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Supercapacitors have gained significant attention owing to their exceptional performance in terms of
energy density and power density, making them suitable for various applications, such as mobile
devices, electric vehicles, and renewable energy storage systems. This review focuses on recent
advancements in the utilization of 0-dimensional to 3-dimensional carbon network materials as
electrode materials for high-performance supercapacitor devices. This study aims to provide
a comprehensive evaluation of the potential of carbon-based materials in enhancing the
electrochemical performance of supercapacitors. The combination of these materials with other
cutting-edge materials, such as Transition Metal Dichalcogenides (TMDs), MXenes, Layered Double
Hydroxides (LDHs), graphitic carbon nitride (g-CzN4), Metal-Organic Frameworks (MOFs), Black
Phosphorus (BP), and perovskite nanoarchitectures, has been extensively studied to achieve a wide
operating potential window. The combination of these materials synchronizes their different charge-

storage mechanisms to attain practical and realistic applications. The findings of this review indicate
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1. Introduction

The rising demand for clean and reliable energy sources,
coupled with environmental concerns associated with tradi-
tional energy storage methods, has brought about the need for
supercapacitors.”” The energy storage crisis has become an
increasing concern, with the limitations of conventional energy
storage methods, such as batteries, hindering their ability to
efficiently store and discharge energy.*® The limited capacity
and short lifespan of traditional energy storage methods not
only affect their effectiveness but also contribute to
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carbon-based materials in supercapacitor applications.

environmental concerns such as waste disposal and finite
resource depletion.® Supercapacitors, with their ability to store
and discharge energy quickly and efficiently, present a prom-
ising solution to the energy-storage crisis. Their high energy
density, long lifespan, and eco-friendliness make them attrac-
tive options for meeting the growing demand for clean and
dependable energy sources.” Conventional energy storage
methods, such as batteries, have been widely used in various
applications including consumer electronics and electric vehi-
cles. However, they have certain limitations that affect their
efficiency in storing and discharging energy as required. One
significant limitation of batteries is their limited capacity,
which determines the amount of energy they can store at any
given time. This limited capacity means that the amount of
energy that can be stored is often insufficient for high-energy-
demand applications, such as electric vehicles, which require
larger amounts of energy for longer periods. In addition,
batteries have a relatively short lifespan, which means that they
require frequent replacement, leading to additional costs and
waste. These limitations hinder the ability of conventional
energy storage methods to efficiently store and discharge
energy, thereby limiting their effectiveness and usefulness in
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many applications.® Their exceptional capabilities position
supercapacitors as potential major players in the resolution of
the energy storage crisis and the realization of a more sustain-
able energy future. The electrodes in supercapacitors can be
composed of a range of materials, including zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) carbon-based materials. 0D carbon-based
materials refer to activated carbon, which has a porous struc-
ture and a substantial surface area.>'® The high mechanical
strength and exceptional electrical conductivity of single-walled
carbon nanotubes characterize 1D carbon-based materials.****
2D carbon-based materials, such as graphene sheets, exhibit
a high surface area and commendable electrical
conductivity.”*** 3D carbon-based materials are represented by
carbon aerogels, which possess a high degree of porosity and
extensive surface area.’®"” An activated carbon supercapacitor,
which provides high capacitance and stability, is an example of
a supercapacitor that employs zero-dimensional (0D) carbon-
based materials.

2D electrode materials as electrode materials in super-
capacitors are superior to traditional electrode materials owing
to several advantageous properties. First, the high surface area
of 2D materials results in a high capacitance and improved
energy storage capacity."® Second, the good electrical
conductivity of 2D materials enables fast charge and discharge
times, making them particularly suitable for high-power appli-
cations such as electric vehicles and renewable energy systems,
where quick energy storage and release is necessary.”® Further-
more, 2D materials possess excellent mechanical strength,
allowing them to endure high stress and repeated charge-
discharge cycles.”® Additionally, the long-term performance of
2D materials is relatively stable compared with that of other
electrode materials, thereby reducing the risk of degradation
over time. These properties make 2D materials a superior
option for use as electrode materials in supercapacitors. Zhang
et al.® summarized the recent progress in the preparation
methods of biomass-based porous graphitic carbon (BPGC) as
an electrode material in supercapacitors and its optimization
and restructuring from 0D to 3D, while discussing its structure—
performance correlation and challenges and opportunities for
future development. This review helps researchers choose
appropriate methods for constructing BPGC and opens up
various directions for optimizing ion and electron transport for
high-performance energy storage devices. Kumar et al’
provided a comprehensive overview of the current state of the
art in the fabrication and electrochemical performance of
advanced electrode materials for supercapacitors, including
various carbon nanomaterials with different dimensions and
emerging fabrication technologies. They highlighted single
atom, dual atom-doped and composites with carbon nano-
materials enhances the electrochemical performance of elec-
trode materials and discussed the potential of supercapacitors
to fill this technology gap. This article also highlights the
challenges and promising research directions in this field.
Benoy et al.** provided a critical review of the progress and
status of hybrid supercapacitor-battery energy storage devices,
focusing on the use of porous and graphene-based carbon

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

electrode materials and their electrochemical properties for
potential applications in various sectors, particularly hybrid
energy vehicles. The review of Zhong et al** highlights the
current research progress in supercapacitors and the different
carbon nanomaterials used as electrodes as well as the impact
of multilevel composite structures on high-performance
supercapacitors. This provides an insight into the develop-
ment of high-energy supercapacitors.

