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 A B S T R A C T 

Materials made up of graphene possess advantageous qualities which 
make them well-suited for use in supercapacitors and other energy 
storage devices. These include outstanding electrical conductivity, 
robustness, outstanding chemical stability, and the ability to adjust the 
surface area. This review looks at the recent advancements in the use of 
materials made up of graphene as electrodes in supercapacitors, in terms 
of their macrostructural complexity, including zero-dimensional, one-
dimensional, two-dimensional, and three-dimensional. Ongoing research 
is being conducted to comprehend graphene's structure at varying 
dimensions and scales, to develop cost-effective synthesis methods, to 
engineer materials based on graphene, and to analyze their 
electrochemical performance. Further study should be devoted to 
advancing device performance, as well as to the possibility of executing 
large-scale operations economically, that could be applied to portable and 
wearable electronics, transportation, electricity, and hybrid vehicles. 
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1. INTRODUCTION  
 
Supercapacitors or ultracapacitors have gained a 
lot of attention lately due to their high power 
density, quick charge/discharge rates, and long 
life cycle [1-3]. They are viewed as one of the 
most promising electrochemical energy storage 
devices, providing a potential alternative to 
batteries for energy storage applications such as 
those used in wearable and portable electronics, 
and electrical and hybrid vehicles [4]. Based on 
their energy storage mechanism, supercapacitors 
are classified into two main categories: electric 
double-layer capacitors (EDLCs) and 
pseudocapacitors [5]. EDLCs get their 
capacitance from the accumulation of charges at 
the electrode-electrolyte interfaces, so 
controlling the specific surface area and pore size, 
as well as improving electrical conductivity, are 
effective ways to increase the storage capacity 
[6]. On the other hand, pseudocapacitance 
involves transferring faradic charges between 
the electrolyte and electrode due to reversible 
multi-electron redox faradaic reactions, resulting 
in higher specific capacitance and energy density 
compared to EDLCs [7-9]. 
 
Graphene is renowned for its remarkable 
properties including lightweight, exceptional 
thermal and electrical conductivity, adjustable 
surface area amounting to 2675 m2g-1, and 
remarkable mechanical strength of 
approximately 1 TPa. Furthermore, its chemical 
stability renders it suitable for use in high-
performance nanocomposites, electronics, energy 
generation and storage, and environmental 
protection [10-12]. In particular, graphene-based 
materials are of great interest for their potential 
in electrochemical energy storage and sustainable 
energy generation [2]. Nevertheless, the practical 
capacitive performance of pure graphene is less 
than expected due to agglomeration in the 
preparation and application processes [10]. 
Addressing the issue of refining the general 
electrochemical performance of materials that 
incorporate graphene is an important matter that 
still needs to be resolved. This article outlined the 
latest developments in the fabrication of 
graphene-based materials for supercapacitors, as 
well as the different structures and 
electrochemical properties associated with them. 
Additionally, the capacitive processes and 
techniques for increasing energy storage 
capabilities were examined. 

2. GRAPHENE-BASED SUPERCAPACITOR 

ELECTRODE MATERIALS 

 
2.1 Graphene-based fibers and yarns with a 

one-dimensional (1D) structure 
 
The utilization of 1D graphene-based yarns and 
fibers in the creation of future supercapacitors 
for electric vehicles, wearable technology, and 
portable electronics is explored in the study of 
Graphene in Supercapacitor Electrode 
Application [13]. These fibers and yarns made of 
graphene are useful for varieties of uses because 
they have desirable qualities like flexibility, small 
size, and weaveability. The study emphasizes the 
use of materials derived from carbon, such as 
carbon fibers, carbon nanotubes (CNTs), 
graphene, and mesoporous carbon, which may be 
converted into a variety of forms, including yarns 
and fibers [14]. These substances may be 
combined with electrically active substances that 
exhibit faradaic pseudo-capacitance, such as 
metal oxides, hydroxides, and conducting 
polymers like polypyrrole, polyaniline, and 
poly(3,4-ethylene dioxythiophene). 
 
Supercapacitors are specialized energy storage 
units that are renowned for their high-power 
density and rapid charging and discharging 
capabilities. The unique properties of graphene-
based materials make them an appealing choice 
for supercapacitor electrodes; fine surface area 
control, outstanding electrical conductivity, 
chemical stability, and mechanical strength are a 
few of them [15]. Graphene-based fibers and 
yarns have a greater potential for use as 
supercapacitor electrode materials because of 
their distinct one-dimensional (1D) 
architectures. 
 
The engineering of novel electrode architectures 
and the investigation of their electrochemical and 
mechanical properties were important 
contributions made by Meng et al. First, 
employing fiber-shaped reduced graphene oxide 
(rGO) coatings on Au wires, Meng et al. created an 
electrochemical capacitor. Even when the device 
was bent up to 120 degrees or twisted into a S 
shape, this arrangement produced a substantial 
specific capacitance of 101.9 micro-F cm-1 (6.49 
mF cm-2) and low capacitance loss [13, 16]. The 
Au wires' improved energy storage capacities 
were made possible by the addition of rGO 
coatings. Meng et al. created an all-graphene yarn 
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supercapacitor to increase performance and 
lighten the device. In this design, rGO wires were 
used in place of the Au wires, and the graphene 
framework had a graphene sheath 
electrochemically formed on it. In comparison to 
ordinary carbon fibers (more than 1.7 g cm-3) and 
gold wires (around 20 g cm-3), the resulting 
graphene fiber had a density of only 0.23 g cm-3 
[13]. This flexible and lightweight construction 
presented exciting possibilities for real-world 
energy storage applications. 
 
A spring-shaped supercapacitor was also created 
by Meng et al. employing solid-state components 
made of linked graphene fibers and an H2SO4-PVA 
gel electrolyte [13, 16]. Excellent electrical 
conductivity and surface area was given by the 
structure's 3D interpenetrating porous networks 
of graphene. The compressible and stretchable 
nature of these spring-shaped supercapacitors 
displayed outstanding mechanical characteristics. 
They achieved a 1.2–1.7 mF cm-2 areal capacitance 
[17]. The study of Meng et al demonstrated the 
fibers and yarns based on 1D graphene's potential 
as high-performance supercapacitor electrodes. 
Significant advancements in specific capacitance, 
capacitance retention under deformation, density 
reduction, and mechanical robustness were made 
possible by the use of these innovative 
architectures [18]. These results support the 
development of graphene-based materials in the 
supercapacitor technology industry. 
 
In order to produce hybrid fibres known as CNT-
G, Cheng et al. used chemical vapour deposition 
(CVD) to grow one-dimensional (1D) carbon 
nanotubes (CNTs) onto two-dimensional (2D) 
graphene [19]. The hybrid fibers' improved 
characteristics were a result of the combination 
of 1D CNTs and 2D graphene. The CNT-G fibers 
showed an areal capacitance of 1.2–1.3 mF cm-2, 
which demonstrated their capacity to store a 
sizable quantity of electrical charge per unit area. 
By withstanding 200 bend cycles while being 
incorporated into a textile structure, these hybrid 
fibers also show exceptional mechanical 
flexibility [15, 19]. However, even when coated 
with a layer of polyvinyl alcohol (PVA) solid 
electrolyte, one issue with these "bare" yarn 
supercapacitors was the possibility for short-
circuits when the fibers came into touch with 
each other. Further research and adjustments 
may be needed to resolve this problem and 
guarantee the supercapacitors' dependable 

functioning in real-world applications. The 
hybrid fibers' 2D graphene sheets and 1D CNTs 
work in concert to improve electrical, thermal, 
and mechanical flexibility when compared to 
employing either component separately [20]. The 
hybrid fibers are improved overall and 
functionally by this synergistic effect, making 
them interesting candidates for use as 
supercapacitor electrodes. 
 
