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Abstract:  
Graphene-based polymer composites have emerged as promising materials for high-
performance energy-storage devices due to their exceptional electrical conductivity, 
mechanical strength, and large surface area. This review synthesizes and evaluates over a 
decade of research sourced from major scientific databases. Studies were selected based on 
relevance, experimental clarity, and reported electrochemical performance metrics. 
Quantitative trends across the literature show that graphene/polymer electrodes typically 
achieve electrical conductivities ranging from 10–10³ S/m, specific capacitances between 
50–850 F/g, and cycling stability exceeding 80–95% retention after 5,000–10,000 cycles, 
depending on polymer type and fabrication route. The review examines advances in 
synthesis, characterization, and electrochemical behavior of polymer/graphene composites, 
with emphasis on the effects of graphene dispersion quality, polymer matrix selection, and 
fabrication techniques on device performance. Both conductive and non-conductive 
polymers, diverse structural designs, and advanced graphene functionalization routes are 
discussed. Emerging production techniques such as in-situ polymerization, electrochemical 
deposition, layer-by-layer assembly, and additive manufacturing (3D printing) are 
critically compared for their influence on interfacial bonding and charge-transport 
pathways. Key challenges identified across the literature include interfacial incompatibility, 
mechanical degradation of conductive polymers, graphene restacking, and limited 
scalability of fabrication methods. The paper also highlights emerging opportunities such as 
flexible and wearable energy-storage systems, solid-state polymer electrolytes, self-healing 
electrode architectures, and environmentally sustainable green-synthesis approaches. 
Overall, this review provides a comprehensive performance-based comparison and outlines 
future research directions needed to translate polymer/graphene composites into 
commercially viable energy-storage technologies. 
 
Keywords Graphene, Polymer composites, Supercapacitors, Energy storage, 
Nanomaterial. 
 
INTRODUCTION 
World economies have had to think about swiftly switching from using fossil fuels 
to produce power to creating alternative energy sources and related technologies, 
such as photovoltaics and wind farms, in addition to the political and economic 
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changes that have been put into place since 2020. However, both the creation of 
effective and versatile energy storage systems and the advancements and 
breakthroughs in energy conversion devices are necessary at the same time 
(Moyseowicz  et al., 2023). Polymer/graphene composites combine the flexibility 
and lightweight nature of polymers with the exceptional conductivity and 
mechanical strength of graphene, making them ideal candidates for energy storage 
applications such as supercapacitors and batteries. This review aims to summarize 
recent developments in polymer/graphene composites, focusing on synthesis 
routes, characterization techniques, properties, and applications, while also 
highlighting existing challenges and potential research directions (Zhao  et al., 
2015). 
 
A single layer of atoms organized in a two-dimensional honeycomb lattice makes 
up graphene, an allotrope of carbon. The conductivity of graphene is explained by 
the covalent sp2 bond between carbon atoms and a single free 
electron(Gonçalves,2022).  
 
As a revolutionary nanomaterial with remarkable physical features, such as 
exceptionally high heat conductivity and outstanding electrical conductivity, 
graphene is garnering significant interest from the physical, chemical, and 
medicinal areas (Ibrahim  et al., 2021). pristine graphene suffers from several 
drawbacks that limit its standalone utility, including sheet restacking, low 
functional group density, hydrophobicity, and aggregation in solution (L. Zhang  
et al., 2024). To circumvent these challenges, integration with polymeric matrices 
has been widely explored (Ibrahim  et al., 2021).Polymers both conductive 
polymers such as polyaniline (PANI), polypyrrole (PPy), and PEDOT:PSS 
(Moyseowicz  et al., 2023),and non-conductive polymers like PVDF, PEO, and 
PMMA offer complementary advantages that address the inherent limitations of 
graphene. One of the most unusual and fascinating kinds of polymers are 
conductive polymers. Because of the conjugated bond structure along the polymer 
backbone, are conductive. Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa 
received the Nobel Prize in 2000 for their work on polyacetylene, a precursor to the 
conducting polymers that are currently in use. Because of their mechanical and 
electrical qualities, three primary CPs—polyaniline (PANI), polypyrrole (PPy), and 
poly(3,4-ethylenedioxytiophene) (PEDOT)—are currently the subject of extensive 
research (Moyseowicz  et al., 2023). 
 
