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1. Introduction

Graphene and its derivatives in supercapacitors: a
comparative review

Pinky Sagar,® Igra Reyaz Hamdani,? Tadzio Levato,” Vincenzo Giannini® and
Gobind Das 2 *®

Recent advancements in supercapacitor technology have garnered significant attention due to their
possible applications in next-generation energy-storage systems. Among the various factors that
influence device performance, the selection or modification of electrode-materials has been a crucial
part. In particular, graphene and its derivatives have emerged as leading candidates owing to their high
surface-area, higher electrical conductivity, stability and mechanical robustness. This review critically
poses the role of structural tuning through doping, selection of electrolytes, and formation of
composites with transition metal dichalcogenides (TMDs), and metal oxides (MOs) in graphene-based
supercapacitors. These modifications not only enhance electrochemical performance by improving
charge transport and ion diffusion but also address limitations including poor energy density and
structural degradation. Moreover, the design of hierarchical porous architectures and nanoparticle—gra-
phene composites offer further improvements in specific capacitance and cycling stability. In this review,
fundamentals, type, mechanism, formulae, electrode materials, material properties, and electrochemical
behaviors are discussed, along with an outlook on existing challenges and future opportunities in opti-
mizing graphene and its derivative for high-performance supercapacitors.

reliable, and efficient energy storage systems. The swift
advancement of renewable energy sources such as solar

The rising global energy demand, coupled with increasing and wind has made energy storage technologies vital for
environmental concerns, has intensified the need for clean, ensuring a stable balance between energy supply and
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demand.'™ Supercapacitors have emerged as a promising
energy storage solution among various devices, because of their
exceptional power density, quick charge-discharge capability,

b Technology Innovation Institute, P.O. Box 9639, Abu Dhabi, United Arab Emirates  and long operational lifespan.*® Unlike conventional batteries,
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supercapacitors can deliver energy in short bursts, which
makes them ideal candidate for applications requiring quick
energy release, such as electric vehicles, portable electronics,
and backup power systems.*’ The performance of these
devices, however, is largely governed by the characteristics of
the electrode components used, driving intensive research into
the development of advanced materials with superior electro-
chemical characteristics.®™°

Graphene-based supercapacitors have garnered remarkable
interest owing to the unique amalgamation of graphene’s
idiosyncratic features and the growing demand for high-
performance energy storage systems. Graphene, with its
atomically thin structure, extraordinary electrical, thermal con-
ductivity, high aspect ratio (surface to volume ratio), chemical
inertness, and mechanical flexibility, offers a highly advanta-
geous platform for supercapacitor electrodes. However, pristine
graphene alone cannot fulfill all the necessities for practical
energy storage, particularly in case of energy-density.'"'? This
has led to the development of composite materials, where
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graphene is combined with, other carbonous materials
(activated carbon, carbon dots, etc.), transition metal di chal-
cogenides (TMDs) (MoS,, WS,, VS,, etc.), metal oxides (MOs)
(Fe,03, SnO,, CuO, NiO, etc.), conducting polymers, or
other nanostructured materials to enhance its charge storage
capabilities.”®*' Understanding how these combinations
influence electrochemical performance is crucial for engi-
neering efficient, scalable, and cost-effective supercapacitor
devices.”**® Given the ongoing global transition to cleaner
energy technologies, advancing the field of graphene-based
supercapacitors holds significant promise for applications in
transportation and grid energy buffering. Hence, a systematic
exploration of recent advancements, challenges, and prospects
in this field is both timely and vital.

Till the date, substantial growth has been done in the
synthesis and application of graphene-based electrodes for
supercapacitors, with numerous studies demonstrating
improved capacitance, cycling stability and rate capability,
through the incorporation of metal oxides, conducting poly-
mers, and hybrid nanostructures. Advances in fabrication
techniques have enabled the design of novel architectures that
maximize surface area and facilitate efficient ion transport.>*™>¢
Despite these advancements, several challenges remain unre-
solved. For instance, the restacking of graphene sheets often
decreases, electrical conductivity and accessible surface area,
limiting overall capacitance. Moreover, attaining uniform dis-
persion and firm interfaces between graphene and other com-
posite materials is still difficult which may affect device
reproducibility and long-term stability.*” > Large-scale produc-
tivity and cost-effectiveness of synthesis methods are also
important concerns for commercial deployment. Moreover,
fundamental understanding of charge storage mechanisms,
especially in complex ternary or hybrid systems, is incomplete,
hindering rational design. These knowledge gaps highlight the
need for further research focusing on controlled material
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assembly, enhanced electrochemical characterization, and scal-
able fabrication processes to explore the maximum potential of
graphene-based supercapacitors.

The current review is intended to provide a thorough and
systematic overview of graphene and its derivatives including
graphene oxide (GO), reduced graphene oxide (rGO), graphene
quantum dots (GQDs), functionalized graphene and carbon
nanotubes (CNTs) and their applications in supercapacitor
technology. We begin by introducing the fundamentals of
supercapacitors and then properties of graphene-based mate-
rial. This covers the fundamentals and various catagories of
supercapacitors, including electric double-layer capacitors
(EDLCs), pseudocapacitors, and hybrid supercapacitors, along
with the relevant electrochemical formulae and charge storage
mechanisms. A significant focus is placed on the incorporation
of other materials, including dopants, TMDs, and MOs, into
graphene matrices to enhance electrochemical performance.
The discussion extends to how these composite materials
improve capacitance, stability, and charge-discharge rates by
modifying surface area, conductivity, and redox activity. By
covering synthesis strategies, material characterization, and
performance evaluation, this review aims to highlight recent
advances and identify promising directions for optimizing
graphene-based supercapacitors in future energy storage
applications.

2. Fundamentals and types of
supercapacitors

Widely utilized for energy storage, supercapacitors offer
remarkable performance. They are made up of active electrode
materials, electrolyte and separator and current collectors. In
these components, the electrode material plays a significant
role in influencing the performance.**”*® The electrochemical
properties of various electrode materials used in supercapaci-
tors are summarized in Fig. 1(a)-(c).

Supercapacitors are categorized into three types on the
ground of energy storage mechanism: EDLCs, pseudocapaci-
tors, and asymmetric supercapacitors (battery-type).

2.1 Electric double-layer capacitors (EDLCs)

Earlier, EDLCs dominated the supercapacitor landscape, oper-
ating on the principle of electrostatic interaction at the elec-
trode-electrolyte boundary. In this process, electrons and ions
used to accumulate at the top of active electrode material
facilitating storage of energy.*®*° Moreover, the energy storage
capability of EDLCs is directly influenced through the factors
such as surface area of the electrode material. It has been found
that materials with a higher specific surface area offer higher
numbers of attachment sites for electrons and ions, thus
enhancing capacitance.’”*! The earliest conceptual model of
the EDLCs was introduced by Helmholtz, and is often called the
Helmholtz double layer. Later refinements, such as the Gouy-
Chapman and Gouy-Chapman-Stern models, provided more
accurate representations of the EDLC’s structure and behavior.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a)-(c) Categories of supercapacitors based on their energy sto-

rage mechanism. Reproduced with permission.*” (d) Representation of key
parameters affecting SC performance.

These devices typically use activated carbon (AC) as the elec-
trode material due to its extremely high surface area, which
allows for significantly greater charge storage. As a result,
EDLCs are rated in Farads (F), in contrast to traditional
capacitors, which are measured in picofarads (pF) or micro-
farads (uF).

