitors, and it was found that, compared to other EDLC
materials, the energy-storage performance did not have
a temperature limit and hence they could be used in a wider
temperature range.”® Various synthesis methods have been used
to prepare OLCs, including the annealing method and arc-
discharge method, which have made large-scale production
possible.” In general, the low cost of OLC synthesis has led to
the wide use of these materials in industry.” The energy density
of these materials is up to 10 W h kg™, which requires activa-
tion. Indeed, with activation, the specific capacitance of OLCs
increases. However, the activation of OLCs leads to a decrease in
the quality of these materials. The use of OLCs as anodes and
other pseudocapacitor materials as cathodes in asymmetric
supercapacitors can lead to efficient energy-storage systems
with a high power density and high energy density.*

3.2. Activated carbon

Activated carbon is a suitable and promising material for use in
energy-storage systems. Activated carbon is prepared by chem-
ical (at low temperature in the presence of chemicals such as
potassium hydroxide) and physical methods (at high tempera-
ture in the presence of carbon dioxide in air).**** Studies have
been done to improve the electrochemical performance and
increase the specific surface of these materials.®*** Activated
carbon can be obtained from various sources, such as sugarcane
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waste,**¢ coconut cellulose,®” and figs, among which the acti-
vated carbon obtained from fig wastes has demonstrated good
electrochemical performance (high specific surface area).*®
Activated carbon electrode materials offer ideal performance in
aqueous electrolytes and organic electrolytes because these
organic materials create pores with inappropriate sizes (small)
that do not participate in the electrochemical mechanism.*>*°

3.3. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs), discovered in 1991, offer good
performance in supercapacitor energy-storage systems due to
their high specific surface area, high electrical conductivity, and
chemical stability.”*** The carbon nanotube is a graphene sheet
in the form of a small tube (nano size).”*** Carbon nanotubes
can be single-walled (SWNTs),*® multi-walled (MWNTSs),*” and
double-walled (DWNTSs).”® The structure of carbon nanotubes is
a height of a few microns and a nano diameter, whose ends are
covered with a fullerene structure.”* There are different
methods for the synthesis of the different types of carbon
nanotubes.’?* For the synthesis of SWNTs and MWNTs, the
methods include carbon monoxide thermal decomposition
with a laser pulse,’” and carbon arc discharge.'**'*> Also,
plasma-enhanced chemical vapor deposition and chemical
vapor deposition have been used for the synthesis of parallel
single-walled nanotubes and parallel multi-walled nanotubes,
respectively.’°*'*” Among the various types of carbon nanotubes,
interwoven carbon nanotubes were the first class of nanotubes
studied in supercapacitor systems.'*® In addition to intertwined
nanotubes, aligned nanotubes have also been used in super-
capacitor devices.'*''° This feature of the alignment of carbon
nanotubes makes it easy to access the structure of the nano-
tubes and improve their performance in energy-storage
devices."* Although carbon nanotubes have a lower specific
surface area than activated carbon, they have a higher specific
capacitance; hence many studies have been conducted on the
supercapacitor performance of carbon nanotubes.'” Also, the
high specific capacitance of carbon nanotubes compared to
activated carbon can be attributed to their high porosity, high
conductivity, and upper rate capability."*® Carbon nanotubes
have a high specific capacitance at high frequencies because the
transmission capability in carbon nanotubes is high. The power
density of CNT electrode materials is higher than that of carbon
electrode materials, but the energy density is low, which can be
modified through compositing them with other electroactive
materials.""*

3.4. Graphene

Graphene is well known as a monolayer sheet of carbon atoms.
In the structure of graphene, each carbon atom has a covalent
bond with three adjacent carbons."*>™¢ Graphene has special
electrical and thermal properties, which are provided by its one
free electron."® Recently, there has been considerable focus on
graphene as a two-dimensional structure with a thick single-
atomized layer as an electrode material in supercapacitor
systems."”**¥ Graphene electrode materials have a large specific
surface, so they have high electrical conductivity and chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stability. Therefore this material has been widely investigated
and used as a distinctive carbon material in energy-storage and
production devices.*" Also, one of the important reasons for
using graphene as an electrode material unlike other carbon
materials, such as carbon nanotubes, activated carbon, is that it
has no distribution of pores in the solid state.**

3.5. Graphene oxide (GO)

Graphene oxide is a mixture of carbon, oxygen, and hydrogen in
variable proportions, which is obtained by combining graphite
with strong oxidizers.”>'** The product mass that is maximally
oxidized is a solid with the formula C: 0. The presence of
oxygen groups in the structure of graphene oxide endows it with
a better ability to interact with various materials. This material
can be used in various applications, including super-
capacitors.'” Hydroxyl and epoxide groups can be attached to
graphene oxide to enable graphene oxide to connect these
sheets with covalent bonds to many materials and polymers.***
Graphene oxide with a layered structure is one of the most
important derivatives of graphene. The layered structure of
graphene oxide with a high surface area endows it with suitable
supercapacitor properties.****?¢

4. Nanocomposites based on carbon
materials

Selecting suitable electroactive materials for constructing
supercapacitors is important for the final behavior of this
system as an efficient energy-storage system. Different carbon
materials are the first candidate electrode materials for making
supercapacitors, which offer high stability but low specific
capacitance. These are combined with metal oxides, metal
sulfides, polymers, conductive polymers, and MOFs with suit-
able supercapacitor behavior as candidate electrode materials
for the fabrication of supercapacitors."” Because the charge-
storage mechanism of metal oxides is related to the redox
reaction at the electrode/electrolyte interface, they have a high
specific capacitance. However, the stability of metal oxides is
lower than that of carbon. A suitable method for preparing
efficient materials is the synthesis of nanocomposites based on
carbon materials and other electroactive materials (metal
oxides, metal sulfides, conductive polymers, and MOFs).