A substantial contribution was made by Yu and 
colleagues, who concentrated on employing 
single-walled carbon nanotubes (SWCNTs) and 
nitrogen-doped reduced graphene oxide (N-rGO) 
to create hierarchical carbon microfibers [21]. 
The method created by Yu and colleagues entails 
the synthesis of hierarchically structured carbon 
microfibers that contain SWCNTs and N-rGO. The 
electrical conductivity of these fibers, which is 
102 S cm-1, is outstanding. They also have a large 
specific surface area of 396 m2 g-1. The fiber-type 
supercapacitors made with these carbon 
microfibers function remarkably. In experiments 
carried out in sulfuric acid utilizing a three-
electrode cell configuration at a current density 
of 73.5 mA cm-3, the supercapacitor displays a 
volumetric capacity of 305 F cm-3. Additionally, 
the volumetric capacity exceeds 300 F cm-3 when 
evaluated in a PVA/H3PO4 electrolyte using a 
two-electrode cell at a current density of 26.7 mA 
cm-3 [21]. 
 
The use of these carbon microfibers in the 
construction of micro-supercapacitors with a 
PVA/H3PO4 gel electrolyte was also investigated 
by Yu and colleagues [21, 22]. The resulting 
micro-supercapacitor exhibits an energy density 
volumetric value of about 6.3 mWh cm-3. In 
supercapacitor electrodes, the use of 1D 
graphene-based fibers and yarns offers benefits 
such as improved charge transport pathways and 
greater surface area, improving the capacity for 
energy storage. Yu and colleagues' creation of 
hierarchical carbon microfibers with SWCNTs 
and N-rGO shows the material's potential for use 
in high-performance supercapacitor applications 
[21]. Wang et al. concentrated on boosting 
supercapacitors' energy density. In their 
asymmetric supercapacitor design, the 
researchers used graphene fibers as cathodes 
and Co3O4-coated Ti wires as anodes [23-25]. 
This combination made it possible to increase the 
capacity of energy storage. They combined virgin 
reduced graphene oxide (rGO) and single-walled 
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carbon nanotubes (SWCNTs) with MnO2 coating 
to further improve the performance of the 
asymmetric electrode [25]. 
 
The voltage window was raised by 1.8 V when 
MnO2-coated rGO-SWCNTs and pristine rGO-
SWCNTs were added to the asymmetric 
electrode. Higher energy and power densities in 
supercapacitors are made possible by this larger 
voltage range [25]. In particular, the power 
density increased to 929 mW cm-3 and the energy 
density was enhanced to 5 mWh cm-3. Wang et al. 
showed the potential to increase the energy 
density of supercapacitors by using these novel 
materials and electrode designs. High-
performance energy storage device design now 
has new avenues because to the usage of 
graphene fibers in conjunction with specialized 
coatings and nanomaterials [25]. 
 
A hierarchical composite electrode was created 
by Liu et al. by affixing inexpensive graphene 
sheets to Nicoated cotton strands. Using this 
novel method, a large-scale producible device 
with excellent flexibility and weave-ability was 
produced [26]. The cotton yarns covered with 
graphene function as an electrode material with 
improved characteristics, making them a top pick 
for supercapacitor applications. Seyed et al. 
concentrated on creating highly porous graphene 
oxide (GO) and reduced graphene oxide (rGO) 
fibers and yarns, building on the work of Liu et al 
[26-27]. With a remarkable specific surface area 
of 2210 m2 g-1, their manufacturing process 
produced fibers and yarns that had plenty of 
surface area for charge storage. These graphene-
based fibers and yarns showed an exceptional 
electrochemical performance with a charge 
storage capacity of 409 F g-1 at 1 A g-1 [26-28]. 
 
Building a supercapacitor system that combines 
high energy and power density is still difficult. 
The power density and energy density of the 
present graphene yarn supercapacitor device are 
1400 mW cm-3 and 6.1 mWh cm-3, respectively. 
Future research should concentrate on lowering 
the stacking of graphene sheets and altering the 
microporous structures within the yarns to 
overcome this restriction and boost the device's 
performance. By constructing hierarchical 
nanocomposite electrodes, this method intends 
to increase the device's flexibility and 
adaptability for use in wearable electronics [29]. 
 

2.2 Supercapacitors based on two-
dimensional (2D) graphene films 

 
How 2D graphene film-based supercapacitors can 
be used as well as the difficulties that now exist with 
graphene yarn supercapacitors have been 
discussed [30]. The present generation of graphene 
yarn supercapacitors has some drawbacks, such as 
a power density of 1400 mW cm3 and an energy 
density of 6.1 mWh cm-3 [31-33]. Researchers 
advise concentrating on lowering the stacking of 
graphene sheets and altering the microporous 
structures in the yarns to produce hierarchical 
nanocomposite electrodes in order to get around 
these restrictions and enhance the performance of 
the devices. This would increase the device's 
versatility and make it more appropriate for 
wearable electronics [33-35]. The agglomeration 
and restacking of graphene sheets, which decrease 
surface area and impede ion diffusion, is one of the 
major difficulties in producing graphene thin films 
and papers. Van der Waals forces and inter-planar 
peal interactions are the causes of this problem. To 
address this challenge, various methods have been 
employed. These methods include the addition of 
spacers, template-assisted growth, and crumpling 
of graphene sheets [36-37]. 
 
Optimizing the layering of graphene sheets in 
supercapacitor electrodes has proven to be a 
successful strategy when using the right spacers. 
Carbon-based materials (carbon particles, carbon 
nanotubes), metals (platinum, gold), metal oxides 
(such as tin dioxide), and pseudo-capacitive 
materials (transition metal oxides, hydroxides, 
conducting polymers) have all been explored as 
spacers [38-39]. To increase the surface area and 
facilitate ion diffusion inside the electrode material, 
these spacers aid in preventing the restacking of 
graphene sheets and encouraging the creation of 
clearly defined layered structures. Researchers are 
attempting to solve the difficulties with graphene 
film-based supercapacitors, enhance their 
performance, and enable their use in wearable 
electronics by putting into practice techniques 
including spacer insertion, template-assisted 
growth, and crumpling of graphene sheets. These 
improvements in electrode design and 
manufacturing methods have the potential to 
increase the energy and power density of 
supercapacitors based on graphene, improving 
their effectiveness and suitability for use in a 
variety of electronic devices and applications [15]. 
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The flexible graphene paper that Wang and 
colleagues created, which uses carbon black 
nanoparticles as spacers, represents a significant 
leap in the field. To effectively store charges and 
allow for ion transport, the graphene paper needs 
to have an open structure, which is created by 
these nanoparticles. The electrochemical 
performance of the supercapacitor was 
significantly enhanced by the addition of carbon 
black nanoparticles. When evaluated at a scan 
rate of 10 mV s-1, the graphene paper revealed a 
specific capacitance of 138 F g-1. This shows that 
the supercapacitor has a significant amount of 
electrical charge storage capacity per unit mass. 
With only a 3.85% loss in capacitance after 2000 
cycles at a current density of 10 A g-1, the 
supercapacitor also displayed outstanding 
cycling stability. This demonstrates the strength 
and dependability of the supercapacitor made of 
graphene paper. 
 