Carbon-related materials including porous carbon, gra-
phene, CNTs, activated carbon (AC) are considered perfect for
EDLCs due to their high specific surface area, multi-channel
structure, defects, oxygen rich sites, and excellent electrical
conductivity.**** Electrochemically, EDLCs exhibit a potential-
independent capacitance during a voltage sweep, leading to a
characteristic rectangular CV curve and a nearly constant
current during charge/discharge cycles (Fig. 1a).****

2.2 Pseudocapacitors

Unlike EDLCs, pseudocapacitors follow rapid and reversible-
redox reactions taking place at the electrode-electrolyte inter-
face rather than purely physical ion accumulation. As a result,
pseudocapacitors show widened peaks or minimal separation

Mater. Adv, 2026, 7, 83-108 | 85
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in peak positions in CV curves.*® The corresponding galvano-
static charge-discharge (GCD) curves exhibit two distinct beha-
viors: (i) segmented GCD curve: for bulk materials due to slow
ion/electron diffusion and sluggish reaction kinetics, the GCD
curve appears segmented; (ii) linear GCD curve: for ultrafine
nanoparticles, faster ion/electron diffusion leads to improved
reaction kinetics, resulting in a linear GCD curve.***°

Metal-based materials (e.g:, nickel and cobalt compounds)
with abundant redox-active sites are commonly used as pseu-
docapacitive electrodes. These materials provide elevated theo-
retical Cg, and are extensively employed in supercapacitors
designed for high-energy-density applications.”'>* However, a
major drawback of pseudocapacitors is that their redox reac-
tions are not fully reversible, leading to a gradual decline in
cycling stability and capacitive performance for multiple
charge-discharge cycles. Also, their lower conductivity and
slow reaction kinetics limit their power density compared to
EDLCs.*”>*

2.3 Asymmetric supercapacitors (ASCs)

In the past few decades, ASCs have gained attention thanks to
their ability to achieve high energy and power densities
simultaneously. ASCs show combined behavior of battery and
capacitive electrode components, which allow them to operate
above the thermal decomposition voltage of electrolytes. This
enhanced voltage window significantly improves energy storage
capabilities.”>*® ASCs, also referred to as battery-type super-
capacitors, function through ion intercalation or phase conver-
sion reactions, resembling the mechanism of batteries.®” Their
CV curves exhibit distinct faradaic redox peaks, with a larger
voltage separation between oxidized and reduced states (typi-
cally 0.1-0.2 V), attributed to phase transitions. The constant-
current charge-discharge curves of ASCs often display an
obvious voltage plateau, confirming the presence of two
phases.’®®® Compared to conventional batteries and super-
capacitors, ASCs-comprising both battery-type and capacitor-
type materials-achieve an optimal balance between energy
density and power density, making them highly promising for
commercial applications.>”

In ASC devices, gel electrolytes serve as a crucial component
by enabling efficient ion transport between electrodes while
offering enhanced mechanical stability and safety. Unlike
liquid electrolytes, gel-based systems such as PVA-H;PO, or
PVA-KOH are semi-solid, which prevents leakage and supports
flexible or solid-state configurations.®! Their ability to maintain
a wide electrochemical window contributes to higher energy
density, and their compatibility with various substrates makes
them ideal for wearable and portable electronics.®* Overall, gel
electrolytes improve the durability, flexibility, and electroche-
mical performance of ASC devices.

3. Mechanism and formulae

In practical applications, both EDLC and pseudocapacitance
contribute to the overall charge storage capability of SCs,

86 | Mater. Adv, 2026, 7, 83-108
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though their proportions vary depending on the materials used.
For instance, in AC-based EDLCs, charge storage is primarily
governed by the formation of electric double layers. However,
the presence of oxygen-containing functional groups on the AC
surface can also trigger surface redox reactions, adding a
pseudocapacitive component.

To assess the performance of SCs, three key parameters are
commonly used: total cell capacitance, operating voltage, and
equivalent series resistance. These metrics are typically suffi-
cient for evaluating commercial SC products, where the materi-
als, manufacturing processes, and cell architecture are
standardized. However, in research settings, where new materi-
als, innovative fabrication techniques, and novel cell designs
are constantly being explored, additional factors become essen-
tial for a comprehensive evaluation. A wide range of parameters
must be considered to fully understand SC behavior.

An illustrative overview of the complex relationships among
performance metrics, influencing factors, is presented in
Fig. 1d. This diagram serves as a conceptual guide and does
not aim to exhaustively cover all variables or their intricate
interdependencies. For instance, it does not explicitly detail
how operating voltage is measured or how electrolyte composi-
tion affects specific capacitance.

Electrochemical performance of supercapacitors is typically
evaluated using either a two-electrode or a three-electrode
setup. Key techniques used in these assessments include CV,
GCD, and EIS. CV is commonly employed to estimate the
gravimetric Cy, from the obtained voltammograms within a
specific electrolyte environment.®*** The Cy, can be deter-
mined from either CV or GCD data using the following formula
(eqn (1) and (2)):*

[idv

CSp:2><m><AV><S

1)
where Cg, is the specific capacitance measured from CV tests
(Fg "), [idV is the integrated area of CV curves, m is active the
mass of loading material (g), AV is the potential window range
(V), and S is the scan rate (V s ).

I x At
T mx Ay

sp (2)
Where Cg, is the specific capacitance measured from GCD
curves (F g~ '), I represent the constant discharge current (A),
m is active the mass of loading material (g), and Av is the
potential window range (V).

Apart from CV, EIS is a valuable technique for evaluating the
capacitance of electrode materials. EIS involves applying a
small alternating voltage (typically 5-10 mV) across a broad
frequency range, usually from 0.01 Hz to 100 kHz.°® Measure-
ments are generally conducted at open-circuit potential. One of
the key advantages of EIS is its ability to analyze the electrode’s
response by examining the relationship between the imaginary
component of impedance (|Z|) and frequency (f). Unlike CV or
GCD methods, capacitance through EIS can be derived from the
Bode plot using the linear segment of the log |Z| versus logf
curve, applying the formula C = 1/(2xnf]Z|). This analysis reveals

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that capacitance is inversely related to frequency; as frequency
increases, the measured capacitance tends to decrease.®” At
high frequencies, supercapacitors primarily exhibit resistive
behavior, which is attributed to the movement of electrolyte
ions.”® This occurs because, at such frequencies, the relatively
large size of the ions prevents them from accessing the micro-
pores within the electrode material. In this region, the overall
resistance reflects the combined conductivity of both the
electrode material and the electrolyte.®® In the intermediate
frequency range, the impedance response often displays
pseudo-charge transfer resistance, suggesting that the electrode
material has a porous architecture. At low frequencies (typically
below 1 Hz), the system demonstrates ideal capacitive behavior,
which is a hallmark of efficient charge storage, as seen in the
impedance spectrum.®’

Energy density (eqn (3)) and power density (eqn (4)) are key
parameters for assessing the performance of energy storage
devices. These metrics provide insight into how much energy a
device can store and how quickly it can deliver that energy.
Energy and power densities are typically expressed either
gravimetrically (per unit mass) or volumetrically (per unit
volume). Power density, measured in W kg™ or W L™ ", reflects
how efficiently a system can absorb or deliver energy. Energy
density, given in Wh kg™' or Wh L™, indicates the total
amount of electrical energy that can be stored or supplied.
They are commonly calculated using the following equations:”®

1
W =5 Coneas V2 (3)
where W and V represent energy density and cell voltage,
respectively, and

dw

where P and ¢ represent power density and the discharge time,
respectively.

To facilitate meaningful comparisons across different
energy storage technologies, a Ragone plot is often used (energy
density (y) vs. power density (x)). This plot includes a diagonal
line representing the characteristic time, which provides
insight into how long a device can operate at its rated power.
However, actual operating times can vary significantly depend-
ing on the discharge rate or load conditions, this phenomenon
known as rate dependence.