Nevertheless,  conductive polymers provide pseudocapacitive behavior and 
tunable redox activity (Paquin  et al., 2015), while structural polymers offer 
mechanical flexibility, excellent film-forming ability, and compatibility with 
various fabrication techniques. When combined, polymers can effectively prevent 
graphene agglomeration, enhance ion diffusion pathways, and improve 
mechanical integrity, resulting in synergistic composite materials with superior 
electrochemical performance. Polymers offer benefits such as redox activity (in 
conducting polymers like PANI and PPy), electrolyte compatibility, mechanical 
flexibility, and tunable chemical interactions (Skotheim & Reynolds, 2007). The 
union of polymers with graphene creates synergistic composites with enhanced 
mechanical stability, improved conductivity, and optimized ion diffusion 
pathways—features crucial for energy storage applications (J. Wang  et al., 
2020).Polymer/graphene composites have thus been explored for a wide range of 
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EES systems, including: Supercapacitors (EDLCs + pseudocapacitors), Lithium-ion 
batteries (LIBs), Sodium-ion batteries (SIBs), Potassium-ion batteries (PIBs), Zinc-
ion/supercapacitor hybrid systems, Flexible/wearable energy storage devices and 
Solid-state and gel polymer electrolytes. Redox-active polymer-based electrodes 
The tremendous growth of research in this field during the past decade has 
established polymer/graphene composites as one of the most promising families of 
materials for overcoming the limits of conventional electrodes (Pathak  et al., 2023). 
The essay extensively discusses the interaction between the graphene and polymer 
matrix in relation to the thermal conduction mechanisms in both graphene and 
polymer alone and at the interface. The loading and orientation of graphene in the 
polymer matrix is one special feature that controls the degree of heat conductivity. 
In order to comprehend the applications of such composites in a variety of 
domains, including energy storage, sensing, electronics, and biomedical devices, 
mechanical, electrical, and other properties are also briefly described (Abdillah  et 
al., 2023). 
 
To address these limitations, researchers have increasingly turned to 
nanostructured materials, which offer improved electrochemical kinetics, enhanced 
surface-to-volume ratios, and superior energy storage performance. Among these, 

graphene a two-dimensional monolayer of sp²-bonded carbon atoms has emerged 
as a revolutionary material (Novoselov et al., 2004). Its unique combination of 
extraordinary electrical conductivity, mechanical strength, thermal stability, and 
ultrahigh surface area makes it an attractive candidate for next-generation energy 
storage devices (Umar  et al., 2024). 
 
Background and Theoretical Framework for Graphene/Polymer Composite for 
Energy Storage Application 
Graphene, a two-dimensional nanomaterial composed of sp²-hybridized carbon 
atoms, possesses remarkable electrical, thermal, and mechanical properties 
(Abdillah  et al., 2023). When integrated into polymers, graphene enhances charge 
transport and mechanical reinforcement through strong interfacial interactions. In 
electrochemical energy storage, such as supercapacitors, graphene’s high surface 
area facilitates ion adsorption and fast electron transport, while polymer matrices 
provide flexibility and chemical stability (S027288422200493X, n.d.). Due to its 
metallic nature, graphene exhibits both electron and phonon thermal conductivity. 
On the other hand, electrons rarely contribute to graphene's heat conductivity. 
Generally speaking, phonons are the fundamental source of graphene's thermal 
conductivity. The vibrations that occur when graphene atoms come into touch with 
a heat source cause heat to move from one location to another in the material 
(Tarimo  et al., n.d.). The nearby atoms of the covalent bond get these vibrations. 
The multilayer graphene has anisotropic heat conduction. This phenomenon is 
caused by weak van der Waals interactions between graphene layers, which hinder 
heat transmission in vibrating graphene interlayers (Itapu & Jayatissa, 2018). 
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Fig1: Structure of Graphene . 