Advancements in the utilization of carbon-based materials
as electrode materials for supercapacitors have progressed from
0D to three-dimensional 3D structures, with (2D) materials
exhibiting potential for high-performance applications. The
evolution of activated carbon (0D) to single-walled carbon
nanotubes (1D), and then to graphene sheets (2D), and finally to
carbon aerogels (3D), has led to an increase in capacitance and
stability. In particular, 2D materials, such as graphene, are
deemed suitable for high-power applications owing to their
exceptional surface areas and electrical conductivity. Ongoing
research in this domain aims to enhance the production
methods and long-term stability of 2D carbon materials, with
the ultimate goal of realizing more cost-effective and efficient
energy storage solutions. Fig. 1 shows a schematic representa-
tion of various types of 2D materials, highlighting their current
challenges and possible solutions to overcome them.

This review paper delves into the latest developments in the
utilization of 0-dimensional to 3-dimensional carbon network
materials as electrode materials for high-performance super-
capacitors. This study focuses on the integration of diverse
carbon materials such as 0D, 1D, 2D, and 3D carbon materials
with other state-of-the-art materials such as Transition Metal
Dichalcogenides (TMDs), MXenes, Layered Double Hydroxides
(LDHs), graphitic carbon nitride (g-C3;N,), Metal-Organic
Frameworks (MOFs), Black Phosphorus (BP), and perovskite.
This study conducted a comprehensive evaluation of the
potential of these combinations to enhance the performance of
supercapacitors, thus making them even more efficient. Finally,
this paper highlights the future prospects of these combina-
tions and the likelihood of further advancements in the field of
high-performance supercapacitors.
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Fig.1 A schematic of 2D materials with the type, current challenges,
and solutions.
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2. Carbon materials
2.1 Zero dimensional carbon materials

Carbon materials with dimensions of zero are spherical and have
an aspect ratio of ~1. They mainly include mesoporous carbon,
activated carbon (AC), carbon black, and carbon nanospheres.
Zero-dimensional carbon materials such as carbon dots, carbon
quantum dots, and graphene quantum dots have unique physical
and chemical properties that make them promising candidates
for supercapacitor applications. They have high surface areas,
can store charges at the nanoscale level, and their surface
chemistry is easily tunable through chemical modifications to
enhance their electrochemical performance.**** They have a large
specific surface area (hundreds to thousands of m> g~ ') as well as
pore sizes and dispersion that can be adjusted.”® Zero-dimen-
sional carbon particles can be produced by physical activation
and chemical activation processes. Physically activation process
is performed at a temperature of 700-1200 °C in the presence of
different oxidizing gases, such as CO,, H,O, and air whereas the
chemical activation process is carried out at a temperature of
600-800 °C in the presence of KOH, H3;PO,, and ZnCl,.>* The
large surface area, high electrical stability, and low cost make AC
a promising material that can be used for supercapacitors. Basic
materials like coal, wood, etc., that have plentiful carbon are
either physically or chemically activated to obtain AC. In the lack
of atmospheric air, those basic materials are heated to an
extremely high temperature of 1200 °C during physical activation.
Similarly, in the presence of activity agents like zinc chloride,
sodium hydroxide, phosphoric acid, etc., those basic materials
are heated at lower temperatures of 400-700 °C during the
chemical activation process.’ Yue et al.® reviewed the binary and
ternary composites of carbon material/MnO, for high-
performance supercapacitor electrode materials, discussing
their mechanisms and practical applications and analyzing their
characteristics. They conclude that multi-component composites,
especially biomass activated carbon/low-dimensional carbon
materials (1D, 2D)/MnO,), will be promising materials for
supercapacitors, and that new technologies such as graft oxida-
tion and 3D printing will be the future trend in their preparation.
The challenges and development trends of these composites are
also discussed. Pecenek et al.*® highlighted the potential of
carbon-based MnO, composite electrodes for energy storage
applications, with high conductivity and a large surface area
resulting from the favorable interaction between MnO, and
nanoscale materials. Nitrogen-doped MnO, composite super-
capacitor electrodes with high specific capacitance and good
cycle performance have been demonstrated, with the highest
specific capacitance (457 F g " at 1 A g~ ') achieved by a MXene-
based MnO, composite. Liu et al.>* showed the preparation of
MLCM from ionic liquid-lignin solution, which offers a green,
facile and sustainable strategy for high-performance carbon
electrode materials, specifically from renewable lignin. They
prepared nitrogen and phosphorus dual-doped alkali lignin-
based carbon microspheres and used as supercapacitor elec-
trode materials. They showed superior electrochemical perfor-
mance with the highest specific capacitance of 338.2 F g~* and
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maintained excellent cycle
discharging cycles.