Wang et al. successfully increased the charge 
storage capacity and ion transport within the 
supercapacitor by inserting carbon black 
nanoparticles as spacers in the graphene sheets 
[40-41]. These nanoparticles make the 
environment more conducive to ion mobility and 
improve the device's overall electrochemical 
performance. This innovative approach holds 
great promise for the development of high-
performance supercapacitor electrodes. Carbon 
nanotubes (CNTs) were used by Li et al. as 
spacers between the graphene sheets in a 
research effort focusing on the development of a 
flexible graphene film [42]. Li et al. in a 1 M H2SO4 
solution produced a remarkable specific 
capacitance of 140 F g-1 at a current density of 0.1 
A g-1 by using CNTs as spacers. This remarkable 
specific capacitance value amply demonstrates 
the superior electrical energy storage and 
delivery performance of the graphene film-based 
supercapacitor. The electrochemical 
performance of the graphene sheet is much 
improved by the use of CNTs as spacers, which 
also increases the film's capacity for charge 
storage [15]. 
 
The graphene film's ability to conform to 
different shapes and surfaces due to its flexibility 
makes it appropriate for applications needing 
mechanical flexibility. The creation of wearable 
and portable energy storage systems will benefit 
greatly from this characteristic. The research by 
Li et al. demonstrates the promise of graphene 

film-based supercapacitors as viable energy 
storage systems, and their strategy of using CNTs 
as spacers sheds light on how to improve the 
efficiency of these components [43-44]. 
 
When Pt was used as a spacer in studies, Si et al. 
discovered a substantially greater capacitance 
than they did with ordinary graphene. The 
capacitance of the graphene film-based 
supercapacitors was effectively enhanced by the 
research conducted by Si et al that occurred by 
using Pt as a spacer material. In particular, they 
exceeded the average capacitance of graphene, 
which is roughly 14 F g-1, by achieving a 
capacitance of 269 F g-1 [45]. The charge storage 
capability of the graphene film-based 
supercapacitors was probably improved by the 
inclusion of Pt as a spacer material. This finding 
indicates that the electrode structure benefits 
from the addition of Pt because it enhances 
charge transfer and electrochemical 
performance, which raises the capacitance value 
[45]. The results of Si et al. show the potential of 
using Pt as a spacer material to improve the 
performance of graphene-based supercapacitors, 
which advances their development. These 
discoveries can serve as a starting point for more 
investigation and advancement in the area of 
graphene-based energy storage technologies. 
 
In a work by Paek et al., SnO2 particles were 
added to graphene sheets and distributed among 
the layers. This change resulted in a notable 
increase in capacitance and better energy storage 
capacity. Due to a somewhat improved graphene 
sheet arrangement, the gravimetric specific 
capacitance increased by up to 300 F g-1. They 
used high capacitance pseudocapacitive 
materials, such as Ni(OH)2, Fe3O4, RuO2, CuO, 
Co3O4, MnO2, polyanilines, polypyrrole, and 
polythiophene, as spacers to further increase the 
energy density [46]. The alteration of graphene 
sheets with SnO2 particles, which are scattered 
between the graphene layers, has been made 
significantly by Paek et al. and results in 
remarkably improved capacitance and energy 
storage capabilities. Paek et al. raised the 
gravimetric specific capacitance of the graphene 
layers to up to 300 F g-1, which indicates a greater 
capacity for charge storage per unit mass [26, 46]. 
This modification method enhances the stacking 
of graphene sheets, maximizing the use of the 
surface area that is available for charge storage. 
Paek et al. also used pseudocapacitive materials 
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with high capacitances as spacers to increase the 
energy density of the supercapacitors. RuO2, 
Fe3O4, CuO, Ni(OH)2, MnO2, Co3O4, polyanilines, 
polypyrrole, and polythiophene are some of these 
substances [46]. The total capacitance and energy 
storage properties of the supercapacitors are 
greatly enhanced by using these materials as 
spacers between the graphene layers [15, 46-47]. 
 
In graphene-based supercapacitors, increased 
energy storage capacities and better overall 
performance are made possible by the use of 
SnO2 particles and pseudocapacitive materials 
as modifiers and spacers. By using graphene 
films as electrodes, this study helps to create 
more sophisticated and effective supercapacitor 
electrodes. The presentation of a hybrid 
electrode material that blends graphene with 
single crystalline hexagonal Co(OH)2 nanoplates 
is a noteworthy contribution made by Wang et 
al. Wang et al. created an electrode material 
based on graphene films that performs 
admirably in terms of capacitance. A capacitance 
value of 1335 F g-1 is attained by the hybrid 
electrode material at a current density of 2.8 A g-

1. This high capacitance demonstrates the 
electrode's superior ability to store charge, 
pointing to its potential for usage in 
supercapacitor applications [48]. 
 
The hybrid electrode material's improved 
capacitance performance is probably due to the 
inclusion of graphene and single crystalline 
hexagonal Co(OH)2 nanoplates. The Co(OH)2 
nanoplates offer pseudocapacitance through 
redox processes, thus boosting the overall 
capacitance of the electrode material, while 
graphene offers a conductive framework for 
effective charge transfer. The results of Wang et 
al. highlight the potential for hybrid electrode 
materials to enhance the performance of 
supercapacitors made of graphene. The 
capacitance and energy storage capabilities of the 
electrode can be considerably improved by 
integrating complimentary materials with 
certain functions, such as the Co(OH)2 nanoplates 
in this case [15]. 
 
With the development of a novel bendable film 
electrode material made of Ni(OH)2 nanoplates 
intercalated between graphene sheets, 
generating a 3D expressway-like structure, Li et 
al. made a substantial contribution [49, 50]. 
Excellent electrochemical performance could be 

seen in the graphene film electrode material 
created by Li and colleagues. It showed 
impressive volumetric capacitance of 655 F cm-3 
and a high capacitance of 537 F g-1. These 
numbers show how effectively the material can 
store and distribute a significant quantity of 
charge [51-52]. MnO2, a typical pseudocapacitive 
substance, was added by Li et al. to generate 
space between the graphene layers to further 
improve the capacitance and performance of the 
graphene film electrode. When this was tested in 
a 1 M NaSO4 electrolyte, a nanocomposite film 
with a specific capacitance of 389 F g-1 was 
produced. The nanocomposite film additionally 
demonstrated remarkable capacitance retention 
of 95% even after 1,000 cycles, demonstrating its 
good cycling stability and longevity [51-52]. 
 