 
A polymer is any of a class of natural or artificial substances made up of 
macromolecules, which are very large molecules made up of many monomers, 
which are simpler chemical units (Mustafa  et al., 2024). Many of the materials 
found in living things, such as proteins, cellulose, and nucleic acids, are polymers. 
Additionally, they are the building blocks of man-made materials including 
concrete, glass, paper, plastics, rubbers, and minerals like diamond, quartz, and 
feldspar. The term "polymer" refers to an unknown quantity of monomer units. A 
compound is sometimes referred to as a high polymer when there are a lot of 
monomers. Polymers are not limited to monomers with the same molecular 
weight, shape, or chemical makeup. Some natural polymers are composed of one 
kind of monomer. However, the majority of manufactured and natural polymers 
are composed of two or more distinct monomer types; these polymers are referred 
to as copolymers (Toto  et al., 2022). 

                     
Fig2: Structure of Polymer. 

 
Synthesis and Fabrication Methods 
Various synthesis methods have been developed for polymer/graphene 
composites, including in-situ polymerization, solution blending, and 
electrochemical deposition (Adedoja  et al., 2023). In-situ polymerization ensures 
strong interfacial bonding between graphene and polymer chains, while solution 
blending is simple but often limited by graphene agglomeration. Electrochemical 
deposition offers precise control over film thickness and uniformity. 
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Methods of Graphene Preparation 
Graphene's unique qualities of high strength and excellent electrical and thermal 
conductivity make it a promising material for industrial applications such polymer 
composites, conductive coatings, fuel cell batteries, and ultracapacitors. Large 
amounts of reasonably priced graphene in the form of nanoparticles or 
nanoplatelets are required for these applications. Graphene has been prepared 
using a variety of methods. One of the biggest challenges is producing high-quality 
graphene in large quantities (single or few layers). Graphene's structural flaws, 
wrinkles, and diseases could negatively affect its electrical characteristics (Ibrahim  
et al., 2021). Graphene can be produced using a variety of methods. These methods 
include chemical vapor deposition (CVD), liquid-phase exfoliation, and mechanical 
exfoliation. These methods fall into two categories: top-down (exfoliation 
procedures) and bottom-up (CVD). Depending on the intended use, each approach 
offers unique benefits and drawbacks. Here is a quick explanation of these 
methods (Aerogels  et al., 2023). 
 
Polymer foams are mainly prepared using polymer foaming or gel-drying 
methods. Polymer foaming methods are divided into three types according to the 
foaming method: physical, mechanical, and chemical. In physical foaming, low-
boiling-point (BP) liquid and polymer are blended and then foamed through 
pressuring and heating. In addition, air is added in polymer resin by mechanical 
stirring; then, the resin is foamed (Ramesh  et al., 2024). Finally, the chemical 
foaming process can be undertaken using the following methods. In the first 
method, chemical reactions between the two polymers occur to produce inert 
gases, and then, the polymers are foamed. The second approach releases a gas after 
adding a foaming agent to molten polymer. Next, pressure and heat are used to 
foam the polymer The most popular technique is physical foaming. The physical 
foaming method is greener and more environmentally friendly since the foaming 
agent, which is typically inert compressed gas, only undergoes physical changes 
throughout the foaming process. The developed polymer foam material can satisfy 
people's growing needs for polymer foam materials because it has no chemical 
waste (Aerogels  et al., 2023). 
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Preparation methods of graphene/polymer materials 

 
Fig3: Preparation methods of graphene/polymer materials 

 
In-situ polymerization method 
The method of combining graphene with polymer monomers that can be partially 
dissolved in a solvent and then exposed to a polymerization reaction under 
initiator conditions is known as "in situ polymerization." Reduced or modified 
graphene oxide is used as the raw material in this procedure. Dispersibility can be 
efficiently increased by grafting the modified or residual groups created following 
reduction onto the polymer matrix or monomer molecules. Large-scale industrial 
production is made easier by the steps' simplicity. Nevertheless, controlling the 
reaction process is challenging; the different functional groups of modified 
graphene also influence the polymerization events' chain initiation and chain 
growth reactions, which in turn affects the characteristics of composite materials 
(Abdillah  et al., 2023). 
 