stability after 5000 charging/

2.2 One dimensional carbon materials

One dimensional carbon particles have a long one-dimensional
nanostructure; therefore, one dimensional carbon particles are
widely used for supercapacitors.” For the manufacturing of
one-dimensional carbon materials, fibrous biomass such as
wood, cotton, and flax is used, with cellulose being the essential
element of biomass.>” One-dimensional carbon materials, such
as carbon nanotubes, carbon nanofibers, and graphene nano-
ribbons, have unique structural and electronic properties that
make them a promising choice as electrode materials for
supercapacitors. Their high aspect ratio and electronic proper-
ties result in a large surface area and faster charge and
discharge rates, enabling a higher capacitance. In addition,
their high mechanical strength makes them good candidates
for applications that require high-stress conditions.”®* For
example, CNTs are the most typical one-dimensional carbon
particles. CNTs are classified into single-walled CNTs and multi-
walled CNTs, prepared by the arc discharge process, pyrolysis of
hydrocarbons, and CVD method.**** The abundant surface
area, light weight, electrical conductivity properties, and
intrinsic flexibility of carbon nanotubes make them the most
commonly used supercapacitor electrode material.*® Xiong et al.
used electrophoretic deposition followed by the chemical vapor
deposition method to fabricate a rGO/CNT composite on CF.
This combination reported a Cy, of 203 F g~ ', 4 times higher
than that of pure CF.** CNFs represent another typical one-
dimensional carbon material that may be produced using the
chemical vapor method.**?* Recently, Selvaraj et al'® have
developed a low-cost method for fabricating high-performance
supercapacitors using carbon nanofibers, graphene oxide
sheets, and manganese dioxide, resulting in a specific capaci-
tance of 271.4 F ¢~ * and energy density of 17.3 W h kg~ " for
CNF/MnO, and 251.5 Fg~ " at 0.5 A g™ " for rGO/CNF. This result
has potential to be a high-performance and cost-effective energy
storage solution for the future. Zhang et al* presented
a versatile design for fabricating MOF-based heterostructures as
energy storage electrodes, offering improved electrochemical
performance through increased interfacial active sites and
better reversible redox reaction kinetics. They fabricated a Co-
carbonate hydroxide@Ni-metal-organic framework (Co-
CH@Ni-MOF) composite with a super-uniform core-shell het-
erostructure and demonstrated to have a high specific capacity
of 173.1 mA h g™ and excellent cycling stability. Shivakumar
et al.* showed that the one-dimensional hollow cuboid-like
architecture of CFMO micro-/nanostructures offers improved
electrochemical performance and stability, making it a prom-
ising material for hybrid supercapacitors in future energy
storage devices. One-dimensional hollow FeMoO, (CFMO)
micro-/nanostructures were fabricated through a hydrothermal
approach and found to exhibit superior electrochemical
performance compared to non-calcined FeMoO, (AFMO)
materials. CFMO showed a maximum specific capacitance of
493 F g~ ' and the resulting hybrid supercapacitor (CFMO//AC)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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had a maximum energy density of 29.89 W h kg™ ' and a power
density of 1001.58 W kg™ " with 89.62% capacitance retention
after 10 000 cycles.

2.3 Two dimensional carbon materials

2-D carbon materials are sheet-like structure particles such as
reduced graphene oxide, graphene, graphene oxide, nano-films
and nano-plates. Two-dimensional carbon materials, such as
graphene and graphene oxide, are highly sought-after electrode
materials for supercapacitors because of their unique two-
dimensional structure and excellent electrical conductivity.
The high surface area and abundance of edges and defects
make them highly suitable for charge storage, enabling faster
charge and discharge rates and higher capacitance.** Further-
more, their surface chemistry can be easily modified to
enhance their electrochemical performance.”® Graphene is
a one atomic thick sheet that possesses some important
properties like exceptional electrical and thermal conductivity,
high tunable surface area (2675 m” g "), structural flexibility,
short diffusion distance, strong mechanical strength, good
chemical stability, and good chemical stability with a wide
potential window.*>** A Cy, of 75 F g~ ' with an energy density
of 31.9 W h kg™ was reported by Dubey et al. utilizing a gra-
phene-based supercapacitor device having an ionic liquid
electrolyte while with organic and aqueous electrolytes, it
yields a Cy, value of 99 F g~' and 135 F g, respectively.*
Several methods for the preparation of graphene are already
reported, and out of them, the “Scotch-tape” process is mainly
used. Meanwhile for the study basis, several methods like
chemical vapor deposition, arc discharge, exfoliation, etc., are
used. Activated Carbon Nanofiber (ACNF) mats were compared
by Singh et al* with Activated Carbon (AC) and Crushed
Carbon Nanofibers (CA-CNF) for use as electrode materials in
supercapacitors using various characterization techniques.
ACNF showed the highest specific capacitance of 203.29 F g~ *
compared to AC (106.17 F g ') and CA-CNF (166.12 F g~ *) and
an all-solid-state supercapacitor device made with ACNF mats
exhibited high energy density (65.52 W h kg™ ') and power
density (1036.27 W kg™ ') with high coulombic efficiency
(99.6%) after 10 000 cycles. MoS,/Mn-MOF/MWCNT compos-
ites were synthesized by Peng et al*® and tested for super-
capacitor performance, with the best result of 862.73 Fg™'
specific capacitance achieved at a mass ratio of 1:4:1 for
MoS, : Mn-MOF : MWCNT. The 2D based composite shows the
best electrochemical performance among the tested materials
and provides a promising method for the development of Mn-
based supercapacitor materials. Ji et al.*” demonstrated a one-
step calcination strategy to fabricate nickel sulfide and cobalt
sulfide nanoparticles on ultrathin carbon two-dimensional
nanosheets (Ni3S,/C0oSg/C) for use as a battery-type cathode
in hybrid supercapacitors. The resulting Ni;S,/Co4Ss/C cathode
showed remarkable electrochemical features with a capacity of
1160 Cg ' (2320 Fg ') at 1 A g ', good cycling capability, and
a high energy density of 69.6 W h kg™ '. This suggests great
potential for practical application of Ni;S,/C0sSg/C ultrathin
nanosheets.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Three dimensional carbon materials

In 3-D carbon materials, all the material dimensions remain
outside the nanoscale (<100 nm). Graphite is a typical 3-D
carbon material. The microstructure of electrode materials
significantly impacts energy storage system performance.”®**->°
With the increase in dimensionality, the electrolytes come into
contact with a more percentage of active sites, which improves
the electrochemical performance of electrode materials. As
a result, 3D layouts provide uninterrupted pathways for good
electrolyte contact while simultaneously accelerating charge
transfer by minimizing the diffusion path.**-** Typically chem-
ical vapor deposition, template, and hydrothermal methods
create 3D carbon materials on a flexible surface like polymer
surfaces or metal foam.>*** A high graphitic porous biomass
carbon (HGPBC) derived by Tan et al.*® from dandelion flower
stems was synthesized using potassium ferrate as an activator
and showed improved conductivity with a high specific capac-
itance of 309 F ¢~ and energy density of 14.22 W h kg™ ". The
synthesis of HGPBC from a renewable source holds promise for
low-cost, green production of advanced energy storage mate-
rials for supercapacitor applications in the future. 3-D activated
carbon nanosheets modified with graphitized carbon dots (3-D
ACNs/GCDs) by Li et al.®® have been proposed as a promising
electrode material for supercapacitors. The product has a well 3-
D porous structure and high specific surface area of 1328 m>
g *. The capacitive performance of the 3-D ACNs/GCD electrode
material is satisfactory with a high specific capacitance of 202.9
Fg 'at1Ag 'and good rate performance, as well as long cycle
stability with 93.2% capacitance retention after 2000 cycles.