In the graphene film electrode material, the use of 
MnO2 and Ni(OH)2 nanoplates has synergistic 
effects for energy storage. While MnO2's spacing 
enables for effective ion transport and electrolyte 
accessibility inside the electrode structure, the 
intercalation of Ni(OH)2 nanoplates adds more 
pseudocapacitive contribution. Overall, Li et al 
work on the creation of a bendable film electrode 
material that resembles a 3D expressway show 
the possibility for supercapacitors made of 
graphene to function better [51-53]. The 
nanocomposite sheet made of graphene, Ni(OH), 
and MnO2 is a viable contender for advanced 
energy storage applications due to its high 
capacitance, outstanding capacitance retention, 
and strong cycling stability. To achieve an 
asymmetric arrangement, Yang et al. coupled 
macroporous graphene film electrodes with 
Fe2O3 and MnO2 nanoparticles. The macroporous 
graphene film electrodes were combined with 
Fe2O3 and MnO2 nanoparticles to create a high-
performance supercapacitor device. A large 1.8 V 
working potential window was demonstrated by 
this arrangement, enabling effective energy 
storage and usage. The high energy density 
reached by the supercapacitors made of 
graphene film was one of Yang et al outstanding 
work's accomplishments. They were able to 
obtain an energy density of 41.7 Wh kg-1, which 
represents how much energy can be held in a 
supercapacitor per unit mass. This high energy 
density is advantageous for applications that 
need long-term energy supply [53]. 
 
Furthermore, Yang et al graphene.'s film-based 
supercapacitors showed a remarkable power 
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density of 13.5 kW kg-1. For applications that call 
for quick energy bursts, power density—the pace 
at which the supercapacitor can deliver energy—
is essential. Importantly, even under difficult 
circumstances, the performance of these 
supercapacitors remained maintained. Even at a 
high current density of 16.9 A g-1, they showed 
exceptional cycling stability, maintaining their 
high energy and power densities for 5000 cycles 
[51-53]. They are suited for long-term and high-
power applications because of their stability and 
endurance. For the creation of high-performance 
graphene-based supercapacitors, Yang et al’s 
work on integrating Fe2O3 and MnO2 
nanoparticles with macroporous graphene film 
electrodes and attaining excellent energy and 
power densities, as well as long-term cycling 
stability, is extremely instructive. Water works 
well as a spacer to keep graphene sheets from 
being stacked again, according to Li et al. This 
combination of graphene and water is produced 
by balancing the inter-solvated graphene layer 
pep attraction and repulsive contact. The 
solvated graphene sheet displayed remarkable 
performance with a specific capacitance of 215 F 
g-1, a high capacitance retention of 156.5 F g-1 at 
1080 A g-1, and a cycling ability of >97 percent 
after 10,000 cycles at 100 A g-1 [51-53]. 
 
Nafion was incorporated into graphene and 
created into films by Park et al. to increase the 
functioning of the material.54 The graphene 
sheet was significantly impacted by the addition 
of Nafion in several ways. First, Nafion 
successfully stopped graphene sheets from 
gathering within the film. Aggregation might 
lower the accessible surface area and impair the 
electrode's efficacy. The modified graphene 
layer kept its greater surface area by preventing 
aggregation, which enhanced electrochemical 
performance. Second, the wetting of the 
electrode and electrolytes was enhanced by the 
presence of Nafion. The term "wetting" 
describes the electrolyte's capacity to spread 
and penetrate the electrode material uniformly. 
Faster ion transport within the electrode is 
made possible by improved wetting, leading to 
more effective charge/discharge cycles. The 
addition of Nafion changed the graphene film, 
producing a capacitance of 118.5 F g-1. This 
capacitance value, which was discovered to be 
double that of reduced graphene oxide (rGO) 
films, points to the modified film's increased 
ability to store energy. Furthermore, even at a 

high current density of 30 A g-1, Park et al. 
showed a remarkable capacitance retention of 
90%. This demonstrates the enhanced graphene 
film's stability and toughness under demanding 
working circumstances [54]. 
 
A flexible and porous graphene gel film known 
as CCG was created by Li et al with full meaning 
as “chemically converted graphene”. Their 
method included capillary compression of 
graphene while liquid electrolytes were both 
volatile and nonvolatile. When compared to 
conventional porous carbons, the graphene gel 
film produced using this novel production 
technique had a noticeably higher packing 
density.36 The CCG film's packing density, 
which was roughly 1.33 g cm-3, indicated that it 
had a tightly packed structure. The 
demonstration of the gel film's high volumetric 
capacitance in aqueous electrolytes is one of the 
work's significant accomplishments. The 
volumetric capacitance of the CCG sheet was 
255.5 F cm-3. This figure emphasizes the film's 
prodigious electrical energy storage capacity 
per unit volume, which is essential for energy 
storage applications. New design and 
manufacturing options for supercapacitor 
electrodes are made possible by the creation of 
a flexible and porous graphene gel layer. Due to 
its special qualities including flexibility and 
porosity, the CCG film can be used in 
applications where conformability and high 
energy density are sought. The research done by 
Li et al. advances the development of 2D 
graphene film-based supercapacitors by 
presenting a fresh method to improve the 
energy storage capacity of graphene-based 
electrodes [36]. 
 
A substantial contribution to the utilization of 2D 
graphene film-based supercapacitors was made 
by Cheng et al. Their contribution entailed 
creating a composite paper made of graphene 
and polyaniline (PANI) using a cutting-edge 
method. In-situ anodic electropolymerization of 
aniline monomers on graphene paper was the 
method of manufacture developed by Cheng et al. 
Graphene and PANI were combined to create a 
composite paper as a result of this technique. The 
composite paper's increased electrochemical 
characteristics, ideal for supercapacitor 
applications, were produced by the combination 
of graphene and PANI.55 The gravimetric 
capacitance of the graphene-PANI composite 
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paper was 233 F g-1, showing that it can store a 
sizable amount of electrical charge about its 
mass. The composite paper also showed a 135 F 
cm-3 volumetric capacitance, emphasizing its 
ability to hold a charge in a specific volume. These 
capacitance values showed the graphene-PANI 
composite paper's potential electrochemical 
performance as a useful electrode material for 
supercapacitors [16, 55]. 
 
The utilization of 2D graphene film-based 
supercapacitors was significantly improved by 
Wei et al. They contributed by synthesizing a 
graphene-PANI (polyaniline) composite in which 
graphene was evenly deposited on sheets of 
PANI. Here is a thorough explanation of what they 
contributed: For the electrodes of 
supercapacitors, Wei et al. concentrated on 
creating a graphene-PANI composite. They 
successfully coated graphene onto PANI sheets 
using a polymerization process to create a 
composite material that contains around 15% 
graphene by weight. The PANI matrix's graphene 
was distributed uniformly thanks to this 
production technique [16, 56] 
 
The graphene-PANI composite performed 
electrochemically exceptionally well. It attained a 
specific capacitance of 1046 F g-1, demonstrating 
a significant level of charge storage per unit mass. 
Supercapacitors benefit from having a high 
specific capacitance since it makes it possible to 
store more energy. Additionally, the graphene-
PANI composite was notable for its outstanding 
capacitance retention even at high current 
densities. Even when the current density grew 
from 10 to 100 A g-1, the composite still 
maintained 96% of its capacitance value. This 
demonstrates the composite's ability to sustain 
its energy storage capacity under severe working 
conditions, making it appropriate for 
applications needing rapid charge and discharge 
rates. The focus on stability in Wei et al 
contribution is another noteworthy feature. The 
graphene-PANI composite showed good stability, 
indicating its potential for long-lasting 
supercapacitor applications. Supercapacitors 
need to be stable to be reliable and durable 
during long usage durations [16, 56]. 
 
