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Abstract

Supercapacitors have gained massive attention as next-generation energy storage technology
because of their high-power density, long cycle life, fast charge-discharge, and environmental
sustainability. Their role in energy storage and harvesting is crucial, specifically in emerging
mobile devices. This review presents comprehensive literature on the recent developments in
supercapacitor research by covering the electrode materials design and novel materials
advancements. The recent developments in electric double-layer capacitors, hybrid
supercapacitors, and pseudocapacitors with focus on electrode materials are discussed. The
major focus is based on two-dimensional (2D) materials that include carbon aerogels, carbon
foams, carbide-derived carbon, graphene, CNTs, activated carbon, TMDs, h-BN, MXene, and
carbon nitride, which exhibit excellent electrochemical properties for supercapacitor
applications. Transition metal oxides such as RuO,, ZnO, NiO, Co30,4, MnO,, Fe,03/Fe;0, and
V,0; are also enticing electrode materials for supercapacitors with excellent redox behavior and
high-energy density. Finally, the challenges and future perspectives are discussed, and potential
strategies for electrode performance enhancement are provided.

Keywords: Supercapacitors; Electrode materials; Two-dimensional (2D) materials; metal

oxides; Sustainable energy technologies.
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1. Introduction

Energy storage devices such as supercapacitors and batteries have numerous limitations in
fulfilling the growing demands of energy. Batteries have more demand in applications that
require high energy density but low power output, while capacitors show potential in high power
output.l'l However, both devices fall short in applications requiring high energy and power
density. This sparks the search for new energy storage systems, including electrochemical
capacitors, supercapacitors, and ultracapacitors. The primary reason behind the fabrication of
such devices is to find an alternative solution of fossil fuels to meet energy demands. On the
other hand, batteries excel in delivering high energy density and capacitors are well-suited for
high power output scenarios. Therefore, both the storage technologies cannot fully address the
problem of applications required in high energy and power density. Supercapacitors have
manifested significant potential in a wide range of industrial fields, automotive industries, exhibit
high specific capacitance, fast charge discharge characteristics, and encouraging storage
capacities. Recent advancements in supercapacitors have enhanced their energy density values,
which makes them a promising candidate as a substitute for batteries.[?}- 3} [4: [5-6] By combining
hybrid materials as an electrode, which could achieve high energy storage and high-power output

characteristics.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The physical and chemical properties of electrodes decide the performance of an affordable and

environmentally friendly energy storage devices in batteries and electrochemical capacitors. The
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distinct behaviour of supercapacitors solely depends on double layers where capacitance arises

(cc)

from charge stored at the interface of the electrode/electrolyte and strongly influenced by the
surface area of the electrode. The capacitance is characterized as the electrochemical double
layer capacitance that is a result of reversible oxidation and reduction reactions in
electrochemical double layer capacitor (EDLC). The working principle of EDLC is based on an
electrochemical process and made up of two electrodes submerged in an electrolyte and are
divided by a permeable membrane which acts as a separator. The electrodes are made of
activated carbon materials having high surface area and an electrolyte either aqueous or organic
in nature. The capacitance is directly related to the dielectric constant of the material and the area
of the electrodes, while inversely related to the distance between electrodes. The increase in
surface area and dielectric constant as well as closer spacing between electrodes will lead to an

increase in capacitance. The electrochemical performance of the material can be further
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enhanced by improving the capacitor design. For instance, reduction of the size of the material
up to sub-nanometer scale where quantum confinement limits are nearly achieved. Another way
of improving electrochemical performance is by doping of metal ions e.g., Mn, Fe, Cr, and Co in
electrode materials, which may enhance their electrical conductivity resulting in an increase in

capacitance.

A supercapacitor can exhibit an improved electrochemical performance if it consists of
symmetric electrodes or operates on a Faradaic process. A Faradaic process involves the charge
transfer at the electrode/electrolyte interface following Faraday’s law, whereas in the non-
Faradaic process no charge transfer takes place. The adsorption and desorption occurring at the
electrode/electrolyte interface and the solvent dipole reorientation is a non-Faradaic process.
EDLCs have numerous advantages and disadvantages, we will discuss key elements here. For
example, their non-Faradaic electrical mechanisms enable highly reversible charging and
discharging cycles, which in turn increases their rates, ensure stable cycling ability up to 10°
cycles as well as minimal degradation. The primary disadvantage of EDLCs is restricted to the
choice of electrode materials. The electrode materials with high conductivity are more effective
in the EDLCs operation. This problem can be addressed by the invention of solid ionic
conductive electrolytes.l”} 81 Pl 10l EDLC’s can be classified into three types depending on the
presence of carbon content within the device. Additionally, the characteristics of morphology,
hybridization and structural defects are useful for differentiating between carbon containing
materials. On the other hand, pseudocapacitors undergo redox reactions which involve charge
transfer between electrolyte and electrode. These Faradic reactions are taking place at the
interface between electrode and electrolyte where charge storage also occurs. The transfer of ions
and electrons between electrolyte and electrode is necessary for this process to occur.l''] During
charging, the oxidation state of electrode material changes due to the absorption of electrolyte
ions onto the electrode surface. In this process, the charge storage arises from the incorporation
of ions into the lattice structure of materials or generation of surface bonded species. During
discharging, the reversed redox process and conversion of electrode material into its initial stage

occurs and the stored charge is released.

Furthermore, in comparison to activated carbon material, the oxide materials have high specific

capacitance, gravimetric capacitance, and higher density. It has significant volumetric
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capacitance as well that is beneficial for device fabrication. A variety of techniques including
electrospinning, redox and intercalation are employed for their production. Pseudocapacitors that
operate on a Faradaic process have high energy density values compared to EDLCs. These types
of capacitors mostly use conductive polymers, metal oxides, and metal-doped carbon as
electrode materials. However, redox reactions taking place in pseudocapacitors lead to their low

power density and shorter life cycle.[!?]

Another important type of supercapacitor is a hybrid which is made up of non-polarizable
electrodes (made of metal or conducting polymers) and polarizable electrodes (made of carbon).
The hybrid supercapacitor stores charge utilizing both non-Faradaic processes and Faradic
processes.[!3] This approach exploits both battery-type and supercapacitor-type electrodes!!4-!13]
for high energy storage, resulting in improved cyclic stability and reduced price as compared to
EDLCs. It is classified into asymmetric, composite, and battery-type supercapacitors.
Asymmetric hybrid supercapacitors are assembled of two different electrodes, which makes this
type of supercapacitor noticeable among others. In an asymmetric device, one electrode is made
of capacitive material and one of Faradaic to meet the energy and power density requirements.!6-
17] The anode is of a metal or metal oxide, whereas the negative electrode is made of compounds

derived from carbon. Metal electrodes exhibit a large intrinsic volumetric capacity, which

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

results in enhanced energy densities.'®1°) In comparison to symmetric electrodes, these

capacitors possess the ability to show larger cyclic stability with higher energy density, as
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observed in the case of carbon and MnQ, on an electrode made up of a nickel-foam.[20-21]

(cc)

All capacitors face the challenge of self-discharge; this problem can be overcome by introducing
rocking-chair mechanism in an asymmetric supercapacitor. This is the point where zero current
is guaranteed at maximum potential(!8]. It is observed that electrolytes cause a decrease in ionic
conductivity and increase in resistance due to depletion of ions over time. This problem can be
alleviated by novelly designed electrolytes. Another problem that needs attention is to enhance
the supercapacitor’s working potential window. Better voltage range and a rocking-chair
mechanism can be obtained by using activated carbon or carbon-derived samples with efficient P
doping as the negative electrode. Optimization of carbon microporous layer plays a key role in
facile ion transport and enhanced capacitance.l'8! Furthermore, the composite hybrid

supercapacitors aim to achieve a combination of enhanced cycling stability, specific capacitance,
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and high conductivity. Carbon-based materials used in EDLCs exhibit outstanding mechanical
strength, low resistance, and a large surface area. On the other hand, metal oxides except for
RuO, possess poor conductivity and undergo Joule heating with small surface area and poor
structural stability. Despite these shortcomings, they can store charge and energy efficiently.
Composite supercapacitors intend to deliver desired characteristics such as high specific
capacitance, high conductivity, and cycling stability by integrating the properties of carbon and
metal oxides.??) The combined effect of carbon and metal oxide facilitates the efficient charge
transport and storage with carbon providing conducting channels and metal oxides undergoing
redox reactions to store charge, leading to enhanced energy density with greater specific
capacitance. The structure of the carbon used microporous, mesoporous, or microporous has a
significant impact on the conductivity of carbon-based materials.!?3! The size of the pores plays a
vital role in determining the adsorption of ions onto the surface of the electrode, indicating the
properties of EDLC and their ability to charge/discharge. Despite numerous advantages of
composite, they also have shortcomings as observed in the case of layered vanadium oxide on
carbon nanofibers, where increasing thickness (18 nm) caused a decrease in efficiency.[?*] This is

the outcome of the disparity between the conductivity of the composite and redox sites.

Another challenge is the growth of nanowhiskers onto carbon nanosheets which hinders the
diffusion of ions.?! This highlights the relationship between limitations and advantages of
composites that are impacted by the components and their coordination with the electrolyte.
Another important category is the rechargeable hybrid battery-type supercapacitors in which
efforts are employed to elevate the Ragone plots midway diagonal. Ragone plots show the
features of high specific capacitance, energy, and power density that need to be elevated yet, in
comparison to a present class of supercapacitors. The storage capacity of battery-type can be
improved by surface modifications, developing new synthetic strategies for the synthesis of
nanocomposite materials and micro-structures. The development of electroactive nanoparticles is

essential to promote quicker reactions with electrolytes.

The metal oxide-based nanocomposites face various challenges. For instance, the coating of a
carbon layer on LiMnPO, that has more promising potential than its Fe equivalent. An
innovative solution was found to deal with this issue where a multi-layered structure was

designed by the coating of carbon layered over Fe and Mn. The study revealed that this approach
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was highly effective at higher rates and without any interaction between Mn-based metal oxide
and electrolyte.[] Electroactive species are highly regarded for their outstanding ability to speed
up the electrode reactions. Their impact can be enhanced by generating granules with varied
proportions on the surface of electrode, causing the electrolyte-electrode interface to experience
a fractal-granularity effect. This remarkable approach enhances the surface area and increases the
capacitor’s overall energy output. A major improvement in supercapacitor technology was made
through using the double layer concept where it leads to the formation of Helmholtz double layer
at interface between carbon electrode and electrolyte, facilitating charge storage through a
physical process governed by contact of polar ions. This results in an outstanding rise in energy
density over several orders of magnitude.

The primary aim of this review is to provide a systematic and up-to-date overview of recent
advancements in supercapacitor electrode materials, with particular emphasis on two-
dimensional (2D) materials and transition metal oxides (TMOs). The review critically analyses
the structure-property-performance relationships that govern EDLCs, pseudocapacitors, and
hybrid supercapacitors. Special attention is devoted to emerging materials, including carbon
aerogels, graphene, carbon nanotubes (CNTs), MXenes, transition metal dichalcogenides

(TMDs), carbon nitride, and metal oxides such as RuO,, MnO,, Co304, NiO, iron oxide, and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

V,0s5 detailed discussion of their electrochemical mechanisms and key performance metrics.

Furthermore, the review aims to bridge the gap between material design strategies and practical
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device-level performance by highlighting critical challenges such as electrical conductivity,
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structural stability, and scalability. Finally, we outline future research directions and rational
material engineering strategies to enhance energy density while maintaining high power density
and long-term cycling stability. The graphical representation of electrode materials is represented
in Figure 1(a). Wang et al.?’l has demonstrated the number published in last years as shown in

Figure 1(b).
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Figure 1. (a) Schematic illustration of electrode materials, (b) Number of published papers on
SCs and reproduced from ref.[?’I with the permission of Elsevier, Copyright 2024.

2. Properties of Electrode Materials for Supercapacitors

The performance of supercapacitors is fundamentally governed by the properties of the electrode
materials, which dictate charge storage capability, energy and power density, and long-term
cycling stability. The essential properties of electrode materials include specific capacitance,
energy density, power density, electrical conductivity, surface area, pore structure, and chemical
stability, all of which directly influence device performance. The in-depth understanding and
tailoring these properties are critical for designing high-performance supercapacitors.
Electrochemical energy storage in supercapacitors occurs primarily through two mechanisms:
EDLC and pseudocapacitance.?8! EDLC arises from the electrostatic accumulation of ions at the
electrode-electrolyte interface and is typically observed in carbon-based 2D materials such as
graphene, CNTs, carbon aerogels, carbon foams, carbide-derived carbon, activated carbon, h-
BN, MXenes, and carbon nitride. The high surface area of these materials provides abundant
sites for ion adsorption, resulting in high specific capacitance values, typically depending on
surface functionalization, porosity, and electrode preparation methods.[2°-30]

On the other hand, TMOs (e.g., RuO,, ZnO, NiO, Co30,, MnO,, Fe,03/Fe30, and V,0s)

exhibit pseudocapacitance arising from fast and reversible redox reactions at or near the
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electrode surface.’!-33] These materials can achieve higher energy density compared to purely
carbon-based EDLCs because they store charge not only through physical adsorption but also via
Faradaic processes. For example, MnO, exhibits multiple oxidation states, enabling multivalent
redox transitions and thus enhancing the overall capacitance. RuO; is considered the benchmark
due to its excellent pseudocapacitive performance, though its high-cost limits large-scale
applications. Electrical conductivity is a critical property that governs the rate of charge-
discharge and the efficiency of electron transport within the electrode. Carbon-based 2D
materials generally exhibit excellent conductivity due to their sp? hybridized carbon networks,
which allow electrons to move freely. MXenes, with their metallic conductivity, also provide
outstanding electron transport, making them ideal for high-rate supercapacitors.3®) However,
TMOs often suffer from lower conductivity, which can limit their rate performance. Various
strategies such as compositing with conductive carbon materials or creating nanostructured
morphologies have been widely employed to overcome these limitations and enhance the
electrochemical performance. Also, high surface area and appropriate pore size distribution are
crucial for maximizing ion accessibility and ensuring fast ion diffusion within the electrode
material.37] In EDLC supercapacitors, the specific surface area directly correlates with the

achievable capacitance, as it determines the number of active sites available for ion adsorption.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Materials like graphene and activated carbon often exhibit surface areas exceeding 1000 m? g!,

whereas MXenes and TMDs can be engineered to expose more active sites via exfoliation or
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defect creation. The pore structure-comprising micropores (<2 nm), mesopores (2-50 nm), and