4.1. Nanocomposites of carbon materials/metal oxides

Various methods have been used for the synthesis of nano-
composites based on carbon nanotubes and metal oxides,
including atomic layer deposition, which typically require a lot
of time and cost. Recently, other new methods, including
hydrothermal methods, have been used for the synthesis of
these nanocomposites. In one study, CNT/Fe,O;
composites with different weight ratios of CNT were synthesized
by hydrothermal method. In this study, the supercapacitor
behaviors of Fe,O; electrode materials, 5 wt% CNT/Fe,O;
nanocomposite electrode materials, and 10 wt% CNT/Fe,O3
nanocomposite electrode materials were investigated. The
electrochemical analysis of Fe,O; and the nanocomposites

nano-
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revealed that the presence of CNT prevented the aggregation of
Fe,0; and increased the conductivity of the nanocomposites.
Further investigation of the electrochemical behavior of CNT/
Fe,0; nanocomposites with different weight ratios of CNT (5%
and 10%) showed that with the increase in the percentage of
CNT from 5% to 10%, the dispersion of Fe,O; increased, which
caused a rise in the penetration rate of electrolyte ions. Finally,
the power density, specific capacitance, and stability of the
nanocomposite with 10 wt% of CNT were higher than the
nanocomposite with 5 wt%."*® In another study, a composite
based on graphite and carbon nanotubes (CNT/GT composite)
was synthesized by a facile method. Then, at three drying
temperatures, zinc oxide (ZnO) was sprayed on to the nano-
composite. The supercapacitor behavior of the nanocomposites
was investigated in 1 M KOH electrolyte solutions. The results
confirmed the optimal supercapacitor behavior for the nano-
composite prepared at 300 °C. This study confirmed that
a careful selection of the temperature conditions could effec-
tively allow obtaining nanocomposites based on carbon mate-
rials and metal oxides with ideal supercapacitor behavior.
Finally, the CNT/GT/Zn0O-300 nanocomposite showed a specific
capacitance of 6.99 F g~' at a scan rate of 25 mV s~ "> To
investigate the effect of the type of electrolyte on the final
behavior of nanocomposites based on carbon materials and
metal oxides, Thakur et al. synthesized composites based on
reduced graphene oxide and titanium oxide (rGO-TiO,
composite) and investigated their electrochemical behavior in
different electrolytes. The results showed the improvement of
the supercapacitor performance of the composite compared to
that of the constituent components. Also, the effect of the type
of electrolyte on improving the performance of these nano-
composites was investigated. The results showed specific
capacitances of 4.89 F g’1 in H,SO, electrolyte, 4.89 F g’1 in
Na,SO, electrolyte, and 1.42 F g~* in KOH electrolyte at the
same molarities (1 M) at the same scan rate of 0.05 Vs~ .3 The
proportion of carbon materials will influence the final perfor-
mance of the supercapacitor. Sudarto et al. synthesized nano-
composites based on titanium dioxide, activated carbon, and
carbon nanotubes (TiO,/CNT/AC) with different ratios of CNTs
(0%, 7%, 14%, and 21%). This investigation showed that the
increase in the CNT percentage improved the electrical
conductivity.”® Hye Kim and colleagues synthesized a zinc
oxide/activated carbon nanofiber composite through electro-
spinning. The supercapacitor performance of the zinc oxide/
activated carbon nanofiber electrode materials and activated
carbon nanofiber electrode materials were investigated in KOH
electrolyte. The results confirmed the synergistic effect between
ZnO and ACNF. The high surface area of the activated carbon
nanofiber together with the high specific capacitance of zinc
oxide promoted the good supercapacitor performance of the
composite as an electroactive material.”*> Carbon cloth is
a suitable substrate for assessing the metal oxide performance
in supercapacitor systems. In studies conducted to investigate
the performance of hierarchical supercapacitors, Lei et al,
using the hydrothermal method, first synthesized NiCo,0, with
a needle structure on carbon cloth (CC/NiCo0,0,~-N@NiO) and
NiCo,0, with a cut-like structure on carbon cloth (CC/NiC0,0,-

RSC Adv, 2024, 14, 40141-40159 | 40145
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S/NiO) (Fig. 2). In the next stage, NiO was grown on CC/
NiC0,0,-N@NiO and CC/NiC0,0,-S/NiO. The CC/NiC0,0,-N/
NiO showed a specific capacitance of 709 F g~' while CC/
NiCo,0,4-S/NiO showed a specific capacitance of 775 F g~ " at the
same current density. By examining the morphology of these
two core-shell structures by SEM and TEM images and exam-
ining the surface by BET analysis, the presence of multiple
pores of different sizes in these structures was confirmed, which
are beneficial for increasing the penetration of electrolytes and
improving the supercapacitor properties. Electrochemical
analyses of these two core-shell structures showed redox peaks
that were related to faradaic reactions carried out by the core-
shell structures. The electrochemical performance of carbon
cloth alone was investigated to investigate the effect of carbon
cloth on the final performance of these electrode materials. The
results of the comparison of the analyses showed the increase in
the subsurface area with the presence of carbon cloth. An
asymmetric device was fabricated for both core-shell structures
grown on carbon fabric using graphene as a negative electrode.
Examining the electrochemical results related to both asym-
metric devices showed they were highly stable for up to 1000
cycles.'*?