The development of 2D graphene film-based 
supercapacitors was significantly advanced by 
Zhang et al. They made a special contribution by 
creating a graphene-based film that was 

intercalated with polypyrrole (PPy) spheres, 
creating a structure with a distinctive hollow 
core. This brand-new nanocomposite film-type 
electrode demonstrated a capacitance value of 
500 F g-1 when operated at a 
charging/discharging current density of 5 A g-1 
[57, 58]. 
 
A hollow structure was made when polypyrrole 
spheres were included in the graphene layer, 
which is probably what caused the improved 
capacitance performance. This innovative design 
and intercalation technique showed the 
nanocomposite film's potential for high-
performance supercapacitors. It demonstrated 
advantageous properties for energy storage 
applications with a capacitance value of 500 F g-1, 
underlining its viability for effective and high-
capacity supercapacitor electrodes [58]. The 
contribution of Zhang et al. provides insightful 
information on the creation of graphene-based 
films and their combination with other materials 
to improve the performance of supercapacitors. 
They successfully showed a method for raising 
the electrode material's capacitance by 
investigating the intercalation of polypyrrole 
spheres within the graphene layer. This 
development opens the door for additional 
improvements in energy storage technology by 
advancing our understanding of and ability to 
optimize 2D graphene film-based 
supercapacitors [58]. 
 
Wang and coworkers created a flexible 
polystyrene microsphere/reduced graphene 
(PS/rGN) film with polyaniline (PANI) 
nanowire arrays on it as a free-standing 
nanocomposite film. PANI nanowires were 
placed in an array in this special configuration, 
which has various benefits for supercapacitor 
performance. The active surface area of the 
electrode was greatly enlarged by the nanowire 
array arrangement, creating a larger interfacial 
area for charge storage. Additionally, it 
decreased ion diffusion pathways, enabling 
quicker ion movement inside the electrode. At a 
current density of 0.5 A g-1, the nanocomposite 
film's specific capacitance was calculated to be 
740 F g-1 (or 581 F cm-3). The quantity of charge 
that may be held per unit mass or volume of the 
electrode material is represented by this 
number. The film's outstanding ability to store 
energy is demonstrated by its high specific 
capacitance [59]. 
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The film additionally demonstrated exceptional 
cycling stability, maintaining 87% of its 
capacitance value even after 1000 charge-
discharge cycles at a higher current density of 10 
A g-1. This shows how well-built the film is and 
how it can keep its capacitance even after 
numerous charging and discharging cycles. The 
fabrication of the nanocomposite film with PANI 
nanowire arrays on a PS/rGN substrate by Wang 
et al. showed improved ion transport, enhanced 
capacitance, and excellent cycling stability, 
highlighting the potential of this structure for the 
creation of high-performance 2D graphene film-
based supercapacitors [59]. 
 
The electrochemical behavior of PEDOT (poly(3,4-
ethylene dioxythiophene)) and its derivatives when 
coupled with graphene oxide was the subject of 
research by Lehtimäki and others (GO). They 
wanted to investigate how these materials might be 
applied in supercapacitor applications. To do this, 
they reduced the GO to rGO after electrochemically 
polymerizing PEDOT with GO on flexible 
substrates. The finished product showed a 
capacitance of 14 F cm-2 [60]. This capacitance was 
attributed to PEDOT's pseudocapacitance and 
rGO's extensively accessible surface area. These 
materials worked well together, which boded well 
for improving the efficiency of supercapacitor 
electrodes. Overall, the study by Lehtimäki et al. 
shed light on how PEDOT and its derivatives 
interact with GO electrochemically. Their results 
demonstrated the potential of these substances to 
enhance the performance of 2D graphene film-
based supercapacitors and broaden the scope of 
their use in energy storage systems [60]. 
 
These contributions demonstrate a range of 
methods and enhancements to graphene film-
based supercapacitors that enhance their 
capacitance, stability, and energy storage 
capacities. The contributions of each author to 
the study of graphene-based supercapacitor 
electrodes are significant. 
 
2.3 Powders and dots based on graphene as 

supercapacitor electrodes 
 
When graphite is chemically exfoliated into 
graphene oxide during a chemical exfoliation 
(GO). The manufacture of graphene particles and 
dots is possible with this method. An oxidized 
variant of graphene called graphene oxide has 
functional groups that contain oxygen and makes 

the material very water-soluble and very 
dispersible. In the exfoliation procedure, a 
reducing agent is employed to change graphene 
oxide (GO) into reduced graphene oxide (rGO). 
The reducing agent removes the oxygen-
containing functional groups from GO and 
reinstates the graphene's sp2 carbon structure. 
This reduction technique makes the substance 
more akin to pure graphene by lowering the 
oxygen concentration and improving electrical 
conductivity [61]. 
 
Reduced graphene oxide (rGO), which exhibits 
better electrical properties and can be employed 
as a conductive material in numerous 
applications, including supercapacitor 
electrodes, necessitates the conversion of 
graphene oxide into rGO. The creation of 
electrodes with improved performance is made 
possible by the reduced graphene oxide, which 
acts as a building block for the manufacture of 
graphene-based materials. Researchers can 
create graphene-based materials with specific 
features by chemically converting graphite into 
graphene oxide and then reducing it to reduced 
graphene oxide. These substances can have great 
mechanical qualities, wide surface areas, and 
high electrical conductivity, which makes them 
attractive for use as supercapacitor electrode 
materials [61]. Chemical reduction and 
exfoliation are used to create a variety of 
graphene-based products, including particles and 
dots. It is possible to design electrode designs and 
improve the electrochemical performance of 
supercapacitors by using these manufactured 
graphene particles and dots. Supercapacitor 
electrodes made of reduced graphene oxide have 
the potential to have more energy storage 
capacity, quicker ion transit, and increased 
charge storage capacity. 
 
The rGO is challenging to treat in water or 
aquatic settings because it tends to be 
hydrophobic and prone to agglomeration. The 
amphiphilic qualities of GO are a benefit [61,62]. 
Zhang et al. looked into different surfactants to 
stabilize graphene-based materials, including 
sodium dodecylbenzene sulfonate, 
cetyltrimethylammonium bromide, and 
tetrabutylammonium hydroxide (TBAOH). They 
conducted experiments that demonstrated 
these surfactants may intercalate into the rGO 
sheets.62 TBAOH was able to reach a high 
specific capacitance when utilized as a 
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supercapacitor electrode with a current density 
of 1 A g-1 [63]. Yang et al study 's focuses on the 
creation of hydrothermally reduced graphene-
MnO2 composites for use as supercapacitor 
electrodes. This research greatly broadens our 
knowledge of the potential of graphene-based 
materials for supercapacitor electrode 
applications [64]. The researchers employed a 
method to produce the graphene-MnO2 
composites, which involved a hydrothermal 
reduction process. The resulting composites 
exhibited a capacitance of 211.5 F g-1 when 
measured at a scan rate of 2 mV s-1. This 
indicates their ability to store and deliver a 
significant amount of electrical energy during 
the charging and discharging cycles. 
 
