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Abstract

The supercapacitor is a modern electrochemical energy storage technology, exhibiting high specific capacitance, long-term
cycle stability, rapid charge rates, high power density, and low cost. Nanostructured materials such nanocarbons, metal oxides,
graphene nanosheets, and conducting polymers are used for energy storage applications in recent years. The most fascinating
features of 2D reduced graphene oxide-based electrode materials, such as high surface area, superior electrical conductivity,
good chemical stability, and excellent mechanical behavior, make them suitable material for supercapacitor devices. Also
it attributes the enhancement in specific capacitance, excellent cyclic stability, and high energy density of the composite
electrodes that are mainly due to the interconnected conductive network of the composite as well as the synergetic effect
of the metal oxide and graphene. This review contains the most significant developments in rGO-TMO-based materials for
supercapacitor electrodes, depending on the number of metal oxide composites paired with rGO, i.e., metal oxide, binary
metal oxide, and ternary metal oxides. The method of synthesis and supercapacitor performances of rGO and transition metal
oxide composites are reviewed. Additionally, a comparison of the rGO composite’s synergistic effects on supercapacitor
performance in terms of specific capacitance, energy density, power density, rate capability, and cycle stability are tabulated.
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1 Introduction

The demand for energy storage will be on the rise as the
progress of electronic technology has grown in the past
years. Only a few energy storage solutions stand out from
the rest of the field. Electrochemical capacitors (ECs) have
now become a substantial area of study due to their desir-
able characteristics, such as fast charge and discharge rates,
energy density, power density, and long cycle life [1-3].
Supercapacitors are also referred to as electrochemical
capacitors. According to this classification, super capaci-
tors are categorized as electrical double-layer capaci-
tors (EDLCs) and pseudo-capacitors, depending on their
charging storage method [4]. Carbon-based materials,
such as carbon nanotubes [5, 6], activated carbon [7], car-
bon fibers [8], and graphene [9], are widely used as EDLC
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materials, resulting in high conductivity and specific surface
area [10]. Metal oxides, such as MnO, [11], Co;0, [12],
NiO [13], Fe,05 [14], MoO, [15], RuO, [16], V,05 [17],
SnO, [18], TiO, [19], polymers [20], and other materials
[21] have been used to enhance the specific capacitance of
pseudo-capacitors.

Most carbon compounds, such as graphene oxide (GO)
and reduced graphene oxide (rGO), are made from nat-
urally occurring carbon precursors, such as pyrolyzed
graphite and pyrolyzed coal. Graphene is well-known for
its electrical conductivity, while graphene oxide (GO) is
more likely to behave as an insulator in electrical applica-
tions. A number of different techniques for synthesizing
graphene derivatives have been developed, but low-cost;
high-yield manufacturing continues to be a significant
challenge. To make graphene derivatives for high-end
applications on a large scale, precursor minerals such as
graphite, coal, coke, anthracite, and biomass are necessary
[22]. Graphene is a carbon allotrope that has the form of
a 2D dimensional hexagonal lattice on an atomic scale,
and has a specific surface area of 2630 m?/g. It is the most
abundant carbon allotrope on the planet. Graphene is
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dissimilar to activated carbon and carbon nanotubes. The
varied accessible surface area of graphene in EDLCs is
due to its monolayer 2D lattice structure of carbon atoms.
Because of its high conductivity and mechanical stability,
graphene is a suitable substrate for active materials such
as faradaic materials with pseudo-capacity [23].

In terms of cycle stability, graphene oxide performed
much better than graphene. Graphene oxide has superior
performance and a lower cost when compared to graphene as
an electrode material in supercapacitors [24]. Since the early
nineteenth century, the techniques of Brodie, Staudenmaier,
Offeman, and modified Hummers for generating graphene
oxide (GO) have been exploited. These chemical processes,
on the other hand, require the use of a large number of con-
centrated acids and powerful oxidants, which may result in
a number of potential safety risks [25]. Nowadays, the modi-
fied Hummer’s technique is the most frequently used method
for synthesizing GO. The most typical technique is to treat
graphite powder with a solution of sodium nitrate, potassium
permanganate, and sulfuric acid. While GO readily dissolves
in water, it also dissolves in organic solvents [26].