Liu et al. prepared a nanocomposite based on carbon
nanotubes, graphite foam, and iron oxide (GF/CNT/Fe,03) as
an anode electrode for the manufacture of an asymmetric
supercapacitor. According to Fig. 3, carbon nanotubes were
first formed on the nickel foam, and then iron oxide was
placed on the carbon nanotubes. Investigation of the

CCINiC0,0,-N
(Needle-like)

CCINiC0,0,-S
(Slice-like)

Fig. 2 Schematic of the preparation of CC/NiC0,04—N@NiO and CC/NiC0,04-S@NiO.***
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electrochemical behavior of the GF-CNT/Fe,O; electrode
material utilizing a three-electrode systems showed the EDLC
behavior of graphite foam and carbon nanotubes with the
quasi-capacitive behavior of iron oxide. The performance of
the GF-CNT/Fe,0; composite with different Fe,O; ratios (200,
400, and 600) was next investigated. Examining the super-
capacitor behavior of the three composites with the different
Fe,O; ratios showed that GF/CNT/200Fe,O; had a lower
current density than the GF/CNT/400Fe,O; composite. With
increasing the percentage of Fe,O; in the GF/CNT/600Fe,0;
composite, the ionic conductivity decreased. Therefore, the
GF/CNT/400Fe,O; composite was chosen as the negative
electrode to make an asymmetric supercapacitor device.
Finally, the asymmetric supercapacitor was fabricated using
GF/CNT/400Fe,O; composite as the negative electrode and GF
CoMoO, as the positive electrode (Fig. 3). Investigation of the
specific capacitance of the asymmetric device (GF-CNT/
Fe,03//GF-CoMo00,) at different current densities, as shown
in Fig. 3c, revealed that with the increase in the current
density, the specific capacitance decreased to a small amount,
which confirmed the good supercapacitor behavior of the
asymmetric device. Also, the asymmetric device (GF-CNT/
Fe,03//GF-CoM00,) showed 95% stability for up to 5000
cycles. The asymmetric device (GF-CNT/Fe,03//GF-CoM00,)
with high energy density is an example of an efficient super-
capacitor device that was able to overcome the limitations of
supercapacitor devices by the careful choice of effective elec-
troactive materials®** (Table 1).

Chemical bath
Annealing

CCINiC0,0,-N@NiO

Annealing

CCINiC0,0,-S@NiO
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capability.
Table 1 Investigating the specific capacitance of different types of composites based on carbon materials/metal oxides
Composite Specific capacitance Current density Reference
Ni(OH),-MnO,-RGO 1985 F g 1Ag? 135
Graphene sheet/porous NiO 400F g " 2Ag! 136
NiO/RGO 1016.6 Fg " 1Ag™! 137
Carbon-coated mesoporous NiO nanoparticles 931Fg ! 2Ag7" 138
NiO/Ni/rGO 20483 F g ' 1Ag! 139
Ni(OH),/graphene/nickel 2161 F g 1Ag"! 140
Ni(OH),/AC/CNT 1038 Fg ' 1Ag! 141
o-Fe,05/1GO 970 F g " 1Ag! 142
Co30, nanowire network coated on a carbon fiber 1124 Fg ' 025Ag " 143
Co30,4 nanoparticles on vertically aligned graphene nanosheets 3560 Fg ' 1Ag! 144
Fe,03/ACC 1181 Fg ! 5Ag7" 145
Graphene-CeO, 110F g ' 1Ag! 146
CeO,/MWCNTSs 4556 Fg ! 1Ag! 147
Ce0,/CNTs 818 Fg ' 1mvs? 148
Nb,05/rGO 620.5F g ! 1mvs’ 149

4.2. Nanocomposites of carbon materials/metal sulfides

Metal sulfides are another category of electroactive materials
that have been extensively studied in recent years. Metal
sulfides have a high specific capacitance, good energy density,
and good supercapacitor properties. However, metal sulfides
are oxidized in the vicinity of air, which limits the use of metal
sulfides as electroactive materials in supercapacitors. As
mentioned before, carbonaceous materials are an important