(cc)

macropores (>50nm), plays a vital role in facilitating ion transport and reducing diffusion
resistance. Micropores contribute significantly to capacitance due to their high surface area,
while mesopores and macropores improve electrolyte accessibility and rate capability.
Hierarchical pore structures, combining micro/meso, and macropores are particularly effective
for balancing high capacitance with fast charge-discharge characteristics.38 Additionally, the
morphology of electrode materials has a strong influence on electrochemical behavior. The
nanostructured materials including nanoparticles, nanosheets, nanorods, and hollow structures
provide small ion diffusion paths and a large surface-to-volume ratio, enhancing both
capacitance and rate capability. For instance, nanomaterials synthesized using templates or
ultrasonic-assisted methods often exhibit porous or hollow structures that improve electrolyte

penetration and increase the number of electroactive sites. Similarly, MXene and graphene sheets
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can be stacked or functionalized to create interconnected networks, which facilitate rapid
electron and ion transport.3]

Another parameter is the chemical composition and surface functionalities of electrode materials
significantly affect their electrochemical performance. Oxygen-containing groups (-OH, -
COOH) on carbon-based materials enhance wettability and facilitate pseudocapacitive reactions.
In MXenes, surface terminations such as -OH, -F, and -O play a similar role, improving ion
adsorption and interfacial charge transfer.[*?! For TMOs, mixed oxidation states allow multiple
redox reactions, directly influencing specific capacitance and energy density. The control of
stoichiometry can further optimize electrochemical properties. Moreover, a high-performance
supercapacitor requires long-term cycling stability and excellent rate capability.[*!) The carbon-
based materials, due to their chemical stability and mechanical robustness often show minimal
degradation over thousands of charge-discharge cycles. While TMOs offering higher
pseudocapacitance, may suffer from structural changes or dissolution during prolonged cycling.
Many approaches such as compositing with flexible carbon matrices, forming hybrid
nanostructures, or using 2D layered materials like MXenes and TMDs have been shown to
enhance cycle life while maintaining high capacitance. Typically, the interaction between
electrode materials and electrolytes also impacts supercapacitor properties. A wide operating
voltage window is desirable for higher energy density, and this is influenced by the chemical
stability of the electrode in the chosen electrolyte. For example, MnO, electrodes perform well in
aqueous electrolytes but may require surface modification or hybridization for stable operation in
organic or ionic liquid electrolytes. MXenes and COFs can be tuned chemically to optimize their
electrolyte compatibility and interfacial charge transfer kinetics.[42-44]

In summary, the properties of supercapacitor electrode materials are interconnected and
collectively determine device performance. The 2D materials offer high surface area, excellent
conductivity, and tunable chemistry making them suitable for EDLCs and hybrid devices. TMOs
contribute high pseudocapacitance through redox activity, but their conductivity and stability
often need enhancement. The optimizing morphology, porosity, surface chemistry, and
composite formation is essential to achieve high specific capacitance, energy density, power
density, and long-term stability. Understanding these properties provides a foundation for
designing next-generation electrode materials for advanced supercapacitors.

3. Choice of High-performance Electrode Materials for Supercapacitors
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Nanostructured materials have acquired substantial interest for supercapacitor applications as
they exhibit improved capacitance behaviour compared to their bulk counterparts. These
materials possess a higher surface area, which leads to the availability of a high number of active
sites for electrochemical reactions. The high number of active sites contributes to the fast
chemical kinetics and smaller ionic diffusion path length. The configuration of supercapacitors
includes electrodes, electrolytes, separator, and current collectors, each component impacts the
overall efficiency of the device. The selection of suitable electrode material is crucial to ensure
the optimal performance of supercapacitors. The electrode material should possess a great
surface area, excellent stability, great electrical conductivity, and remarkable mechanical
characteristics. These materials should be economically feasible, resistant to corrosion, and high
safety. The pore size distribution is also highly influencing the performance of the device. The
materials having pore sizes under 2 nm can deliver greater energy density with higher specific
capacitance. While the materials of the electrode with large pore size offered low energy density
and high equivalent series resistance (ESR). Therefore, the judicious choice of the electrode
materials is paramount which can deliver high storage performance. This section
comprehensively explains the potential of various 2D materials for supercapacitor applications.

3.1. Carbon Aerogels, Carbon Foams and Carbide Carbon

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Carbon aerogels are considered to be the world’s lightest material with high surface area and a

density of 200 pug cm?.I%1 The efforts are ongoing to enhance the compressibility and adsorption
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level to enhance the excellent thermal, electrical and mechanical properties of the carbon
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materials.[*?] Their adsorption capacity of liquid oil is 900 times their mass which makes them a
promising alternative in the cleaning of hazardous solutions and oil spillage.[*’] Additionally,
adding a polymer binder can strengthen the delicate structure of carbon aerogels which
significantly decreases their conductivity. Amorphous carbon aerogels were produced using
conventional methods including sol-gel procedure and freeze freeze-drying carbon solution
method. Recently, carbon aerogels are made up of an intricate 3D network of carbon nanotubes
having an enhanced Young’s modulus with remarkable elasticity and compressibility.[4’! The van
der Waals forces present between adjacent CNTs hold their lightweight structure and show
enhanced mechanical and transport properties. This makes them appealing candidates for energy
storage devices and sensors, which can respond to small fluctuations in pressure.[*8! Frequent

cyclic compressions may create cracks in carbon aerogels, resulting in their reduced flexibility.
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The pore size concentration can be controlled by employing various synthetic methods.
However, including metal precursors can lead to changes in pH, pyrolysis, and activation, which
can challenge the consistent pore structure.[*’] Choi et al.l’% used porous carbon aerogels with a
coral-like hierarchical structure were synthesized via spinodal decomposition, exhibiting high
mechanical strength (1.67 GPa), electrical conductivity (55S m'), and specific capacitance
(339.2F gl at 0.5 A g'!). A symmetric supercapacitor achieved 22.9 Wh kg-! at 1000 W kg! with
excellent cycling stability (~98% retention over 100,000 cycles). Haj et al.’!] have developed a
rational design to prepare carbon aerogels for supercapacitors. They have investigated the
surface wettability through electro-assisted (EA) adaptation and demonstrated the impact on the
electrolyte accessible surface area portion. The EA is a technique in which the electrode is
wetted for multiple cyclic treatment to obtain constant and adaptive wettability in the absence of
applied potential. The main aim is to modify the electrode material properties without the
external electric field as seen in Fig. 2(a). Therefore, the supercapacitor performance and
reliability are enhanced. The fabricated device based on carbon aerogels dispersed in calcium
nitrate showed a capacity retention of 120. 29% and 134.42% when tested for 5000 and 10000
cycles at 10 A g!, as presented in Fig. 2(b). The linear relationship exists between contact angle
and specific capacitance indicates to achieve the peak capacitance with full super-hydrophilic
wetting as displayed in Fig. 2(c). The electrode's improved wettability causes the high
performance of the electrode with excellent storage cyclic voltammetry (CV) profiles as seen in
Fig. 2(d). The device improved specific capacitance under dry, wet and EA wet condition as
128 F g1, 1498 F ¢!, and 172.8 Fg' at 10 A g!, respectively. Nyquist plots for EA wet, wet

and dry electrode with fitted model circuit were presented in Fig. 2(e).
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Fig. 2. Schematic representation of fabricated electrode under different conditions such as dry,
wet, and EA, (b) Cyclic stability at 1 A g, (c) Linear fit against the contact angle, (d) CV
profiles under all applied conditions at 100 mV s, (e) Nyquist plots. Reproduced from ref.’!] with
the permission of Wiley-VCH, Copyright 2024.

3.2. Graphene and Carbon Nanotubes

Recently, graphene is considered be an appealing material with excellent storage properties than
other carbon-derived materials.[52-33] The structure of graphene is like honeycomb with sp?
hybridization in hexagonal lattice. It has surface area of 2630 m? g! which is greater than the
single walled carbon nanotubes (SWCNTSs). The large surface area makes promising material for
EDLCs.B4): 1551 1361, [57] Graphene has unique properties as an electrode material such as high
electrical conductivity 106 S cm™!, long cycle life, high Young’s modulus (~1 TPa), thermal
conductivity of 5000 W m! K-!, carrier mobility of 2 x 105 cm? V-! s7!, optical transmittance
(97.7%), and resistance against corrosion in aqueous electrolyte. These combined exceptional
properties make it an enticing electrode material in supercapacitors,+8] The modified
Hummer’s method is employed for the synthesis of graphene using the graphite as precursor.

The exceptional carrier mobility of the graphene support for the fast charging-discharging which
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plays an important role for the enhanced performance of supercapacitor. However, challenge of
graphene sheets aggregation or restacking raised due to m-m interactions and van der Waals
forces.[3%) [60] Resultantly, the surface area of graphene plate reduced and diffusion of electrolyte
ions disrupted that compromises the supercapacitor’s performance.[®0-61] The high surface area
support to the efficient mass transport during the electrochemical investigation. While loss of
connectivity in graphene sheets effect negatively the electrical conductivity. A heteroatom
doping in graphene can be applied to overcome this issue. A combined EDLCs and
pseudocapacitor behaviour obtained by making the composite of graphene as well as polypyrrole
(PPy) materials. Graphene-PPy composite demonstrates a specific capacitance of 400 F g-! at 0.3
A g! that is higher than the already fabricated composites. A graphene-based film made of
shape-memory polyurethane (SMPU) was produced another promising electrode material. The
fabricated graphene/SMPU based electrode of 218 F g! at 0.75 A g''.[%2] Akhter et al. have
synthesized nitrogen and sulfur co-doped graphene in a flexible 3D configuration using one-pot
thermal treatment. The material showed excellent specific capacitance of 305 F g!. The binder
free and lightweight N/S co-doped graphene architecture stand out it a potential material for
energy storage applications and electronics. A 3D graphene network-based composite with
MnCo,0, prepared by hydrothermal method. The composite has high specific capacitance with
exceptional cycle life. The integration of MnCo,04 with 3D graphene maintain a capacity
retention of 97.4% over 5000 cycles. The high stability of the material makes an effective
material for energy storage systems.[®¥] Rajeevan et al.l®l have silane-functionalized rGO
combined with 20wt% acid-treated CNTs formed a binary electrode exhibiting high
pseudocapacitance (82.6%) and a specific capacitance of 225.8 F g'!. The aqueous symmetric
supercapacitor achieved 31.4 Whkg'! energy density, 1714 W kg! power density, and 95%
capacitance retention over 2000 cycles. Athira et al. have designed polyaniline (PANI)-rGO
composite to study the effect of anionic surfactant of sodium lauryl sulfate (SLS). PANI-rGO
composited exhibit 531 F gl at 0.2 A g*! in H,SO4 electrolyte. Moreover, the composite has 98%
coulombic efficiency after 5000 cycles. The Faradaic and EDLC behaviour has been observed
because of the synergistic effect of PANI, SLS and rGO, paving way for a promising candidate
for supercapacitors.[%] PPy is another material that has larger particle size with low porosity that
the PANI/graphene composite. Therefore, PPy-based materials have less stability comparative to

other composites. The poor electrical conductivity, low cyclic stability, and storage capacity of
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cause the limitation of metal oxides and other conducting polymers. Therefore, combination of
these materials with carbon-based material enhanced the electrochemical performance than the
individual. While graphene can easily be transformed into different dimensions such as 0D, 1D,
2D, and 3D with high surface area.l%¢ It has a combination of excellent properties which makes it
an appealing material for supercapacitors. The combination of graphene with other elements and
functional groups can form a variety of nanocomposites including graphene hydroxide,
graphene-metal oxide composite, and graphene conductive polymers. The pristine and additive
material collectively introduce a synergistic effect ,which helps to capitalize the limitation of
lower ion transport and inhibit the accumulation of graphene nanosheets.!38): (671~ An increased
surface area, high power density, electrical conductivity, and controllable pore size are offered
by the composite’s materials. These composites possess unique properties while a few
drawbacks such as a less contribution to capacitance or slow ion diffusion.[®®! The framework of
CNTs has been composed of graphene sheets which are rolled up with each other. The CNTs
show conduction through ballistic transport and charge carriers have large mean free path and no
scattering, which eliminates the Joule heating phenomenon. The phenomenon of Joule heating is
a main issue in conductors while CNTs have an advantage regarding this aspect. There are two

types of CNTs, such as SWNTs and multi-walled nanotubes (MWNTSs). SWNTs exhibit a higher

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

surface area, flexibility, and a size of about 5 nm. CNTs get entangled to form bundles even with

high sought-after properties. MWNTs have a high number of defects compared to SWNTs,

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

which may deviate from the intrinsic properties leading to their high resistance. They are utilized

(cc)

as the perfect filler material since they are larger than SWNTs, with an average length of 20 nm
and a higher capacity. The composite forms of CNTs can be chemically altered and show
increased strengths. The chemical vapour deposition, compression moulding, and solution
processing methods have been employed to produce modified versions of CNTs.[°] Zheng et
al.l’%l prepared a three-dimensional porous PPy/phytic acid (PA)/graphene composite aerogel
(PPGA) via a one-step hydrothermal reduction method, where PA served as both dopant and
cross-linker. The electrochemical performance of asymmetric flexible supercapacitors (ASCs)
assembled using PPGA@AC electrodes was systematically evaluated. As shown in Fig. 3(a), the
CV curves recorded at 10 mV s*! under different voltage windows retain distinct redox peaks that
slightly intensify with increasing voltage, demonstrating strong pseudocapacitive behavior. The

CV curves at various scan rates clearly display redox peaks, and the device delivers a high
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specific capacitance of 220 F g'! at 40 mV s'! as in Fig. 3(b). The galvanostatic charge-discharge
(GCD) profiles at different current densities show stable and nearly ideal charge-discharge
characteristics up to 1.7 V, indicating suitability for rapid charge-discharge applications as
displayed in Fig. 3(c). The Nyquist plot reveals a low equivalent series resistance of 2.5 Q,
confirming efficient charge transfer and favourable electrolyte conductivity as shown in Fig.
3(d). Furthermore, the ASC device retains 75% of its capacitance after 10,000 charge-discharge
cycles, demonstrating good long-term stability despite slight attenuation as in Fig. 3(e). The
device achieves a high energy density of 88.2 Wh kg'! at a power density of 1271.52 W kg-!,

highlighting its excellent electrochemical performance as shown in Fig. 3(f).
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Fig. 3. (a) CV curves of PPGA@AC device in different potential intervals, (b) CV curves of PPGA@AC
device under different scan rates, (c) GCD curves of PPGA@AC devices at different current densities, (d)
Nyquist plots of the PPGA@AC based device, (e) Cycling stability of PPGA@AC device, (f) Ragone plots
of PPGA@AC device. Reproduced from ref:’! with the permission of Elsevier, Copyright 2025.