Enhancing the energy density of supercapacitor electrodes
primarily involves two effective strategies: developing electrode
materials with a high specific surface area and selecting
electrolytes that offer a wide potential window compatible with
the electrode material.””’> Key electrochemical parameters
such as specific capacitance, rate performance, and cycling
stability are essential in evaluating the suitability of electrode
materials for supercapacitor applications. These parameters
are strongly influenced by factors such as the material’s poros-
ity, the number of electroactive sites, the ion transport path-
ways within the electrolyte, and the overall electrical
conductivity of the electrode.'®”? Among these factors, porosity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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plays a particularly significant role in determining electrode
performance. It is governed by aspects like pore volume, pore
shape, pore size distribution, and the effective surface area
available for charge storage. While the Brunauer-Emmett-
Teller (BET) surface area is commonly used to characterize
porosity, the electrochemically active surface area is often more
relevant for assessing performance, as BET surface area does
not directly correspond to the area accessible to electrolyte ions
during operation. However, studies focusing specifically on the
influence of pore shape on electrochemical performance
remain limited. In most prior research, attention has primarily
been given to parameters like BET surface area, pore size
distribution, and total pore volume.'®2%3%73

Another major and important factor is cyclic stability in SCs
which refers to their ability to maintain capacitance and
performance over repeated charge-discharge cycles, which is
essential for long-term reliability.”* This stability is majorly
influenced by electrode materials where carbon-based struc-
tures offer durability, while hybrid composites like GO@PANTI//
AC enhance both capacitance and cycle life, achieving over
10000 cycles with minimal degradation.”>””” Further, electro-
Iyte innovations, such as water-in-salt systems, have enabled
supercapacitors to exceed 100 000 cycles with over 90% reten-
tion and broad temperature operability.”®”® Asymmetric con-
figurations and surface treatments further improve cycle life.
Also, impedance plays a key role in stability by reflecting
internal resistance and charge transfer efficiency; lower impe-
dance values typically indicate better ion transport and reduced
energy loss, which helps preserve performance over time.
Stability is commonly assessed through capacitance retention,
coulombic efficiency, and electrochemical impedance spectro-
scopy (EIS), which tracks changes in resistance and helps
diagnose degradation mechanisms.?*®'

4. Electrode materials

The performance of supercapacitors is primarily influenced by
the nature of the electrode materials, the properties of the
electrolytes, and the interactions at the electrode-electrolyte
interface.’>®% Carbon-based materials, such as graphene, car-
bon nanotubes (CNTs), and activated carbon, have been widely
explored to enhance the capacitance in EDLCs due to their
outstanding physical and chemical characteristics.***® Among
these, activated carbon is the most frequently used material in
commercial supercapacitors, mainly because of its high surface
area and cost-effectiveness.”’ ®° However, its relatively low
electrical conductivity limits its effectiveness in high-power
applications. In contrast, CNTs have emerged as promising
electrode materials for supercapacitors owing to their superior
electrical conductivity and large, easily accessible surface
area.”™** Nevertheless, a significant limitation arises from their
tendency to aggregate into bundles, which restricts electrolyte
ion diffusion within the electrode structure, thereby resulting
in a reduced Cyp,. >

Pseudocapacitors typically deliver higher Cs, and energy
density compared to electric double-layer capacitors due to

Mater. Adv., 2026, 7, 83-108 | 87


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01017a

Open Access Article. Published on 21 November 2025. Downloaded on 2/1/2026 5:07:00 AM.

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

(cc)

Review

the involvement of faradaic redox reactions. The rapid redox
kinetics and enhanced Cg}, of pseudocapacitive materials make
them suitable candidates for energy storage applications.>
Considerable research has been directed toward tungsten
oxide-based nanostructures as promising pseudocapacitor elec-
trodes because of their favorable morphology and electroche-
mical activity.”® Additionally, transition metal oxides with
variable oxidation states have gained attention for their ability
to support efficient redox charge transfer processes, making
them attractive materials for pseudocapacitor electrodes.”®
Conducting polymers have also emerged as a significant class
of pseudocapacitive materials due to their tunable electrical
conductivity and excellent environmental stability.”®°” Regard-
ing carbon-based materials, the pore diameter plays a critical
role in ion accessibility; the pores must be sufficiently large to
allow electrolyte ions to access the internal surfaces effectively.
Smaller pore sizes can hinder ion transport and reduce capa-
citance. However, a direct correlation between specific surface
area (SSA) and Cj, is not always evident, as other structural
and electrochemical factors also influence performance (cf:
Fig. 2).°® For instance, Jian et al. engineered porous carbon
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nanosheet (CNS) for zinc-based hybrid supercapacitors, where
they observed that micropores smaller than 6.0 A can hinder
the transport of hydrated Zn®" ions, whereas those larger
than 7.5 A facilitate easier ion movement by presenting a lower
energy barrier. Additionally, mesopores contribute to improved
capacitance and rate performance by providing greater access
to active sites and promoting efficient diffusion of hydrated
Zn*" ions. In Fig. 2, L-CNS and L-NS-CNS represent lignin-
derived CNS and lignin-derived nitrogen/sulfur doped CNS
having pore sizes 1-2.75 nm and 7-50 nm, respectively.’®

4.1 Graphene and it’s derivatives

Nanotechnology has evolved very vastly in sense of scientific
exploration which offers immense potential across various
domains. In the aspect of nanomaterials, each material with
specific structural forms, surface characteristics, chemical
compositions, and crystallographic arrangements has been
engineered to meet the demands of specific applications such
as energy storage. These tailored features enhance the stability,
energy/power density and capacitance making nanomaterials
indispensable in the development of advanced and reliable
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Fig. 2 SEM images of (a) L-CNS, (b) L-N-CNS, (c) L-NS-CNS. (d) N, adsorption/desorption isotherms, (e) pore size distributions. Electrochemical
performances of L-CNS, L-N-CNS, and L-NS-CNS as the cathodes of ZIHCs: (f) CV curves at a scan rate of 1 mV s~ (g) specific capacitances at scan rates
ranging from 1 to 200 mV s~*. Capacitive contribution calculated at a scan rate of 2 mV s™* for (h) L-CNS, (i) L-N-CNS, and (j) L-NS-CNS, respectively.

Reproduced with permission.®®
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energy storage technologies. Graphene, a single layer of carbon
atoms arranged in a two-dimensional hexagonal lattice, has
garnered significant attention for its exceptional properties and
wide-ranging applications, including supercapacitors, HER,
battery, CO,-reduction and electrochemical sensing.”?97%?
Its remarkable electrical conductivity (~10° S m™"), high
thermal conductivity (2000-4000 W m~" K™ '), impressive cur-
rent density (~1.6 x 10° A cm™?), and outstanding electron
mobility (~200000 cm® V™' s7') make it a highly efficient
material.'®® Additionally, graphene exhibits excellent mechan-
ical strength, flexibility, transparency, and a broad electroche-
mical potential window, along with a high specific surface area.
These properties enable rapid charge transport and efficient
ion-diffusion, which are critical for high-performance energy
storage. Its high specific surface area, mechanical strength,
flexibility, and wide electrochemical potential window further
enhance its suitability for supercapacitor electrodes."** %" For
example, high surface area is beneficial for EDLCs as it sup-
ports enhanced charge accumulation. Graphene’s maximum
theoretical specific capacitance has been estimated to be
around 550 F g™, assuming full utilization of the surface
108,199 Additionally, graphene itself has garnered signifi-
cant attention as an anode material for lithium-ion batteries
(LIBs) due to its notably high theoretical capacity, exceeding
670 mAh g~ '. Together, these properties highlight graphene’s
immense potential in achieving efficient ion and electron
transport, which are critical features for high-performance
supercapacitor electrodes.

Despite its exceptional theoretical potential, the actual capa-
citance values observed for graphene-based electrodes are
typically much lower than predicted. This discrepancy arises
primarily because theoretical estimations assume an ideal case
of defect-free, monolayer graphene, which is not achievable
under most practical conditions."* In real-world applications,
multiple graphene layers are required to fabricate electrodes
with sufficient mass loading, but this leads to restacking of the
sheets. Such restacking-driven by m-n interactions between
adjacent layers-significantly reduces the ion-accessible surface
area, thereby limiting the formation of a robust EDLC and
ultimately lowering the overall capacitance.'’® Additionally,
while structural defects in graphene can aid in ionic diffusion
and transport, they often come at the expense of electrical
conductivity. Moreover, graphene’s zero bandgap and hydro-
phobic nature can limit its interaction with electrolytes and
reduce its electrochemical activity. Consequently, graphene
electrodes face three primary challenges in SC applications:
reduced accessible surface area, diminished conductivity, and
lower-than-expected capacitance. These limitations must be
addressed to realize the full potential of graphene in high-
performance SC devices. To address these limitations, GO has
been developed through oxidation of graphite, typically using
the Hummers’ method. GO incorporates oxygen-containing
functional groups such as hydroxyl, epoxy, and carboxyl, which
improve its dispersibility in aqueous media and allow for
functionalization with other active materials. Moreover, GO
offers a tunable bandgap and retains a high surface area,

area.
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making it a versatile and cost-effective alternative for super-
capacitor electrodes.