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

candidate for the manufacture of nanocomposite electrode
materials for improving the electrical conductivity and the
specific surface area. Preparing composites based on metal
sulfides and carbon materials prevents the oxidation of metal
sulfides, increases the specific surface area, and improves the
supercapacitor properties. Shen et al. used a hydrothermal
method to cover nickel sulfide on carbon and then put it on to
a graphene oxide sheet. Various composites with different
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percentages of the precursor material were also prepared to
achieve optimal electrode materials. The electrochemical
behaviors of RGO and CCNS were investigated to determine the
effect of each component in the composite on the final perfor-
mance. The results confirmed the synergistic effect and high
specific surface area. Finally, the CCNS-RGO composite showed
a specific capacitance of 860.1 F g ' at 5 mV s~ .**° Vickraman
et al. synthesized nickel sulfide and carbon-based nano-
composites with a core-shell structure. In this study, to obtain
stable materials, nanocomposites were prepared with different
proportions of carbon and nickel sulfide. The nanocomposite
with 1% carbon and 0.5% nickel sulfide confirmed the
achievement of an electroactive material with good super-
capacitor properties (specific capacitance of 1022 F g~ ' at
1 A g ")."! Using a multi-step method, Yang et al. first synthe-
sized nickel oxide coated with carbon and then synthesized
a nanocomposite based on nickel oxide coated with carbon with
reduced graphene oxide. Finally, the nanocomposite based on
nickel sulfide coated with carbon and reduced graphene oxide
(NizS,-C/rGO) (Fig. 4) was synthesized by sulfonation. The
stable structure of the nanocomposite confirmed the achieve-
ment of good supercapacitor properties with high
conductivity.***

In another study, a nanocomposite based on copper-nickel
sulfide and carbon nanotubes (obtained by placing copper-
nickel sulfide in the structure of carbon nanotubes) was
synthesized. The NiCuS/CNT composite demonstrated high
stability and power density, and showed a specific capacity of
1110.0 C g '. Investigation of the performance of the nano-
composite supercapacitors in an asymmetric device revealed
a power density of 52.5 W h kg™ "' at 750 W kg™, indicating its
potential as an efficient device.””® Sreeja et al. synthesized
a composite based on cobalt sulfide (CoS) and two other carbon
materials, namely graphene oxide (rGO) and multi-walled
carbon nanotubes (MWCNTs), using a hydrothermal method.
Investigation of the electrochemical behavior of this nano-
composite showed there was a synergistic effect between the
sulfided metal (CoS) and other carbon materials (MWCNTs and
rGO). The conductivity created by the carbon materials in this
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nanocomposite (rGO/MWCNT/CoS) confirmed the achievement
of a nanocomposite with ideal supercapacitor properties (with
the quasi-capacitance behavior of metal sulfide in addition to
the high conductivity of carbon materials). A specific capacity of
612 F g~ was obtained at a power density of 1 A g~* for the
nanocomposite.” Raj Xavier et al. synthesized a carbon
nanotube-based nanocomposite and two types of metal sulfides
(nickel sulfide and cobalt sulfide) using a facile method.
Investigation of the supercapacitor properties of the CNTs/NiS/
CoS nanocomposite confirmed the low resistance of this
nanocomposite. Comparing the impedance of the carbon
nanotubes with the CNTs/NiS/CoS nanocomposite showed that
the resistance of the CNTs/NiS/CoS nanocomposite was
decreased compared to the carbon nanotubes due to the
synergistic effect between the components of the nano-
composite.'® Manganese oxide is a commonly used electrode
material in supercapacitors due to its biocompatibility and
cheapness. However, manganese oxide has a low specific
capacitance, which has led to the use of manganese sulfide as
an alternative electrode material with good supercapacitor
properties. Manganese sulfide with a y-phase (layered structure)
has good supercapacitor properties because its structure
provides conditions for more electrolyte ion penetration. Tang
et al. synthesized a composite based on manganese sulfide and
graphene oxide with the Kirkendall effect. The three-
dimensional morphology of the MnS/GO-NH; composite led
to its high-efficiency supercapacitor performance. According to
the synthesis route shown in Fig. 5, MnS/GO-NH3;, MnS/GO, and
Mn (OH),/GO electrode materials were formed in a single
synthesis route. Investigation of the electrochemical behavior of
all three materials showed that MnS/GO-NH; had higher
conductivity and specific capacitance. Also, the redox peaks of
the MnS/GO-NH; composite were reduced compared to those of
the MnS/GO-NH; and MnS/GO electrode materials.**®

Deng et al. prepared composites based on eggplant-derived
carbon materials and NiCo,S,. The electrochemical results
showed that the specific capacitance of the composite was 4
times higher than that of NiCo,S,. The composite synthesis
(NiCo,S,4—carbon derived from eggplant) was done by creating

!
LR s

tum

NiO@C/rGO

Ni,S,@C/rGO

Fig. 4 Schematic of the synthesis of dual carbon-modified NizS,—C/rGO.*?
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Table 2 Investigating the specific capacitance of different types of composites based on carbon materials/metal sulfides