3.3. Activated Carbon

The excellent electrochemical performance of activated carbon-based EDLCs devices is due to
the high surface area and oxidizing nature. The oxidation of carbon materials is accompanied by
a spectral overlap of D and G bands of the Raman spectrum, implying a change in phonon

density of states which leads to a red shift in the Raman line. The pore size and defects
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engineering in carbon dangling carbon and C-C bond can prove helpful to explain this behaviour.
In comparison to graphene, activated carbon is low cost. Moreover, activated carbons offer
precise tuning of pore sizes spanning a wide range from less than 5 nm to above 50 nm. The
excellent electrochemical performance of the capacitor depends on the interaction between ion
size and pore size of electrolytes. However, a mismatch of ion size and pore size of an electrolyte
can decrease the capacitance which is a major drawback of activated carbon (AC).["!l
Additionally, defect structure of the electrode also contributes to deciding the device
performance.l7?} [73): [741. [75] Therefore, to increase charge storage capacity of capacitor, a suitable
match of ion size and pore size of electrolyte is essential. [13)- 761 Kattainen et al.l”’! prepared
solvothermal-treated AC electrodes showed enhanced surface area (2471 m? g') and pore
volume (1.83 cm? g!), leading to specific capacitance increases of ~140% (28 F g!, aqueous) and
~80% (33 F g'!, deep eutectic solvent). The electrodes also exhibited excellent cycling stability
(~95% retention over 10,000 cycles, aqueous) and reduced leakage currents. Jain et al.[’® have
used European deciduous trees to fabricate cost-effective and sustainable AC base electrode
materials. For the synthesis of AC, a mixture of European deciduous trees, including birch,
Carpinus betulus, and Fagaceae was carbonized in air at a high temperature of 500-700 °C for

10 min. Then, the mixture was activated using nitric and sulfuric acid in a 1:3 ratios. A synthetic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

procedure has been depicted in a schematic representation in Fig. 4(a). The cavitation method

causes pores in the sample (CKP1) as compared to the non-cavitated sample which was

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

confirmed by the morphological studies as displayed in Fig. 4(b, ¢). This porous structure

(cc)

supports the electrode-electrolyte interaction, improving the specific surface area (SSA) and
providing large active sites for ion interface. Therefore, the storage performance has been
enhanced. CKP1 sample has more pores with an SSA of 614 m? g-!. The material showed the
enhanced specific capacitance of 74 F g-! in 1 M H,SO4 at 0.25 A g'!. The CV and GCD profiles
showed very good stable shapes at higher scan rates and current densities with excellent cyclic

stability up to 10000 cycles as presented in Fig. 4(d, e, f).
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Fig. 4. (a) Microscopic representation of GBPC of CPKI preparation, (a, b) FE-SEM
micrographs of CPKI, (d-f) CV and GCD profiles with stability of symmetric device. Reproduced
from ref.l78] with the permission of Elsevier, Copyright 2021.

3.4. MXenes

MXene has gain interest in the storage technologies due to excellent conductivity, hardness,
elevated melting point, high stability, high surface area, and hydrophilic nature, MXene is based
on transition metal (TM) carbide and nitride with formula M, X, Tx, M represents the TM (V,
Cr, Mo, Ti, Nb or W) while X denotes carbon or nitrogen, and T used for surface termination
groups such as —OH, -F or —0.[7°}. [8] The synthesis of MXene caried out by the etching of ‘A’
layer from the MAX phase. However, the A represents the 13 or 14 group elements while the
suffix ‘ene’ indicates the resemblance to graphene. The first MXene was published Ti;C,Tx with
high volumetric capacitance.[’}- [80). [81] The 2D layer structure offers a large number of
electrochemical reactions active sites with a pseudocapacitive mechanism for energy storage.!8?)
[83] The termination groups and conductive properties TM makes MXene an appealing electrode
material for supercapacitor applications.[7] [84]. [85], [8¢]. [87] Tjan et al. have synthesized Ti;C,T,
which demonstrate a divide of voltage between negative and positive electrode when used H,SO,4
as an electrolyte. They demonstrated that the rise in the capacitance of the negative electrode is
caused by the partial oxidation of the positive electrode. To increase the positive electrode's
capacity to store energy, a redox-active electrolyte was added to the H,SO,. By adding the redox

electrolyte, we convert the capacitive energy storage mechanism to a battery type, achieving high
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energy density. Moreover, the used of mixed electrolyte improve the cyclic stability to 113.5%
over 10,000 cycles.B!] Ghidiu et al. have prepared a clay like material and used for the
fabrication of flexible electrode films. The films demonstrate high capacitance of 245 F g'! at 10
A g'lin 1 M H,SO;, electrolyte.[38] Dall’ Agnese have designed chemically modified Ti;C,T, to
investigate the impact of delamination and intercalation on supercapacitive devices. The
delamination phenomenon enhances surface area and alter the surface chemistry of Ti;C,Tx with
excellent capacitance of 325 F g''at 5 A g'! in 1 M H,SOy electrolyte.[¥1 Li et al. have fabricated
the Ti;C,Tx MXene through surface modification that results in threefold increase in the
capacitance as compared to pure MXene. The Ti;C,Ty electrode demonstrate a capacitance of
517 F gl at 1 A g!' when tested in 1 M H,SOj, electrolyte. The material maintained capacity
retention of 99% over 10,000 cycles.””! Aymen et al. have designed MXene/cobalt ferrite that
exhibits excellent electrochemical performance as compared to the individual CoF and MXene.
The composite has shown higher specific capacitance of 1268.25 F g''at 1 A g''in 0.1 M KOH
with 97% capacity retention over 5000 cycles.’l] Guo et al.[’?l designed aramid nanofibers
(ANFs) and MXene composite which achieved high conductivity (2247 S m™!), tensile strength
(61.53 MPa), and specific capacitance (246 F g! at 0.05A g'). The assembled stretchable

supercapacitor exhibited 32.6 F g-! capacitance, excellent cycling stability (112.7% retention

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

over 2000 cycles), and maintained performance under repeated crumpling and stretching,

demonstrating strong flexibility and mechanical robustness. Fu and colleagues.[”’] have

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

fabricated a novel graphene encapsulated MXene Ti,CTx@polyaniline (GMP) composite and
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investigated as a supercapacitor electrode. As shown in Fig. 5(a). the pouch-type GMP/graphene
asymmetric supercapacitor (p-ASC) was constructed utilizing the GMP and an electrolyte of 1 M
H,SO,. The ASC device demonstrates promising results without the polarization effect in
potential window of 0 to 1.8 V and CV profiles of GMP and graphene presented in Fig. 5(b).
The CV profiles conducted at various scan rates within in the range of 5 to 100 mV s! that are
displayed in Fig. 5(c). The profiles of GCD exhibit quasi-linear as well as symmetric behaviour
with IR drop and low internal resistance shown in Fig. 5(d, e). The device showed a specific
capacitance of 94.5 F g! at a current density of 1 A g'!. The p-ASC device exhibits an excellent
cyclic stability of 94.25% over 10000 cycles at 10 A g'! with a coulombic efficiency of 93.59%
as in Fig. 5(f). Ragone plot showed the power densities of 950 and 18,000 W kg! at energy
densities of 42.3 and 25 Wh kg'. Also, the symmetric devices of graphene//graphene and
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GMP//GMP were fabricated and the Ragone plot displayed in Fig. 5(g). Graphene//graphene has
energy densities of 6.5 and 2.3 Wh kg! at power densities of 600 and 7250 W kg!, while the
symmetric device has energy densities of 11.7 and 9 Wh kg! at power densities of 500 and 4985
W kg!. The practical viability of the two-connecting p-ASCs in series shown by the glowing
images of the LED as in Fig. 5(h).
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Fig. 5. (a) Schematic representation of GMP/graphene for ASC, (b) CV profiles of GMP and graphene at
S5mV s, (c) CV profiles conducted at various scan rates ranging from 5 to 100 mV s, (d) GCD profiles
at various current densities ranging from 1 to 10 A g, (e) Specific capacitance at 10 A g, (f) Cyclic
stability and coulombic efficiency, (g) Ragone plots compared with the literature, (h) Visual

representation when a red LED illuminated by a series of two ASCs. Reproduced from ref:1>’ with the

permission of American Chemical Society, Copyright 2018.

3.5. Transition Metal Dichalcogenides

TMDs are 2D materials-based on TMs belons to group IV to VI. TMDs are characterized by a
general formula of MX, where M denotes a transition metal (Ti, Zr, V, Hf, W, Mo, Rh, Ir, Co,
Re, Tc, Ni, Pd, Nb, Ta, and Pt) and X represents a chalcogen (Se, S, or Te). TMDs are comprised
of a diverse range of materials.”"l These materials exhibit a broad spectrum of electronic

properties including semiconducting, metallic, and superconducting characteristics.””! The
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TMDs are sandwiched between the chalcogen atoms that are covalently bonded sheets. These
sheets exhibits the van der Waals interactions with the stacking on each other.[°®! However, the
TMs are surrounded by six chalcogen atoms which can be of octahedral or trigonal prismatic
arrangement of MX¢ polyhedrons. These MX¢ polyhedrons are connected by shared edges
creating a monolayer of TMDs.5%: 971 Approximately 60 TMDs have been discovered as of yet.
Molybdenum disulfide (MoS,;), and tungsten disulfide (WS,) are the most promising among
them. TMDs consist of a wide range of materials such as semiconducting (MoS,, WS,, MoSe,
WSe;), metallic (TaTe,, NbTe,), semimetallic (MoTe,), magnetic (VSe,, VS,, CrSe,),
superconducting (NbSe,), and topological insulating (WTe,). Furthermore, TMDs are a
combination of properties like transparency, flexibility, and strength similar to graphene.[*8]
TMDs are regarded as possible electrode materials for applications involving energy storage due
to a distinctive combination of high surface areas with van der Waals interactions. Recently,
researchers have concentrated on constructing TMDs-based electrodes for supercapacitor to
obtain remarkable electrochemical performance. The synthesis of TMDs and their composites
has led to various morphologies with high surface area and high porosity. This enhancement in
surface area generates additional reaction sites and improves the supercapacitor performance.

MoS, has gained attention due to cost effectiveness, natural abundance, chemical stability, broad

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

range of negative potential, and high specific capacitance. Alam et al.l’®! has prepared two-

dimensional TMDs-based supercapacitors exhibit high specific capacitance (up to 774F g),
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excellent rate capability (up to 10 A g'!), and long cycle life (up to 10,000 cycles). Hybrid TMDs
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nanomaterials enhance conductivity, reduce agglomeration, and optimize electrochemical sites,
enabling high energy and power density with excellent cycling stability for advanced energy
storage applications. Mishre et al. have designed flower-like 2H-MoS, composite with specific
capacitance of 382 F g-! at 1 Ag'! while exhibits a capacity retention of 97.5% over 4000 cycles.
This excellent performance attributed due to the 3D structure of the composite with exposed
surface in various petals.['%  Electrochemical performance of MoS, based materials was
investigated by Gupta et al. A simple hydrothermal method was used to synthesize MoS,
particles having spherical flower-like structure. The materials showed a specific capacitance of
255 F g'! at 0.25 A g! maintaining 70% of initial capacitance after 1000 cycles. In a different
study, Fu et al. used electrospinning to synthesize MoS,/graphene nanosheets embedded in