Solution blending method 
Stirring and ultrasonication were used to evenly dissolve the graphene filler in the 
solvent before the polymer matrix was added to completely dissolve it. The solvent 
was eliminated to create the composite material once the two had been thoroughly 
combined. It is widely applicable and has good operability (Biswas, 2022). It is 
currently mostly utilized in laboratories. The solution blending method is 
challenging to employ in large-scale manufacturing and is not conducive to 
industrialization since it requires a large number of solvents that must be 
eliminated after blending, increasing the experimental steps and energy 
consumption  (Abdillah  et al., 2023)(Nare  et al., 2024). 
 
Melt blending method 
The melt blending technique is similar to conventional methods of processing 
polymers. This method entails heating the polymer to a molten state, adding 
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graphene filler, fully combining the ingredients, and using high-pressure extrusion 
to make the composite (Abdillah  et al., 2023). The technique, which is widely used 
for large-scale manufacturing, allows for exact control over process variables 
including extrusion pressure and melting temperature to maximize the final 
composite material. However, during feeding, graphene's low density and light 
weight prevent homogeneous dispersion within the matrix, which frequently 
results in localized aggregation in the molten polymer. Because of this, its 
dispersion homogeneity is not as good as that of solution blending or in-situ 
polymerization techniques (Ravikiran  et al., 2023). 
 
Other methods 
Polymer intercalation: Solvent action or mechanical shear can be used to directly 
insert polymer molecules into graphene sheets to create graphene/polymer 
composites. Although this preparation technique is known as the polymer 
intercalation method, it is now utilized to manufacture There are few reports of 
graphene/polymer composites, and further experimental investigations are 
required (Abdillah  et al., 2023). 
 
Characterization Techniques 
Large-area polycrystalline graphene has topological flaws, which are believed to be 
essential for modifying the mechanical and physical characteristics of graphene. 
Therefore, characterizing graphene is a crucial first step in comprehending its 
characteristics. The number of layers in a graphene sample determines its overall 
electronic characteristics and purity. Graphene characterizations include a variety 
of microscopic and spectroscopic techniques to get structural and morphological 
information about the generated graphene (Mustafa  et al., 2024). In a similar vein, 
figuring out graphene's purity and flaws is connected to the characterization 
procedure. The purity of graphene is greatly influenced by synthesis methods 
and/or processing conditions. The number of graphene layers is frequently 
ascertained via HRTEM and AFM. However, by identifying different crystal 
structures and bonding details, Raman spectroscopy is frequently used to assess 
the cleanliness of graphene and determine the number of its layers. Additionally, 
the basic techniques for determining the chemical purity of graphene and 
identifying functional groups affixed to it include XPS and Raman spectroscopy 
(Ibrahim  et al., 2021). 
 
Characterization methods such as X-ray Diffraction (XRD), Fourier Transform 
Infrared Spectroscopy (FTIR), and Raman spectroscopy are essential to analyze the 
structure and chemical bonding. Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM) reveal morphology and graphene 
dispersion. Electrochemical analyses like cyclic voltammetry (CV) and 
galvanostatic charge–discharge (GCD) measure specific capacitance and energy 
density (Tawade  et al., 2024). 
 
Properties of graphene/polymer composites 
High specific surface area (2600 m2/g), high mobility (15000 cm2/V·s), superior 
thermal conductivity (3000 W/m·K), and exceptionally low permeability are only a 
few of graphemes’ remarkable qualities. Polymer/graphene composites exhibit 
improved electrical conductivity, enhanced mechanical flexibility, and high 
electrochemical performance. Studies have reported specific capacitances ranging 
from 300 to 500 F/g, depending on the synthesis technique and material 
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composition. The synergy between graphene’s conductive network and the 
polymer matrix results in superior charge transport and durability (Shahid  et 
al.,2024)(Moyseowicz  et al., 2023).Polymer/graphene composites significantly 
enhance mechanical strength, electrical/thermal conductivity, and barrier 
properties due to graphene's exceptional intrinsic qualities, creating strong, 
lightweight, conductive materials for electronics, aerospace, and biomedical uses, 
though challenges include dispersion and cost. Key improvements include higher 
tensile strength, better thermal management (heat dissipation), and improved gas 
barrier performance, making them suitable for high-performance applications 
despite potential trade-offs like reduced elongation at break with graphene 
addition (Lee  et al., 2022).  
 