GO includes oxygen functionalities (epoxy, hydroxyl,
carboxyl, and carbonyl groups) on its surfaces and edges,
which aid in the attachment of metallic nanoparticles for
use in energy-related applications by forming hydrogen
bonds with them. The reduction product of graphene oxide
(GO) is known as reduced graphene oxide (rGO). It reduces
GO using the following methods: chemical reduction, ther-
mal annealing/reduction, microwave reduction, and laser
reduction. These are widely applied to eliminate functional
groups containing oxygen from GO surfaces [27-33]. New
advancements in two-dimensional graphene-based materi-
als are being made in the electrode materials for superca-
pacitors. In order to improve the active sites of electrode
materials that have been blended with various metal oxides,
metal hydroxides, metal sulfides, mixed metal oxides, and
ternary metal composites [33, 34]. Metal oxide materials
exhibit pseudo-capacitance behavior because it leads to very
poor stability and conductivity performance of the device
[14, 15]. To overcome the performance many researchers
are investigated in 2D materials which can improve the con-
ductivity of metal oxides and bounds the agglomeration and
also restacking of two dimensional materials. The hybridi-
zation of metal oxide with carbonaceous materials, particu-
larly reduced graphene oxide, has a synergistic effect that
increases electrical conductivity and improves the kinetics
of ions and electron transport at the electrode/electrolyte
interface as well as the interior of the electrodes. Because
rGO acts as a current collector and can also absorb a large
amount of charge generated by electrostatic interactions,
therefore rGO-based composites improve the overall elec-
trochemical performance. And also many authors precisely
researched about rGO-based binary, ternary composites in
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order to improve the specific capacitance, energy density,
and power density of the devices [25, 26].

This review discusses current and future energy storage
technologies problems and possibilities. The progress made
in the area of energy storage devices such as pseudo-super-
capacitors, asymmetric supercapacitors, and hybrid super-
capacitors, using reduced graphene oxide/transition metal
oxide composite mechanism of action, and enhanced energy
storage capacity are the main focus.

2 Modified Hummers method

The flake graphite or graphite powder/sodium nitrate com-
bination was produced at a weight ratio of 2:1. At 15 °C, the
sample was stirred into a beaker with 98 wt.%. Sulfuric acid
and suspended material were formed, in this beaker, which
has been placed in the ice bath. After that, KMnO, pow-
der, which also behaved as an oxidation agent, was slowly
added to the mixture while it was being stirred constantly.
The weight of the KMnO, powder is three times more than
the weight of the mixed substance. The temperature of the
solution should be kept below 20 °C for 2 h, and the solution
should be agitated constantly throughout this time period.
To finish dissolving the KMnO,, the temperature was main-
tained at 35 °C for 30 min. Because a significant quantity of
heat was produced when concentrated H,SO, was diluted,
a specific amount of deionized water was added to the mix-
ture. The mixture was constantly stirred for 15 min, after
which specific quantities of heated water and 30% H,0O,
aqueous were added in various proportions. When the bril-
liant yellow coloration was still warm, the combination was
filtered using Whatman filter paper, which resulted in the
filtering of the suspended material, as well as the liquid por-
tion, which was distilled water and dried in a vacuum oven
at 70 °C for 24 h [35-41].

3 Reduced graphene oxide/transition metal
oxide composite electrodes

3.1 rGO/metal oxide composites

Many researches on composite materials combining tran-
sition metal oxide nanoparticles and graphene has been
published in recent years, and they have shown excellent
electrochemical energy storage capability. It was discovered
that some scientists utilized chemical methods to synthe-
size monometallic oxide and graphene in advance, then
mixed them using mechanical stirring or high-temperature
calcination to form composite materials. Jinhui Xua et al.
demonstrated the fabrication of NiO/rGO composites using
nickel nitrate, urea, and graphene oxide as raw materials
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Scheme 1 The synthesis of
Co;0, nanoflakes on rGO-
wrapped Ni foam is depicted
schematically [44]