activated carbon nanofibers (MoS,@G/AC). A specific capacitance of 334 F g'! at 0.5 A g'! and
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246.3 F gl at 10 A g'! with 83.8% capacity retention after 5000 cycles at 0.5 A g'! was observed
for this material. The MoS,@G/AC has high active surface area and porosity with a synergistic
effect induced by each component resulting in enhanced specific capacitance and stability. Wang
et al. have prepared MoS,/PANI composite by incorporating 2H-MoS, using the in-situ
polymerization of aniline. The composite demonstrates a capacitance of 390 F g'! at 0.8 A g'!
and exhibits great stability because of hybridization of MoS, and PANLI'%! Ratha et al. have
studied the electrochemical performance for WS,/rGO hybrid electrodes which demonstrate
enhanced storage capacity than an individual component of WS, and rGO electrodes. This hybrid
composite was prepared by a simple hydrothermal approach exhibiting a specific capacitance of
350 F gl in 1M Na,SOy electrolyte. A large number of reaction sites are offered by the sheet-like
structure of WS, for electrochemical reactions.['2] Tu et al. has used molten salt process to
prepare WS,/reduced graphene oxide nanosheets. A layered morphology was observed for
WS,/rGO hybrid composite, resulting in a large number of reaction sites which increased the
conductivity. The WS,/rGO shows a capacitance of 1355.67 F g*! as compared to their individual
components with 98.6% capacity retention over 5000 cycles.l'%3] Lin et al. have investigated a
ternary composite of MoS,, WS,, and rGO which demonstrated specific capacitance of about (
365 F g'1) and specific retention of 70% after 3000 cycles.['%) The semiconducting nature of
TMDs results in poor electrical conductivity and reduced electron mobility as well as redox
activities which restrict the charging and discharging rate and compromise cyclic stability.
Hybridization effect improves interfacial contact for facile electron transport that enable the easy
intercalation of redox sites and causes high surface area for better electrochemical performance.
Sakthivel et al.[1%] has prepared the Ni-doped MoSe, nanoplates by employing the hydrothermal
method. The Ni doping created the surface defect as can be seen from the high-resolution
transmission electron micrographs (HR-TEM) in Fig. 6(a, b). The MoSe, demonstrates high
specific capacitance as evaluated from the CV and GCD techniques as presented in Fig. 6(c, d).
Nyquist plots were conducted and showed the lower charge-transfer resistance can be imagined
from the behaviour of the profiles as in Fig. 6(e, f). Chang et al.l'%] has prepared novel hollow
reduced graphene oxides spheres/Ni-doped MoS, (HRGOs/Ni-doped MoS,) nanocomposites as
shown in Fig. 6(g). The doped material demonstrates specific capacitance of 544 F gl at 1 A g°!
which is higher than the pristine material. On the other hand, the charge-transfer resistance

reduced to 40.7 to 1.49 Q. This indicates that the doping of transition metals including the Mn,
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Co, and Ni can improve the electron transport at the electrode interface, which ultimately
enhances the storage performance of the 2D TMDs. Liu et al.['0] has prepared P-doped MoS,
which exhibited the excellent conductivity and more faster redox kinetic as in Fig. 6(h). The P-
doped MoS; has a greater bandgap in comparison to pristine MoS, which demonstrates the
metallic nature as in Fig. 6(i). Therefore, maximum energy density of 67.4 Wh kg™!' and power

density of 850 W kg™! achieved by the quasi-solid-state ACS device.
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Fig. 6. (a, b) HR-TEM images of NiMoSe, nanoplates, (c) CV profiles, (d) GCD profiles, (e) Nyquist
plots, (f) ELS profiles with Randle’s model circuit fitting. Reproduced from ref.l'%! with the permission
of American Chemical Society, Copyright 2019, (g) synthetic representation of HRGOs/Ni-doped
MoS, nanocomposite. Reproduced from ref.l'% with the permission of Elsevier, Copyright 2020., (h)
Schematic representation of P-doped MoS, nanowires, (i) The density of states of 2H-MoS, and P-doped
MoS,. Reproduced from ref:l'] with the permission of Wiley-VCH, Copyright 2018.

3.6. Hexagonal Boron Nitride
Hexagonal boron nitride (h-BN) has similar properties as graphene with honeycomb structure

having sp? hybridization. In h-BN, boron and nitrogen are bonded with each other through strong
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covalent bonding. The h-BN has weak van der Waals forces of interaction that connect the
various layers.[198]- [109 The h-BN has both crystalline and amorphous forms. The crystalline form
has various allotropes such as h-BN, wurtzite (y-BN), and sphalerite (3-BN). The h-BN has
standout due to excellent stability and similar to graphite properties.[!!”] The h-BN has space
groups of P6;/mmc with hexagonal structure.l'®! Its two-dimensional form has gained
significant attention for applications in electronics, field emitters, ultra-violet visible (UV)
emitters, and thermal radiators. It has remarkable thermal, mechanical, and electronic properties.
Despite having a close structural similarity to graphene, h-BN has a wide bandgap of 5.9 eV and
limited practical usage because of its weak electronic conductivity. 19 111l Research is ongoing
to study the methods to enhance the conductivity of h-BN. With the enhancement in
conductivity, it can stand out as a potential candidate in energy storage devices both
supercapacitors and batteries. Recently, scientists are focusing on the development of graphene-
based h-BN nanocomposites by taking the advantage of graphene’s exceptional conductivity.['!1]:
[112] Jiao et al. have investigated the h-BN based nanocomposite with specific capacitance of 250
Fglat05A g'in2 M KOH electrolyte.[''!] Saha et al. have prepared h-BN/rGO and studied
the effect of rGO concentration in the composite which plays a key role to enhance the
electrochemical performance. The composite showed a capacitance of 960 F g-! with 80%
capacity retention over 10,000 cycles.[!!3] Patil et al. have designed 2D/3D hybrid material of h-
BN and rGO that demonstrates high specific capacitance in both acidic and basic electrolytes.
Van der Waals interactions are significant in the hybrid component. In both electrolytes, the
hybrid exhibits specific capacitances of 304 and 226 F g'! at 1 A g’!, respectively. Over 10,000
cycles, the hybrid's capacity retention remained at 98%.!'14] Zheng and colleagues have prepared
h-BN/graphene composite by solution process method. The composite delivered a capacitance of
134 F g'lat 10 A g'! with 96% capacity retention over 10,000 cycles.l''3] The n-n conjugation
and narrow bandgap of h-BN due to the presence of carbon atoms within the composite are
responsible for the high performance of the composite. Furthermore, presentive additives and
various h-BN phases change the band structure, improving the electrode's work function.
Additionally, doping increases porosity, which improves the composite's stability and specific
capacitance. Chikkatti et al.['!%] designed graphene-NH,/hBN nanocomposite electrode exhibited
high specific capacitance (203.68 F g! at 0.75 A g!), excellent cycling stability (86% retention
over 10,000 cycles), and superior energy density (102.12 Wh kg! at 2850 W kg!). The
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synergistic integration of hBN with G-NH, enhanced charge transport and surface interactions,
making it a promising material for high-performance supercapacitors. Krishnamoorthy et al.[!!7]
developed an exfoliated h-BN/Bi,S; nanocomposites through an ultrasonic approach that
supports stacked layers formation with enhanced surface area and high conductivity. The
nanocomposite was used for hybrid supercapacitor (HSC) h-BN-Bi,S;//AC device. The CV
profiles were conducted in the potential window of 0 to 1.5 V at various scan rates ranging from
10 to 200 mV s> indicating battery-type characteristics as in Fig. 7(a). The specific capacity
calculated is 262.5 C g! at a scan rate of 10 mV s-'. The specific capacity as function of scan rate
has been demonstrated in Fig. 7(b). Nyquist plot was conducted and the R as well as R values
evaluated are 1.12 Q and 0.77 Q as seen from Fig. 7(c). The GCD analysis was performed in
potential window of 0 to 1.3 V at various current densities ranging from 1 to 10 A g! as
presented in Fig. 7(d). The maximum specific capacity value calculated was 297.5 C g'at2 A g
I. The specific capacity against the current density plot has been drawn, which indicates that the
capacity values decreased with an increase in current density as presented in Fig. 7(e). This trend
might be of electrode polarization, ion diffusion, and sluggish kinetics. Moreover, cyclic stability
of h-BN-Bi,S;//AC HSC device demonstrates an excellent capacity retention of 92.5% over 6000
cycles with higher coulombic efficiency of 104.8% as presented in Fig. 7(f).
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Fig. 7. (a) CV profiles, (b) Scan rate against specific capacity plot, (c) EIS profiles, (d) GCD profiles, (e)
Current density against specific capacity for h-BN-Bi2S83//AC hybrid device, (f) Cyclic stability profiles of
h-BN-Bi,S3//AC hybrid device. Reproduced from ref-["'7] with the permission of American Chemical

Society, Copyright 2024.

3.7. Carbon Nitride

Carbon nitride has gained huge attention in energy storage and catalysis due its 2D structure and
properties like graphene.l'!8: 1191 Primarily, the seven distinct phases of carbon nitride are a-
C3Ny, B-C5Ny, cubic-C5Ny, pseudocubic-CsNy, g-h-triazine, g-o-triazine, and g-h-heptazine. The
graphitic carbon nitride (g-CsN4) phase demonstrates excellent stability under ambient
conditions.[1?0} [1211 The g-C3N4 has sp? hybridization in carbon and nitrogen atoms are
responsible for a m-conjugated electronic structure.l''9) [120] The g-C3N4 is abundant, cost-
effective, sustainable, simple to prepare, remarkable chemical and thermal stability, exceptional
optical characteristics, appealing electronic properties, and metal free material. These properties
make g-C;Ns a potential applicant for conversion of solar energy, photocatalysis, and
identification of harmful molecules.!'!8): 1191 [1201. [122] The 2D g-C3N, highly desirable for
supercapacitors and support graphene sheets due to large number of active sites. On the other
hand, its low conductivity limit the applications at some points but can be improved through its
composites formation with other materials.['?°! The carbon nitride has been studied for various
applications but few investigation are reported for supercapacitors.!123): [124), [125], [126], [127], [128],
[129], [130], [131] Shen et al. have reported the single step fabrication of activated carbon nitride using
the melamine and citric acid through pyrolysis. The variation in the temperature during the
synthesis can alter the nitrogen/oxygen concentration that improve the surface area and specific
capacitance. The capacitance observed was 185 F g-! at 0.5 A g'! which shown great potential of
the material for supercapacitors.l'>*l Tahir and colleagues have designed tubular g-Cs;Ny for
supercapacitors and delivered 233 F g! at 0.2 A g! with 90% capacitance retention after 1000
cycles. The excellent performance is due to the high surface area which offer by the unique
architecture and presence of nitrogen/oxygen content. Moreover, the tubular g-C;Ny also
exhibited remarkable photocatalytic performance. The promising results for supercapacitors and
photocatalysts indicated the potential for energy storage and hydrogen production.[!>>! Tahir et al.
also investigated the nanofiber (NF)-like g-CsN4 (GCNNF) for supercapacitor. The high amount
of nitrogen in GCNNF and surface area improved the electrical conductivity. The GCNNF
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delivered a specific capacitance of 263.75 F g'! at 1 A g'! maintaining 96.3 % capacity retention
after 2000 cycles.'?%] Manisha et al.['32 synthesized magnesium oxide/graphitic carbon
nitride/Polpyrrole (MGP) composite electrode exhibited high specific capacitance (1132.12F g’!
at 5mV s!), enhanced surface area (109.45m? g''), and excellent cycling stability (94.03%
retention over 10,000 cycles). The asymmetric supercapacitor device achieved an energy density
0f 9.25 Wh kg'! at a power density of 302.72 W kg-!, demonstrating strong potential for practical
energy storage applications. Goncalves et al. further investigated pure C;Ny4 for supercapacitors
prepared by pyrolysis of urea and then exfoliated. The material exhibits 89.2% of initial
capacitance (113.7 Fg'!) over 5000 cycles.['?”] Elanthamilan et al.['33] have designed NiCoFe
LDH/g-C;N4 composite using hydrothermal method and tested supercapacitor applications. The
composite based hybrid supercapacitor (HSC) has been fabricated as shown in Fig. 8(a). The
NiCoFe LDH/g-CsN4 was used as the positive electrode while AC was used as the negative
electrode. The CV profiles of positive and negative electrodes presented in Fig. 8(b). The
positive electrode showed battery-type behaviour in a potential range of 0 to 0.46 V and the
negative electrode had EDLC behaviour in a potential range -1 to 0 V. Therefore, the theoretical
evaluation of the potential window for HSC is 0 to 1.46 V. Also, CV profiles were conducted in

a potential range of 0 to 1.8 V at 50 mV s’! to determine the perfect voltage range as in Fig. 8(c).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The CV profiles for HSC were displayed at various scan rates with a battery-type nature in Fig.
8(d). Moreover, the GCD profiles displayed at various current densities in Fig. 8(e). The specific
capacity was calculated for NiCoFe LDH/g-C;N4//AC HSC was 215 C g at 1 A g!. The plot for
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specific capacity against the current density was displayed in Fig. 8(f). The HSC device’s cyclic
performance was shown over 6000 cycles at 6 A g-1 as shown in Fig. 8(g). The device retains
the capacity performance of 83% suggested excellent durability. Ragone plot of the NiCoFe
LDH/g-CsN4//AC HSC device was compared with the literature, as can be seen in Fig. 8(h).
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Fig. 8. (a) Graphical representation of NiCoFe LDH/g-C;N//AC HSC, (b) CV profiles of NiCoFe
LDH/g-C;N, and AC at 50 mV s, (c) CV profiles of NiCoFe LDH/g-C;N,//AC HSC in a different
potential window, (d) CV profiles of HSC at various scan rates, (e) GCD profiles of NiCoFe LDH/g-
C;N//AC HSC at various current densities, (f) Bar plots of current density against specific capacity, (g)
Cyclic stability, (h) Ragone plot. Reproduced from ref.l['33 with the permission of Wiley-VCH, Copyright
2025.

3.8. Summary Statement of 2D Materials

Two-dimensional materials have emerged as transformative electrode platforms for
supercapacitors due to their atomic-scale thickness, high surface-to-volume ratio, excellent
electrical conductivity, and tunable surface chemistry. Carbon-based 2D materials such as
graphene, carbon aerogels, carbon foams, carbide-derived carbon, graphene, CNTs, activated
carbon, TMDs, h-BN, MXene, and carbon nitride provide large accessible surface areas and
rapid electron transport pathways, making them highly effective for electric double-layer
capacitance. Their porous and interconnected architecture facilitates efficient ion diffusion and
high-rate capability, while structural tunability enables optimization of pore size and surface
functionalities for enhanced charge storage.

Beyond carbon systems, layered materials such as TMDs, MXenes, and h-BN introduce
additional pseudocapacitive behaviour through fast and reversible redox reactions. Their
adjustable interlayer spacing, surface terminations, and electronic structures enable synergistic
combinations of double-layer and faradaic charge storage. Through functionalization,

heterostructure engineering, and composite design, 2D materials can achieve high specific
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capacitance, excellent cycling stability, and mechanical flexibility, positioning them as key

components for next-generation flexible, wearable, and high-performance supercapacitors.

