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Chapter

Graphene-Based Materials for 
Supercapacitor
Abu Jahid Akhtar

Abstract

Graphene, a one-atomic-thick film of two-dimensional nanostructure, has 
piqued the attention of researchers due to its superior electrical conductivity, large 
surface area, good chemical stability, and excellent mechanical behaviour. These 
extraordinary properties make graphene an appropriate contender for energy stor-
age applications. However, the agglomeration and re-stacking of graphene layers 
due to the enormous interlayer van der Waals attractions have severely hampered 
the performance of supercapacitors. Several strategies have been introduced to 
overcome the limitations and established graphene as an ideal candidate for super-
capacitor. The combination of conducting polymer (CP) or metal oxide (MO) with 
graphene as electrode material is expected to boost the performance of supercapaci-
tors. Recent reports on various CP/graphene composites and MO/graphene com-
posites as supercapacitor electrode materials are summarised in this chapter, with a 
focus on the two basic supercapacitor mechanisms (EDLCs and pseudocapacitors).

Keywords: Supercapacitor, EDLC, Pseudo-capacitance, Metal oxides, 
Conducting polymers

1. Introduction

Energy storage devices are important in today’s world to meet the increasing 
demand for reliable and portable power sources [1–3]. Supercapacitors, also known 
as ultracapacitors, are electrochemical energy storage devices that are lightweight, 
can operate at a wide range of temperatures, have a long life cycle, and are shielded 
to make their work easier [4, 5]. With a number of such advantages, the superca-
pacitors emerged in a variety of applications in hybrid or electric vehicles, electron-
ics and aircrafts [4, 5]. Today, supercapacitor manufacturers mostly use coconut 
activated carbon as an electrode material due to its high specific surface area, low 
price and mass production capability. However, with increased energy demand, 
significant research efforts have been made to find ideal electrode materials for 
the production of advanced energy storage systems. Energy is stored in superca-
pacitors via two energy storage mechanism, namely electrochemical double layer 
capacitance (EDLC) and pseudocapacitance. So, in order to improve supercapacitor 
efficiency, both of these mechanisms must be incorporated on a single electrode 
material.

Graphene, a one-atom-thick 2D single layer of sp2 -bonded carbon atoms with 
the hexagonal lattice structure, is considered as the basic building block material 
for all carbon materials [6, 7]. Graphene has emerged as an appropriate candidate 
for energy storage applications due to its high electrical (108 S/m) and thermal 
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conductivity (5000 W/m/K), large surface area (2.63X106m2/kg), high transparency 
(absorbance of 2.3%), good chemical stability, and excellent mechanical behaviour 
(breaking strength of 42 N/m and Young’s modulus of 1.0 TPa) [8, 9]. Various 
methods such as chemical vapour deposition (CVD) of hydrocarbons, epitaxial 
growth on electrically insulating surfaces such as SiC, micromechanical exfoliation 
of graphite (Scotch tape method), oxidation–exfoliation–reduction of graphite 
powder may be used to synthesise graphene sheets of various sizes and defect 
contents [10]. Among these methods, graphene sheet which is grown by chemical 
vapour deposition (CVD) of hydrocarbon [11] has the superior quality with mini-
mal defects. However, CVD prepared graphene would not be an ideal contender 
for EDLC electrode material, as it is too costly to produce and is hardly scalable. On 
the other hand, graphene produced by a chemical or thermal exfoliation process 
[12] of graphite is relatively inexpensive but has more surface defects which pre-
vent graphene from being used in high-speed electronic, photonic/optoelectronic 
devices. But these defects play an important role in supercapacitor applications. So 
graphene with defects is used as an acceptable supercapacitor material. However, 
due to the large interlayer van der Waals attractions, re-stacking of graphene layers 
can severely reduce the available electrochemical surfaces, obstructing ion diffu-
sion and ultimately limiting electrochemical efficiency, and the lack of fast Faradic 
pseudocapacitive behaviour have severely hampered supercapacitor performance. 
In order to address the issue graphene is often combined with other materials such 
as different metal oxides (MP) and conducting polymers (CP) to further increase 
its electrochemical performance. Coupling MPs or CPs to graphene has been shown 
to be an effective approach to improving the cycling stability, energy and power 
density of the supercapacitor device by introducing pseudocapacitance [13–37]. 
This chapter summarises recent studies on various  
CP/graphene composites and MO/graphene composites as supercapacitor electrode 
materials, with an emphasis on the two basic supercapacitor mechanisms (EDLCs 
and pseudocapacitors).