In most reported studies, graphene-based electrodes are
synthesized through an oxidation-reduction process also,
which typically involves converting natural graphite into GO,
followed by chemical or thermal reduction to obtain reduced
rGO."'" However, this approach introduces structural defects
and oxygen-containing functional groups, which substantially
hinder the electrical conductivity of the resulting rGO material.
As a result, such imperfections can negatively affect the power
density and rate performance of the fabricated supercapacitor
devices. Furthermore, the presence of these defects, along with
the tendency of rGO sheets to restack, contributes to a
reduction in accessible surface area, which in turn weakens
ion adsorption capacity and electron transport pathways.''?
Together, these factors lead to a noticeable decline in
the specific capacitance and overall performance of graphene-
based supercapacitor electrodes. Other than pure graphene,
porous carbon materials, including activated carbon, carbon
aerogels, carbon nanotubes, carbide-derived carbon, and
metal doping, are widely used as electrode materials in
supercapacitors."* 19

Extensive research has been devoted to the commercial
production of graphene. Various synthesis techniques have
been developed, such as chemical vapor deposition (CVD),
epitaxial growth on silicon carbide (SiC), chemical transforma-
tion processes, carbon monoxide reduction, and the unzipping
of carbon nano tubes (CNTs).*"**"*> Among these, CVD is
widely utilized with metals like iron, copper and nickel serving
as catalysts. However, not all fabrication methods are ideal for
applications requiring consistent graphene quality. For
instance, mechanical or chemical exfoliation of graphite pow-
der yields graphene flakes that often lack uniformity. Epitaxial
growth on SiC is another technique known for generating high-
quality graphene, although it faces challenges in scaling up for
large-area applications. CVD also produces high-grade gra-
phene, though typically in limited quantities. In supercapacitor
applications, rGO serves as an alternative. GO is generally
synthesized from graphite using wet chemical processes, and
its electrical properties can be improved through thermal
treatment or solution-based reduction, which is visually
marked by a color shift from brown to black."*****

CVD is widely recognized for producing graphene with high
quality and minimal defects. Currently, it stands out as one of
the most cost-effective and scalable methods for fabricating
graphene over large areas. Gaining insight into the atomic-level
growth mechanisms during CVD can significantly aid in opti-
mizing the quality of the resulting graphene.'?® However,
current experimental methods fall short in revealing atomic-
scale details of the growth process. Among chemical synthesis
approaches, the reduction GO remains a straightforward and
scalable method, making it a practical option for industrial-
scale graphene production.'*®'?” In CVD systems, the reaction
temperature necessary for graphene growth is usually achieved
through convection and radiation heat transfer between the
heat source and the metal catalyst. While effective, this method
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often suffers from low energy efficiency and prolonged synth-
esis durations. To address these limitations, Lin et al. devel-
oped an advanced CVD system capable of stabilizing the growth
of bifacial graphene. This method enables the synthesis of
high-purity graphene while effectively preventing contamina-
tion from oxygen, moisture, and intermediate by-products.’*®
In another advancement, An et al. employed acid employed
hydrothermal synthesis root to fabricate 3D graphene electrode
for supercapacitor applications. As a result, they successfully
obtained 3D graphene structure with specific surface area is
159.3 m”> g~ ' and porosity of 3-70 nm."*°

Synthesis of graphene using bio-waste and bio-mass derived
has been also a popular topic among researchers. For example,
Yan et al. demonstrated synthesis of GO using milled mis-
canthus particles through pyrolysis method. They obtained
amorphous GO with and aliphatic structures.'®’ Li et al. synthe-
sized graphene mixed and graphene-welded activated carbon
(GMAC and GWAC, respectively) by a self-sustained combustion
synthesis where they used CO, as a precursor for graphene and
activated carbon as matrix. Hence derived GMAC and
GWAC were further compared in terms of specific supercapa-
citance. GWAC demonstrated the highest specific capacitance
(~150 F g~ 1), confirming its superior performance as a super-
capacitor electrode compared to AC, graphene, and GMAC.
The superior performance of GWAC is attributed to its high
surface area, excellent electrical conductivity, and optimized
porous structure achieved through CO,-assisted combustion
synthesis.”*" In another report, Le et al. proposed an approach
to improve the performance of graphene EDLCs by introducing
ferroelectric polymers. In this work, they grew graphene using
CVD approach on Cu foils at 1000 °C. The full-cell capacitor was
attained by sandwiching two PEN/graphene/PVDF/graphene
electrodes with H;PO,/PVA gel electrolyte (¢f. Fig. 3) and
reported enhancement in specific capacitance (36%) and
potential window (1.0 V to 1.5 V)."*> Mesopores and structural
support play pivotal roles in enhancing the supercapacitive
performance of electrode materials. For instance, Zhao et al.
reported multiholed graphene and carbon nanotube combi-
nation doped by nitrogen (GNCs) for supercapacitor applica-
tions (Fig. 4). Accordingly, GNCs supercapacitor demonsatrtes a
high specific capacitance of 147 F g " at a current density of
1 A g7, along with excellent rate performance (110 F g~ " at
10 A g~ ), impressive cycling stability with 81.9% capacitance
retention over 10000 cycles at 5 A g~ ', and delivers a notable
energy density of 16.8 Wh kg™~ " at a power density of 14.4 kW
kg~ "."** Mesopores (2-50 nm in size) provide efficient ion
diffusion pathways, enabling rapid electrolyte transport and
minimizing ion diffusion resistance (Fig. 4). This leads to
improved charge/discharge rates and better utilization of the
active material. Structural support, often provided by frame-
works like CNTs or graphitized networks, ensures mechanical
stability, preserves the integrity of the electrode during long
cycling, and enhances electrical conductivity (Table 1).
Together, these features result in high specific capacitance,
superior rate capability, and excellent cycling stability.
Corriea et al. and Imbrogno et al. found that laser-induced
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technique can also enable direct, cost-effective conversion of
parylene-C into porous graphene films with low sheet resis-
tance which is suitable for flexible electronics. It also allows
one-step fabrication of ultrathin microsupercapacitors with
excellent electrochemical performance and cycling stability

(Fig. 5).

5. Composite formation

Electrode materials are fundamental to the performance and
longevity of supercapacitors, significantly influencing both
their capacitance and cycle stability. Beyond graphene and
derivatives, other key materials under investigation for
electrode applications include transition metal dichalcogen-
ides (TMDs), metal oxides (MOs), metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), MXenes (transi-
tion metal carbides and nitrides), carbon-based materials, and
transition metal oxides. Despite their promising potential in
electrochemical energy storage, achieving a balance of desir-
able properties-such as a high surface area, structural robust-
ness, low internal resistance, and efficient charge transfer,
remains a major challenge.

To address these limitations, composite materials have been
developed using various fabrication strategies. These compo-
sites combine the strengths of individual components while
mitigating their weaknesses and often exhibit synergistic inter-
actions. For instance, at heterogeneous interfaces, charge redis-
tribution can create internal electric fields that enhance ion
mobility. Additionally, the presence of lattice stress fields can
help reduce mechanical deformation during electrochemical
cycling, thus improving structural durability. As a result,
graphene-based composites have gained considerable attention
for energy storage applications due to their significantly
enhanced electrochemical performance.