Composite Specific capacitance Current density Reference
MWCNTSs/NiS, 2054.28 Fg* 2Ag7" 158
NiC0,S,@CNT 1123 F g 05A¢g" 159
C/NiC0,S, 1545 F g 10Ag" 160
NiCo,S,/carbon nanotube 2210 F g ! 1Ag! 161
NiCo,S,/carbon-filled nickel foam complex 9.28 F cm ™2 4 mA cm? 162
NiCo0,S,/CNTs 1690 F g 5Ag" 163
C0S,/AC/g-C3N, 984 Fg ! 5Ag" 164
CoS/nitrogen-doped carbon 789 Fg ! 5Ag7" 165
CoS,/S, N co-doped porous carbon 306 Fg " 1Ag! 166
C030,/CoS 7642 F g ! 1Ag"! 167
g-CuS/Ce-SC 1333 mF em > 2 mA cm > 168
CuS-MWCNTs 2831 Fg ' 1Ag! 168
CuS/CC-4 213.8 Cg™' 049Ag" 169
CuS/CNT 1960 F g 10 mA cm > 170
CuS/MWCNT 396.7Fg ! 1Ag? 171
ANPC@CuS 1112.92F g ! 1Ag! 172
CuS/carbonized cotton 4176 mF cm ™2 2 mA cm ™2 173
Cu$S/C-dots 2642 F g 2Ag7" 174
Cus/3DG 249F g ! 4Ag" 175
rGO/CuS 235Cg " 1Ag" 176
CuS@CQDs 920.5F g " 05Ag" 177
CuS-CNTs@NF 467.02F g ' 05A¢g" 178
CC/VAGN/CuS 3426 mAhg! 1Ag™ 179
Cu, 4S/CC 485 F g " 025Ag" 180
Cus/C 719F g ! 1Ag! 181
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a bond between the polar groups of carbon and the cations. The
final morphology of the nanocomposite displayed a flaky
structure, which made it possible to achieve an efficient
supercapacitor by creating a high surface area (the high surface
area was due to carbon derived from eggplant).””” Quan et al.
synthesized a nanocomposite based on iron oxide and reduced
graphene oxide (¢-Fe,03/rGO) and a nanocomposite based on
manganese sulfide and reduced graphene oxide (¢-MnS/rGO).
Then, an asymmetric device was prepared from these two
nanocomposites, which showed a specific capacitance of 161.7
Fg 'at1Ag "% (Table 2).

4.3. Nanocomposites of carbon materials/metal-organic
frameworks

A metal-organic framework is a crystal structure in which
organic ligands link metal ions. Due to their high porosity and
the high specific surface, MOFs enable high performance for
supercapacitor devices. There are different methods available
for the synthesis of MOFs, and the choice of each method
creates unique properties. According to the general morphology
of MOFs, they show efficient performance in supercapacitor
devices as electrode materials. Bimetallic MOFs work better
than monometallic MOFs as electrode materials. Electrode
materials based on bimetallic MOFs provide good super-
capacitor properties, such as simultaneously achieving high
energy density and high specific capacitance. The synthesis of
composites based on carbon materials and MOFs is an effective
method to overcome the limitations observed in monometallic
MOFs. The synergistic effect between the MOFs and carbon
materials can lead to obtaining efficient electroactive
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materials.”® Kolekar et al. synthesized composites based on
MOF-Zn and reduced graphene oxide by a hydrothermal
method (Fig. 6). Electrochemical analysis of the Zn-MOF-rGO
composite showed it had a specific capacitance of 205 C g~ ' at
1Ag e

In another study, a composite prepared from graphene-like
carbon (nitrogen-doped) and a MOF confirmed the synergistic
effect between the carbon material and the MOF. The increase
in the specific surface due to the carbon compounds and the
presence of nitrogen compensated for the lack of conductivity of
the MOF compound, with the composite achieving a specific
capacitance of 470 F g '.*® Rai et al. synthesized a nano-
composite based on a copper MOF and reduced graphene oxide.
The nanocomposite electrode material displayed a high specific
capacitance (366.6 F g~') and high stability, showing the
beneficial synergistic effect from the copper MOF and the
reduced graphene oxide.'®® An increase in conductivity caused
by carbon nanotubes in composites based on MOFs and carbon
nanotubes was observed by Wang et al., who also reported that
the synergistic effect between the nickel MOF and carbon
nanotube) Ni-MOF/CNT(led to a stable electrode material with
a specific capacitance of 1765 F g~ '.'* The layered structure of
a nanocomposite based on a MOF and carbon nanotube
(MOF(Ni)/CNT) prepared by the solvothermal method enabled
faster electrolyte penetration and increased electrical conduc-
tivity. The asymmetric device prepared from these electrode
materials demonstrated a specific capacitance of 97 F g~ 1.18 A
nanocomposite based on a MOF (Ni/Co-MOF-rGO) and gra-
phene oxide was prepared using a cobalt MOF as a precursor.
The synthesis of the derived MOF and the composite (Ni/Co-
MOF-rGO) was performed in one step, and the composite
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Fig. 6 Schematic of the synthesis of Zn-MOF-rGO 183
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demonstrated a specific capacitance of 860 F g~ '.1*® However,
traditional physical and chemical methods of preparing
composites based on MOFs and carbon materials have some
disadvantages. This method limits the achievement of a homo-
geneous composite and sometimes destroys the carbon mate-
rials. To overcome this limitation, physical green methods have
been used.” Sulaiman et al. synthesized a nanocomposite
based on a copper MOF and reduced graphene oxide by
a hydrothermal method. Electrochemical analysis confirmed
the resistance of the nanocomposite electrode materials was
decreased compared to the individual components (ie., the
reduced graphene oxide and MOF). These use of these electrode
materials as the negative electrode in the manufacturing of
asymmetric supercapacitors led to a specific capacitance of
483.9 F g1

4.3.1 MOF-derived carbon materials. Carbon materials can
be obtained from MOFs, and these MOF-derived carbon mate-
rials can have unique performance properties, such as a high
specific surface area, for use in energy-storage systems.
However, the complex synthesis of MOFs derived from carbon
materials limits their performance as electroactive materials for
use in industry; in particular, the high cost and the long
synthesis method limit the mass production of these materials.
To overcome these limitations, Liu et al.*** synthesized a MOF
with cobalt ligands by a bottom-up method. The following step
involved synthesis of a porous carbon structure (containing
cobalt nanoparticles) by thermal decomposition of the MOF
(Fig. 7).