Thermal performance 
The strength of the interfacial bond between the graphene filler and the matrix 
material, as well as the dispersion state of the graphene filler, are the main factors 
influencing the heat conductivity of graphene/polymer composites. The 
dispersion, interfacial contact force, and size of graphene all have a major impact 
on the flame-retardant characteristics of polymers. The polymer transfers heat via 
phonons, and its thermal conductivity can be influenced by crystallinity, molecular 
chain orientation, and other variables (Kausar  et al., 2023). Thermal conductivity is 
limited because the polymer's main chain is a chain-like link between atoms, and 
each atom only joins the higher and lower atoms by covalent bonds, which are 
unable to transmit heat quickly like graphene. Additionally, when graphene is 
added to the polymer, a lot of interfaces will be created because of its large specific 
surface area. The large thermal resistance of the interface will result in phonon 
scattering during the transfer process between graphene and the polymer matrix, 
which prevents the rapid transfer of energy (Abdillah  et al., 2023). 
 
Mechanical properties 
Compared to conventional fillers, the use of graphene in composite materials has 
advanced significantly, and its special interface enhancement mechanism is now a 
key component for performance improvements. Together with exceptional specific 
surface area and a wide range of physical characteristics, this material has 
exceptional fracture strength (theoretical value 130GPa) and Young's modulus 
(theoretical value 1TPa) (Lakra  et al., 2021) , which precisely match the 
performance indicators of advanced polymer composites needed by contemporary 
industry. A. According to experimental data, the modulus enhancement effect of 
nanocomposites is strongly correlated with the type of matrix: a 0.1% graphene 
incorporation can increase Young's modulus by 31% in the epoxy resin system 
(Ibrahim  et al., 2021), a 1% incorporation increases modulus by 120% in the 
polyurethane matrix, and a small addition of 0.25% can increase modulus by more 
than 200% in polysiloxane foam materials. The decisive importance of the interface 
synergistic effect between the matrix material and the nanofiller is immediately 
reflected in this gradient-like enhancement pattern (Fundamentals & Applications, 
n.d.). 
 
Electrical performance 
Because of its exceptional conductivity, enormous specific surface area, and 
capacity to create an effective conductive network on polymer substrates, graphene 
is thought to be a conductive filler with good application prospects. The electrical 
and thermal conductivity of composite materials can be greatly increased by 
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adding graphene as a nanofiller to polymer substrates, especially when the 
materials' conductivity level increases quickly (S1387700321004846,n.d.).  
The atomic structural features of graphene—each carbon atom has π electrons that 
are not involved in bonding—are the source of this special conductive process. 
Through conjugated π orbitals perpendicular to the two-dimensional plane, these 
electrons form a delocalized system that permits unrestricted movement over a 
large range, contributing to graphene's exceptional charge transport capability 
(Abdillah  et al., 2023)(Itapu & Jayatissa, 2018). 
 
Other performance 
In addition to enhanced mechanical, electrical, and thermal properties, 
polymer/graphene composites exhibit improved gas barrier, flame retardant, 
acoustic insulation, lubrication, and corrosion resistance performances. These 
properties lead to a wide range of applications in various industries (Aerogels  et 
al., 2023). The dispersion effect can be somewhat enhanced by special processing 
techniques like in-situ polymerization, but these approaches are challenging to 
satisfy the demands of commercial applications because of complicated process 
management, high investment costs, and restricted large-scale production capacity. 
The development of high-performance graphene-based flame-retardant composites 
now faces a major technological obstacle: how to obtain stable and uniform 
dispersion of graphene in polymer matrices (Lee  et al., 2022)(Ibrahim  et al., 2021). 
The table below shows a composite of graphene oxide with conducting polymers 
for high performance supercapacitor electrode. 
 