5.1 TMDs and graphene composites

TMDs, with the general formula MX, (where M = Mo or W and
X = S or Se), have recently emerged as promising materials
for a range of applications, including sensing,'®*™®” water
splitting,'®® catalysis,'®® and energy storage.'*'®! These com-
pounds possess a layered structure similar to that of graphene,
where the metal and chalcogen atoms are bonded covalently
within the layers, while the layers themselves are held together
by weak van der Waals forces (see Fig. 6a). This structural
configuration not only resembles graphene but also facilitates
the reversible intercalation and deintercalation of various elec-
trolyte ions, making them highly suitable for energy storage
devices."* For example, Bongu et al. reported that the MoS,@
graphene (1:9) electrode exhibited the highest specific capaci-
tance of 248 F g~ " at a current density of 5 A g~ ', among other
compositions, indicating superior electrochemical perfor-
mance in supercapacitor applications. Accordingly, the specific
capacitance was enhanced ~6.2 times when compared with
bare graphene (~40 F g~ ').">! Devices in harsh environments:
military, automotive, biomedical, oil exploration, and space,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performance characteristics of the anthraquinone-based covalent organic framework/graphene aerogel (DAAQ-COFs/GA) ASC:

(a) schematic illustration of the ASC device. (b) CV curves recorded at 20 mV s~

! across different voltage windows. (c) CV profiles of the ASC at varying

scan rates. (d) GCD curves at multiple current densities. (e) Long-term cycling stability at 5 A g~ over 20 000 cycles (inset: image of LEDs illuminated
using the DAAQ-COFs/GA ASC). (f) Ragone plot represents energy and power density characteristics of the ASC. Reproduced with permission.*?°
(9) Synthesis of GO and GQDs from miscanthus via ultrasound-assisted mechano-chemical cracking. (h) Fabrication process for a LB film containing a hybrid
nanostructure of DMPA + GO/MnO; on an ITO electrode. (i) CS process to prepare GWAC using Mg as sacrificial solder and graphene welding during the

combustion of Mg in CO.. () Polarised PVDF graphene capacitor along with specific capacitance comparison graph and CV. Reproduced with permission.

must endure extreme temperatures, vibrations, moisture, and
electromagnetic fields. Meeting these demands requires inno-
vative designs and advanced materials to ensure reliability,
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durability, and performance under severe conditions. For
instance, Serrapede et al., documented a combination of
MoS, with 3D graphene aerogel with promising capacitive
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behavior (210 F g~ ') at high temperature (200 °C) which is 20%
higher than existing literature. This device delivers an energy
density of 0.22 Wh dm™? in coin-cell form, significantly sur-
passing commercially available devices rated for up to 175 °C. It
also operates reliably across a broad temperature range of 25 °C
to 250 °C, with minimal performance variation."®” In another
article, Sardana et al. reported flower-like morphology of
MoS,@rGO nanohybrid using hydrothermal synthesis route.
The MoS,@rGO nanohybrid exhibited a high specific capaci-
tance of 2049.90 F g~ ' at a current density of 30 mA g ' and
demonstrated nearly 100% capacitance retention over 10* con-
secutive charge-discharge cycles at 660 mA g '. The excep-
tional electrochemical behavior arose from the unique 2D
architecture of the MoS,@rGO nanohybrid, characterized by
its minimal equivalent series resistance and distinctive layered
morphology.’® In another report, Zhuo et al. reported 2D
graphene produced via electrochemical exfoliation in acidic
medium. As result, produced graphene with 1T-MoS, was
utilized to fabricate supercapacitor electrode. This 2D electrode
showed high specific capacitance of 290 F cm > at 0.5 A g~ *
with ~90% retention of capacitance after 10* cycles.'®® Mag-
dum et al. showcased 3D skeleton rGO/VS,/WS, composite in
hydrogel form. They reported that upon incorporation of
VS,/WS, into the specific capacitance of rGO enhanced signifi-
cantly due to the porous structure of 3D skeleton rGO/VS,/WS,
composite. Hydrogel electrodes composed of rGO, rGO/VS,,
and a rGO/VS,/WS, composite were fabricated binder-free on
nickel foam (current collectors) using a hydraulic press. Among
these, the rGO/VS,/WS, composite hydrogel electrode demon-
strated superior supercapacitive performance, achieving a spe-
cific capacitance of 220 F g " at a current density of 1Ag 'ina
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3 M KOH electrolyte. This performance surpassed that of the
GO hydrogel (158 F g ') and the rGO/VS, hydrogel (199 F g™ )
under identical testing conditions.”® In another report,
Mashkoor et al. highly durable and free-standing super-
capacitor using WS, and MWCNT nanocomposite as shown
in Fig. 6b-j. The WS,-MWCNT composite exhibited outstand-
ing supercapacitive performance. The assembled device
achieved a specific capacitance of 134.72 F g~ at a current
density of 6 A g~" and delivered a notable energy density of
46.15 Wh kg™' at a power density of 500 W kg™ '.'*> When
combined with TMDs in electrode design, the TMD component
typically contributes to pseudocapacitance, while the graphene
material enhances the electrical conductivity and offers a high
surface area for active charge storage. For example, anchoring
NiS, nanoparticles and MoS, nanosheets onto graphene layers
expose numerous active edge sites and defects. In this configu-
ration, graphene not only contributes to enhanced capacitance
but also promotes efficient electron transport. A device using a
NiS,/MoS,/graphene composite as the anode and nitrogen-
doped porous graphene as the cathode demonstrated an
impressive energy density of 84.5 Wh kg™ " in aqueous electro-
Iyte (2 M KOH). Benefitting from NiS,/MoS,/graphene’s exclu-
sive chemical properties and structure, it demonstrates
impressive electrochemical performances for battery-type
supercapacitors in terms of high specific capacity of 2379 F
g ' at 1 A g ! with significant rate capability (60.7% at 100 A
¢ ")."® The introduction of TMD nanosheets between gra-
phene layers effectively reduced the tendency of graphene
sheets to restack, thereby enhancing the overall structure. This
intercalation not only boosted the pseudocapacitance contrib-
uted by NiS,/MoS, but also improved the electrochemical
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Table 1 Summary of application of graphene and graphene derivative materials as electrodes in supercapacitors

(cc)