The stability and endurance over time of 
supercapacitor electrodes is a significant factor. 
By putting their composites through 1000 cycles 
in a 1 M Na2SO4 electrolyte, Yang et al. evaluated 
the performance of their materials. Surprisingly, 
the composites kept a whopping 75% of their 
initial charge even after this prolonged cycling. 
This outcome emphasizes the material's stability 
and toughness, highlighting its potential for long-
term supercapacitor applications [65]. 
 
Ni(OH)2 nanoplates on graphene sheets were the 
main component of the composite material 
developed by Dai et al. for improved 
supercapacitor performance [48]. At various 
current densities, the composite material created 
by Dai et al. shown astounding electrical capacity. 
The composite demonstrated an electrical 
capacity of 1335 F g-1 at 2.8 A g-1 and 953 F g-1 at 
45.7 A g-1. These high-capacity figures suggested 
that the supercapacitor can store a sizable 
amount of electrical energy [48]. Utilizing 
graphene's superior electrical and surface 
characteristics was complicated by the 
unanticipated clumping of the sheets. To 
maximize the potential of graphene sheets, Dai et 
al. proposed a technique to address this problem. 
To accomplish this, they attached 
oxide/hydroxide nanocrystals to the graphene 
surface, which produced pseudocapacitance and 
served as a barrier between the graphene layers. 
This method efficiently made use of graphene's 
beneficial characteristics while minimizing the 
clumping problem [25]. The electrical capacity, 
power density, and energy density of 
supercapacitors were successfully increased by 
Dai et al. by creating a composite material that 

incorporated graphene and metal 
oxide/hydroxide. Their research offered 
suggestions for addressing difficulties brought on 
by the clumping tendency of graphene and 
showed the potential of graphene-based 
materials in supercapacitor electrode 
applications [25, 48]. 
 
To improve the specific capacitance and overall 
performance of supercapacitors, Ke et al. 
concentrated on the production of 
nanocomposite powders and dots by combining 
graphene with various pseudocapacitive 
materials, such as Fe3O4 and Co3O4. One study by 
Ke et al. used electrostatic attraction between 
Fe3O4 nanoparticles and GO, followed by a 
hydrothermal method for reduction, to create 
Fe3O4-rGO (reduced graphene oxide) 
nanocomposite powders [66]. The resulting 
hierarchical nanocomposite powder exceeded 
the capacitance of Fe3O4 alone with a remarkable 
high specific capacitance of 169 F g-1 in a 6 M KOH 
electrolyte (68 F g-1 at 1 A g-1). The powder 
additionally displayed good capacitance 
retention, retaining 88 percent of its initial 
capacity after 1000 cycles. 
 
By using a hydrothermal technique and thermal 
annealing, Ke et al. additionally mixed graphene 
oxide (GO) with F127, a triblock copolymer, to 
produce a material with a specific surface area 
of 696 m2g-1 [67]. The final product showed a 
maximum specific capacitance of 210 F g-1 when 
tested in a 6 M KOH electrolyte. The cycling 
stability was also quite good, holding 95.6 
percent of the starting capacity even after 1000 
cycles. The research by Ke et al. shows how 
graphene-based nanocomposites, such as Fe3O4-
rGO and Co3O4-rGO, have been successfully 
developed as supercapacitor electrode 
materials. They increased the specific 
capacitance, had outstanding capacitance 
retention, and achieved cycling stability by 
combining graphene with pseudocapacitive 
materials. These discoveries help 
supercapacitor electrodes based on graphene 
advance, with the goal of enhancing energy 
density and overall device performance [25, 66, 
67]. Yoon et al. concentrate on a method for 
creating materials with a graphene foundation. 
The creation of graphene layers on the surfaces 
of nickel nanoparticles is the outcome of a 
carburization stage followed by thermal 
annealing (Ni-NPs) [68]. 
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Yoon et almethod .'s of carburization involves 
introducing carbon into the Ni nanoparticles 
using a polyol solution. By acting as a carbon 
source, this solution enables the integration of 
carbon atoms into the Ni-NPs. Then, a thermal 
annealing procedure is carried out, causing the 
segregation of carbon and causing the 
development of graphene layers on the Ni-NPs' 
surfaces. This approach has various benefits for 
the synthesis of graphene-based compounds. 
First, it offers a productive method for producing 
graphene on a big scale. The incorporation of 
carbon into the Ni-NPs during the carburization 
process enables the comparatively large-scale 
creation of graphene. For practical applications 
that need large amounts of graphene, this 
scalability is essential [68]. The procedure 
created by Yoon et al. is also economical. The 
method removes the requirement for expensive 
and complicated procedures generally used in 
graphene synthesis by using a polyol solution as 
a carbon source and thermal annealing for the 
segregation of carbon. The incorporation of 
graphene-based materials in the manufacture of 
supercapacitor electrodes is made easier by the 
technique' cost-effectiveness, which also makes it 
more accessible for industrial applications.68 
However, the restricted electrical conductivity 
and lack of micro-pores present in the graphene 
materials made using this approach can 
compromise their overall effectiveness as 
supercapacitor electrodes. To address this 
limitation, Yoon et al. proposed a new approach. 
They formed hollow graphene balls (GBs) with 
multiple layers through thermal annealing after 
removing the Ni-NPs core template [68]. 
 
The electrical conductivity and specific surface 
area of the graphene-based materials are 
improved through the use of hollow GBs with 
several layers. They are appropriate for use in 
supercapacitors because their hierarchical 
porous architectures and increased conductivity 
offer reliable and helpful pathways for charge 
transport. The method created by Yoon et al. 
advances the study of graphene-based 
supercapacitor electrodes by enhancing the 
characteristics and functionality of graphene 
materials [68]. By creating mesoporous graphene 
nanoballs (MGBs) using a precursor-assisted 
chemical vapor deposition (CVD) procedure, Lee 
and colleagues made a substantial contribution to 
the field of supercapacitor electrode applications. 
This study sheds important light on the 

fabrication process and characteristics of these 
nanoballs, emphasizing their potential for mass 
production and improved electrochemical 
performance. Making polymeric spheres with a 
diameter of about 250 nm marks the start of the 
procedure. These spheres act as starting 
materials for the CVD procedure that creates 
mesoporous graphene nanoballs. The generated 
MGBs had a specific surface area of 508 m2 g-1 and 
a mean mesopore size of 4.27 nm. Figure 1 of the 
research report displays the method for 
improved comprehension [69]. 
 