Table 1:Composite of Graphene Oxide with Conducting Polymers for high 
Performance Supercapacitor Electrode 

Electrolyte Synthesis 
Method 

Electrolyte Specific 
Capacitance 
(Fg-1) 

Current 
Density 
(Ag-1) 

Ref 

rGO/Polypyrrole(PPy) Polymerization 1M H₂SO₄ 1942 1 (Pathak  et al., 2023) 
Graphene/Polyaniline(Pani) Polymerization 1M H₂SO₄ 1046  1 Li  et al., 2020 
Graphene/PEDOT Chemical 

Polymerization 
1M H₂SO₄ 210  1 (Shankar  et al., 2026) 

Graphene/Conducting Polymers Various Method Various 200–1200  1 Zhu  et al., 2017 
rGO/Pani nanofibres Electrochemical 

Polymerization 
H₂SO₄ 1230  1 (W. Zhang  et al., 2021) 

Graphene/PPy nano composites Polymerization KOH 620 1 (Abdillah  et al., 2023) 
Graphene Oxide/PANI Thermal 

reduction 
H₂SO₄ 890  1 Kumar  et al., 2021 

Graphene/Polymer aerogel Thermal 
reduction 

KOH 320 1 (Yu  et al., 2023) 

Graphene/PANI,PPy,PEDOT Thermal 
reduction 

Various 150–2000 1 (Mustafa  et al., 2024) 

GO nano composite/PPy Self assembly KOH 888 1 (Gopal  et al., 2023) 
rGO/PEDOT:PSS Thermal 

reduction 

H₂SO₄ 350 1 (Kumar  et al., 2017) 

Graphene/PANI aerogel Freeze-Drying H₂SO₄ 1180 1 (Omar  et al., 2017) 
Graphene/PANI nanofibres Polymerization 1 M H₂SO₄ 1130 1 (Chen  et al., 2023) 
Flexible Graphene/PANI Paper Vaccum 

Filtration 
1M H₂SO₄ 1040 1 (Pendashteh  et al., 2015) 

Polyprrole/Fe2O3/rGO Thermal 
reduction 

1M Na2SO4 140 1 (Mustafa  et al., 2024) 

rGO/PANI Polymerization 3M KOH 314.2 1 (Moyseowicz  et al., 2017) 

 
Applications of Graphene/Polymer Composite 
Grapheme’s/polymer composite materials can be used to manufacture electrode 
materials for supercapacitors because of its high specific surface area and strong 
electrical conductivity. Graphene composite material serves as the electric double-
layer capacitor in this system, primarily using its high conductivity to charge and 
discharge at high frequencies; polyaniline serves as the Faraday quasi capacitance, 
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realizing energy storage through its quick and reversible Faraday reaction. The 
purpose of the high-capacity and high-power charge and discharge of 
supercapacitors is to maximize the effects of these two functions in order to 
increase the specific surface area of the graphene composite electrode, which in 
turn increases the capacity of electric double-layer capacitance; the formation of 
polyaniline nanoparticles increases the quantity and opportunity of reversible 
Faraday reaction, which enhances the capacitance (Lee  et al., 2022).Graphene and 
conducting polymers working together could transform the energy storage 
industry into a more reliable, sustainable, and cost-effective energy source. One 
potential method to improve the charge transfer efficiency of the final 
nanocomposite is to include graphene nanoparticles into the conductive polymers 
(polypyrrole and polythiophene). The graphene-polymer nanoelectrode's superior 
performance is thus mostly due to its manufacturing process. Numerous reviewers 
provide a succinct overview of the production methods for graphene, polypyrrole 
(PPy), and polythiophene (PTh) (Lakra  et al., 2021). According to the study, the 
right solvent, mixing strategy, and drying conditions could regulate the dispersion 
of nanoparticles. Furthermore, it is anticipated that the PPy/PTh/Gr 
nanocomposite will be a potential nanoelectrode for efficient and sustainable 
energy storage. Future strategies for creating better materials synthesis methods for 
a variety of uses (such as sensors, photovoltaics, and supercapacitors) are also 
offered (Adedoja  et al., 2023). 
 