Bare Ni foam

in a hydrothermal reduction precursor calcination method.
Chemical research showed that the specific capacitance
of the NiO/rGO composite was achieved at 171.3F/g in a
6-mol/L KOH electrolyte with a current density of 0.5A/g
after graphene oxide was reduced to graphene and NiO nan-
oparticles were placed between layers of graphene. After
2000 cycles of galvanostatic current charge and discharge at
5-A/g current density, the composite material’s average spe-
cific capacitance dropped by 20.93%. In the composite mate-
rial, NiO nanoparticles are more uniformly embedded in the
graphene layer. These composite materials’ three-dimen-
sional layered structure improves the performance of super-
capacitor applications. The author has done only in low-
temperature synthesis due to that percentage of evaluation is
reduced in material [42]. Yuanyuan Zhu et al. reported that
the a-Fe,05/rGO composite is a viable candidate material
as a negative electrode in asymmetric aqueous supercapaci-
tors. To create a-Fe,0,/rGO, a simple hydrothermal method
with surface potential change was employed. Because the
energy storage behavior of a-Fe,0; is unknown, it is reason-
able to infer that a-Fe,O; participates in the energy storage
process through the Faradaic reaction. a-Fe,05/rGO com-
posites were used as anode materials for supercapacitors,
and they showed good electrochemical performance with a
high specific capacitance of 255 F g™' at 0.5 A g~!, excel-
lent rate capability, and good cycling life in a 1-M Na,SO,
aqueous electrolyte with a wide potential window (1.2 V).
After 11,000 cycles of galvanostatic charge discharge (GCD)
testing, there is only about 10% loss. Finally, due to strong
faradaic reaction of Fe,O5;/rGO composite sample is suit-
able for electrode material for asymmetric supercapacitors.
The low amount of a-Fe,0; is mixed with rGO; this may
be attributed to low specific capacitance of the device [43].
Shipra Raj et al. developed a novel ammonia evaporation
technique (AET) followed by a heat treatment strategy for
in situ conversion of GO to rGO on Ni foam (NF) during
Co;0, deposition. The likely mechanisms of the reaction, as
well as the technique of synthesis, are shown schematically
in Scheme 1. The material is well-supported by the rGO-
wrapped Ni foam, which provides mechanical stability and
also simplifies assembly. Charge transfer from metal oxide
to metal current beneath its collector.

) — Ea — ajm

GO wrapped Ni
Foam

Cobalt Co;0,
hydroxide nanoflakes on
nanoflakes on rGO wrapped
p-rGO Ni foam
wrapped Ni

foam

This structure exhibited supercapacitor characteristics,
with a substantially greater specific capacity of 1328 C g~!
at 2-Ag~! current density and excellent stability. Electro-
chemical samples were analyzed in a two-electrode system
with rGO-Co;0,/NF or Co;0,/NF electrodes as positive
electrodes and activated carbon/NF electrodes as negative
electrodes to test the practical application of materials as
supercapacitors, and were defined as RCO/AC and CO/AC,
respectively. The Co;0,-rGO/NF/AC asymmetric design
also obtained a high energy density of 20 Wh kg™! at a
power density of 1200 Wkg™!. These were accomplished for
a Co0;0,-rGO/Ni foam-based asymmetric device, indicating
the material as a potential candidate for supercapacitor appli-
cations. The three-dimensional structure electrodes facilitate
ionic diffusion throughout the charging-discharging process,
resulting in a very high specific capacitance and power den-
sity [44]. N.A. Devi et al. reported on the production of
Fe;0,/rGO nanocomposite, which was accomplished via a
straight-forward chemical reduction procedure. The produc-
tion of Fe;0,/rGO nanocomposite is shown in Scheme 2
using a step-by-step diagram. Fe;O, nanoparticles with par-
ticle sizes range from 100 to 250 nm. The 10-mM, 15-mM,
20-mM, and 25-mM Fe;0,/rGO nanocomposites are made
using the same procedure. The 10-mM, 15-mM, 20-mM,
and 25-mM Fe precursors are used in the sample prepara-
tion. The study employed Fe;O, nanoparticles with sizes
ranging from 100 to 250 nm for their study. For a 25-mM
Fe;0,/rGO nanocomposite, a maximum specific capacitance
of 416 F/g has been obtained. Finally, after 1000 cycles,
the 25-mM Fe;0,/rGO nanocomposite has a cycling stabil-
ity of 88.57% at 5 Ag~!. When compared to other ratios of
precursor material, the high concentration of iron precursors
decorated in rGO nanosheet has the greatest performance for
supercapacitor applications [45]