The carbon structure with high porosity provides abundant
active centers for ion transfer and increases the penetration rate
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of electrolyte ions.** The type of synthesis of the MOFs affects
the final electrochemical behavior of the MOF-derived carbon
materials. Mijowska et al. synthesized a MOF (MOF-5) derived
from different carbon materials by two different methods
(physical and chemical). Then, the carbon nanocomposite
derived from the MOF was synthesized in the next step. The
results of their electrochemical analyses showed that the
nanocomposite derived from the MOF synthesized by the
physical method had high stability and displayed a super-
capacitor behavior.’”> A nanocomposite based on manganese
oxide and carbon derived from a MOF was synthesized and its
supercapacitor behavior was investigated. As can be seen in
Fig. 8a, the CV curve of the MOF-derived nanocomposite in
Na,SO, electrolyte solution showed a pseudocapacitance
behavior (apparently inductively coupled with weak redox
peaks). Fig. 8b displays the charge-discharge diagram of the
nanocomposite, which showed the long discharging time of the
nanocomposite, indicating a supercapacitor with a high specific
capacitance. Fig. 8c shows the stability of the MOF-derived
nanocomposite could be maintained at 94% for up to 5000
cycles. The impedance and the fitted diagrams in Fig. 8d and e
confirm the resistance and the supercapacitor behavior of the
MOF-derivative nanocomposite. The Ragone plot in Fig. 8f
shows the energy density was 15.5 W h kg™ " for the MOF-derived
nanocomposite'®* (Table 3).

4.4. Nanocomposites of carbon materials/polymers

Polymers are substances of natural and synthetic origin that
consist of repeating units. Among the categories related to

Co;0, metal nanoparticles

calcinations at oxygen
atmospheres

N

carbon layer

Co metal nanoparticles

carbon layer

Fig. 7 Schematic of the syntheses of Co-BDC nanosheets and cobalt—carbon composites.***
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Fig.8 Electrochemical properties of MnO/C as supercapacitors. (a) CV curves; (b) charge—discharge curves; (c) cycling stability; (d) EIS in a high-
frequency region; (e) diagram of an equivalent circuit; and (f) Ragone plot of the symmetrical supercapacitor.*®®

polymers (organic, inorganic,

synthetic,

non-elastomer),
organic polymers, as conductive polymers, have shown good
performance in energy-storage devices. Conductive polymers
are called organic metals (common behavior between polymers
and metals) as electrode materials with better supercapacitor

properties than other inorganic materials. The electrical
conductivity of conductive polymers as electrode materials is
not the same as the conductivity of other electrode materials
(conductive and semiconducting). The conduction mechanism
of conductive polymers is not similar to other electroactive

Table 3 Investigating the specific capacitance of different types of composites based on carbon materials/MOFs and MOF-derived carbon
materials

Composite Specific capacitance Current density Reference
Cu-MOF/rGO 867.09 Fg " 1Ag"! 194
MOF-CNT 166.4 F g ! 1Ag! 195
rGO-NiCo,S,; MOF 972 Fg ! 1Ag! 196
MOF-NPC/MnO, 120F g 5Ag" 197
Fe-MOF/carbon 6285 Fg " 1Ag! 198
Carbon nanosheet derived from a 2D Cu-MOF 260.5F g ! 0.5Ag" 199
MOF-derived N-doped carbon 44Fg" 0.67Ag " 200
MOF-derived hierarchical carbon network 385Fg ! 01Ag" 201
v-CD-MOF 283.3Fg ! 1Ag! 202
Nitrogen-doped carbon-enriched MOF 27275 F g " 1.0A-g " 203
G/Co-MOF-derived 3DPC/C030, 423Fg " 1Ag" 204
MOF-derived nanoporous 545 F g ' 1Ag™? 205
MOF-derived carbon 174 Fg—1 1Ag! 206
Co-MOF/MX-CNF 4754 mAh g™ 1Ag" 207
MOF-derived phosphorus-doped porous 168 F g ' 1Ag! 208
carbons