Table 1. Performance of Various 2D Electrode Materials for Supercapacitor

Specific Energy Power Capacitance
& Synthesis .
8  Electrode Material thod Electrolyte | capacitance density density retention References
= metho
2 % (Fgh) | (Whkgh) | (Wkg?) (%)
('q N .
f §  NiFe,04/CNT//AC Thermal method | 2 M KOH 118.36 23.39 466.66 87.2 [134]
© 4 -
g E PANI@HPCNFs@CNT | Electrospinning | 1M H,SO4 629.1 23.3 202.7 88.5 [133]
AN g
g ‘E CoMoO,@rGO Hydrothermal 1 M KOH 1425 51.2 4500 92 [136]
5 3 Hummer’s 99
B4 AC//rGO 1 M HCI 94.3 25.7 700.1 (1371
8 S method
=
§ <§ CNF/rGO composites Electrospinning 3 MKCI 305 47.6 - 86.2 [138]
< F In-situ 1 M aqueous 88
Q rGO/MXene-PPy 408.2 11.3 500 [139]
g polymerization H,S0O,
3 Polymerization -
a PANI/GO/h-BN 1 M Na,SO, 351 - 4500 [140]
% method.
kil PANI/ GO-Azo Polymerization 98.5
S ) 1 M H,SO,4 426 12.45 274.9 (141]
S nanocomposite method
-§ 4 AC Pyrolysis process | | M KOH 128 11.4 200 87 [142]
'_
@ Chemical 87
33: AC-CNS-750 o 1 M Na,SO, 106 2.43 1002 [43]
§_ activation
O [H|(CGO/PDAAQ@MXene | Etching method | 1M H,SO, 346 41 404 83 [144]
g _ Microfluidic 88.5
A-BP/Ti3C,Tx - 369 6.39 - [145]
spinning method
E;/MnSe@Ti;C,Tx-45 Solvothermal IM KOH 721.4 28.68 308.23 83.4 [146]
Ti;C,T,/MoS, Ultrasonic 91
3 M H,S0, 169 6.3 30,000 [147]
heterostructure method
2D WS, nanoflower Hydrothermal KOH 204 14 800 100 nas)
WS, @MXene/GO -
) Hydrothermal 1 M KOH 320 114 - [149]
nanocomposites
MoTe,/rGO Hydrothermal 2 M KOH 1196.4 83.06 353.5 94.3 [150]
hydrothermal 54.5
MoSe,-PANI 1 M KOH 146.5 22.16 198 (s
method
3D MoS,-PANI@RGO 94
) Hydrothermal 3 M KOH 1365 29.5 8700 (1321
nanohybrid
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PANI/Mo0Os/h-BN In-situ 88.6
6 M KOH 518 10.34 - (s3]
polymerization
V,05/h-BN Hydrothermal 1 M KCI 408 25 2373 84.2 (1541
Ball milling 96.4
h-BN/G/MoS, - 392 16.4 501 (1531
method
Polymerization 97.6
PANI/h-BN Na,SO4 927 26 921 (156]
method
Plasma arc 93.2
AlIN/g-CN ) 1 M KOH 434.1 6.52 269.7 (1571
discharge process
Microwave 0.5M 73.1 _T
O-doped g-C5N,4 o 262.5 36.45 2500 (s8]
irradiation Na,SO,
In-situ - -
PPy/g-C;N4/La,0; o 1 M H,S0,4 1763.56 198.18 450.01 [159]
polymerization

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

4. Choice of Metal oxide-based Pseudocapacitor Electrode Materials for Supercapacitors

Metal oxide-based pseudocapacitor electrode materials have attracted significant attention for
supercapacitor applications due to their fast and reversible surface or near-surface redox
reactions, which enable high specific capacitance and enhanced energy density. TMOs exhibit
multiple oxidation states that facilitate efficient charge storage through Faradaic processes.
However, the major challenge is poor cycling stability caused by volumetric expansion and
structural degradation during repeated redox reactions. Many metal oxides also exhibit limited
rate capability due to sluggish ion diffusion within the bulk structure. Additionally, low surface
area and limited active sites can restrict effective charge storage, while dissolution or structural
instability in aqueous electrolytes may further reduce long-term durability. To overcome these
limitations, recent strategies focus on nanostructuring, defect engineering, and forming
composites with conductive carbon materials or 2D substrates to enhance electron transport, ion
diffusion, and structural stability. Various methods including intercalation, sol-gel, insertion,
oxidative synthesis, hydrothermal synthesis, anodic deposition, spray deposition etc. are
employed for their production.!'¥l Metal oxides have excellent capacitance performance but due
to not creating pores in any form can result in the cracking of electrode which results in low
stability.l'®] To capitalize this issue, they can be integrated with carbon materials to form

composites. Mostly electrode materials used for making pseudocapacitors are based on carbon
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materials. Combining these carbon-based electrodes with nano-sized TMs like Co3;04 Fe;Os,
MnQO,, and ZnO have shown extremely high values of specific capacitance. However, its

reported that metal oxides exhibit high capacitive performance than the carbon materials.[!3-161]
4.1. RllOz

RuO; is introduced as an electrode material since the discovery of the pseudocapacitors in 1971,
which store charge through the Faradaic process. The TM ruthenium belongs to the platinum
group where RuO, has both crystalline and amorphous structures that make it an appealing
electrode material for supercapacitors.[192] 11631 Globally, ruthenium metal has 5000 tonnes of
global reserves from which 12 tonnes are extracted annually [75]. On the other hand, RuO, has
many advantages including high theoretical specific capacitance of 750-2000 F g'!, wide
potential window of 1.4 V, long life cycle, enhanced thermal and chemical stability but generally
suffer from lower conductivity and structural degradation during cycling. Consequently, while
RuO, provides superior performance, cost and scarcity limit its practical use, whereas other
TMOs require strategies like nanostructuring or compositing with conductive materials to
enhance their electrochemical performance. The exchange of the electron and proton in hydrous

RuO, causes the charge storage. The two main factors involved are the selection of an

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

appropriate electrode potential and the adjustment of the pH of the medium.!'®¥ Also, in Li-ion

batteries, RuO, has been broadly used as a positive electrode. Generally, the RuO, specific
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capacitance fails to reach the theoretical values, which can be improved by making the

composites with other materials. Chandrasekhar et al. have synthesized rutile-structured RuO,

(cc)

using the spray deposition method, which resulted in a specific capacitance of 1158 F g'!. Some
factors influence the electrochemical performance of RuO,-based electrode material including
crystallinity, mixed water concentration, particle size, and annealing temperature. The large-scale
production of RuO,-based electrode material is restricted due to the high cost of ruthenium.[!63]
Despite the greater potential of RuO, for energy storage devices while the high cost restricts its
practical use. The researchers have developed two methods to reduce the usage of ruthenium and
maximize efficiency. The first method is to incorporate base metal oxides into RuO, via doping
and the second one is to construct a composite material based on ruthenium where hydrous RuO,
particles deposited on inexpensive materials such as conductive polymers, carbons, and other

metal oxides.['%], In this regard, Korkmaz and colleagues have synthesized aerogel
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nanocomposites of rGO/RuQ,, which gives a specific capacitance of (328.6 F g'!) at scan rate of
5mV s'!. The fabricated supercapacitor devices based on rGO/RuO, delivered a high energy
density of 31.1Wh kg! at a power density of 8.365 kW kg!. The excellent performance of the
rGO/Ru0O, aerogel’s nanocomposite is assigned to its high energy density, high-rate capability,
and high-power density. Moreover, incorporating conductive materials into the aerogels also
improved high capacitance to rGO/RuQ,.['®71 Su-Hyeon Ji et al. have synthesized hydrous RuO,
and hexagonal WO; which had deposited on 3D carbon cloth (CC) via a binder-free
hydrothermal method. The fabricated hexagonal-WO;3/CC electrode exhibited a significant
specific capacitance of 970.26 F g'! at 5 mV s-!. Furthermore, an ASC having hydrous RuO,/CC
as the positive electrode and WO;/CC as a negative electrode in H,SO,4 aqueous electrolyte
demonstrated a specific energy of 16.92 Wh kg-! and high stability of 171.75% after 6500 cycles.
It also exhibited a high-rate stability of about 198.18% after 3000 cycles.[!%®] Vijayabala et al.
synthesized RuO, nanosheets through a hydrothermal process with PEG surfactant with
controlled morphology. The electrochemical studies of RuO, nanosheets exhibited high specific
capacitance of 600 F g'! and reversible redox reactions which further prove that these sheets are
the potential electrode materials for supercapacitors.!'®°1 Jeon et al. have prepared RuO, nanorods
on carbon nanofibers (CNFs). The fabricated electrode material in the KOH electrolyte solution
exhibited a high specific capacitance of 188 F g'! at 1 mA cm™ with energy density of 22—-15 Wh
kg!. Tt also retained specific capacitance of 93% after 3000 cycles at 1 mA cm?. Xu et al.['70]
prepared Ru@RuO,/graphene composite and exhibited an exceptionally high specific
capacitance of 3189 F gl at 1 A g'! with 85% retention at 50 A g-!, demonstrating excellent rate
capability. The symmetric supercapacitor delivered a power density of 25 kW kg, energy
density of 12.2 Wh kg! and 86% capacitance retention after 20,000 cycles, highlighting its
superior electrochemical performance. Ramesh et al. fabricated hybrid electrodes based on a
composite of Co304-RuO,/Nitrogen-doped graphene oxide through hydrothermal process. The
resulting specific capacitance values were 472, 395, 224, and 133F g at 0.5, 1,2, and 3 A g,
respectively.l'7!l In addition, Chung et al. have reported the synthesis of RuQO,/carbon fiber
through a wet impregnation method where a wrinkle-like structure of the composites is formed
after thermal treatment. The obtained composite showed high performance at 12.23% RuO,
content with rapid electron and proton transfer. The maximum specific capacitance of 544 F g'!

has been obtained for RuO,/carbon fiber. The increase in the concentration of RuO, has
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adversely affected the performance because of the hindrance proton transfer. Furthermore,
increases in RuO, content in composite also affected the proton transfer due to a decrease in
hydrous RuO,, which resulted in a loss in capacitive performance of the composite.l'’?! Zhao et
al. has synthesized the RuO,/Ti;C, via chemical solution method. The addition of TizC,
increased the stability of the composite with a long-life cycle. Furthermore, the layered structure
and high conductivity of Ti;C, assist rapid ion diffusion and electron transfer, leading to
exceptional rate performance. The incorporation of phosphate ions into RuO, enhances the
chemical reactivity, resulting in exceptional specific capacitance. This synthesized composite
shows a remarkable specific capacitance of 612.72 F g'! at a current density of 2 A g'! in H,SOy4
electrolyte with a capacitance retention of 97.95% after 10,000 cycles.l!73] Jiang et al.l'74 have
conducted the CV profiles of RuO, and Ti;C,Ty to optimize the potential window were displayed
at a fixed scan rate of 50 mV s> which demonstrates the same amount of storage charge as in
Fig. 9(a). The asymmetric device was fabricated using plastic bags to seal the positive and
negative electrode with a polymer membrane as separator. The working potential window for the
asymmetric device was 1.6 V. However, the chosen window was 1.5 V to enhance the cycle life.
The CV profiles at various scan rates with prominent redox peaks demonstrate the Faradaic

nature of the asymmetric device as in Fig. 9(b). The GCD profiles at different current densities

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

in a same potential window shows the pseudocapacitive behavior of the electrode as in Fig. 9(c).

The device delivers the maximum capacitance of 93 F g'! and retains 78 F g'! even at 1000 mV s-

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

I'as displayed in Fig. 9(d). The small relaxation time constant 7, of 740 ms is confirmed the

(cc)

high-rate performance of the device can be seen in Fig. 9(e). The asymmetric device shows
excellent capacitance retention of 86% with a coulombic efficiency of 100% over 20 000 cycles
as seen in Fig. 9(f). The CV profiles of in-plan device conducted at different scan rates in 1.5 V
as shown in Fig. 9(g). The areal capacitance was measured to be 60 60 mF cm™2 at 5 mV s™! and
even high value of 50 mF cm™2 at 20 mV s!. Ragone plot shows the areal energy and power
density with various in-plan devices as in Fig. 9(h). For real-world application, tandem in-plan
devices were assembled by connecting two asymmetric devices in series to deliver 3 V as

displayed in Fig. 9(i).
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Fig. 9. Electrochemical investigations of RuO,//Ti;C,T, full-cell device: (a) CV profiles at 50 mV
st (b) CV profiles at different scan rates, (¢) GCD profiles at different current densities, (d)
Plot of specific capacitance against scan rate, (e) Plot of normalized real/imaginary capacitance
versus frequency of the device, (f) Cyclic stability and coulombic efficiency, (g) CV profiles of
polypropylene substrate, (h) Ragone plot of RuO,/Ti;C,T, device compared to literature
reported, (i) CV profiles of RuO,//Ti;C,T, tandem in-plane devices inset two device connected in

series to illuminate a green LED. Reproduced from ref.l'7# with the permission of Wiley-VCH,
Copyright 2025.