Ghasemi et al. prepared for the first time MnO,/GO
nanohybrids that were synthesized using an electrostatic
precipitation process. MnO,/RGO/SS has high power and
energy densities of 52.1 Wh kg™! and 625.0 Wh kg~ at
1 A g7!, respectively. Furthermore, after 500 cycles at
200 mV s~!, roughly 93% of the original capacitance was
maintained, giving the nanohybrid a good material as an
active material for supercapacitors. Experimental evidence
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Scheme 2 Synthesis of Fe;0,/rGO nanocomposite [45]

indicates that this structure may provide a suitable interface
for cation exchange and charge storage when subjected to
electrochemical experiments. The author tested only with
stainless steel conductor electrode for supercapacitor appli-
cation [46]. Y. N. Sudhakar et al. reported ultrasonically
prepared copper oxide (CuO) nanoparticles and rGO-CuO
nanocomposites. For the first time in history, reduced gra-
phene oxide has been synthesized using piperine produced
from Piper nigrum, which is a green reducing agent. This
method was utilized to fabricate rGO-CuQO nanocomposites
in a variety of ratios, including 1:3, 1:2, 1:1, 2:1, 3:1, 4:1,
5:1, and 6:1, even in a variety of sizes. When compared to
rGO and CuO electrodes, the rtGO—CuO nanocomposite with
composition (3:1) had lower resistance and higher specific
capacitance. As a result, a 3:1 rGO-CuO nanocomposite
electrode has been evaluated in four different electrolytes
at 0.1 M concentrations, including Na,SO,, H;PO,, H,SO,,
and H,SO,:H;PO, (9:1). According to electrolyte studies,
the acid combination (9:1) is suitable for use in supercapaci-
tor applications. The highest value of specific capacitance
achieved was 224 F g~! at 5 mV s~ in the ratio of rGO-CuO
(3:1). The maximal energy density was 14 Whkg~! and the
maximum power density was 12 kW kg~!. The nanoleaf
CuO high surface area acts as an excellent support for the
rGO, improving the electrochemical process and resulting
in increased capacitance [47].

Yingtao Zhang et al. synthesized that a simple one-
step hydrothermal process is used to make ultrafine SnO,
nanorods/rGO composites. We discovered that, in gen-
eral, when rGO is coated with SnO, nanorods, the average
size of the nanorods increases, but the size of the crystals
is minimal. When hydrochloric acid is added to the SnO,
nanorods/rGO (1:2) water dispersion for further hydrother-
mal treatment at elevated temperatures, the smaller SnO,
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particles act as a source of Sn, enabling the larger SnO,
particles to continue to improve. The average size of SnO,
nanorods in the final material grew, and SnO, crystallinity
improved. The electrochemical performance of the resulting
composite electrode is enhanced, with a specific capacitance
of 262.2 F g~! at a current density of 100 mA g~'in 1 M
Na,SO,. In this manuscript author explains that the SnO,
nanorods are equally distributed on rGO nanosheet and the
ultrafine SnO, nanorods/rGO composite materials are pro-
duced by subsequently treated with secondary hydrother-
mal technique using HCI and KMnO, [48]. Feng Du et al.
produced porous Co;0, nanosheets @RGO nanocomposite
using a simple hydrothermal reduction method. As illus-
trated in Scheme 3, the interaction of the — OH and — COOH
functional groups of GO films with the surface of Co;0,
nanosheets is expected to be effective for the formation of a
C0;0,@RGO nanocomposite. They have deduced that now
the two samples (Co;0, and Co;0,@RGO nanocompos-
ite) will perform differently as electrode materials in super-
capacitors because of their distinct structure. The porous
Co;0, nanosheets in the Co;0,@RGO nanocomposite have
a higher specific surface area, which is advantageous for
providing additional electrochemical reaction regions. While
exposed to 3000 cycles, both electrodes showed outstanding
extended cycle life, especially the Co;0,@RGO nanocom-
posite electrode, whose capacitance decreased by just 4.7%
of its initial capacitance throughout the experiment [49].