Pore size/
Material Electrolyte volume Surface area  Specific capacitance@current density Energy density Ref.
Graphene PVA 0.02281 cm® 4.6 & 0.026  1.56 mF cm ™ > (planer) and 3.77 mF cm > 1.7 uWh cm 2 135
g ! m® g ! (sandwich)@0.1 mA cm >
Graphene PVA/H,SO, — — 1.66 mF cm >@(0.5 mA cm 2 0.19 yWh cm ™2 136
Graphene PVA-table sea salt — — 31.67 F g '@0.25 Ag ™" 6.33 Wh kg ! 137
GQDs KOH — — 200Fg '@2.0Ag " 22
PEN/graphene/PVDF/ H;PO,/PVA — — 75 F cm >@1 pA cm 2 132
graphene
CuS|P-CuGFs KOH — — 1460.9 mF cm @3 mA cm 2 15.3 pWh em ™2 138
GO PVA/H,SO, — 179m’g ' 471 Fg '@0.2A¢g" 48.18 Wh kg ! 139
rGO KOH — — 232Fg '@0.5A¢g " 21 Wh kg™* 140
GO Na,S0, — — 176 Fg ' 0.5A¢g " 47 Wh kg ! 141
rGO/PPy PVA/KOH 3 nm 16891 m>g ' 422.6 Fg '@0.5A¢ " 58.7 Wh kg ! 142
rGO/PPy PVA/H,SO, — 79m?g ! 1532 mF cm ™ ?@0.88 mA cm 2 114 pWh cm 2 143
rGO/PPy Na,S0, — 740m’ g ' 3893Fg '@1.0Ag " 19.7 Wh kg ! 144
rGO/PPy KCl/pyrrole — 231m’g ' 414 F g '@0.2 mA cm > — 145
rGO COP — — 417 F g '@0.81Ag ! 86.4 Wh kg ! 146
MnFe,0,@rGO KOH — — 399.17 F g '@0.65 A g~ " 40.05 Wh kg ! 147
NiFe,0,/r-GO KOH — — 362.46 F g '@0.65 A g " 36.37 Wh kg ™" 148
N doped graphene ~ KOH — 1146 m* g ' 152.8 pFem @1 A g | 16.9 Wh kg 149
Cl™ doped graphene EMIMBF,/PVDF-HFP 2 nm 2388 m”g ' 160 F cm > 97.9 mWh em™® 150
B doped graphene  PVA 0.02281 cm® 4.6 + 0.026  4.67 mF cm ™ (planer) and 11.24 mF cm™> 135
g ! m®>g ! (sandwich)@0.1 mA cm >
MoS,@graphene KOH >5nm 85m’>g ! 248Fg '@5Ag " — 151
MoS,@rGO BMIM BF, — — 217 Fg™" 0.22 Wh dm™ 152
MoS,@rGO Na,SO, 0.82 nm 7.74m>g ' 2049.90 Fg ‘@30 mA g’ 19243 Whkg™' 153
MoS,@graphene PVA (poly(vinyl alco- — — 1.8 mF cm > 0.156 pyWh em ™2 154
hol))/H,S0,
WS,@graphene Na,SO, 2 nm 761 m> g ' 2964 mF cm > — 155
WS,@graphene H,S0, — — 215Fg ‘@1 Ag? ~10 Wh kg ! 156
WS,-embedded KOH — 1297 m*g ' 1111 Fg '@at2A g 31
MXene/GO
WS,/tGO/CNT pPDADMTEFSI and — — 67.60 F ¢ '@135.93 mA cm * 115.01 Wh kg ™' or 157
PYR,,TFSI 8.50 mWh ecm ™3
NiS,/MoS,/graphene KOH — 155m”>g ' 2379Fg '@1Ag’ 84.5 Wh kg ! 158
B-Ni(OH),/graphene  (NH,),SO, — — 61.7 mF cm @5 mA cm ™ 30
GO/Fe;0, PANI — — 283.4Fg '@1.0Ag " 47.7 Wh kg™ * 159
MnO,-rGO H,SO,/PVA — — 103 Fg '@0.75Ag " 41.5 Wh kg™’ 160
Co-Ce0,/rGO Na,S0, — — 5943 F g '@0.25 A g™ " 27.13 Wh kg™* 161
AGO H,SO, — — 3800 Fg '@2Ag ! 540.71 Wh kg™* 162
Ag-rGO@CuO KOH 6125 F ¢ '@0.5 A ¢! — 163
NiO/CuO/rGO Na,CO; 9-27 nm 392m*g ' 53156 Fg '@1Ag T’ 170.09 Wh kg™* 164
ZnO-CuO/rGO H,S0, 7.1 nm 12818 m* g ' 270.6 Fg '@0.5 A g " 6.2 Wh kg ™' 165
Cl” GO@CuO/Cu,0 KOH — 0.064ccg ' 577Fg " 25.3 Wh kg ™" 166
GQDs/CuO KOH 5-21 101.2m°g ' 729Fg '@1Ag " 32.2 Wh kg™’ 167
GO-CuO KOH — — 82.1Fg '@0.5Ag " — 168
CuO-Cu,O/graphene Na,SO, — — 1589 Fg ‘@2 Ag™" 3.8 yWh em™? 169
rGO/CuO/PpPD H,SO, — — 51212 F g '@1Ag ' — 170
CuO-1GO KOH — — 188 Fg '@0.2Ag ! 7.32 Wh kg ! 171
PPY:CuO:rGO H,S0, — — 850.12 F g '@2.8 Ag™" 16.56 Wh kg ™" 172
FeO-CuO-RGO — 0.76 and 168m’g ' 626Fg '@1Ag! 86.94 Wh kg ' 173
1.32 nm
Fe-PrGO KCl — 128m’g ' 442Fg'@iAag! 61.39 Wh kg ' 174
rGO-Cu KCl — — 2089F g ' — 175
Graphene/Cu,O KOH — — 161.31Fg '@1Ag ' 6.63 Wh kg ! 176
Fe,05/rGO/PPy H,SO, — — 1582 Fg '@1Ag ! 87.05 Wh kg ' 177
rGO-CuO KOH 4-10 nm 60.02m>g ' 712Fg '@1Ag " — 178
o-Fe,05/rGO PVA/KOH — 183m?>g ' 455Fg '@1Ag !’ 73 Wh kg ™" 179
rGO/Fe,05 KOH — 184m’g ' 360Fg '@iAg’ — 180
rGO/VS,/WS, KOH — — 220Fg '@1Ag" 30.55 Wh kg ! 181
WS,-MWCNT Na,SO, 13472 F g '@6 A g™" 46.15 Wh kg ™" 182

PEN = polyethylene naphthalate; PVDF = polarized poly(vinylidene fluoride); pDADMTFSI = poly(diallyldimethylammonium) bis (trifluorometha-
nesulfonyl)imide; PYR,,TFSI = N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide; CuS|P-CuGFs = copper coated graphene fibers;
COP = poly(pyrrole-co-thiophene); AGO = copper oxide decoratedamine functionalized graphene oxide; PANI = polyanailine; GQDs = graphene
quantum dots; PpPD = poly(p-phenylenediamine); PPY = polypyrrole; Fe-PrGO = iron oxide embedded polypyrrole-rGO matrix; PVA = polyvinyl

alcohol.
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(a) lllustration of the direct laser writing process used to fabricate micro-supercapacitor (MSC) electrodes or laser induced graphene (LIG); (b)

LIG-MSC electrodes patterned directly onto a parylene-C substrate; (c) schematic showing the structural assembly of the LIG-MSC device; (d) CV curves
demonstrating electrochemical behavior; (e) charge—discharge profiles at various current densities; (f) specific capacitance values as a function of
current density; and (g) long-term cycling stability and Coulombic efficiency at 0.5 mA cm™2 for the LIG-MSCs fabricated on parylene-C. Reproduced
with permission.*® (h) SEM image of image of the LIG graphitized area, (i) TEM image of LIG. (j) CV of a representative open LIG device, (k) GCD curves of
open LIG device (1) CV of a sandwich LIG device (m) GCD curves of sandwich LIG device. (n) Plot of area capacitance (C,) vs. current density for open LIG
device and corresponding (o) cycling stability over 5000 cyles. (p) Plot of area capacitance (Ca) vs. current density for sandwich LIG device and

corresponding (qg) cycling stability over 5000 cyles. Reproduced with permission.

double-layer capacitance primarily offered by graphene. The
resulting NiS,/MoS,/graphene nanocomposite exhibited super-
ior electrochemical performance compared to pure graphene.
Moreover, optimizing the proportion of TMDs in the composite
further enhanced the volumetric capacitance of the
supercapacitor.