Batteries, supercapacitors, and hybrid systems are just a few of the energy storage 
devices that polymer composites may find application in. These devices can be 
used for a variety of end-uses, including portable electronics, grid-scale energy 
storage, and electric vehicles. Polymer composites and separator materials have 
been studied as anode and cathode materials in batteries. For instance, a study that 
was published in the journal Nano Letters showed that a lithium-ion battery with a 
polymer composite anode had a long cycle life and a high capacity. A sodium-ion 
battery with a polymer composite cathode demonstrated enhanced electrochemical 
performance, according to a different study that was published in the journal 
Electrochimica Acta. These findings imply that polymer composites have a lot of 
potential for application in different types of batteries (Ramesh  et al., 2024) (Kausar  
et al., 2023) 
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Fig 4: Application Graphene/Polymer Composite 

 
These composites find applications in supercapacitors, lithium-ion batteries, and 
flexible electronic devices. In supercapacitors, they enable fast charge/discharge 
and long cycle life. In batteries, graphene improves electrode stability and rate 
capability, while the polymer matrix enhances flexibility and adhesion, 
Supercapacitors provide far higher power densities than those needed by 
contemporary electronic devices (such as cellphones with flash lamps) when 
compared to conventional lithium-ion batteries (Ana, 2022). Lithium-ion or nickel-
metal hydride cells can be effectively supported by supercapacitors as second-type 
power supply, which give the receiver the required peak power and prolong the 
cells' lifespan. However, due to electrochemical capacitors' limited energy density 
(typically 8–10 Whkg 1), novel ways to boost energy density while preserving the 
supercapacitors' other characteristics are being looked for (Kausar  et al., 2023). An 
electrochemical capacitor is a system made up of two electrode/electrolyte 
capacitors connected in series, with a total capacitance of which is C (expressed in 
farads [F]), expressed using the following formula (1). 

                                                 
1

𝐶
=

1

𝐶1
+

1

𝐶2
                                                                    (1) 

 
(Expressed in farads [F]), expressed using the following formula (1): where C1 and 
C2 are the capacitances of each electrode. From the application viewpoint, 
following are the key parameters of an electrochemical capacitor: the amount of 
stored energy E and the power density P . The maximum energy E accumulated 
and released by the electrochemical capacitor is given by the following equation 
(2):  

                                    𝐸 =  
𝑈2

2
                                                                       (2) 
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where C denotes the capacitance of the capacitor [F] and U represents the operating 
voltage [V]. The energy density of the capacitor is usually expressed as per unit of 
mass (Wh kg-1 ) or volume (Wh L-1). 
 

Because of its low atomic weight (6.94 gmol) and high absolute potential (3.04 V) 
compared to a conventional hydrogen cell, Li-ion batteries (LIBs) are regarded as 
one of the most promising storage methods. This results in a great energy density 
with a theoretical value up to 400 WhKg1. Another kind of electrochemical energy 
storage device is the supercapacitor or ultra-capacitor, which has a long cycling 
life, a quick charge and discharge time, and a high power density [10 kW/kg] in 
comparison to battery devices. The hybrid form of supercapacitor, which combines 
EDLC and pseudo-capacitors, is made from conducting polymers and graphene 
derivatives (Itapu & Jayatissa, 2018) . Another kind of electrochemical energy 
storage device is the supercapacitor or ultracapacitor, which offers a higher power 
density [10 KW.kg-1], a shorter charge/discharge time, and a longer cycling life 
than battery devices. There are two main types of super capacitors in terms of how 
they work. The electrical double layer capacitor uses an electrostatic process to 
store energy, while the pseudo-capacitor relies on the quick redox reactions of the 
chemical species in the electrode (Das & Prusty, 2013). 
 