Bi et al.** developed a hierarchical porous carbon (HPC) and
used it to create a MnO,@HPC composite as an electrode

Fig. 2 Schematic design of a 0D-3D carbon network with 2D elec-
trode materials for supercapacitor applications using a rational
approach.
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material for supercapacitors through a simple hydrothermal
method. The MnO,@HPC-100 composite showed excellent
performance with a high specific capacity of 368 F g™, energy
density of 88.2 W h kg™, and stable capacity retention rate of
95% after 10 000 cycles, making it a promising material for
energy storage applications. Fig. 2 shows a schematic design of
a 3D carbon network integrated with 2D electrode materials for
supercapacitor applications, which uses a rational approach.

3. Transition metal dichalcogenides
(TMDs) in supercapacitors

TMDs are inorganic layered compounds with an X-M-X skeleton
made up of chalcogens (X: Te, Se, S) and transition metals (M).
TMDs have the generic formula MX,. M represents transition
metals (W, Mo, etc.) and X represents chalcogens (S, Se, and Te).
Basically, in TMDs, one metal atom (M) is sandwiched between
two chalcogen (X) atoms.*> For example, molybdenum diselenide
(MoSe,), molybdenum disulphide (MoS,), tungsten diselenide
(WSe,), tungsten disulphide (WS,), etc., are the most commonly
used TMDs for supercapacitor electrode materials. Among the
various TMDs, MoS, is the most popular and studied TMDs. But
regarding the supercapacitor application, MoSe, is better than

(a)
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MoS, due to its exceptional properties such as outstanding
electrical conduction and lower size than MoS,.** TMDs possess
two types of phases: 1T phase and 2H phase, with the 1T phase
being metallic and the 2H phase being semiconducting.** TMDs
have attracted a lot of attention as electrode materials because of
their novel sheet-like morphology, abundant surface area, vari-
able oxidation states, etc. The active edges in 2D TMDs allow us to
combine them with other electrochemically active materials to
form super active nanocomposites. TMDs have unique properties
that allow them to store charge both electrostatically and via
a faradaic mechanism.®*® However, the poor 2H phase of TMDs
hinders their real potential.”” The restacking of 2D TMDs also
inhibits the large surface area which is available for electro-
lytes.®®*® Fig. 3 shows a comprehensive schematic that includes
a representation of synthesis routes and types of TMDs, their
superconducting performance, a hybrid structure of 2D TMDs
and graphene, and a crystalline structure of 1T TiS,. Fig. 3
encompasses a range of micrographs and illustrations that
highlight the features of f-MoS,. (a) shows SEM micrographs of f-
MoS,, (b) illustrates the formation process of the hierarchical
MoSe,/C hybrid, (c) presents a schematic of the stability of MoS,
nanosheets on graphene, (d) displays the CD curves of the MoSe,/
G nanohybrid at various current densities along with a Ragone
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(a) Micrographs of f-MoS, obtained using SEM. (b) An illustration of the formation of the hierarchical MoSe,/C hybrid. (c) A schematic

showing the stability of MoS, nanosheets on graphene. (d) The CD curves of the MoSe,/G nanohybrid at different current densities ranging from 1
to 10 Ag~? as well as a Ragone plot for the MoSe,/G||AC ASC device, which also includes a photograph of the ASC device. (e) A comparison of CV
curves and capacitance results, and (f) GCD curves and a demonstration of the LED.
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plot for the MoSe,/G||AC ASC device, (€) presents comparative CV
curves and capacitance results, and (f) shows GCD curves and
LED demonstration.