J. Jayachandran et al. published a comprehensive study
on the fabrication of rGO/ZnO composites utilizing a sim-
ple precipitation technique and an ultrasonic aided solution
approach. The incorporation of spherical-shaped ZnO nano-
particles into the electrode material seems to have the poten-
tial to produce an electrode material with a high specific
surface area. The specific capacitance performance of the
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Scheme 3 Schematic dia-
gram of synthesized Co;0,
nanosheets @RGO nanocom-
posite [49]
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rGO/ZnO composite is significantly affected by the shape
of the composite. The specific capacitance of the ZnO and
rGO/ZnO composite electrodes was evaluated at a reduced
scan rate of 5 mV s~ and was found to be 199 and 312
F g1, respectively, at the lower scan rate. The produced
rGO/ZnO composite electrode’s long-term cycling stabil-
ity is investigated using a 1000 cycle CV analysis at a scan
rate of 10 mV s~! [26]. C. Lai et al. prepared by a solvo-
thermal approach has been used to design a novel hierar-
chical sandwich-like porous nanostructure of Co;0,-rGO
composites. Co(OH), nanosheets with hierarchical porous
structures were produced on the double surfaces of rGO
nanosheets, resembling sandwich-like structures. Follow-
ing that, the Co(OH),-rGO composites were heated for
2 h at 250 °C to form the porous Co;0,-rGO sandwich-
like structure shown in Scheme 4 during the heat treatment.
They extensively investigated the electrochemical proper-
ties of the electrode of Co;0,-rGO composites in a three-
electrode cell configuration using cyclic voltammetric (CV)
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and galvanostatic charge—discharge (GCD) in 6 M of KOH
solution., At a current density of 0.5 A g_l, the sandwich-
like porous Co;0,-rGO achieved high specific capacitance
value of 1260.6 Fg~! and a power density of 400 Wkg™!,
the energy density is 38.8 Wh kg™, and the cycle life is out-
standing, with 88.0% of the initial capacitance after 10,000
cycles. The sandwich-like porous composites were generated
in this outcome of the literature by using the solvothermal
approach. The two-dimensional porous structure has high
surface area and strong cyclic stability [50].

Y. Chen et al. prepared the ruthenium oxide nanodots
have been formed on reduced graphene oxide (RGO) sheets
homogeneously by hydrothermal and annealing techniques.
A sol-gel synthesis method is used to produce RGO/ruthe-
nium oxide composites, which seems primarily determined
by hydrothermal and annealing treatments using GO and
hydrous ruthenium chloride as precursor materials. To be
more specific, GO was produced using a modified version of
the Hummers’ technique. This technique has been improved,

I Sonication
> 2hrs
_ p—
Solvothermal Method
200°C, 4 hrs
Annealing
e —

250°C, 4 hrs.

sandwich-like porous Co3;0,-rGO

composites

Scheme 4 The hierarchical sandwich-like porous Co;0,-rGO composites’ production pathway [50]
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and a maximum of 471 F g~! has been obtained in compos-
ites loaded with 45 wt.% RuO, at 0.5 A g~!. Their specific
capacitance maintains 92% of the maximal capacitance after
3000 cycles. The homogeneity of RuO, on RGO as well as
the interactive effects between them are credited with the
excellent integrated capacitive properties of the material
[51]. A. Viswanathan et al. created the tGO/V,05 nanocom-
posite in a single step of chemical synthesis. The mass ratios
of the rGO and V,05 are 7.69% and 92.31%, respectively, in
the overall mixture. It is important to transform V>* to V4*
and conversely, in order to complete the redox conversion
of V,0s. The quantity of energy stored is similarly directly
proportional to the size of the potential window applied.
At lower current densities, the electrode material loses less
potential due to its intrinsic resistance, enabling more energy
storage. The storage parameters (specific capacitance, spe-
cific capacity, energy density, power density, and colum-
bic efficiency) that were derived from a linear discharge
approach were a high specific capacitance (120.62 F g 1),
a high specific capacity (144.74 C g7!), an energy density
(24.12 W h g7, a power density (2.647 kW k g™!), and
a current density of 2 A g~! After being tested for 5000
cycles, the nanocomposite maintained 100% of its original
capacitance. Also, after 10,600 cycles at a potential scan
rate of 400 mV s, the capacitor maintained 38% of its
original capacitance. The V,05 nanoparticles are equally
dispersed on rGO surface. So the electrode material was
able to reach the excellent cyclic stability and high energy
density (Table 1) [52].