4.2. ZnO

ZnO is an attractive electrode material for supercapacitors due to its high theoretical capacitance,
low cost, non-toxicity, and environmental friendliness. However, like many metal oxides, ZnO
suffers from poor electrical conductivity and limited cycling stability, which can restrict its rate
capability and long-term performance. Compared to RuO,, which offers superior conductivity

and capacitance, ZnO and other abundant oxides provide more sustainable and economical
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options but often require nanostructuring or hybridization with conductive carbon materials to
achieve practical electrochemical performance. Metal oxides such as RuO, Fe;04 ZnO, MnO
evolve as potential pseudoactive materials. Yafei et al. have designed zin-cobalt and sulphide
hybrid (ZCOSH) using the hydrothermal method. The ZCOSH has been compared with a binary
zinc-cobalt oxide (ZCO) to investigate the capacitive performance. The evaluated capacitance for
ZCOSH is 2176.7 F g! and for ZCO 387.2 F g-!, respectively.[!73] Subramani et al. have prepared
ZnO/rGO nanocomposite and delivered specific capacitance of 203 F g! in KOH electrolyte
having particle size 1-2 um.['7®] Liu et al. have fabricated polyaniline/ZnO/Zeolitic Imidazolate
framework/graphene/polyester (PANI/ZnO/ZIF-8/G/P) via chemical bath technique. The
PANI/ZnO/ZIF-8/G/P demonstrates capacitance of 40 F g! with particle size 500 nm to 500 um.
[177] Pant et al. have prepared ZnO composite with nanofibers ZnO/CNFs.l'78] The composite showed
260 F g'! in KOH electrolyte with size from 300 nm to micrometres. Yadav and colleagues have
examined a nanocomposite based on ZnO and activated charcoal. The nanocomposite was studied
in NaOH and KOH electrolytes with specific capacitance 341.6 F g! with 30 nm.['”°! Chee et al.
prepared PPy/GO/ZnO composite using the electrochemical deposition technique. The PPy/GO/ZnO
has delivered 123.8 F g! specific capacitance with a particle size of 50 um.!'80] Haldorai et al.

prepared ZnO/rGO composite employing ultrasonication and capacitance of 314 F g! in KOH

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with particle size 5-10 nm.['31] Guo et al. have fabricated rGO/ZnO and sandwiched polyethylene
terephthalate (PET) by chemical vapor deposition. The material showed 51.6 F g! in KCL[!82]

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

Xiao et al. designed ZnO/carbon spheres by hydrothermal method and demonstrated 630 F g using
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KOH electrolyte.l'8] Saranya et al. synthesized graphene-ZnO nanocomposite vis solvothermal method.
The composite delivered 122.4 F g! in KOH with particle size 30 to 70 nm.!'3 Ammar et al.
prepared Li-doped ZnO nanorods (0.5% Li) exhibited a high specific capacitance of 700 F g! at
I mV s and an impressive energy density of 56 Wh kg!. The material also demonstrated
excellent cyclic stability, highlighting the beneficial role of Li-induced defect engineering in
enhancing electrochemical performance.!'3] Raj et al. designed ZnO/MnO, composite using
Successive lonic Layer Adsorption and Reaction (SILAR) technique and showed areal
capacitance of 14 mF cm in Na,SO, electrolyte.[!3¢] Lee et al. construct ZnO/AC composite by
co-precipitation method with capacitance of 155 Fg! in Na,SOy as an electrolyte.['87] Kim et al.
designed ZnO/AC nanofibers-based material through electrospinning method. The material has

delivered capacitance of 178.2 F g! in KOH electrolyte.['88] Ramli et al. prepared carbon
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nanotube/graphite nanofiber/ZnO using the hydrothermal method. The composite showed
capacitance of 306 F g in H,SOy4 electrolyte.['¥) Yang et al. prepared ZnFe,0,/rGO composite
through hydrothermal method. The composite has showed capacitance of 352.9 F g'l.[1°] Wang et
al.l"®!1 designed an asymmetric supercapacitor (ASC) device by the combination of graphitic
carbon nitride (GCN) and ZnO nanofibers (NFs) which shows fast redox reactions as in Fig.
10(a). The ZnO NFs which are exposed to ultrasonic cavitation display a fluffy morphology due
to their strong interaction with the nitrogen active sites available on the surface of GCN
nanosheets. This structure introduces gaps within the ZnO NFs that facilitate rapid inclusion and
removal of larger K ions, leading to enhanced pseudocapacitive performance. The device for
the ASC was made utilizing GCN/ZnONFs as positive electrodes, AC as negative electrode, a
piece of fibre filter paper acting as diaphragm (GN/ZnONFs //AC-ASC) with 3 mol KOH as an
electrolyte. Figure 10(b) shows the reaction mechanism displayed by positive and negative
electrodes during CV tests, which shows that the negative electrode of AC offers a smaller
double-layer capacitance due to ion adsorption and the pseudo-capacitance of the positive
electrode material primarily contributes to the overall capacitance characteristic. CV and GCD
tests were performed on GCD/ZnONFs//AC-ASC to identify optimal voltage window for
capacitive charge storage. CV profiles were obtained in a potential window ranging from -1 V to
0.6 V at a scan rate ranging from 10 to 100 mV s! as in Fig. 10(c). The asymmetric
supercapacitor device maintains a stable curve even at a high scan rate of 100 mV s,
demonstrating potential for a high-multiplier power device having rapid charging and
discharging rate. GCD profiles obtained at current densities ranging from 1 to 6 A g'! as in Fig.
10(d). The resulting charge/discharge plateau at 1.5 V displays promising pseudocapacitive
properties of the device. GCD results reveal that GCN/ZnONFs//AC-ASC device offers a
maximum specific capacitance of 64 F g! at a current density of 1 A g'!, maintaining the
Coulombic efficiency of 80%. The device also displays specific capacitance of 26.6 Fg-! at a
scan rate of 10 mV s as shown in Fig. 10(e). Figure 10(f) displays the capacitance control
contribution of GCN/ZnONFs//AC-ASC material that indicates the material exhibits a large
value of pseudo-capacitance contribution. Figure 10(g) shows the relationship between energy
density and power density of GCN/ZnO NFs//AC-ASC device. The maximum energy density of
20 Wh kg! with a power density of 750 W kg! and an energy density of 8.125 Wh kg-! at a high
value of power density 4500 W kg-! was calculated. This GCN/ZnONFs//AC-ASC device
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performance is excellent in comparison to that exhibited by a two-electrode system composed of

GCN and ZnO. The cyclic stability of GCN/ZnO NFs//AC-ASC device as shown in Fig. 10(h).

These results reveal that the device exhibited good capacitance retention at 86.6% over 5000

cycles at a current density of 1 A g!. This value of capacitance retention is superior to that

displayed by ZnO NFs //AC over 5000 cycles (69.5%).
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Quantitative contribution from capacitive and diffusion capacitance for the device, (g) Ragone plot, (h)

Cyclic stability tested at 1 A g'. Reproduced from refl'*!] with the permission of Elsevier, Copyright

2024.

4.3. NiO

NiO is a widely studied pseudocapacitor material due to its high theoretical capacitance,

chemical stability, and relatively low cost. It allows fast surface redox reactions, making it

suitable for energy storage applications. However, NiO suffers from poor intrinsic electrical


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01229e

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 38 of 74

View Article Online
DOI: 10.1039/D5MA01229E

conductivity and limited rate capability, which can reduce its practical performance.[!92} 193], [194]
Luo et al. have investigated the ion adsorption/desorption of NiO during the intercalation of Li-
ion. The existence of (111) plan in NiO is responsible for the formation of Lij,96NiO on the
surface. Moreover, surface changes occurred during the electrochemical reaction.!'®3] However,
the electrochemical performance of NiO was affected due to the low conductivity and
availability of limited active sites. To overcome these problems, novel strategies should be
employed like fabrication of NiO electrodes at a nanoscale level, which will improve the
effective surface area. Another way to improve the storage performance is to fabricate hybrids
with conductive materials.l'”! These hybridized nanostructures result in enhanced electrical
conductivity and facilitate efficient charge transfer.[!°’] Balaji et al. designed NiO-CeO,/rGO
nanocomposite exhibited a high specific capacitance of 212 F g'' at 1 A g'!, low resistances (R =
0.669 Q, R, = 0.07 Q), and excellent cycling stability with 96.7% retention over 15,000 cycles.
The assembled hybrid device (NiO-CeO,/rGO//AC) delivered 129 F gl at 1 A g'!, 40 Wh kg! at
746 W kg!, and 88.84% retention after 15,000 cycles, demonstrating strong potential for high-
performance supercapacitors.['8] Zhang et al. prepared a composite of ZnO/NiO on 3D graphene
doped with nitrogen. The composite has delivered 1839.4 F g! which is attributed to higher
conductivity of ZnO. However, 3D network of nitrogen doped graphene act as buffer which
stopped the expansion ZnO/ZnO while charge-discharge at elevated current densities!'®’! Navale
and colleagues have fabricated a composite of NiO/PANI that has specific capacitance of 936.36
F g'! in Na,SO, electrolyte.l???] Huang et al. prepared PANI/NiO/sulphonated GO to investigate
the supercapacitance performance. The composite showed excellent performance due to efficient
ionic and electronic conductivity.l?°!] Feng et al. prepared NiC0,0,/NiO/Co;0, nanocomposite which
delivered the specific capacitance of 1693 F g at 1 A g '.[292]1 Chime et al. have reported the NiO-based
electrode materials that demonstrates excellent performances.?3] Zhao et al. have designed
CeO2/NiO composite and demonstrated 1250.44 F g1.2941 Mashkoor et al.[>%3] fabricated a
symmetric supercapacitor device of rGO@Cu-NiO to investigate the energy storage capacity.
CV profiles of rGO@Cu-NiO obtained at various scan rates range from 10 to 100 mV s’! in a
potential window of 0 to 1.2 V as presented in Fig. 11(a). It was observed that CV curves
maintained their symmetry exceptionally even at higher scan rates signifying that the fabricated
device exhibited good capacitive performance. The capacitive properties of the fabricated device

are confirmed by the absence of any evident redox peaks in CV profiles. GCD profiles of
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rGO@Cu-NiO of device at different current densities such as 1.5, 3, 4.5, 6.5, 7.5, and 9 A g!
presented in Fig. 11(b). The specific capacitance values calculated are 261.25, 219.45, 188.1,
156.75, 125.4, 83.6, and 38 F g! respectively. This indicates that 52% of capacitance was
maintained with the increased in current densities from 1 to 6.5 A g! as illustrated in Fig. 11(c).
The device shows 96% of capacity retention even after 10,000 cycles demonstrates high stability
with a coulombic efficiency of 100% as in Fig. 11(d). Ragone plot was showed the high energy
density values as in Fig. 11(e). The energy densities exhibited by device are 43.54, 36.58, 31.35,
26.13, 20.90, 13.93, and 6.33 Wh kg'! at 750, 1500, 2250, 2750, 3250, 3750, and 4500 W kg'!,
respectively. EIS plots of device before and after 10,000 cycles are represented in Fig. 11(f).
Device exhibits admirably low values of internal and charge transfer resistance which highlight
the consistent performance. The interactions between rGO and Cu-NiO components are
responsible for the excellent performance of the device. The practical effectiveness of the device
was checked by performing tests on rGO@Cu-NiO based device by powering an LED. The
device was able to keep LED lit for 180 s as shown in inset Fig. 11(g). These results confirm the
potential of rGO@Cu-NiO for energy storage applications.
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Fig. 11. Electrochemical investigations of rGO@Cu-NiO NCs based SSD, (a) CV profiles at various scan
rates ranging from 10 to 100 mV s, (b) GCD profiles at various current densities ranging from 1.5 to 9
A g, (c) Specific capacitance of at various current densities, (d) Capacity retention for 10,000 cycles at 9
A g, (e) Ragone plot compared with literature, (f) Nyquist plot before and after the stability test, (g)
Schematic illustration of fabricated device. Reproduced from ref?] with the permission of Elsevier,

Copyright 2024.

44. C0304

Co50, based electrode materials have gained significant interest due to low cost, high theoretical
specific capacitance, and environmental friendliness. Additionally, the capacitive behaviour can
be enhanced by tuning the configuration of Co;04. Despite having the potential for energy
storage applications, the Co3;0, alone is not able to attain the optimal performance. Various
studies have been carried out, such as making composites with other materials to enhance the
energy density, and the power density.[20¢): [207] For instance, a composite of Co;O4 and graphene
displayed excellent properties for supercapacitors.?98! Currently, efficient methods were applied
to produce core-shell Co3;0, mesoporous nanospheres.?l, Co3;04 nanorod arrays!?! | hollow
coral shaped Co304 nanostructuresi?!!l, and porous Co304 nanowires.[?'?! These materials
exhibited distinctive electrochemical storage properties. The Co3;04 nanowires offer improved
ion diffusion kinetics during charging/discharging cycles in comparison to 2D oxide nanosheets
and nanoparticles.[>!3] The performance of Co;0, is influenced by its shape and microstructure.
Furthermore, the capacitance of Co;04 has been enhanced by using ZIF-67 MOF to prepare the
composites. The MOF based composite delivered the specific capacitance up to 770 F gt at 1 A
¢! retaining good cycling stability.[?!4] Also, Co;04 can be combined with binary metal oxide to
elevate the electrochemical performance.l?'3] Salethraj et al. synthesized RGO-decorated Co304
nanorods exhibited enhanced electrochemical performance with a specific capacitance of 710 F
glat 10 mV s and 681 F g at 2 A g'!. The improved behavior is attributed to the synergistic
interaction between pseudocapacitive Co;0, and conductive RGO, which enhances electron
transport and electrolyte accessibility.[?!6] Lv et al. have fabricated the ASC device based on
Co0304/COV,Oy core-shell NSs arrays. Another study shows that the effect of various current
densities to investigate the electrochemical behaviour of three materials including Co;O4@Ni
foam (NF), Co3;04/CVO@NF-80 and Co3;0,4/CVO@NF-100. The comparison of specific
capacitance of these electrodes demonstrated that the Co;04/CVO@NF-80 has greater specific
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capacitance than the other two electrodes and is a promising candidate for supercapacitor
application. The composite exhibited a specific capacitance of 1162.2 F g'! at 1 A g! with a
remarkable rate capability and good cycling stability.[?!”]  Zhu et al. have used a direct
hydrothermal approach to produce two-dimensional porous ZnCo,0O, thin sheets.?!8] The
prepared ZnCo,04 displayed an energy density of 36.31 W h kg at 850 W kg'!. Zhang et al.[>!°]
have prepared a composite of Co3;04/NiO (CNO) derived from boron carbonitrides (BCN) to
enhance the capacitive performance. The BCN-N1//BCN/CNOs ASC was fabricated to test the
practical performance of the material. The CV analysis was conducted at various scan rates in a
potential window of 1.3 V with excellent current-voltage response as presented in Fig. 12(a).
Figure 12(b) shows the GCD curves obtained in a range of current densities such as 1, 2, 3, 5
and 8 mA cm2 current with specific capacitance values of 379.6, 273.8, 264.2, 253.8 and
233.8 mF cm2, respectively. EIS demonstrates the excellent electrical conductivity, fast charge
and ion transfer efficiency as presented in Fig. 12(¢). The device showed the good stability over
10,000 cycles at 10 mA cm2 with capacity retention of ASC was 89.09 % as in Fig. 12(d). The
device exhibit energy density 0.089 mWh cm™2 at power density of 0.65 mW c¢cm™2, indicate the
excellent high-discharge power performance. The obtained results confirm that the exceptional

behaviour of BCN/CNOs material for energy storage applications.
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Fig. 12. (a) The electrochemical investigations of BCN-N1//BCN//CNOs based ASC: (a) CV profiles, (b)
GCD Profiles, (c) Nyquist plots with fitted lines, (d) Cyclic stability tested for 10,000 cycles, (e) Ragone
plots compared with literature. Reproduced from ref’°l with the permission of Elsevier, Copyright
2025.