3.1 0D carbon-TMD composite electrode materials for
supercapacitors

Sangeetha et al. described activated carbon/MoS, composite
synthesis for good performance ultracapacitors by a hydro-
thermal method. A different weight ratio (1:1, 1:2,1:3, 2:1,
and 3:1) of activated carbon/MoS, was taken to fabricate the
working electrode, and the total mass loading was maintained to
be 2-5 mg cm 2. A symmetric supercapacitor was prepared by
using two AC/MoS, electrodes and showed a higher specific
capacitance of 261 F g~ ata scan rate of 2 mV s~ '. A performance
retention of about 89% over 5000 cycles was observed, which
confirms its good cycling stability. Moreover, the nano-
engineered material produced an energy density of
21 W h kg™" and a power density of 225 W kg™ " for symmetric
supercapacitors. Furthermore, they also constructed a hybrid
supercapacitor with an AC anode and with an AC/MoS, cathode.
At 2 mV s ', a Cg of 193 F g~' was observed. The hybrid
supercapacitor's energy density was found to be 17 Wh kg™, and
the power density was found to 200 W kg~ '.”° Khawula et al.
reported constructing a molybdenum disulfide modified carbon
nanosphere (MoS,/CNS) nanoarchitecture as an electrode mate-
rial for supercapacitors with two distinct morphologies (flower
and spherical) by adopting a hydrothermal process. From the
physical and chemical characteristics, they revealed that f-MoS,/
CNS presented lattice development and a large surface range; on
the other hand, s-MoS,/CNS showed lattice shrinkage and
a reduced surface area. Moreover, f-MoS,/CNS exhibited an
energy density of 26 W h kg™*, a specific capacitance of 231 Fg ™,
and a power density of 6443 W kg™ ', while the Cy;, of s-M0S,/CNS
was 108 F g™, with a power density of 3700 W kg™ ' and energy
density of 7.4 W h kg ™. The excellent electrochemical properties
of the as-prepared composites are due to the sound structure of
the composites and the synergetic effect of CNSs and MoS,
plates.” Ma et al. adopted a simple hydrothermal approach to
construct a 3D hierarchical flower-like MoSe,/C hybrid assem-
bled with numerous few-layered nanosheets as the building
blocks. Triethylene glycol acts as a source of carbon and a struc-
ture-directing substance. At 1 A g ', the as-synthesized
composite exhibited a remarkable capacitance performance of
878.6 F g~ ', while bare MoSe, displayed a capacitance perfor-
mance of 436.7 F g '. Moreover, the composite exhibited
outstanding cycling performance, with 98% of the capacitance
remaining after 2000 cycles. The high electrochemical perfor-
mance is due to the hierarchical porous structure and the
incorporation with the conductive carbon material, which offers
a large surface area and promotes the charge transfer of carriers
at the electrode/electrolyte interface.”

3.2 1D carbon-TMD composite electrode materials for
supercapacitors

Tiwari et al. reported the decoration of MoS,@CNT nano-
structures by utilizing a unique combination of CVD and PVD

© 2023 The Author(s). Published by the Royal Society of Chemistry
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techniques, where the CNTs acted as templates for confining
and directing the growth of MoS, nanosheets to form a curved
structure around them. Both faradaic and non-faradic
processes are involved in the charge storage mechanism. At
a scan rate of 5 mV s~ ', the architecture exhibited a superior
capacitance of 337 mF cm™'. Moreover, a remarkable perfor-
mance retention of 97.6% over 2000 cycles has been reported.
The composite electrode displayed a high volumetric capaci-
tance of 2.9 F cm ™ ® and areal capacitance of 131 mF cm ™2, The
extraordinary electrochemical performance of the composite
can be attributed to its open porous network, which provides
short ionic and electron diffusion lengths and a large number of
intercalation sites.” Karade et al. utilized a scalable and simple
two-step scheme to synthesize a MoSe,/multiwalled carbon
nanotube (MoSe,/MWCNT) composite for supercapacitor
applications, which exhibited an outstanding capacitance
performance of 192 mA h g ' specific capacity and 88%
capacitance retention over 2000 cycles in an electrolyte of 1 M
LiCl. In addition, the composite produced an energy density of
17.9 W h kg '. Furthermore, an asymmetric supercapacitor
system was built utilizing a pseudocapacitive material such as
MnO, as the positive electrode, which had a capacitance
retention of 80% after 2000 consecutive cycles and a maximum
Csp of 112 F g~ with an energy density of 35.6 W h kg™ '. The
large surface area of the MWCNT nanonetwork, which also
provided a suitable conductive channel, was responsible for the
remarkable performance of the composite. The interfacial
conjugation and synergetic effect of MoSe,/MWCNTSs corre-
spondingly play a vital role in the composite's excellent
performance.” Hu et al. prepared an innovative supercapacitor
electrode material in which WS, nanoparticles were enclosed in
amorphous carbon tubes (WS,NPs/CTs). In this study, WS,NPs
were successfully grown on CTs via the carbothermal reduction
of WS>~ by pyrolyzing carbon from glucose. At 1 A g~ ", the
prepared composite exhibited a capacitance of 536 F g~'. In
addition, it exhibited a capacitance of 337 F g~ * even at a high
current density of 10 A g~". At a high current density, it also
shows 100% efficiency retention over 100 cycles and 60% after
500 cycles, resulting in outstanding cycling stability. The
excellent supercapacitance is due to the small dimensions of
WS,NPs and good electron transport between CTs. In addition,
the low carbonization temperature of the composite makes the
CTs amorphous and porous which allows the Li* to move
through freely.”