3.2 rGO/binary metal oxide composites

A composite metal oxide is a combination of two distinct
metal oxides that have a different chemical composition.
Reduced graphene oxide and metal oxide serve as electrode
materials in supercapacitor applications. The researchers
that worked on the bimetallic oxide/rGO composite material
had the best results in electrochemical tests. The following
studies are the outcome of the researchers’ work [53].
Nirmalesh Naveen et al. demonstrated that by synthesiz-
ing the combustion method and using urea as the fuel source,
the NiCo,0,/rGO composite was converted into a func-
tional electrode. NiCo,0,/rGO composites fabricated with
mesoporous structured NiCo,0O, are projected to increase
the capacitive performance of NiCo,0,/rGO composites by
enriching the synergistic combination of rGO and NiCo,0,.
The electrochemical evaluation of the electrode materials
showed the presence of faradaic activity in the materials.
The NiCo,0,/rGO composite had a high specific capacity
of 662.3 C g~'at 5 mVs~! in 1 M KOH aqueous electrolyte.
NiCo,0,/rGO maintained more capacitance; at the end of
2000 cycles, 94% of the original capacitance was retained
at a current density of 3 Ag~'. The charge/discharge process
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has a long cycle life owing to the exceptional mechanical
strength of RGO in NiCo,0, [54]. M.B. Askari et al. studied
the hydrothermal synthesis of an asymmetric supercapacitor
electrode material with NiFe,O,/rGO and placement on the
surface of the glassy carbon electrode (GCE) for supercapac-
itor studies. Similarly, NiFe,O, performs as an electro active
material that sits between rGO layers and improves charge
storage. There is a huge amount of oxygen and oxygen-
containing groups in graphene oxide. Negatively charged
oxygen absorbs Fe*> and Ni*? cations, forming NiFe,O, on
the rGO surface. The presence of NiFe,O, on the surface of
rGO increases the electrical conductivity while also creat-
ing new conducting pathways for charge transfer, resulting
in a higher specific capacitance than when the rGO is not
present in the electrode structure. When compared to pure
NiFe,0, nanoparticles and NiFe,0,/rGO nanocomposite,
rGO displays the electrochemical double-layer capacitor
mechanism for charge storage, and its specific capacity is
comparatively small. At a scan rate of 10 mV/s, NiFe,O,/
rGO obtains a capacitance of 584.63 F/g that becomes three
times greater than pure NiFe,O,. Moreover, as compared to
NiFe,0,, the NiFe,0,/rGO electrode has a greater rate capa-
bility and cycling stability. After 2000 charging/discharging
cycles, the NiFe,0,/rGO retains 91% of its capacitance [55].
F. Meng et al. synthesized NiCo,0,/rGO through a hydro-
thermal procedure followed by a spray drying process. The
spray drying method has decreased the evaporation time in
the electrode fabrication process. The specific capacitance
of NiC0,0,/rGO, which becomes 702 F g~ at 0.5 A g7, is
almost 2.6 times that of a pure NiCo,0O, electrode. The rGO
sheets are very essential in composite materials. A symmet-
ric two-electrode (NiCo,0,/rGO/NiCo,0,/rGO) electrode
materials with 1-M KOH aqueous electrolyte were also fab-
ricated to test the performance of NiCo,0,/rGO for practical
applications. The two-electrode system has a specific capaci-
tance of 259 Fg~! at a current density of 0.5 Ag™" [56]