 
Fig. 1. Presents a collection of scanning electron 
microscope (SEM) and transmission electron 
microscope (TEM) images related to the study. In 
panel (a), SEM images depict SPS-COOH. Panel (b) 
showcases SEM images of mesoporous graphene 
nanoball (MGB) obtained through the chemical vapor 
deposition of the sample in panel (a). The inset in 
panel (b) provides a close-up view of a mesoporous 
single graphene ball. Panel (c) displays TEM images of 
mesoporous graphene nanoball taken near the edges 
of the sample. The inset confirms the presence of 
approximately seven layers of mesoporous graphene 
nanoball with an interlayer spacing of 0.34 nm. Lastly, 
panel (d) exhibits a magnified image of a single 
graphene ball with mesopores [16, 59].  

 
The addition of mesopores and the substantial 
increase in specific surface area in the graphene 
nanoballs considerably improve their 
electrochemical performance, making them 
suitable for use as electrodes in supercapacitor 
batteries. More electrochemical reactions and 
effective charge storage are possible because to 
the mesoporous structure's enhanced surface 
area. The enhanced performance and energy 
storage capabilities of the MGBs are a result of 
this feature [69]. 
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The research by Lee and colleagues not only 
shows how to make mesoporous graphene 
nanoballs but also offers a scalable approach 
for producing them on a wide scale utilizing the 
precursor-assisted CVD procedure. This 
feature enables the future commercial 
manufacture of materials based on graphene 
with improved characteristics, which is 
essential for their practical implementation in 
energy storage devices. These materials could 
be widely used in many energy storage 
applications, such as supercapacitors, if they 
could be produced on a bigger scale [69]. 
 
 
2.4. Electrode materials based on three-

dimensional (3D) graphene structures 
 

Significant progress has been achieved in 
addressing issues with graphene aggregation 
and restricted ion access in 2D systems. The 
authors concentrate on creating 
macrostructures made of 3D graphene, such as 
aerogels, graphene foams, and sponges, in 
order to get around these constraints. High 
surface areas, quick ion/electron transport 
channels, and interconnected micro, meso, and 
macropores are all features of these structures. 
Due to these qualities, they are ideally suited 
for achieving high energy and power densities 
as well as exceptional supercapacitance 
performance [70, 71]. The 3D graphene-based 
devices displayed excellent mechanical and 
catalytic capabilities in addition to exceptional 
electrochemical properties for energy storage. 
Their potential for a variety of applications is 
increased by their multifunctionality. The 
authors provide numerous processing 
methods for creating 3D graphene-based 
supercapacitor electrodes in terms of 
fabrication processes. Monodisperse 
polymethyl methacrylate (PMMA) spheres are 
used as hard templates in a template-directed 
assembly method, for instance, and are then 
removed through the use of calcination at 
800°C. At a scanning rate of 1000 mV s -1, our 
procedure produces a 3D bubble graphene 
structure with adjustable and uniform 
macropores and a high capacitance retention 
of 67.9 percent (see figure 2). It is important to 
keep in mind, nevertheless, that annealing at 
high temperatures (i.e., 800°C) might cause 
graphene sheets to aggregate and lose some of 
their particular surface areas [72, 73]. 

 

Fig. 2. Shows scanning electron microscopy (SEM) 
images of a GO-PMMA composite film and a 3D macro-
porous bubble graphene foam (MGF). In (a) and (b), 
the SEM images depict the surface and cross-section of 
the GO-PMMA composite film, respectively. The cross-
section of the MGF is shown in (c) and (d), with (c) 
being a low magnification image and (d) a high 
magnification image. Additionally, (e) and (f) present 
low-resolution and high-resolution transmission 
electron microscopy (TEM) images, respectively, 
showcasing graphene bubbles within an MGF sample. 
These images provide visual insights into the 
structure and morphology of the GO-PMMA composite 
film and the MGF [15, 69]. 

 
The contributions made by the authors illuminate 
the potential of 3D graphene-based 
macrostructures for enhancing supercapacitor 
performance. These designs provide benefits like 
improved ion access, more surface area, and 
better mechanical and catalytic qualities. To 
preserve the desirable qualities and enhance the 
performance of 3D graphene-based 
supercapacitor electrodes, it is imperative to 
overcome difficulties associated to graphene 
sheet aggregation during production.72 Choi and 
colleagues successfully produced a 3D graphene 
foam by eliminating the polystyrene colloidal 
particles with toluene and using them as a 
template. There was excellent electrical 
conductivity in this graphene foam. They added a 
tiny coating of amorphous MnO2 to the graphene 
framework to improve its electrochemical 
performance, creating a hybrid electrode with a 
sizable surface area and good conductivity [74]. 
 
The MnO2-e-CMG (Manganese Dioxide-
embedded 3D Graphene) hybrid electrode shown 
exceptional electrochemical characteristics. It 
displayed a capacitance value of 389 F g-1 at a 
current density of 1 Ag-1. Notably, the electrode 
maintained a superb capacitance of 97.7% even 
at a substantially greater current density of 35 A 
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g-1. These results emphasize the electrode's 
capacity to continue operating effectively even 
under heavy current loads. The MnO2-e-CMG 
nanocomposites additionally shown an energy 
density of 44 Wh kg-1 and a power density of 25 
kW kg-1. The large energy storage capacity and 
quick charge-discharge properties of the 
electrode are indicated by these numbers. The 
successful integration of MnO2 with 3D graphene 
foam shows the potential of such structures as 
efficient scaffolds for boosting the 
electrochemical performance of supercapacitors 
(see figure 3) [73]. 
 

 
Fig. 3. Shows the process of creating 3D macroporous 
MnO2-chemically modified graphene films. The 
schematic diagram (a) illustrates the fabrication 
method. Cross-sectional scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) 
images (b) and (c) provide a low-magnified view of the 
chemically modified graphene film. Energy-dispersive 
X-ray spectroscopy (EDS) mapping of carbon (C), 
oxygen (O), manganese (Mn), and overlay elements on 
a section of the MnO2-chemically modified graphene 
film is displayed in (d) [15, 50, 69]. 
 

In a demonstration, Zhang and colleagues 
showed how chemical vapor deposition (CVD) on 
Ni foam may be used to create seamless, highly 
conductive 3D graphene foams. Using ethanol as 
a carbon source made it easier to create graphene 
networks, which were then used as models to 
build 3D nanocomposites of graphene and NiO. 
The resultant nanocomposites have a high 
specific surface area, comparable to that of pure 
graphene, and a high conductivity [75]. The 
research conducted by Zhang et al. offers 
important insights into the creation of graphene-
based materials with increased conductivity and 
surface area, specifically for use in 

supercapacitors. They have advanced the 
technology for producing 3D graphene foams and 
mixing them with NiO to make electrode 
materials for supercapacitor devices. These 
results have the potential to enhance the 
performance and efficiency of supercapacitors by 
leveraging the special qualities of graphene in a 
three-dimensional structure [75]. 
 