3.3 2D carbon-TMD composite electrode materials for
supercapacitors

Thangappan et al. decorated graphene with MoS, nano-sheets
for high performance supercapacitor applications by a facile
one step preparation. At a current density of 0.1 A g~ ', the as-
prepared composite produced a supreme Cg, of 270 F g~ ' in
a neutral electrolyte (aqueous). It also delivers an energy density
of 12.5 W h kg~ " as well as a high-power density of 2500 W kg™ .
In addition, after 1000 consecutive cycles, the as-prepared
composite still shows remarkable cycling stability. This higher
specific capacitance value, high power density, high energy
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density, and excellent cycling stability are due to the inter-
connected conductive networks of the composites. Here gra-
phene acts as an electronic conductive channel in the
composite, which helps the fast transfer of electrons. The
synergetic effect of pure graphene and MoS, nanosheets plays
an important role in the enhancement of the capacitive value in
the composite.”® Kirubasankar et al. described the preparation
of a MoSe,/graphene nanohybrid as a high-performance
supercapacitor electrode material. To synthesize MoSe,, they
used a simple and straightforward sonochemical method. They
used a simple solvothermal approach to produce 2D MoSe,
engineered with graphene to enhance the capacitive properties.
The as-prepared composite displays an excellent capacitance
value of 945 F g~ at 1 A g~ " current density. The high specific
capacitance value of the composite is due to the presence of
a large number of electrochemically active sites on the edges of
MoSe, nanosheets. Furthermore, they have constructed an
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produced a Cg, of 75% at a current density of 1 A g . The as-
synthesized asymmetric supercapacitor device also exhibits
a power density of 0.8 kW kg~ " and an energy density of
26.6 W h kg~ " with a retention of 88% of its capacitance after
3000 cycles.”” Tu and coworkers reported using a facile molten
salt technique to prepare a supercapacitor electrode material
made of a two-dimensional hybrid WS, and reduced graphene
oxide nanostructure that exhibits a remarkable C, of 2508.07 F
g 'atalmVs ' scan rate. High cycling stability of 98.6%
retention over 5000 cycles is also achieved. At a high-power
density of 400 W kg™ !, the as-prepared composite produced
a good energy density of 28.33 W h kg '. In addition,
a coulombic productivity of about 100% for the complete
investigation is also obtained for the composite. The synergetic
effect of the extremely capacitive reduction-oxidation reaction
of WS, and excessive electron transmission capacity of rGO is
the key factor for the highly enhanced electrochemical proper-
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a ternary reduced graphene oxide (rGO)/polyaniline (PANI)
@NiMoS, composite with a high specific capacity of
194 mA h g ' and a high energy density of 30.75 W h kg™ ', as
well as good cycle stability.” The composite has potential for
supercapacitor applications due to its high electrochemical
performance. Fig. 4 illustrates the various aspects of the
research study. (a) The preparation process schematic of rGO/
PANI@NiMoS, is shown to give an insight into how the material
was synthesized. (b) CV curves at varying scan rates were
analyzed to evaluate the electrochemical behavior of the mate-
rial under different conditions. (c) The charge involvement of
rGO/PANI@NiMoS, was determined to understand its proper-
ties and the impact of the preparation process on them. (d) The
preparation process schematic of Ni,P@CM, a nanoscale nickel
phosphide encapsulated in a carbon microsphere, was pre-
sented to give an understanding of how it was synthesized. (e)
The comparison of CV curves of different composites allowed
for the evaluation of their performance and comparison to each
other. (f) The CV curves of Ni,P@CM-900 were analyzed at scan
rates ranging from 1 mV s to 30 mV s " to understand its
behavior at different scan rates. (g) Finally, the specific capaci-
tance of the composites was determined to understand their
energy storage capability.

3.4 3D carbon-TMD composite electrode materials for
supercapacitors

Masikhwa and coworkers developed an asymmetric super-
capacitor system with activated carbon and MoS,/graphene
foam. To improve the capacitance performance of the
composite, they used a hydrothermal technique to manufacture
MoS,/graphene foam (GF) composites with various loadings of
graphene foams. An asymmetric supercapacitor device was
constructed by utilizing AC obtained from expanded graphite
(AEG) and the MoS,/GF composite (150 mg mass loading) as the
negative and positive electrodes in a 6 M KOH electrolyte and
showed a maximum Cg, of 59 F g~' at a current density of
1 A g " with a supreme energy density of 16 W h kg~ ' and power
density of 758 W kg~ '. The composite additionally exhibits
a performance retention of 95% over 2000 cycles.** He and
coworkers applied a simple process to prepare a novel 3D het-
erostructure of carbon aerogel nanospheres decorated with
ultrathin MoSe, nano-slices. At 1 A g~ it exhibits a high specific
capacity of 775.3 C g ' and good cycle life of about 98% capacity
retention after 1500 cycles in a 6 mol L' KOH electrolyte.
Furthermore, it has been seen that the as-prepared composite
displayed an increased energy density of 84.2 W h kg™ " as well
as a power density of 5308 W kg~ . They used carbon aerogels
for increasing capacitive performance because of their fasci-
nating characteristics, such as good electroconductivity (100
s em™ "), high porosity, and large surface area (1100 m* g~ ').*
Shang et al. reported the preparation of interwoven WS, nano-
films reinforced on carbon fibre cloth (WS,/CFC) by a facile
solvothermal process which produced a Cg, of 399 F ¢ at
1 A g7, which is superior to that of pure bulk WS,. The WS,/
CFC composite also exhibits a high cycling stability of 99%
capacitance retention after 500 cycles. The 3D framework of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CFC provides a large surface to disperse WS, nanoplates
excellently. In addition, it also serves as an exceptional
conduction substrate to boost electron transport frequency,
which further improves the electrochemical performance of the
WS,/CFC composite.**

Recent advancements in 2D thin transition metal dichalco-
genides (TMDs) have been found to be promising for improving
the energy storage techniques for supercapacitors. 2D TMDs
have a thin structure similar to that of graphene, which allows
for fast charge/discharge processes. They also have electro-
chemical behaviors that are both “faradaic” and “non-faradaic”,
with higher adsorption energy and lower ion diffusion barriers,
which improves energy, power, and cycling performances.
However, energy storage research on 2D TMDs is still in its early
stage and device demonstrations based on monolayered or thin-
layered TMDs are limited. The main challenges include the
fabrication of strictly monolayered TMDs with high yields on
a large scale, the stabilization of thermally unstable 1T TMDs,
and the poor electrical conductivity of stable 1H/2H TMDs.
Future improvements may include the stabilization of 1T TMDs
through chemical doping to improve the phase yield and elec-
trochemical performance and the exploration of stable 2D
ternary sulfides for energy storage.