4.5. MnO,

MnO, has evolved as a progressive supercapacitive material for due to various aspects such as
abundance, non-toxicity, stability, high theoretical capacitance of 1370 F g1.[229) Moreover, the
performance of MnO, is significantly influence by its crystal structure which exists in five
different forms e.g., a-, B-, y-, A-, and 8- MnO, which are interconnected by MnO, octahedrons
in different ways.[??1}. [222] The crystallographic forms of MnQO, exhibit different morphologies
such as a-, B-, and y- display 1D tunnel structure, d- shows an open 2D layered structure, and A-
has 3D spinal structure.??3] Additionally, all forms have different electrical conductivity that
impacts the pseudocapacitive nature of the material. Numerous research is focused on combining
1D and 2D materials with MnO, to produce composites. Also, the morphologies of MnO, on
nanoscale like nanowires, nanorods, nanofibers, and nanotubes largely influence the charge
storage capacity.??*l For instance, GO/MnO, and graphene/AC film type electrodes.l??]
MnO,/MnCo/rGO hybrid>?¢], and MnO,.GO nanocomposite prepared by using hydrothermal
approach.[??”1 These nanocomposites exhibit improved electrochemical performance.[*?8] Xu et
al. fabricated hierarchically porous nanosheet of MnO, nanofibers used as electrode material for
supercapacitors. The material exhibited an aerial capacitance value of 3.30 F cm2. [2%]
Tholkappiyan et al.[30] has prepared spinel-type Mn,0O; nanoparticles via ultrasonic-assisted co-
precipitation, forming a tetragonal hausmannite phase with spherical morphology.
Electrochemical studies showed pseudocapacitive behavior with a specific capacitance of 296 F
g'! and low resistance, highlighting enhanced supercapacitor performance due to surfactant and
ultrasonic-assisted synthesis. Xi et al. synthesized MnO, based electrodes in order to enhance the
capacitive performance of the electrode. A hydrothermal technique was used to prepare 3D
porous hybrid nanocomposites of MnO,-Ni(OH), wrapped on NF with the help of
PVDF/acetylene black.[?*!] The hybrid nanocomposite electrode displayed an area-capacity of
4.86 CF cm™ and an areal capacitance of 10.15 F cm? at 4 mA cm. Tholkappiyan et al.[32]
designed novel Mn,0; nanoparticles were synthesized using eggshell membrane as a template,

forming a cubic structure with porous morphology. Electrochemical studies revealed
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pseudocapacitive behavior with a high specific capacitance of 394F g' and low-transfer
resistance, indicating excellent supercapacitor performance. Additionally, the capacity retention
of 86% was maintained after 10,000 cycles at 50 mA c¢cm2. On the other hand, MnO, has high
theoretical capacitance but still needs a lot of effort to improve the performance for energy
storage systems. Mondal et al.[>33] fabricated an ASC having gadolinium incorporated MnO,
(GMO) coated graphite and copper sheets as anode and cathode. In this two-electrode system, a
filter paper immersed in a 0.1 M KOH electrolyte is used as a charge separator. The device was
constructed by sandwiching the filter paper dipped into electrolyte between the two electrodes.
CV profiles of GMO coated graphite anode and copper electrodes scanned at 100 mV s! as
presented in Fig. 13(a). Figure 13(b) represents the CV profiles which were recorded at different
scan rates from 5 to 100 mV s!. The diffusion-controlled contribution towards total current is
higher as compared to surface-capacitive contribution at 5 and 100 mV s! for the two-electrode
system as in Fig. 13(c, d, e). It is found that there is an increase in diffusion-controlled
contribution with the decrease in scan rate because of at lower scan rates, K™ ion has enough time
for diffusion in the porous electrode. Therefore, it is evident that in a two system,
electrochemical performance is controlled by diffusion kinematics. The GCD profiles were

conducted at current densities in the range of 0.5 to 3 A g'! as presented in Fig. 13(f). The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

maximum specific capacitance is reported to be 392.5 F g'! at 0.5 A g!. The change in specific

capacitance with current densities is represented in Fig. 13(g). Ragone plot with different energy

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

densities and power densities values for current densities as in Fig. 13(h). The maximum energy

(cc)

density achieved by ASC is 78.5 Wh kg! with a power density of 106.1 W kg! at current density
of 0.5 A g'!. While the maximum power density for this device is 498.1 W kg'! with energy
density 0of 9.13 Wh kg! at 3 A g!. The device shows a capacitance retention of 85.3% over 5000
cycles as in Fig. 13(i).
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Fig. 13. (a) CV profiles of cathode and anode for GMO sample conducted at 100 mV s, (b) CV profiles
at various scan rates ranging from 5 to 100 MV s, (¢, d) Quantitative contribution from surface and
diffusion at 5 mV s' and 100 mV s, (e) Bar plot for surface and diffusion capacitance, (f) GCD profiles
at various current densities ranging from 0.5 to 3 A g, (g) Current densities against the specific
capacitance, (h) Ragone plot, (i) Cyclic stability of ASD for 500 cycles. Reproduced from ref.[?33 with the
permission of American Chemical Society, Copyright 2024.

4.6. Iron Oxide

MFe,0, (M represents divalent metal ion) has emerged as a promising electrode for
supercapacitor applications due to cost effectiveness, environmental friendliness, remarkable
electrochemical performance, and natural abundance.[*3*] Iron oxide has been employed in
various applications such as electrochemical energy storage, photoelectrochemical hydrolysis,
and photo-catalysis. It exists in different oxidation states including Fe,0;, Fe304, and FeO.1233]
Numerous synthetic approaches used for the synthesis of iron oxide-based materials e.g.,
solvothermal method, hydrothermal process, sol-gel method, electrodeposition method, and

thermal decomposition.[?36). [237); [238]1 The storage capacity of iron oxide can be elevated by


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01229e

Page 45 of 74 Materials Advances

View Article Online
DOI: 10.1039/D5MA01229E

making the composites with potential materials resulting in improved rate capability, cycling
stability, and electrical conductivity.[>3°) Chen et al. synthesized iron-based derivatives using
Fe;0,4, FeOOH, and Fe,0;, exhibiting an increased theoretical specific capacitance value of
2299, 3625, and 2606 F g-!, respectively. Furthermore, these can function in a broad potential
window and are compatible with aqueous electrolytes. The operating potential window of these
materials ranges from -1.0 to 0.77 V. [24%] It has been reported that a high value of theoretical
specific capacitance is shown by all iron oxides. Fe,O; stands out with much higher values
among the others. Shivakumara et al. have synthesized porous a-Fe,O; nanostructures by sol-gel
techniques. It was reported that these nanostructures displayed a high surface area and
remarkable supercapacitance performance. A specific capacitance of 300 F g-! was exhibited by
nano-Fe,0; electrode, which is greater than the value of capacitance delivered by bulk Fe,O5 (40
F g!) at the same current density. The electrode showed capacity retention of 73% even after
1000 cycles after 2 A g revealed that excellent stability. Nyquist plots of a-Fe,O3 and bulk
Fe,05 show that a-Fe,Os exhibits a small resistance (4 Q) than bulk Fe;O;3 (9.5 Q).241 1t is the
outcome of the creation of an impurity band which helps electrons jumping from the valence
band to the conduction band, and less resistance facilitates the charge transfer which results in

enhanced supercapacitive performance. The specific capacitance of superconductors can be

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

improved by combining with other conductive materials including carbons or polymers to form

composites. A composite material featuring Fe,O; nanotubes integrated with conductive polymer

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

PANI was synthesized by Azimov et al. The synthetic scheme and SEM images of a-Fe,O;
nanotube (a-NT), PANI@a-NT-a, and PANI@a-NT-b. It is revealed by SEM image that PANI

(cc)

completely covers the surface and rod shape of o-NT is retained. GCD displayed that the
composite PANI@a-NTs exhibited a greater value of specific capacitance than the individual
PANI or o-NT.?*21 The increment in capacitance is attributed to integration of conductive
polymer which enhances the conductivity and promotes charge transfer during electrochemical
reactions. Another study carried out to improve the conductivity of the core/shell structure of
Fe,0;.with NiCo,04 Zhang et al. designed NiCo,04@Fe,O3; composite without and using any
binder and additive which demonstrated lower interface resistance and enhanced electron
transfer.[>3] Singh et al. prepared waste banana stem—derived carbon/Fe;0,4 composite exhibited
a high specific surface area (1337.6 m? g'!) and delivered a specific capacitance of 787.8 F g! at
0.5 A g!, with 64.3% retention at 12 A g'! and excellent cycling stability. The assembled solid-
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state ASC achieved an energy density of 63.58 Wh kg at 500 W kg'!, demonstrating its
potential as a cost-effective and sustainable supercapacitor electrode material.?44 A composite
composed of Al,O; nanoparticles on Fe,O; integrated with CNTs prepared by Chen et al. The
composite displayed potential for excellent performance with specific capacitance of 2371 F g’!
and 1277 F g! with capacity retention of 95.38% over 5000 cycles. The composites
ALO3/Fe;0;@CNTS/Na,SO; and Fe,O3;@CNTS/Na,SO; reveal that lower charge transfer
resistance and faster kinetic.[>*] Iron oxides exhibit high specific capacitance, high-rate ability,
and excellent stability which makes them a potential candidate for electrode materials. Despite
these benefits, there is still a room for improvement in the performance of iron oxide-based
electrode materials. This improvement can be achieved by fabricating composites which offer
small resistance and efficient charge transfer.

Abbas et al.[?*¢] have prepared hematite a-Fe,O3; nanoparticles supported rGO composite through
cost-effective co-precipitation method. The a-Fe,O3;/rGO composite was used as positive
electrode and AC as negative electrode with hybrid electrolyte for the fabrication of prototype
asymmetric coin cell supercapacitor. The schematic illustration of the assembled device a-
Fe,03/rGO//AC presented in Fig. 14(a). The CV profiles conducted at various potentials
presented in Fig. 14(b). The GCD analysis performed in potential in a potential range of 0 to 1.5
V as shown in Fig. 14(c). However, the CV curves conducted at scan rates from 5 to 50 mV
s ! as displayed in Fig. 14(d). The CV curves demonstrate good capacitive behavior. The GCD
profiles reals the excellent reversibility as well as coulombic efficiency as in Fig. 14(e). The
maximum specific capacitance calculated 150 F g''at 1 A g! and still stayed 91 F g™'at 10 A
g ! and practical use shown by the real time LED as represented in Fig. 14(f). Ragone plots
shows the high energy of 47.1 Wh kg ! and a power density of 245.5 W kg! as depicted and
compared with reported values in Fig. 14(g). Nyquist plots confirmed the improved kinetic of the
assembled device as in Fig. 13h. The device demonstrates the excellent capacity retention of

94% over 8,000 cycles and the first 10 cycles show stability at 6 A g'! as in Fig. 14(i).
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4.7. V,05

V,05 has paved the way for applications as electrode material in supercapacitors due to
physiochemical properties.[?4”): [248] These properties include remarkable chemical stability, broad
working potential window, and various oxidation states, which lead to improved energy storage
performance.l?#} [250] However, V,0s suffers from several disadvantages that limit its practical
application. Its poor electrical conductivity reduces charge-discharge efficiency and limits rate
performance. Additionally, it exhibits structural instability and significant volume changes
during cycling, leading to poor long-term stability. The material also faces slow ion diffusion
within its layered structure, which further restricts high-rate capability. To overcome these

challenges, V,0s is often nanostructured or combined with conductive carbon-based materials to
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enhance conductivity, ion transport, and cycling durability. Lee and colleagues have first
described the potential of V,0s to be used as electrode material with a specific capacitance of
3505 F g! in KCI electrolyte.[*3!] The fabrication of nanostructures of V,Os has widened the
scope for supercapacitor electrodes. Wee et al. used electrospinning method to synthesize V,0s
NFs. 2511 The V,05 NFs delivered a specific capacitance of 190 F g'! and energy density of 5 Wh
kg! in 2 M KCI electrolyte. A Li-ion-containing organic electrolyte delivered even better
performance where V,0s NFs exhibited specific capacitance of 250 F g'! and excellent energy
density of 78 Wh kg1.[2°1]