2.  Graphene-metal oxide nanocomposites for supercapacitor 
applications

Metal oxide supercapacitors have gotten a lot of attention in recent years 
because of their high theoretical basic capacitance, low cost, environmental 
friendliness, and natural abundance [38–45]. Metal oxides also allow rapid, 
reversible faradic reactions to the electrode-electrolyte interface [46] resulting in 
large specific capacitances. However, the power density and cycling stability of the 
metal oxide based supercapacitor device are limited by poor electronic and ionic 
conductivity of metal oxides. So metal oxides are often combined with graphene 
to address these drawbacks, and it is expected that hybrid metal oxide/graphene 
nanostructures can increase supercapacitor performance for large-scale energy 
storage systems.

2.1 Graphene-manganese oxide nanocomposites

Manganese oxide-graphene composite is the most studied electrode material for 
supercapacitor devices among metal oxides [13–15]. The charge storage mechanism 
of a MnO2 electrode involves a transition in manganese (Mn) oxidation state from 
III to IV. The reversible insertion/extraction of electrolyte cations to balance the 
charge during reduction/oxidation of Mn+3/Mn+4 gives MnO2 its pseudocapacitive 
properties [47, 48].
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He et al. [13] used electrodeposition to build freestanding, lightweight 
(0.75 mg/cm2), ultrathin (<200 μm), highly conductive (55 S/cm), and flexible 
three-dimensional (3D) graphene networks filled with MnO2 as the flexible super-
capacitor electrode material. The composite with 9.8 mg/cm2 MnO2mass loading 
(92.9% of the total electrode mass) had a capacitance of 1.42 F/cm2 in a scan rate of 
2 mV/s. He et al. further optimised the MnO2 content in the composite material for 
realistic applications and achieved a maximum specific capacitance of 130 F/g.

Another research [14] rendered graphene/ MnO2 composites by chemically 
reducing GO/ MnO2 with both hydrazine hydrate (H-RGO/MnO2) and sodium 
borohydride (S-RGO/ MnO2) as reducing agents. The H-RGO/MnO2 showed a 
specific capacitance of 327.5 F/g, which is higher than that of the S-RGO/MnO2 
(278.6 F/g). Kim et al. proposed that using the hydrazine reduction process to 
fabricate MnO2 on graphene oxide surfaces is a promising fabrication method for 
supercapacitor electrodes.

For producing highly efficient graphene/metal oxide-based hybrid superca-
pacitors, Wang et al. [15] described in situ synthesis of 3D-graphene/MnO2 foam 
composite using a combination of chemical vapour deposition and hydrothermal 
process. High crystallinity and low contact resistance were observed during in situ 
conformal growth of 3D-graphene/MnO2 composites. In the supercapacitor, the 
3D-graphene/MnO2 composite electrode demonstrated high specific capacitance 
(333.4 F/g at 0.2 A/g) and excellent cycling stability (92.2% retention at 0.2 A/g 
after 2000 cycles).

Thus these methods for fabricating graphene/MnO2 composites offers a prom-
ising means of producing energy storage electrode materials for supercapacitor 
devices with high efficiency.

2.2 Graphene-iron oxide nanocomposites

Iron oxides drew interest as a potential electrode material due to their natural 
abundance, high thermal stability, and low toxicity [42, 43]. However, in terms of 
power density and cyclic stability, iron oxide struggles as an electrode material and 
must be combined with graphene to overcome the problem.

Reduced graphene oxide- Fe3O4 (RGO-Fe3O4) nanocomposite was synthesised 
by Ghasemi and co-worker [16] using a simple electrophoretic deposition (EPD) 
method followed by an electrochemical reduction procedure. On RGO, Fe3O4 
nanoparticles with a diameter of 20–50 nm are uniformly assembled. At a cur-
rent density of 1 A/g, RGO- Fe3O4 had a specific capacitance of 154 F/g, which is 
greater than RGO (81 F/g) in Na2SO4 electrolyte. The electrochemical behaviours 
of this study also revealed that adding surfactant to aqueous Na2SO4 solution would 
boost the capacitance of RGO- Fe3O4 electrodes. RGO- Fe3O4 electrode in Na2SO4 
electrolyte containing t-octyl phenoxy polyethoxyethanol (Triton X-100) showed 
capacitance of 236 F/g at 1 A/g, with 97% of the initial capacitance retained after 
500 cycles.