4. MXenes for supercapacitors

MXenes, a group of two-dimensional transition metal layered
carbonitrides and transition metal carbides, have attracted
a lot of attention for the reason that they possess amazing
chemical and physical properties.*** In addition, MXenes
being safe with large interlayer spacing, outstanding biocom-
patibility and environmental flexibility have also attracted
attention.®® The general formula of MXenes is M,;+1X,,T,. The M
stands for a transition metal, X stands for carbon and/or
nitrogen, and T stands for a surface termination group (such
as -OH, -F, -0, etc.).”” In 2011, for the first time, a multilayer
MXene (Ti3C,T,) was reported. Ti;C,T, was obtained by etching
an A layer from the MAX phase of Ti;AlC,.** A MAX layer
consists of hexagonally layered ternary transition metal
carbides, carbonitrides and nitrides. The general formula of
the MAX phase is M,,.1AX,,, here M signifies an early transition
metal (like Ti, Cr, V, Nb, etc.), A signifies an element from the
groups 13-16 in the periodic table (like Al, As, Cd, P, etc.), and X
signifies carbon and/or nitrogen.?®* To differentiate this new
group of 2D materials from graphene, the term MXene was
coined, and the term MXene also applies for both the MXene
fabricated from them and the original MAX phase.”® The MAX
phase is hexagonally layered with P6;/mmc symmetry, where
the X atom fills the octahedral sites, and the M,,,;X,, layers are
interleaved with A atom layers.”® The M-X link is ionic,
metallic, and covalent in nature, whereas the M-A bond is
predominantly metallic.”> Moreover, as the M-A bonds are
weaker than M-X bonds, the loss of A element is easier by
heating the MAX phase under vacuum®** and in molten
salts,”*?* at high temperature. In recent days the incorporation
of carbon materials like CNTs in the MXene layer has shown an
enhanced result.”**”
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4.1 0D carbon-MXene composite electrode materials for
supercapacitors

Yu et al. demonstrated a novel strategy to use 2D Ti;C,T, MXene
as a conductive and flexible binder for one phase MXene-fused
AC as supercapacitor's electrode material in organic electro-
lytes. Here they prepared a series of AC/MXene according to
different mass proportions of AC to Ti;C,T, and termed them
AC/MXene-1:1, AC/MXene-2:1 and AC/MXene-4:1. In addition,
they also prepared a conventional PVDF (polyvinylidene fluo-
ride) bonded electrode (AC-PVDF) for electrochemical compar-
ison. The specific capacitance of AM/MXene-1:1, AM/MXene-2:1
and AM/MXene-4:1 was found to be 88 Fg~ !, 126 Fg~ ', and 138
F g ', respectively. The flexible composite (AC/MXene-2:1)
shows a volumetric capacitance of 38 F cm . AC/MXene-2:1
shows a good capacitance retention of 65.4% and an
improved conductivity of 29-166 S cm™ . At higher frequency,
MXene films show the smallest ohmic resistance, thus indi-
cating brilliant conductivity. The electrochemical properties of
AC/MXene are highly improved because of its high surface area
and abundant micropores.”® Habib and coworkers described
the preparation of an onion-like carbon (OLC) coated titanium
carbide MXene (Ti,C) electrode composite for a symmetric
supercapacitor by doping Ti,CT, with OLCs via sonicating them
in N-methyl-2-pyrrolidone (NMD). In addition they have
prepared 2 samples i.e. Ti,CT,//OLC (10% doping) and Ti,CT,//
OLC (5% doping). 5% OLC-doped MXene exhibits 147 F g *
specific capacitance, while 10% OLC-doped MXene exhibits
only 92% F g~ ' specific capacitance. Both the 5% and 10% OLC-
doped MXenes maintain their original capacitance after 10 000
cycles, whereas the bare MXene loses 20% of its initial capaci-
tance after 10 000 cycles. Moreover, the 5% OLC-doped MXene
shows more than 100% capacitive retention. This is because of
more activation, which might have occurred during high
current cycling. Here the OLC not only increases the interlayer
spacing to produce more ion transport channels but also
increases the capacitance during cycles.”

4.2 1D carbon-MXene composite electrode materials for
supercapacitors

A free-standing, flexible and conductive Ti;C,T, MXene/carbon
nanotube (CNT) composite electrode for acid supercapacitors
has been assembled by Chen et al. via a simple vacuum filtra-
tion strategy. In addition they have prepared different MXene/
CNT composites with different mass ratios of CNT:MXene-
1 wt%, 5 wt% and 10 wt% and denoted them as MXene/CNT-
1%, MXene/CNT-5% and MXene/CNT-10%. The GCD curve
shows that the specific capacitance of MXene/CNT-5% is 300 F
g !, pure MXene is 290F g, MXene/CNT-1% is 295 F g !, and
MXene/CNT-10% is 285 F g~ '. The low specific capacitance of
MXene/CNT-10% is due to the reduction of active materials
(MXene). Moreover, at 20 A g~ ', MXene/CNT-5% delivers
a performance retention of 92% over 10 000 cycles, confirming
its excellent cycling performance. MXene/CNT-5% shows
a slightly high interior resistance and increased slope at a lower
frequency over 10 000 cycles at 20 A g~ ' (from the EIS curve),
which again confirms the rapid ion distribution properties of
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MXene/CNT-5% sheets and the outstanding conductivity of
MXene. The high capacitance performance of the MXene/CNT
composite is due to the intercalation of CNTs, which inhibits
the restacking of MXene nanosheets.'**'** Levitt et al. incorpo-
rated Tiz;C,T, MXene with carbon nanofiber mats as an elec-
trode material without binders or additives. Here they used
a simple fabrication method of electrospun Ti;C,T, MXene and
polyacrylonitrile (PAN), and then the Ti;C,T,/PAN composite
was carbonized to get a Ti;C,T, MXene carbon nanofiber
composite. Applying 1 M H,SO,, the electrochemical perfor-
mances of the composite were analyzed in a three-electrode
system, and Ag/AgCl is taken as the reference electrode . It is
observed that the shape of the CV curves at 5 mV s~ ' of high
carbonization temperature and long-duration MXene carbon
nanofiber composites (M;oCNF8004, M;,CNF600,,
M,,CNF600s, M;,CNF700¢) has more rectangular curves. At
10 mV s~ ', the highest areal capacitance of 239 mF cm ™ was
obtained for M;,CNT800,, while the capacitance of bare CNF
mats carbonized under the same conditions was found to be 75
mF cm ™2 at 10 mV s . At highest frequency, Nyquist plots of
Ti3;C,T, MXene carbon nanofiber composite electrodes show
a noteworthy difference as compared to pure-carbon fiber
electrode. The larger semi-circle of pure carbon fibre represents
greater charge transfer resistance than M;,CNT800,.” Li et al.
prepared” a porous MXene/carbon nanotube film through
a simple process and showed a high specific capacitance of
401.4 F g~ and sustained capacitance of 336.2 F g " at a high
current density of 1000 A g™, with excellent cycling stability of
99.0% after 20000 cycles. The porous MXene/CNT film
demonstrated outstanding electrochemical performance for
supercapacitor applications due to its high specific capacitance,
sustained capacitance, and cycling stability, effectively over-
coming the limitations of strong interlayer van der Waals forces
in MXenes.