MOF-derived nitrogen-doped porous carbons 230F g ! 1Ag™! 209
CC/CoNi-MOF 177.7Fg ! 021Ag " 210
MOF-derived Mn;0,~C/rGO 382.1Fg ! 1Ag7" 211
MOF-derived C0,Sg/NS-C 734Fg ! 1Ag7" 212
NiCo-MOF/MWCNT 1010 F g " 05Ag" 213
MOF-derived CNT/NiO 996 Fg ! 1Ag! 214
MOF-derived NiS,,C 1572 Fg ! 0.5Ag" 215
MOF-derived Ni-CoP/C 7081Fg ! 1Ag! 216
Ni-MOF-derived NiO/C 496Cg" 1Ag! 217
MOF-67-derived C 24.7 Fem ™2 1 mAcm 218
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materials. In general, the conduction mechanism of conductive
polymers is a combination of electrical conductivity and ionic
conductivity. Therefore, conductive polymers show a double
charge-transfer mechanism, and when the m-m electrons are
transferred, a conductive path is created. During the electro-
chemical reactions performed on the surface of conductive
polymers, ions move on the surface of the conductive polymer,
which causes a change in the oxidation state**® Among
conductive polymers, polyaniline is among the most biocom-
patible and can be obtained via a facile synthesis method. The
high conductivity, low density, and good mechanical properties
of polyaniline have made polyaniline a suitable candidate for
preparing nanocomposites to improve the performance of
semiconductor materials. However, some nanocomposites
based on polyaniline and semiconductor materials are less
stable due to the swelling caused by the doping process of
polyaniline chains. Therefore three-component nano-
composites based on semiconducting materials, polyaniline,
and carbon materials have been synthesized to overcome this
limitation. Liu et al. synthesized a nanocomposite based on
vanadium oxide, conductive polymer, and carbon nanotubes,
and the resulting nanocomposite showed an increase in
stability and specific capacitance compared to those of the
individual components.>* The synergistic effect between poly-
aniline and carbon nanotubes and NiMnO; made it possible to
achieve a supercapacitor with high stability, high power density,
and a specific capacitance of 1276 F g~ *.>** The synergistic effect
between silver ions, activated carbon, and polyaniline enabled
obtaining efficient electrode materials.**

A composite of MWCNTs with polyaniline synthesized by
a self-dispersion method enabled obtaining electrode materials
that displayed a specific capacitance of 1017 F g~ ' due to the
synergistic effect between the polyaniline and MWCNTs.**
Composite synthesis based on carbon materials and polyaniline
allowed obtaining a flexible supercapacitor that was shown to
be stable under mechanical stress. The synthesis of electrode
materials based on carbon nanotubes, polyaniline, and gra-
phene was used to prepare flexible supercapacitors with desir-
able supercapacitor properties.”** Chen et al. reported a three-
component nanocomposite synthesized on carbon nanotube
fibers in which the shell-shell structured N-CNTs were formed
and then polyaniline was deposited on the N-CNTs. The carbon
nanotube fibers increased the speed of electron transfer and
improved the interaction between the other components (PANI
and N-CNTs), while the N-CNTs increased the rate of ion
transfer and the rate of electron transfer at the same time. The
synergistic effect between the three components of the
composite led to it displaying a specific capacitance of 221.3 F
g .22 polyaniline's cyclic stability was achieved by preparing
a composite based on polyaniline and MWCNTs combined with
activated carbon (A-MWCNT/PANI). The carbon materials
ensured the polyaniline polymer matrix was homogeneous. In
a study conducted by Park et al., activated MWCNTSs were used
to homogenize the surface of polyaniline to improve the stable
cycle. Activation of the MWCNTs increased the specific surface
area of nanotubes, which had a great effect on improving the
final performance of the nanocomposites. Also, the interactions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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created between the carbon (m-conjugated) and polyaniline
(quinoid ring) components accelerated the charge-transfer
process.”*® Activated carbon has been used to preserve the pol-
yaniline polymer chain from degradation during charge-
discharge cycles, which can enable obtaining stable electrode
materials. In many cases, the specific capacitance of polyaniline
is higher than the composite based on carbon and polyaniline
materials, so the synthesis of nanocomposites based on poly-
aniline and carbon materials can be performed to increase the
cyclic stability of electrode materials.””” To determine the
influence of the synthesis method on the final performance of
electrode materials based on nanocomposites derived from
carbon materials and polyaniline, a study was conducted by
Morallon et al. comparing the synthesis of nanocomposite
electrode materials obtained by two chemical and electro-
chemical methods. Two asymmetric devices were prepared
from nanocomposites synthesized by electrochemical and
chemical methods using activated carbon as the negative elec-
trode. The supercapacitor behaviors of the asymmetric devices
were investigated using H,SO, electrolyte. A better super-
capacitor behavior was obtained for the asymmetric device of
the nanocomposite prepared by the chemical method, display-
ing an energy density of 20 W h kg™ *.2%® A flexible supercapacitor
for use in wearable electronics was obtained by Chen et al.
based on a composite prepared from activated carbon fiber,
polyaniline, and carbon nanosheets. Their investigations into
the electrochemical behavior of the active carbon fiber (ACFF)
used in the manufacture of wearable electronics showed it had
poor electrical conductivity; however, the high porosity of ACFF
facilitated the absorption of electrolyte ions, so the low specific
capacity of these materials corresponded to the poor electrical
conductivity. To improve the performance of ACFF, different
ratios of polyaniline (0.5, 0.1, 0.15, and 0.2) were combined with
ACFF. CV analysis of the prepared composites confirmed the
nanocomposite containing 0.1% polyaniline had higher specific
capacitance. To improve the electrical conductivity of nano-
composite based on polyaniline and ACFF a three-component
nanocomposite based on polyaniline, ACFF, and carbon nano-
tube was synthesized. The obtained nanocomposite showed
a high specific capacitance of 5476 mF cm >.>** Activated
carbon derived from biomaterials has demonstrated high
performance in energy-storage systems. Du et al. synthesized
celery-derived activated carbon at 500 °C under CO, gas. Next,
a composite based on polyaniline and celery-derived activated
carbon was synthesized. Then nitrogen-doped porous carbon
was synthesized by carbonization of the composite formed at
850 °C under nitrogen gas. The electrochemical behavior of the
obtained nitrogen-doped porous carbon electrode material was
investigated in H,SO, electrolyte solution and showed a specific
capacitance of 402 F g~ '.2* Xie et al. reported synthesizing ACFs
(fibers substrate of activated carbon) by a hydrothermal method
under argon gas and then polyaniline was grown on the ACFs.
The ACFs demonstrated increasing electrical conductivity,
which led to the achievement of efficient electrode materials
with a specific capacitance of 296.3 F g~ '.>** Carbon materials,
including activated carbon and graphene oxide, which can be
added to increase the cyclic stability of polyaniline, have low
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Table 4 Investigating the specific capacitance of different types of composites based on carbon materials/MOFs and polymers
Composite Specific capacitance Current density Reference
Mn-CPANI 329F g ' 1Ag" 233
AC/PANI/PVA 66.6 Fg ' 1Ag! 234
PANI/AC 35Fg ! 1Ag™" 235
PANI/AC/TiO, nanowires 286 Fg ! 1Ag! 236
ACC/PANI 369 Fg ! 50 mA g " 237
PANI/AC/CuF 2483Fg" 1Ag! 238
PANI/AC 549.5F g 1Ag! 239
PANI/AC 1250 F g " 1Ag? 240
PANI-TU-ACF 563.8 Fg~* 1Ag™" 241
NSAC-PANI-2 304Fg ! 1Ag! 242
PANI/nTiO,/AC 827 Fg " 10mvs "' 243
AC/PANI 4379F g " 05Ag" 244
PANI/GO/CuFe,0, 614.76 F g 0.5Ag" 245
PCNT-NMP-40 917.3 Fg " 1Ag! 246
AC//Pani-C 230Fg ! 1Ag! 247
rGO/PANI/PB 336 Fg " 1Ag! 248
PANI/CNTs 389.5F g ! 05Ag" 249
PANI/(TOCNF-SMWCNT) 546 Fg ! 1Ag! 250