It has a range of oxidation states from 0 to +5 resulting in a variety of compounds such as V,0;,
VO, and V,0s.12521 Several environmental factors like temperature, pressure, and acidity/basicity
influence the reduction of V,05 to VO, [MT 89, 90]. Moreover, V,0s has gained considerable
attention in Li-ion, Mg-ion, and Na-ion battery electrodes.[?>3) [254] The high specific capacitance
and cost-effectiveness make it an attractive material for supercapacitors. Among other vanadium
oxides, V,0s exhibits enhanced conductivity and excellent stability having a melting temperature
of 685 °C.[2%] The intercalation process taking place in the crystal structure of V,Os is due to
pseudocapacitive behaviour. These processes include intercalation and de-intercalation of ions
which effectively improve the morphology and surface chemistry of V,05.[256] The combined
effect of 2D layered structure and a 3D morphology having interrelated channels promotes the
effective electrolyte ion diffusion phenomenon on V,0s-based electrodes.[>3”) The optimization
of ionic accessibility plays a key role in increasing the rate capability during charge/discharge
cycling. Additionally, V,05 displays excellent structural stability when exposed to different
electrolytes which may be organic or aqueous in nature. This helps to optimize the wide
operating potential window for V,05 materials.[>3”) The broad range of potential window results
in an improved energy density value for supercapacitor devices. A single V,0s monolayer
exhibits a highest theoretical capacitance of 883 F g! [°8] in a potential window of 1.2 V.[2%°]
Meanwhile, the experimental values of capacitance are low in comparison to theoretical values
due to the less utilization of theoretical surface area of the electrode. The overall capacitance of
V,0s5 is influenced by ion adsorption and intercalation process. However, these processes are
driven by the porosity and morphology of the material. Three unique morphologies of V,0s
including bulk, stacked, and 3D architectures were compared by Zhu et al. [2¢01 The complicated

3D morphology displayed better electrochemical performance owing to greater specific
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capacitance, energy density, and power density. In comparison to other structures, the 3D
morphology exhibits greater surface area leading to better electrochemical performance. The
greater surface area displayed by 3D morphology is attributed to the preferred orientation
accompanied by development of channels by interrelated 2D V,0s sheets. The calibrated
structure promotes effective ion diffusion, achieving excellent specific capacitance of 451 F g’!
at 0.50 A g in 1 M Na,SO, electrolyte. This value of specific capacitance exceeds the values
exhibited by stacked V,05 (314 F g!) and bulk V,05 (108 F g!), demonstrating the benefits of
3D morphology for supercapacitor applications. The influence of crystal structure and
morphology on electrochemical performance of V,0s is crucial. The amorphous oxides display
less energy losses, attributing to the availability of channels that promote ionic diffusion.[?6!]
The specific capacitance of V,0s is influenced by the morphology. The fabrication of V,0s in
multiple crystalline architecture including nanowires and flower-shaped flakes is investigated by
Qian et al. [?62] The 1D V,0s nanowires exhibited a high value of initial capacitance (349 F g'!)
owing to their high surface area (123 m?g!) but a noticeable drop of 27.6% in their capacitance
after only 200 charge/discharge cycles was observed. On the other hand, an improved
capacitance value (from 42 to 127 F g!) was displayed by hydrated V,0s curly bundled

nanowires due to the presence of nanopores within the structure. V,0s microstructures with

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

multiple unique morphologies including rhombohedral, flower-shaped, and butterfly-shaped
were prepared by Zheng et al.[?%3] These morphologies exhibited excellent capacitances of 556,

641, and 609 F gl at 0.5 A g'! in 1 mol L-! LiClO, electrolyte. The performance of rhombohedral
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structure is dependent on morphology that facilitates the effective surface polarization even if the
concentration of electrolyte is very small. On the other hand, significant surface polarization both
of the butterflies and the flower-shaped morphologies need high amounts of electrolyte.
Additionally, a decreased value of electrical resistivity for rhombohedral structure (0.76 Q) in
comparison to flower (1.17 Q) and butterfly-shaped structures (1.22€). This leads to rapid ionic
diffusion within rhombohedral morphology and results in an improved capacitance. These
observations indicate that the crystal structure and morphology play a key role in fine-tuning the
electrochemical performance of V,0s for supercapacitor application. Bai et al.[>*] has prepared
a composite of V,0Os/PANI which attained a high capacitance value and remarkable stability.
They observed the outstanding values of power and energy density with a capacitance retention

of 90% after multiple recharging and discharging cycles. A nanocomposite of V,0s/PPy/GO was
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studied by Asen et al.[>6], The composite delivered excellent specific capacitance at high current
density along with high energy density and power density values with remarkable cycling
stability retention after thousands of cycles. The nanocable-based supercapacitors device based
on G-V,0s/PEDOT was fabricated by Bi et al.l?®6] These devices displayed excellent specific
capacitance with higher energy density in a neutral electrolyte. Significantly, these
supercapacitors exhibited remarkable cycling stability maintaining 120% of their initial
capacitance over 50,000 cycles. These findings indicate the potential of V,05 composites to be
used as supercapacitors with greater capacitance, fast charging, and excellent stability. Rahman
et al. designed flexible, transparent V,Os/PV A supercapacitor exhibited a specific capacitance of
178.7F g at 10mV s!, an energy density of 7.8 Wh kg'!, and a power density of 9.6 kW kg-!,
with excellent cycling stability (82% retention after 10,000 cycles) and mechanical flexibility.
The device also demonstrated 70% optical transmittance and eco-friendly biodegradability,
making it suitable for sustainable wearable electronics.[?6”] Karuppaiah et al.[>68] deposited
V,05/Zn0O on a flexible substrate using magnetron sputtering technique. The fabricated thin
films were used for transparent symmetric supercapacitor (TSSC) device sandwiched by a
LiCl/PVA gel electrolyte. The TSSC device showed 50% transparency inset of as in Fig. 15(a).
The device was intensively investigated by electrochemical techniques such as CV, GCD, and
EIS. The voltage window was optimized through CV at a fixed scan rate as shown in Fig. 15(b).
A sharp peak observed above 1 V, which can be attributed to electrolyte decomposition.
Therefore, the optimized voltage was 1 V for further studies. Also, the CV and GCD confirm a
wider voltage window as in Fig. 15(c). The CV profiles conducted for TSSC at various scan
rates from 10 to 60 mV s are presented in Fig. 15(d). CV profiles have quasi-rectangular
behavior, indicating the pseudocapacitive nature of the material. The stable shape of CV profile
demonstrates high reversibility of the device. The GCD analysis carried out at various current
densities 0.5 to 1.2 mA cm™ at 1 V as presented in Fig. 15(e). The GCD profiles behavior shows
that at low current densities, Li-ions have enough time to diffuse into the active material which
accelerates the diffusion phenomenon. The areal capacitance values drawn at various current
densities presented in Fig. 15(f). The maximum areal capacitance was 13.25 mF cm™ at 0.5
mA/cm? with an excellent rate capability of 61.73% for the fabricated TSSC device. This high
performance of the V,0s5/ZnO film makes it an appealing material for high-rate TSSC

applications. The device shows excellent cyclic stability while performed for 6000 cycles at 1
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mA cm? and demonstrated capacity retention of 75.41% with Coulombic efficiency of 99% as in
Fig. 15(g). The device demonstrated the maximum energy density of 0.46 pWh/cm? at a power
density of 62 uW cm? at 0.5 mA cm and compared with the reported work from the Ragone
plots as presented in Fig. 15(h).
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Fig. 15. (a) Representation of transmittance spectrum of TSSC device with inset schematic diagram, (b, c)
CV and GCD profiles at 10 mV s and 0.8 mA cm? at varied voltage, (d, e) CV and GCD profile at 10 to

60 mV s and 0.5 to 1.2 mA cm? at fixed voltage, (f) Areal capacitance against the various current
densities, (g) Cyclic stability and EIS spectra. (h) Ragone plot of TSSC compared with the literature.
Reproduced from ref.?% with the permission of American Chemical Society, Copyright 2024.

4.8. Summary Statement of Transition Metal Oxides

TMOs have emerged as highly promising electrode materials for supercapacitors due to their
high specific capacitance, multiple accessible oxidation states, and reversible faradaic redox
reactions. Among them, RuO, remains a benchmark pseudocapacitive material because of its
excellent conductivity and rapid charge transfer, though its high-cost limits large-scale

applications. The cost-effective alternatives such asRuO,, ZnO, NiO, Co030,, MnO,,
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Fe,03/Fes0,4 and V,0s5 offer rich redox chemistry and structural versatility. Their multivalent
transitions enable high charge storage capacity, while layered or spinel structures further enhance
ion intercalation and electrochemical activity.

The electrochemical performance of TMO-based electrodes can be significantly improved
through nanostructuring, hierarchical design, and hybridization with conductive carbon matrices.
These strategies increase active surface area, reduced ion diffusion pathways, and enhance
electrical conductivity, thereby improving rate capability and cycling stability. Although
challenges such as low intrinsic conductivity, structural degradation, and scalability persist,
rational material design and composite engineering continue to advance TMO-based
supercapacitors. By integrating intrinsic pseudocapacitive behavior with advanced nano-
architectures, TMOs remain central to the development of high-energy, high-power, and

sustainable next-generation energy storage systems.

under a Creative Commons Attribution 3.0 Unported Licence.

Table 2. Performance of Various Metal Oxide-based Electrode Materials for Supercapacitor
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5. Techno-Economic Analysis and Application Outlook

Supercapacitors have emerged as a promising energy storage technology due to their high-power
density, rapid charge-discharge capability, long cycle life, and environmental compatibility.
Extensive research has focused on improving electrode materials, ranging from 2D materials

such as graphene, MXenes, and TMDs to TMOs like MnO,, Co30,4, and RuO,. However,

Thisarticleislicensed under a Creative CommongATttribug

translating these material-level advancements into commercially viable devices requires careful
techno-economic evaluation. Among the most important is material cost and scalability.

Although RuO, delivers exceptional pseudocapacitive performance, its high cost and limited

(cc)

availability restrict large-scale industrial adoption. In contrast, MnO,, Co30,, and iron oxides are
abundant, low-cost, and more suitable for practical deployment. Similarly, carbon-based 2D
materials such as graphene and CNTs provide outstanding electrochemical properties but their
relatively high production costs and complex synthesis routes remain significant barriers.
Emerging materials like MXenes and TMDs show remarkable promises for high-rate
applications; nevertheless, their etching and exfoliation-based synthesis processes are often
energy and time-intensive, raising concerns about scalability and economic feasibility.[301-302]

The device fabrication and manufacturing complexity further influence the techno-economic
viability of supercapacitors. The hybrid and composite electrodes that integrate 2D materials
with metal oxides frequently exhibit enhanced electrochemical performance due to synergistic

effects, yet their preparation often involves multi-step synthesis, strict morphological control,
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and uniform material dispersion, all of which increase production costs. To address these
challenges, scalable fabrication techniques like template-assisted synthesis, spray coating, and
3D printing are being investigated to facilitate the transition from laboratory-scale prototypes to
industrial manufacturing. A key techno-economic consideration is the performance versus cost
trade-off; materials offering the highest specific capacitance or energy density are not always the
most economical option.3%3-304 Tn terms of application prospects, supercapacitors are highly
versatile and suitable for electric and hybrid vehicles, regenerative braking systems, portable
electronics, wearable devices, and flexible energy storage platforms. Moreover, grid-level energy
storage and renewable energy integration create opportunities for hybrid supercapacitors with
improved energy density. By tailoring composite electrodes that combine 2D materials with
TMOs or conductive materials, it is possible to achieve both high power output and moderate
energy storage, thereby advancing supercapacitors toward commercially competitive and

application-specific energy solutions.393-306]
Conclusion and Future Perspectives

Supercapacitors are high demanding energy storage devices that offer high power density,

excellent stability, fast charge-discharge, and environmental friendliness. The choice of electrode

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

materials has a crucial impact on their storage performance. This review presents comprehensive

literature on the recent developments in supercapacitor research by covering the electrode

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 6:40:32 AM.

materials design, and novel materials advancements. The recent developments in EDLCs, hybrid
supercapacitors, and pseudocapacitors with focus on electrode materials discussed. The recent

progresses on 2D materials and TMOs including RuO,, ZnO, NiO, Co30,4, MnO,, Fe,03, Fe;04,

(cc)

and V,0s which have both redox properties and high energy density. However, their low
conductivity causes in reduction to their widespread applications. Despite the significant
advancements in the energy storage field, many challenges like scalability, cost-effectiveness,
and need for the excellent cycling stability persist. Therefore, future research directions must be
based towards the novel development of hybrid electrode architectures to improve their
efficiency and practical application of supercapacitors in the real-world applications. By
capitalizing these challenges, supercapacitors can be of the great role for revolutionizing the
energy storage technologies in modern mobile electronics, hybrid electric vehicles, and

renewable energy storage systems.
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The recent developments in supercapacitor technology by the integration of various electrode

materials has brought a revolution towards sustainable and scalable energy storage systems.

While considerable challenges need to be addressed for the practical applications.

The key direction can be involved the rational design and hybrid electrode materials that
combine the merits of EDLC and pseudocapacitance. This could be possible through the
modification of structural and surface chemistry of 2D materials.[307-3%] The observation
of ion diffusion pathways and enhancement in interfacial conductivity.

The development of scalable, high-performance electrode materials such as metal oxides
and carbon-based materials, remains a key challenge. Current lab-scale methods are often
complex, environmentally unfriendly, and limiting large-scale production. Future
research should focus on cost-effective, green, and efficient synthesis techniques with
controlled morphology, high surface area, and high electrochemical performance for
practical applications.

Interface engineering is a key strategy for enhancing supercapacitor and battery
performance by improving electron transport, ion diffusion, and reaction kinetics.
Materials with tunable porosity and electroactive surfaces can boost ion transport and
active site availability. Future research should focus on scalable strategies like surface
functionalization, heterostructures, and core-shell designs to develop next-generation
electrodes with high capacitance, fast charge-discharge rates, and long cycle life.

The rise of flexible and wearable electronics demands energy storage materials with high
capacity, mechanical flexibility, and durability. Future research should focus on flexible
nanostructured, composite, and polymer-based electrodes that maintain performance
under stress, while offering high energy density, lightweight design, and fast charge—
discharge.

Lastly, an in-depth understanding of charge storage mechanism employing in-situ and
operando techniques is essential for future design. The combination of computational
modelling with experimental insights can brough a huge difference for development of

new electrode materials.
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