4.3 2D carbon-MXene composite electrode materials for
supercapacitors

Zhao and coworkers fabricated a two-dimensional titanium
carbide and rGO (Ti;C,T,/rGO) composite by a LiF/HCL treat-
ment. Herein they have prepared different Ti;C,T,/rGO fused
compounds with varying ratios of Ti;C,T,/rGO-9, 7, 5, and 3 and
termed them Ti;C,T,/rGO-9, Ti;C,T,/rGO-7, Ti;C,T,/rGO-5 and
Ti;C,T,/rGO-3. The GCD curve reveals that with the increase in
TizC,T, in the composite (from 3:1 to 7:1), the specific
capacitance of the composite also increases. However, the
specific capacitance of Ti;C,T,: rGO/9: 1 decreases because the
rGO is insufficient to stop all the Ti;C,T, from agglomeration,
which may cause insufficient usage of active materials and thus
results in decreased capacitance performance. The TizC,T,/
rGO-7 composite electrode shows the maximum C, of 154.3 F
g 'at2Ag;inaddition, a Cy, of 138 Fg™ ' is obtained at 6 A g™ .
In addition, the manufactured composite has a better cycling
performance, with a retention of 85% of its original capacitance
over 6000 cycles. Here rGO nanosheets act as a conductive
linker to link various 2D titanium carbide units.'* Fan et al.
decorated binder-free and flexible, customized MXene@Holey
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representation of the production of TizC, MXene, NCSe microspheres, and the creation of NCSe@MG.

graphene sheets by filtration of holey graphene oxide and
alkalized MXene followed by annealing. During the preparation,
alkali destroys the charge balance of MXene and HGO and
replaces the -F group by the -OH group, which increases the Ti
ratio and subsequently causes more pseudocapacitive reactions.
The CV curve of MX-rHGO and pure MXene sheets at a 20 mV
s~ ' scan rate shows a broad peak. This broad peak confirms that
the capacitance is due to the redox reaction of Ti atoms.
Moreover, the as-prepared composite exhibits an outstanding
rate capability as well as a notable volumetric capacitance of
1445 F cm . However, at 500 mV s~ *, the MX-rHGO composite
achieves a superior gravimetric capacitance of 302 F g~ * and
retains an extraordinary rate capability of 69%. The electro-
chemical performance is due to the holey graphene, which
prevents the aggregation of MXene and acts as a high nanopore
conductivity network which eventually shortens the electrolyte
ion transport pathway and facilitates the ion transmission.'*
Flexible MXene/graphene composite electrodes were fabricated
through an inkjet printing process by Wen et al.*** with print-
able graphene-modified MXene-based ink, showing excellent
stability, a high volumetric capacitance of 183.5 F cm >, and
long cycle life, as well as a competitive energy density of 0.53
uW h ecm? in a flexible supercapacitor. The flexible MXene/
graphene composite electrodes demonstrated excellent perfor-
mance as energy storage devices, offering prospects for the
development of flexible and wearable energy storage devices
with a combination of stability, high capacitance, long cycle life,
and competitive energy density. A multifunctional Tiz;C, MXe-
ne@graphene composite aerogel with NiCo,Se, was fabricated

© 2023 The Author(s). Published by the Royal Society of Chemistry

by Chaudhary et al.*® through a hydrothermal method, leading
to an increase in the exposed electroactive surface area and fast
multi-dimensional ion-phase transport. The composite showed
a high specific capacity of 352.4 mA h g¢~* and 99.6% initial
coulombic efficiency, with a capacity retention of 91.5% after
5000 cycles. The material also demonstrated excellent electro-
catalytic water splitting with low overpotentials and fast
kinetics. The study presents a feasible strategy to design 3D
electrode materials with optimal properties for various tech-
nological applications through the use of a multifunctional
Ti;C, MXene@Graphene composite aerogel. Fig. 5a displays
a schematic diagram of inkjet printing of MXene/graphene
films, comparative CV curves (Fig. 5b), an interconnected
network of NCSe@GA (Fig. 5¢), and a schematic illustration of
the synthesis of Ti;C, MXene, NCSe microspheres (Fig. 5d), and
fabrication of NCSe@MG (Fig. 5e).

4.4 3D carbon-MXene composite electrode materials for
supercapacitors

Guo et al. designed the fabrication of a Ti;C,T,-3D rGO
framework binder-free aerogel architecture as an electrode
material for supercapacitors via ascorbic acid-assisted hydro-
thermal treatments. Moreover, a sequence of Ti;C,T,/GO
composites was prepared by adjusting the weight 