Qu et al. [17] have shown that the increase in electrochemical capacitive perfor-
mance of 2D Fe3O4 -graphene nanocomposites was mainly due to the optimization 
of electrochemical surfaces by avoiding graphene re-stacking due to the uniform 
Fe3O4 surface deposition and synergistic effect of Fe3O4 and graphene. The hybrid 
capacitor shows a capacitance value of 304 F/g. In addition, Fe3O4 -graphene nano-
composites have achieved higher power density.

In another work Tang et al. [18] synthesised three-dimensional (3D) iron 
oxide/graphene aerogel hybrid using an innovative in situ hydrothermal process 
for supercapacitor applications. This material Fe2O3/GA hybrid electrode were 
used to make a highly flexible all-solid-state symmetric supercapacitor system. 
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The device provided a high specific capacity of 440 F/g and was suitable for differ-
ent bending angles. 90% of the capacitance was also preserved after 2200 cycles, 
indicating strong cycling stability. These excellent electrochemical performances 
suggest that graphene-iron oxide nanocomposites have huge potential in energy 
application.

2.3 Graphene-nickel oxide nanocomposites

Nickel oxide (NiO) has been shown to be one of the most promising electrode 
materials for supercapacitors [38, 39]. However, the efficacy of NiO has been found 
to be reduced due to its low electrical conductivity, resulting in poor performance in 
electrochemical devices. Researchers are trying to boost its efficiency by linking it 
to graphene.

A simple solvothermal-induced self-assembly method was used by Gui and 
co-worker [19] to make three-dimensional nickel oxide/graphene aerogel nanocom-
posites (NiO/GA). With an extremely large working potential window, the NiO/GA 
electrodes attained a specific capacitance of 587.3 F/g at 1A/g. The NiO/GA had excel-
lent cycling reliability, with only a minor decrease in capacitance after 1000 cycles.

Zhao et al. [20] demonstrated NiO’s electrochemical properties by growing NiO 
mesoporous nanowalls on rGO nanosheets on 3D nickel foams, referring to the 
process as binder-free electrode preparation. The NiO-graphene nanocomposite 
3D porous foam composite substrate offers an appropriate structure for electron 
collection and electrolyte/ion diffusion via the active materials, resulting in a high 
specific capacitance of 950 F/g at a current density of 5 A/g with excellent cycling 
stability.

In another work Choi et al. [21] demonstrated the synthesis of 3D porous gra-
phene/NiO nanoparticle composites (3D-RGNi) by a facile method. The prepared 
3D-RGNi had a large electrochemically active surface region. The as-synthesised 
3D-RGNi electrode had a large specific capacitance of 1328 F/g at 1A/g and superb 
rate capability, with 87% of the capacitance retained after 2000 cycles. The syn-
ergistic effects of the rGO network and NiO nanoparticles, as well as the highly 
porous structure of 3D-RGNi, are attributed with these high capacitance results.

Hence, it is expected that graphene-Nickel oxide nanocomposites might serve as 
a favourable materials for energy storage applications.

2.4 Graphene-cobalt oxide nanocomposites

Apart from having a high theoretical capacitance (3560 F/g) and being abundant 
in nature, cobalt-oxide based nanomaterials are also said to be environmentally 
friendly [49, 50]. The faradaic redox transitions of interfacial oxy-cation species 
trigger the pseudo capacitance of hydrous Cobalt oxides [51]. The formation of 
cobalt oxide phases with a transition between Co(II), Co(III), and Co(IV) oxidation 
states explains the charge–discharge process of cobalt oxide in alkaline electrolyte.

Akhtar et al. [22] presented the preparation of nanostructured cobalt oxide/reduced 
graphene oxide (Co3O4/rGO) composites for potential materials in supercapacitor 
applications using a basic one-step cost-effective hydrothermal technique. The v 
nanoparticles in the Co3O4/rGO nanocomposites were layered over the surface of the 
rGO sheets. In a three electrode cell system, Co3O4/rGO nanocomposite based electrode 
had a specific capacitance of 754 F/g and after 1000 continuous cycles, the material 
abled to maintained 96% of its initial capability.

Chen et al. [23] used a simple hydrothermal technique to manufacture 
cobalt oxide (Co3O4) nanowires on three-dimensional (3D) graphene foam. The 
free-standing electrode for supercapacitor application was prepared from the 
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synthesised 3D graphene/Co3O4 composite. It showed a high specific capacitance of 
1100 F/g and excellent cycling stability at a current density of 10 A/g.