Dong and colleagues worked on integrating 
Co3O4 nanowires into a graphene foam structure 
to improve the electrochemical performance of 
supercapacitor electrodes [74]. At a current 
density of 10 A g-1, the combination of Co3O4 
nanowires and the 3D graphene framework 
produced an astounding specific capacitance of 
almost 1100 F g-1. The performance of 
supercapacitors was significantly enhanced by 
using 3D graphene networks as support 
structures for active materials. Dong et al. 
showed the potential of this composite structure 
for high-capacity and high-performance 
supercapacitor electrodes by fusing Co3O4 
nanowires with the 3D graphene foam [76]. The 
graphene foam's ability to store charges was 
improved by the addition of Co3O4 nanowires, 
which produced the 1100 F g-1 specific 
capacitance that was measured. The significance 
of 3D graphene networks as support structures 
for active materials in supercapacitor 
applications is highlighted by this research, 
opening the door to the creation of cutting-edge 
energy storage technology. The research done 
by Dong et al. advances our knowledge of and 
ability to create electrode materials based on 
three-dimensional graphene structures. Their 
research demonstrates how efficiently adding 
Co3O4 nanowires to a graphene foam framework 
can significantly enhance the electrochemical 
performance of supercapacitors. The findings 
open up new opportunities for increasing the 
energy storage capacity of supercapacitor 
devices and have ramifications for the design 
and optimization of electrode materials based 
on graphene [74]. 
 
A graphene-MnO2 3D nanocomposite network 
constructed with Ni foam as a template was used 
by Xie and associates to create a flexible 
nanocomposite electrode. This cutting-edge 
electrode demonstrated an amazing area 
capacitance of 1.42 F cm-2 at a scanning rate of 2 
mV s-1, highlighting its strong charge storage 
capacity. The electrode also showed remarkable 



Opeyemi S. Akanbi et al., Journal of Materials and Engineering Vol. 03, Iss. 1 (2025) 102-119 

 

 115 

cycling stability, indicating the possibility of its 
long-term and dependable employment in 
supercapacitor applications [77]. 
 
The usage of a 3D graphene structure has a 
number of benefits, such as a large specific 
surface area and linked holes that enable 
effective ion transport and improve the 
electrode's electrochemical performance. The 
composite electrode probably profited from 
MnO2's pseudocapacitive characteristic by 
inserting it into the graphene network, which 
helped explain the increased capacitance. 
Nanocomposite electrodes are bendable and 
adaptable to a variety of surfaces, which makes 
them ideal for flexible and wearable electrical 
systems [77]. In contrast to traditional 
materials, 3D graphene networks have the 
potential to be a suitable electrode material for 
supercapacitors, according to research by Xie et 
al. In conclusion, Xie et al research's shows how 
a flexible nanocomposite electrode based on a 
graphene-MnO2 3D nanocomposite network 
may be successfully created. This electrode is a 
viable option for use in supercapacitor devices 
due to its high capacitance and cycling stability. 
Their work paves the door for future 
advancements in flexible and high-performance 
supercapacitors by advancing graphene-based 
materials in energy storage applications [77]. 
Furthermore, Xu et al’s development of a holey 
graphene hydrogel contributed significantly to 
the field of supercapacitor electrodes (HGH). By 
etching graphene oxide to create in-plane 
nanopores, the HGH was produced. The 
resulting HGH displayed good rate capability 
and cycle stability with a specific capacitance 
ranging from 283 F g-1 to 234 F g-1. The HGH is a 
good candidate for supercapacitor electrodes 
due to its lack of a binder, providing a fresh 
method for developing graphene-based 
materials with improved electrochemical 
performance [78-80]. 
 
The contributions of these scientists show the 
adaptability and promise of 3D graphene-based 
materials in boosting the electrochemical 
performance of supercapacitor electrodes 
overall. Supercapacitor devices have the 
potential to be enhanced in terms of energy 
storage capacity, cycling stability, and rate 
performance through the introduction of various 
active materials and the alteration of the 
graphene structure. 

4. CONCLUSION AND PROSPECT 
 

The article recognizes the substantial efforts put 
forth in the design, production, performance 
assessment, and comprehension of important 
electrochemical phenomena relating to 
graphene-based materials. These materials need 
to be of higher quality and more repeatable 
quantity in order to be applicable for practical 
usage. The creation of structures that can be 
precisely tuned at different scales, from the 
nanoscale to the macroscale, is necessary for this. 
One approach for creating graphene-based 
materials is the chemical exfoliation of graphite 
into graphene oxide (GO) and subsequent 
reduction to reduced graphene oxide (rGO). For 
widespread application in electrochemical 
energy storage devices, issues including the 
stabilization of single or few-layer graphene 
sheets in various solvents and the avoidance of 
graphene sheet restacking must be resolved. 
 
The article offers a thorough analysis of recent 
advancements in graphene-based materials for 
supercapacitor electrodes, dividing them into four 
categories based on the degree of structural 
complexity: 0D (graphene dots and particles), 1D 
(fibre-type and yarn-type structures), 2D 
(graphene-based nanocomposite films and papers), 
and 3D. (graphene-based foams and hydrogels). 
Slurry casting, 1D and 2D structures without 
binders, and 3D graphene foam/hydrogels are a 
few of the different fabrication techniques that have 
been investigated. With factors including 
volumetric and gravimetric capacitance, rate 
stability, power density, and mechanical strength, 
each strategy has its benefits and drawbacks. 
 
The prospects highlight potential avenues for 
future research and development in graphene-
based materials for supercapacitor electrodes and 
energy storage systems. These prospects include: 

1. Focus on 3D graphene networks: The study 
recommends concentrating on 3D graphene 
networks with a linked porous topology. The 
physical, mechanical, and chemical qualities of 
the substance can be improved through 
manipulation of the structure. The performance 
of supercapacitor electrodes can be improved by 
expanding the internal surface area and 
enhancing ion/charge routes. Furthermore, 
endurance and long-term stability can be 
guaranteed by avoiding collapse or dead volume. 
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2. Improve Faradic processes: At the boundary 
between graphene and pseudocapacitive 
materials, the paper emphasizes the necessity 
to better understand and investigate Faradic 
processes. Increasing these procedures can 
help supercapacitors achieve high energy and 
power densities. The total performance of the 
supercapacitor can be enhanced by adjusting 
the interactions and reactions between 
graphene and pseudocapacitive materials. 

3. Develop flexible graphene-based materials: It 
is necessary to create materials based on 
graphene that have a high degree of 
mechanical flexibility. This possibility is in line 
with the rise in demand for flexible electronics 
and the requirement for deformable energy 
storage technologies. Supercapacitors can be 
integrated into flexible electronic devices by 
developing graphene-based materials that can 
endure bending and stretching. 

4. Explore integration with other electronic and 
energy devices: Incorporating graphene-
based supercapacitors with other electronic 
and energy technologies, such as solar cells, 
Li-ion batteries, electrochromic devices, and 
nano-generators, is suggested by the research. 
Hybrid systems that are multifunctional or 
self-sufficient may be produced as a result of 
this integration. Synergistic effects can be 
created by integrating several energy storage 
and conversion methods, improving system 
performance as a whole. 

 
These prospects show prospective directions for 
future research and development in the area of 
graphene-based materials for supercapacitor 
electrodes and energy storage systems. The 
performance, effectiveness, and usability of 
supercapacitors based on graphene can be 
improved further by addressing these issues, 
opening the door for improvements in energy 
storage technology. 
 
Innovative applications could be made possible 
by combining graphene-based materials with 
other energy storage technologies, which has the 
potential to improve energy storage capabilities. 
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