5.2 MOs and graphene composites

The enhanced supercapacitive performance of graphene or
graphene oxide (GO/rGO) combined with metal oxides arises
from the interplay of electrostatic and faradaic charge storage
mechanisms."? Graphene-based materials contribute to EDLC
by forming electric double layers at the electrode-electrolyte
interface, governed by classical electrostatics and supported by
graphene’s large surface area and excellent conductivity for
rapid electron transport.""'*> MOs introduce pseudo capaci-
tance through fast, reversible redox reactions at or near the
surface, enabling bulk charge storage via quantum electron
transfer and ion intercalation, as described by faradaic
processes.>*9>17317419¢ The hybridization enhances quantum
capacitance by increasing the density of electronic states near
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the Fermi level, particularly when functional groups or defects
are introduced. MOs also improve ionic conductivity and ion
diffusion by offering porous, nanostructured pathways gov-
erned by Fick’s laws, while graphene ensures continuous
conductive networks. This synergy results in high specific
capacitance, improved rate performance, and better cycling
stability, making such composites ideal for advanced energy
storage devices as shown in Fig. 7 and 8.>'%72%° Scholl et al.
developed Langmuir-Blodgett films with phospholipid-GO/
MnO, specifically, via simple ultrasonication processing. This
method is notable for being low-cost, energy-efficient, and
operable at relatively low temperatures.’®* Lohar et al. found
enhanced specific capacitance in rGO nanosheets upon incor-
poration of CuO. The inclusion of copper redox ions has been
shown to reduce charge transfer resistance. The elevated elec-
trochemical performance of rGO/CuO can be attributed to the
synergistic effect of graphene and metal oxide along with the
reduced resistance.'”* In another article, Veeresh et al. studied
the effects of cobalt oxide on rGO.>*" Co;0, is ideal for super-
capacitors due to its high redox activity, fast charge transfer
kinetics, and abundance of electroactive sites from its unique

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) TMDs crystal structures of MX, and three-dimensional model of the MoS, crystal structure in 1T and 2H types. Reproduced with permission.***
CV curves of WS,—MWCNT supercapacitor at (b) different potential windows, (c) different scan rates, (d) specific capacitance vs. scan rates bar chart (e)
dependency of power law on peak current (f) GCD curves (g) specific capacitance vs. current density bar chart (h) cyclic stability if supercapacitor (i)
Nyquist plot before and after 10 000 cycles (j) schematic presentation of WS,—MWCNT supercapacitor. Reproduced with permission.18?

spinel structure. Coz0, has Co®*" and Co”>" oxidation states
sited at octahedral and interstitial tetrahedral sites induced
by oxygen ions in a tightly packed face-centered cubic struc-
ture, respectively. This arrangement in rGO/CuO hybrid

© 2026 The Author(s). Published by the Royal Society of Chemistry

supercapacitors offers elevated charge transfer capabilities
and high power and energy densities. Hydrothermally synthe-
sized GO/Co30, showed a maximum Cp, value of 1012 F g 'ata
current density of 2 A g .
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6. Effect of doping

Graphene and it’s derivative are ideal candidates in terms of
electrode materials for supercapacitors owing to their layered
structure, excellent electrical conductivity, large surface
area, and various other unique properties. However, the inher-
ent Cg, of these materials can be further improved through
surface modifications or doping, which enhance its capacitive
performance.**>*®® Introducing dopants into graphene elec-
trode materials can generate additional electrochemically
active sites or functional groups, thereby enhancing their
performance in energy storage applications.

Doping graphene with heteroatoms has been adopted widely
to improve its in-plane electrical conductivity, especially for
electrode applications.>*** Common dopants include nitrogen
(N) and phosphorus (P) for n-type doping, and boron (B) for
p-type doping.?®>*%” In N-doped graphene, dopant atoms are
typically incorporated in between carbon-lattice in three pri-
mary bonding configurations: quaternary (graphitic)-N,
pyridinic-N, and pyrrolic-N.>°® Snice N have one excess valence
electron than carbon, its incorporation creates electron-rich
regions within the carbon framework. For example, pyridinic N
binds with two C-atoms and eventually contributes to one p-
electron in the delocalized = system, on the other hand, pyrrolic
N contributes to two p-electrons.>***°® This introduction of
additional charge carriers significantly enhances the electrical
conductivity of graphene. Furthermore, N doping alters the
charge dispersal and spin-density within the C-arrangement,
generating so-called “activation regions” that enhance both
the catalytic and electrochemical activity of graphene. Experi-
mental results and theoretical studies suggest that pyridinic
and pyrrolic nitrogen species are particularly effective in
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contributing to pseudocapacitance, thus increasing the overall
capacitance. In contrast, quaternary nitrogen primarily boosts
electronic conductivity.?*%>!*

Graphene and its derivatives are considered highly promis-
ing electrode materials due to their 2D or layered structure,
exceptional electrical, mechanical and thermal properties, and
large theoretical specific surface area. Though, the inherent Cg,
value of rGO can be modified via various modification strategies
such as functionalization, doping, which augment its capacitive
performance.’**?% Introducing dopants or functionalisation into
graphene electrode materials can generate additional electroche-
mically active sites or functional groups, thereby enhancing their
performance in energy storage applications.

Yuan et al. reported that after doping with N, P, and Ni, the
specific and gravimetric capacitance of graphene enhanced
significantly. The synergistic doping of N, P, and Ni introduces
structural defects, enhances active sites, and improves ion
transport, collectively boosting capacitance, surface area, and
electrochemical performance of graphene.”’” Verma et al.
reported Fermi-level tuning in h-MoO;-doped graphene
(Fig. 9). MoO3; molecular doping enables the incorporation of
a high hole density in graphene, reaching approximately 2.29 x
10'* em 2. Additionally, graphene doped with h-MoOj; exhibits
significantly improved supercapacitor performance, achieving
an areal capacitance nearly three times greater than that of
undoped graphene.”™?

7. Effect of electrolytes

In past few decades, extensive attention has been paid on
evaluating the electrochemical performance of electrode
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(a) Schematic representation of fabricated devices of MoOs-doped CVD grown single layer graphene (SLG) and energy level diagram of

graphene/MoQs heterostructure. (b) CV curves of pristine graphene on copper foil (Gr/Cu) and h-MoOs (1.5 mg mL™) doped graphene on copper foil (h-
MoOs-doped Gr/Cu) at a scan rate of 10 mV s~ in 2 M KOH electrolyte. (c) Areal capacitance of Gr/Cu and h-MoQs doped Gr/Cu as a function of scan

rates. (d) GCD curve for Gr/Cu and h-MoOsz-doped Gr/Cu at a current density of 1 mA cm™2

. (e) Areal capacitance versus current density of Gr/Cu and h-

MoOs-doped Gr/Cu. (f) Nyquist plots of Gr/Cu and h-MoOs doped Gr/Cu. (g) Cycling stability test and optical image (inset) of flexible h-MoOs doped Gr/

Cu electrode. Reproduced with permission.?!®
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materials using various electrolytes to enhance their suitability
for commercial supercapacitor applications. The key character-
istics of a perfect electrolyte includes wide potential window
with electrochemical stability, under electrochemical condi-
tions, low internal resistance, and minimal toxicity.>'* Electro-
lytes generally fall into three main categories: liquid, solid-
state, and redox-active, which are further divided into their
subcategories as shown in Fig. 10. Selection of an ideal electro-
lyte is essential to optimize the performance of the super-
capacitor, as it significantly affects the potential operating
voltage, energy storage capability, and safety of the system
(Fig. 11). In this area, the major and existing challenge is
identifying electrolytes that can maintain stability over a wide
voltage range, given that the voltage window heavily influences
both energy density and Cg,.>'* Effective electrolytes are also
characterized as highly ion-conductive and with the tendency to
establish a robust interface with the electrode materials. It is
important to avoid electrolyte decomposition, as it can degrade
electrode performance. Notably, in studies it has been found
that hydrogen electrosorption at the negative electrode can
improve both voltage range and Cj), values.*'*7'®

Aqueous electrolytes are broadly classified into three cate-
gories: acidic, basic, and neutral, with H,SO,, KOH, and Na,SO,
being the most commonly employed representatives of each
category, respectively,'>>8>29121% Although aqueous systems
theoretically offer a maximum electrochemical potential win-
dow of approximately 1.2 V, in practical applications, this value
is often lower, particularly in acidic and alkaline media. Such
limitations in voltage window inherently restrict the energy
density achievable by supercapacitors utilizing aqueous elec-
trolytes, rendering them less suitable for commercial applica-
tions where higher energy densities are required. In contrast,
organic electrolytes can sustain much broader voltage windows,
offering a distinct advantage in this regard.”** The productivity

Electrolytes

5 ] }
Liquid Solid-State Redox-Active

6 6 6 5

Aqueous Non-Aqueous
Dry-Solid Aqueous
Acid Organic Polymer Organic
Basic lonic-liquid Gel Polymer lonic-liquid
Neutral Mixture Inorganic Gel-Polymer