Challenges and Limitations 
Despite significant progress, challenges remain in achieving uniform graphene 
dispersion, reducing production costs, and ensuring long-term stability. 
Environmental concerns regarding chemical synthesis and polymer degradation 
also need to be addressed. Scalable, green fabrication methods are essential for 
commercial viability (“Graphene in the Heart of Europe,” 2013).Although polymer 
composite materials show great promise for energy storage applications, they face 
a number of notable obstacles. Their poor electrical conductivity, which restricts 
charge movement and overall energy storage capacity, is the main obstacle. The 
suggested remedies entail incorporating highly conductive elements into the 
composite, such as metal nanoparticles, graphene, or carbon nanotubes. These 
materials' stability also raises questions, especially in challenging electrochemical 
environments where electrode deterioration and decreased cycling stability may 
result (Ramesh  et al., 2024). (Kausar  et al., 2023). Finally, research into 
biodegradable polymers and natural fibers as viable solutions is encouraged by 
environmental impact considerations, which emphasize the necessity for 
sustainable materials and recycling techniques in large-scale energy storage 
applications. The development of polymer composite materials in the realm of 
energy storage is accelerated by addressing these issues jointly. These initiatives 
will address the growing need for effective and sustainable energy storage 
solutions while also advancing the development of polymer composite materials 
for energy storage (Ramesh  et al., 2024).Despite having exceptional thermal 
conductivity qualities, graphene cannot significantly improve the thermal 
conductivity of polymer matrices when used alone and untreated.The uneven 
distribution of nanosheets inside the matrix and the thermal resistance effect 
between material interfaces are the main causes of this. Three-dimensional 
structural design and interface engineering optimization can greatly increase the 
composite system's thermal conductivity efficiency. The homogeneous dispersion 
condition of nanosheets and the strength of the interfacial bonding determine the 
mechanical reinforcing effect(Abdillah  et al., 2023). 
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Future Perspectives 
Future research should focus on developing sustainable synthesis techniques, 
optimizing graphene functionalization for better polymer compatibility, and 
employing computational modeling to predict composite behavior. Hybrid 
systems integrating multiple nanofillers may further enhance performance. 
Machine learning and data-driven approaches could accelerate material discovery 
and design for energy storage applications.Graphene is thought to be a superior 
substitute for conventional nanofillers due to its superior mechanical, thermal, and 
electrical capabilities (Q. Wang, 2025). As a result, graphene/polymer 
nanocomposites have exceptional characteristics for a variety of uses. Numerous 
investigations into the remarkable characteristics of graphene have shown that it is 
essential for improving the particular characteristics of polymer nanocomposites 
(Abdillah  et al., 2023), which can be applied in a variety of ways. Graphene 
dispersion in a matrix, interfacial contact, mass production, exceptional quality, etc 
(Toto  et al., 2022). all need to be improved in order to use graphene/polymer 
composites, aside from the aforementioned use. In general, the homogenous 
dispersion of graphene and the interfacial interaction between graphene and the 
polymer improve the properties of the nanocomposite. Although it is yet 
insufficient, a suitable interaction between graphene and polymer ensures the 
technical advancement of graphene/polymer nanocomposites. As a result, many 
people are still working to find a solution to the problem of preserving the intrinsic 
qualities of graphene in the nanocomposite as much as feasible (Lee  et al., 2022). 
 
CONCLUSION 
Polymer/graphene composites represent a versatile and efficient class of materials 
for next-generation energy storage devices. Their combination of flexibility, 
conductivity, and mechanical strength makes them ideal for portable and wearable 
electronics. Ongoing advancements in synthesis and characterization will play a 
crucial role in achieving scalable production and enhancing long-term stability. 
Because of their high specific surface areas, mechanical flexibility, and 
customizable electrochemical characteristics, polymer composite materials have 
become attractive options for energy storage applications. To maximize their 
effectiveness and make its practical application possible, a number of obstacles and 
restrictions must be overcome. Low conductivity, restricted stability, poor 
interfacial adhesion, scalability, and environmental effects are some of these 
difficulties. Incorporating highly conductive additives, altering the polymer matrix, 
employing scalable and economical techniques, and investigating ecologically 
acceptable and sustainable materials are some of the suggested answers to these 
problems. These methods can help overcome these obstacles and further the 
development of polymer composite materials for energy storage through ongoing 
research and development, resulting in future energy storage systems that are 
more effective and sustainable. 
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