3. Graphene-conducting polymers for supercapacitor applications

Conducting polymers (CPs) attains lots of attention in academia and industry as 
electrode materials for supercapacitor. Polyaniline (PANI), polypyrrole (PPy) and 
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) are type 
of conducting polymers [34, 52–56] that are extensively studied for supercapacitor 
device by offering very fast redox reaction with an electrolyte which can lead to 
pseudo-capacitance. However, CPs have a disadvantage of long-term stability due 
to the mechanical degradation of CPs. Thus graphene is often used to overcome the 
issue with CPs and guide to long term cycling stability, which is vital for superca-
pacitor devices.

3.1 Graphene- polyaniline (PANI) composite

PANI exhibit excellent conductivity and stability and have been widely used in 
energy storage devices [52, 53]. During the last few years, graphene/PANI composite 
nanocomposites have been used as electrode materials for supercapacitors [24–28]. 
Wu et al. [24] demonstrated synthesis of polyaniline nanofiber on graphene by in 
situ polymerisation of aniline monomer in the presence of graphene oxide under acid 
condition. The supercapacitor devices shows a specific capacitance of 480 F/g at a 
current density of 0.1 A/g and the material retained 70% of the original capacitance 
value after 1000 cycles. Gomes et al. [25] aimed to improve the cyclic stability by pre-
paring hierarchical assembly of graphene/polyaniline nanostructures by microemul-
sion polymerisation, followed by the incorporation of graphene oxide nanosheets by 
hierarchical organisation. Hierarchical nanostructures showed a specific capacitance 
of 448F/g which is almost double of that of PANI due to the synergistic combina-
tion of graphene and PANI nanostructures. At the same time almost 81% capacity 
retention was achieved for the material compared to 38% for PANI after 5000 cyclic 
operations. Cheng et al. [26] prepared graphene–PANI composite paper as a flexible 
electrode, by combining the advantages of high conductivity, mechanical strength, 
and flexibility of graphene paper and large capacitance of the PANI. Based on these 
properties, this flexible graphene–PANI electrode material displayed a good tensile 
strength of 12.6 MPa and a stable large electrochemical capacitance of 233 F/g and 
135 F/cm3 for gravimetric and volumetric capacitances, respectively.

Zhang et al. [27] reported a novel method to prepare flexible graphene/polyaniline 
paper (GPp) as supercapacitor electrodes through controlled in-situ polymerisation 
followed by roll coating in order to increase the electrochemical properties. This GPp 
deliver a high specific capacitance of 838 F/g at a current density of 1 A/g and high 
retention of 93.7% at 10 A/g over 5000 cycles. Kinetics analysis of the material shows 
that the GPp stores both surface capacitance and diffusion capacitance. The as-
prepared GPp also showed a specific energy density as high as 40 Wh/kg and a power 
density of 10 kW/kg. The authors also succeeded to light the light emitting diode 
(LED) connected with the fabricated GPp device.

Another method which is commonly used for the preparation of graphene poly-
mer composite is physical mixing in a given solvent. Flexible Graphene/Polyaniline 
Nanofiber Composite films were prepared by vacuum filtration of the mixed disper-
sions of both rGO and PANI nanofibers. [28] The film was mechanically stable and 
showed a good flexibility. The supercapacitor devices showed large electrochemical 
capacitance of 210 F/g at a low discharge rate of 0.3 A/g.
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3.2 Graphene-Polypyrrole (PPy)

PPy is emerged as attracting material for supercapacitor [54, 55] because of its 
simple synthesis procedure and it has good thermal and electrical conductivity. 
However, the thin PPy film forms aggregated a cauliflower-like structure which is 
not favourable for supercapacitor applications. In order to address the issue PPy is 
often combined with graphene to improve its electrochemical performance. Zhang 
et al. [29] synthesised graphene and polypyrrole composite via in situ polymerisa-
tion of pyrrole monomer in the presence of graphene under acid conditions An even 
composite is formed with polypyrrole being uniformly bounded by graphene sheets. 
Electrochemical performance of the composite material are higher than pure samples 
with the maximum capacitance of 482 F/g and excellent cycling performance (95% 
retention after 1000 cycles). Liu et al. [30] demonstrated preparation of hierarchical 
graphene/polypyrrole nanocomposites via in-situ polymerisation of self-assembled 
pyrrole. The nanomaterial attained outstanding conductivity of ∼1980 S/cm and 
demonstrated promising potential in supercapacitor, with a specific capacitance value 
650 F/g at 0.45 A/g current density. Furthermore, the device showed energy density 
of 54.0 W h/kg at 1 mA current, and power density of 778.1 W/kg at 5 mA current. In 
another work Akhtar et al. [31] studied the electrochemical performance of gra-
phene/polypyrrole layered type structure. Charge transport was investigated in this 
study to determine the relative contributions of graphene and polypyrrole in charge 
transport and storage mechanism, with the aim of improving device properties. 
Electrochemical supercapacitor fabricated using this layered composite exhibited a 
large value (~ 931 F/g) of specific capacitance.