Fig. 10 Classification of electrolytes for supercapacitors.
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of aqueous electrolytes is meaningfully prejudiced by para-
meters such as the ionic-radii of hydrated and bare ions, their
mobility, and the nature of ion transport, all of which govern
both the Cy, and ionic conductivity of the system. Among
neutral aqueous electrolytes, potential windows as high as
2.2 V have been documented.*'*?*'?>

Organic (non-aqueous) electrolyte-based supercapacitors
typically employ a solution comprising a conductive salt, for
example tetraethylammonium tetrafluoroborate (TEABF,),
that dissolved in organic solvents like polycarbonate or
acetonitrile.”>>*** Although widely utilized in commercial
supercapacitor technologies, organic electrolytes present sev-
eral drawbacks, including relatively low ionic conductivity and
Csp, high cost, and safety concerns stemming from their
toxicity, flammability, and volatility.>*® Furthermore, handling
these electrolytes requires stringent purification protocols
under controlled atmospheric conditions to prevent moisture
contamination, making their processing more complex com-
pared to that of aqueous systems. Despite these limitations, the
ability of organic electrolytes to provide an extended electro-
chemical stability window and enhanced energy density signifi-
cantly boosts their performance potential. As a result, the
adoption of organic electrolyte-based supercapacitors is antici-
pated to expand, driving increased market demand shortly.>**

Ionic liquids have appeared as revolutionary electrolytes for
supercapacitors thanks to it’s ability to support a wider electro-
chemical potential window compared to traditional electro-
Iytes. These materials offer exceptional attributes, including
low flammability, high ionic conductivity (approximately 10 mS
em™ "), and excellent chemical stability. While the theoretical
potential window ranges between 2 to 6 V, practical applica-
tions typically achieve a maximum electrochemical stability of
around 4.5 V.>'®**” Unlike conventional electrolytes, ionic
liquids do not possess a solvation shell, allowing for a well-
defined ion size and a solvent-free environment.”*® A com-
monly used example in supercapacitor applications is
bis(fluorosulfonyl)imide ([FSI]”) anions. Nevertheless, design-
ing ionic liquids that maintain high conductivity and broad
voltage ranges across diverse temperatures remains a signifi-
cant challenge. Ongoing research efforts continue to focus on
optimizing these parameters to enhance their suitability for
next-generation energy storage systems.>*®

Polymer-based electrolytes have recently gained significant
attention for enhancing the electrochemical performance of
supercapacitors, primarily owing to their favorable conduc-
tance and electrochemical robustness. These are generally
categorized as dry-solid, plasticized, and gel polymer
electrolytes.”?® Dry-solid polymer electrolytes, often referred to
as polymer-salt complexes which works on the principle of
dissolution of inorganic salts into polar polymers. This inter-
action leads to the formation of ion-conducting solid matrices
where coordination bonding and electrostatic forces between
metal cations and the polar functional groups of the polymer
play a critical role.>”® The performance of such systems is
significantly affected by multiple parameters. These include
the polymer’s molecular weight, the chemical composition and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 CV curves of P-rGO and AC in neutral and different electrolytes at different scan rate of (a) 1 mV s~ (b) 10 mV s* (c) and 50 mV s *. Reproduced
with permission.?*° (d) and (e) GCD curves of RGO for different molar concentrations of KOH at 0.5 A g~%. CV curves of RGO for (f) 0, 1.5, 3and 4.5 M, (g)
6,7.5and 9 M concentrations of KOH at 10 mV s*. Reproduced with permission.}*° (h) CV curves of RGO in 0.5, 1, 1.5 and 2 M concentrations of Na,SO.
at 10 mV s~ (i) GCD curves of RGO supercapacitor in different molarities of Na,SO,4 at 0.5 A g~*. Reproduced with permission.**! CV curves of rGO-PANI
in () LiCL (k) Li>SO4, () H,SO4. GCD curves of rGO-PANI in (m) LiCl, (n) Li,SO., (0) HoSO4. Reproduced with permission.?4

spacing of its functional groups, the characteristics of the
moieties linked to the polymer chain, the nature of counter-
ions, and the extent of polymer branching. All these parameters
contribute significantly to the strength and nature of polymer-
metal ion interactions, ultimately affecting ionic conductivity
and overall electrolyte performance.>**>** Another category of
polymer electrolytes employed in supercapacitor systems is
plasticized polymer electrolytes. These are typically formulated
by incorporating low molecular weight compounds into a
polymer framework. Common additives include polyethylene
glycol or carbonate-based solvents such as ethylene carbonate
and propylene carbonate.?**"?*> Despite their enhanced ionic
conductivity, plasticized polymer electrolytes often suffer from
compromised mechanical strength at elevated levels of plasti-
cization. Additional limitations include the potential reactivity
of polar solvents with lithium metal anodes in rechargeable
batteries and the volatility of the incorporated solvents. To

© 2026 The Author(s). Published by the Royal Society of Chemistry

mitigate these issues, gel polymer electrolytes have been devel-
oped. These systems utilize a polymer framework to entrap
liquid components, thereby improving safety and mechanical
integrity. Although gel polymer electrolytes exhibit relatively
better ionic conductance, challenges chemical interaction
between polar solvents and metallic electrodes, as well as the
emission of volatile substances under certain conditions.***>3°

8. Challenges and future outlook

Graphene-based electrodes have shown great promise in super-
capacitors and other energy storage systems, yet several chal-
lenges still hinder their large-scale application. A major
limitation is the scalable and cost-effective production of
high-quality graphene. Traditional methods like CVD, Hum-
mers’ method, and mechanical exfoliation often face issues
with yield, consistency, and cost, making them unsuitable for
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industrial use. To address this, research focuses on green, low-
cost, and high-throughput synthesis techniques such as
solvent-free processing, biomass-derived precursors, and con-
tinuous flow systems. Another critical challenge is ensuring
long-term stability under real-world conditions. In energy sto-
rage, graphene-based electrodes can suffer from structural
degradation and conductivity loss over time. Enhancing inter-
facial compatibility, developing hybrid barrier systems, and
integrating self-healing properties are key strategies to improve
durability. The use of artificial intelligence (AI) and machine
learning (ML) is also emerging as a powerful tool for accelerating
graphene-based electrodes development. These technologies can
optimize material design, predict performance, and reduce experi-
mental workload, provided robust datasets and integrated work-
flows are established. Looking ahead, the multifunctionality of
graphene-based electrodes combining energy storage, mechanical
strength, and smart responsiveness positions them as ideal candi-
dates for next-generation applications such as wearable super-
capacitors, and structural batteries. Achieving this vision will
require materials that are not only high-performing but also
durable, flexible, and environmentally resilient.

9. Conclusion

The study and development of 2D materials, specifically graphene
and their derivatives, have significantly advanced through techno-
logical progress, impacting various fields including energy storage.
Graphene’s exceptional characteristics include promising thermal
and electrical conductivity, large surface area, mechanical robust-
ness, and fast charge-discharge rates make it an ideal material for
supercapacitor electrodes. However, challenges like restacking of
graphene layers can hinder accessibility and overall performance.
To address this, combining graphene with other materials such as
carbon composites, metal oxides, or conductive polymers has
emerged as a promising strategy. These hybrid composites can
reduce particle size, introduce controlled porosity, prevent agglom-
eration, enhance the number of active sites, and improve both
capacitance and cycling stability through additional pseudocapaci-
tive contributions. Future research should continue focusing on the
design and optimization of such composites, including ternary
systems, to fully harness graphene’s capabilities. Moreover, inte-
grating nanoarchitectonic principles could further advance mate-
rial structuring at the nanoscale, enabling better control over
electrochemical behavior. Despite these advancements, several
obstacles remain before commercialization, such as ensuring scal-
ability, reproducibility, material stability, and cost-effectiveness.
Addressing these challenges is vital for transitioning graphene-
based technologies from the lab to practical, real-world energy
storage and conversion systems.
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