solubility in water, so choosing hydrophilic carbon materials,
such as carbon-based quantum dots, can be a suitable alter-
native. Thambusamy et al. synthesized quantum dots derived
from ascorbic acid, with an aim to take advantage of the high
electrical conductivity of ascorbic acid, by a hydrothermal
method at 180 °C. Then a PANI-CQD-Cu nanocomposite was
synthesized by polymerization from aniline monomer, CuSOy,
and CQD derived from ascorbic acid. The conductivity of the
PANI was improved by the presence of the CQD surface func-
tional groups along with the redox catalytic property of copper
ions. The electrochemical behaviors of the polyaniline and
polyaniline-CQD-Cu nanocomposite and polyaniline-copper
and polyaniline-CQD composites were investigated in the same
electrolyte (1 M H,SO,), with the high supercapacitor perfor-
mance of the polyaniline-CQD-Cu nanocomposite demon-
strated, with a specific capacitance of 1070 F g~ ' 2* (Table 4).

4.5. Nanocomposites of carbon materials/MXenes

The first report of MXene synthesis was recorded in 2011 by
Gogotsi et al.*** MXenes consist of the M,,,,AX,, phase (n = 1, 2,
3...), where M, A, and X are transition metals, IIIA or IVA
elements, and carbon or nitrogen, respectively. Despite having
good physical and chemical properties as electrode materials,
MXenes have low cyclic stability. The performance of MXenes as
electrode material can be improved by the formation of carbon/
MXene-based composites. Carbon materials increase the elec-
trolyte diffusion rate by increasing the specific surface area,
enabling obtaining electrode materials with high stability and
specific capacitance. The synthesis methods of MXenes include
electrostatic, hydrothermal, and solvothermal methods. Sathish
et al. synthesized N-(Nb,CTx/rGO) using a supercritical fluid
method. Nb,CTx synthesized by the supercritical fluid method
has better supercapacitor properties than other MXenes. The
electrochemical behavior of (Nb,CTx/rGO) was investigated in
H,SO,, TEABF,/ACN, and PVA/H,SO, electrolytes, and the
stability of the N-(Nb,CTx/rGO) electrode material in the PVA/

40154 | RSC Adv, 2024, 14, 40141-40159

H,S0, electrolyte was recorded as 100% at up to 100 000 cycles.
The 2D/2D structure of the N-(Nb,CTx/rGO) composite with
high specific surface area suggest its potential use as
a commercial electrode material with high stability (100%
stability) and provide the basis for further studies in this field.>**

6. Conclusion

In this study, by reviewing the electrochemical properties of
different types of carbon-based nanocomposites as electrode
materials, the effect of each type of carbon material (CNT, AC,
CQD, GO, and RGO) on improving the various types of electro-
active materials (metal oxides, conductive polymers, MOFs, and
metal sulfides) was investigated. The combination of carbon
materials with metal oxides reduces the faradaic current while
the synergistic effect between the metal oxides and carbon
materials enables obtaining electrode materials with high
specific capacitance. Carbon materials prevent the oxidation of
metal sulfides in the vicinity of air. Composites based on carbon
materials and MOFs can enable obtaining electrode materials
with a larger specific surface area. Finally, carbon materials can
improve the cyclic stability of conductive polymers and prevent
the destruction of polymer chains during long charge-
discharge cycles. This review study, by comprehensively exam-
ining the effect of carbon materials in improving the perfor-
mance of other electroactive materials, provides insights for
further innovative studies by researchers in this field.
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