3.3 Graphene/(PEDOT:PSS) composite

PEDOT: PSS attract as one of the potential electrode materials due to its good 
electrical conductivity, transparency, ductility, and stability [34, 56]. Wu et al. [32] 
demonstrated ultrathin printable graphene supercapacitors based on solution-
processed electrochemically exfoliated graphene hybrid films on an ultrathin 
poly(ethylene terephthalate) substrate. The device exhibited an unprecedented 
volumetric capacitance of 348 F/cm3 at an ultrahigh scan rate of 2000 V/s, and 
AC line-filtering performance. This method can be possibly used for large-scale 
production of printable, thin and lightweight supercapacitor devices.

Fibre-shaped supercapacitors [33] with high mechanical and electronic proper-
ties based on hollow rGO/PEDOT: PSS (HCF) have gained tremendous attention 
because of their tiny volume, low weight, high flexibility, and good wearability. 
This novel fibre-shaped supercapacitor showed a high specific capacitance of 304.5 
mF/cm2 at 0.08 mA/cm2 and an energy density of 27.1 mWh/cm2. In another work 
highly flexible, bendable and conductive rGO-PEDOT/PSS films were prepared by 
Chen et al. [34] The assembled device could be bent and twisted without harm-
ing the electrochemical performance of the device. A high areal capacitance of 
448 mF/cm2 was achieved at a scan rate of 10 mV/s and when the device was fully 
charged the device was powerful enough to power a LED for 20 seconds.

3.4 Graphene/other polymers composite

Besides the above-mentioned conducting polymers there are others polymers 
that have been combined with graphene for supercapacitor devices. Gupta and 
co-workers [35] synthesised Poly (3-hexylthiophene)/graphene composites via both 
in-situ and ex-situ growth technique to investigate supercapacitive behaviour. They 
observed that in-situ growth of P3HT forms better composites with graphene than 
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ex-situ growth. The values of specific capacitance for ex-situ and in-situ samples 
were found to be 244 F/g and 323 F/g respectively at a current density of 200 mA/g. 
Thus in-situ P3HT/graphene composite showed superior storage capacity in 
comparision to ex-situ sample. Electrochemical performance was also studied for 
graphene (G)–polyethylenedioxythiophene (PEDOT) nanocomposites as electrode 
material [36]. This manuscript presented the capacitance studies on supercapaci-
tor G-PEDOT electrode with respect to stability of material, specific capacitance 
and electrical conductivity. Specific capacitance value for G-PEDOT sample was 
estimated to be 374 F/g. Wu et al. [37] reported conjugated polyfluorene imid-
azolium ionic liquids (coPIL) intercalated reduced graphene oxide (coPIL-RGO) 
for high performance supercapacitor. coPIL-RGO based device showed a specific 
capacitance of 222 F/g at a low current density of 0.2 A/g in 6 M KOH and 132 F/g at 
a current density of 0.5 A/g in ionic liquid electrolyte 1-butyl-3-methylimidazolium 
tetrafluoroborate (BMIMBF4), respectively.

4. Conclusion

Metal oxide and Conducting polymers have gotten a lot of attention in next-
generation supercapacitor electrode research because of their simple synthesis 
procedure, low cost and high pseudocapacitance. Simultaneously, pure metal oxide 
and conducting polymers have a number of flaws, including low electrical conduc-
tivity, weak cyclic stability, and low energy and power density. Graphene/conducting 
polymer composites and graphene/metal oxide composites outperform conducting 
polymers and metal oxides in terms of cyclic durability, energy density, and power 
density. Simultaneously, in recent years, considerable focus has been placed on 
structural architecture, material fabrication, and device performance evaluation. 
To accomplish the expected full-scale realistic application, both the efficiency and 
reproducible quantity of the electrode materials must be improved in the immedi-
ate future.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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