Z. Wang et al. used a mild technique to make rGO/
NiMn,0, composites of rGO and NiMn,0, nanorods pro-
duced by co-precipitation in an ethanol-water solution. In
three-electrode systems, the electrochemical performance
of rGO/NiMn,0O, nanorod composite potential window is
0-0.9 V at 1-M Na,SO, aqueous electrolyte. The rGO rep-
resents a key function in improving the specific capacitance
and cyclic stability of the composite material. At a current
density of 1 A g!, the hybrid material has the maximum
specific capacitance of 693 F g~!. The capacitance of hybrid
material maintains 91.38% of the initial capacitance after
2000 charging/discharging cycles, demonstrating good
electrochemical stability. The electrode material of the one-
dimensional nanorod is embedded in the two-dimensional
rGO surface. As a result, this composite material has a
high capacitance and a high degree of stability due to the
structure of the material [57]. Ting Liu et al. demonstrated
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Table 1 Comparison of different metal oxide/rGO composite material performance
Electrode material Electrolyte Specific capacitance Energy density ~ Power density Capacity retention Ref
CuO/RGO 0.5 M K,SO, 326Fglat0.5A ¢! 657Whkg™! 302 Wkg™! 1500 cycles at 5 A g7!  [75]
NanoflakesMnO,/rfGO 1 M Na,SO, 1403Fg'atlmA  195Whkg™!  633.7Wkg!  5000cyclesat2mA  [76]
99.4%
rGO@ NiO composites 6 M KOH 1093Fglat1 Ag™! - - 90.6% 5000 cycles [77]
Layered NiO/RGO 6 M KOH 782F g 'at0.5A g7 325 Whkg™! 375 W kg™! 94.1% retention at [78]
2 Ag™! after 3000
cycles
C0;0,/RGO composite 3 M KOH 340Fglat1 Ag! - - 50 cycles retention of  [79]
about 85%
Mn;0, nanoflakes/rGO 1M Na,SO, 351Fglat05A g - - 80.1% of capacitance  [80]
after 10,000 cycles
RGO-Fe;0, 1M KOH 315Cgtat5A ¢! - - 95% retention after [81]
2000 cycles
RGO/Cu,O 1M KOH 985Fglatl Ag™t - - 1000 continuous charg- [82]
ing/discharging
CoO/rGO 2 M KOH 1615Fg'atal Ag™' 6246 Whkg™' 1600 Wk g™ 88.12% retention after  [83]
15,000 cycles at 5
Ag!
rGO/TiO, 1M H,SO, 233.67Fglatl A 32454 Whkg™! 716779 Wk g™! 98.2% even after 2000  [84]
g cycles
Fe,0,/rGO 3 M KOH 106.2 F cm™ at 0.056 Whem™  6.21 Wem™ - [85]
ImVs™!
Cu0/rGO 1 M Na,SO, 80Fglat2 Ag! - - - [86]
rGO/TiO, nanosheets 1 M Na,SO, 1565 F/g at 3 Alg 15.5 Wh/kg 1.1 kW/kg 87% even after 1000 [87]
cycles
Mn;0,/rGO 1 M Na,SO, 3425F g latof 1 27.41 Whkg!  8kW kg™ 85.47% capacitance [88]
Ag™! retention under
10,000 cycles
Co;0,-1GO 6 M KOH 636 F g~ 357Whkg'! 225 Wkg™! Capacitance retention  [89]
of 95% after 1000
cycles
rGO-TiO, 1 M Na,SO, 225F g'at0.125 - - 86.5% of capacitance  [90]
Ag! after 2000 cycles
RGO/V,04 1 M Na,SO, 218.4F/gat 10 mV/s - 2.201 kW/kg - [91]
V,05-rGO 1 M LiClO,/PC 511.7 mF cm™> 133Whkg™' 625 Wkg™! - [92]
Pd/rGO 1M KOH 1524.7 F/g at 20 mV/s - - 92.1% capacitance [93]
retention after 2000
cycles
rGO@Co;0, 0.1 M KOH 276.1 F g_1 ( - - 82.37% capacitance [94]
5mVs™) retention after 10,000
cycles
Zn0@rGO 0.1 M KOH 102.4 F/g at 30 mV/s - - 82.5% for 3000 cycles  [95]
Ni(OH),-ErGO 1 M KOH 3138 F/g at 20 mV/s - - Capacitance retention  [96]
of 88.6% after 3000
cycles
Fe;0,/rGO 2.0 M KOH 455Fg'at8mvs™! - - Retention ratio of 91.4  [97]
after~ 190 cycles
Co;0,@CG 30 wt.% KOH 600 F/g at 0.7A/g - - Retained 94.5% of its ~ [98]
initial capacitance
even after 5000
cycles
G wrapped Co;0, 0.5 M BMIM-BE,/ 710Fg'at5mV s~  52.84 Wh/kg 986.32 W/kg Stable cyclic perfor- [99]

CH,CN

mance over 10,000
charge—discharge
cycles
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Table 1 (continued)

Electrode material Electrolyte Specific capacitance Energy density  Power density Capacity retention Ref
G wrapped NiO 5 M KOH 5499Fglat10mVs! - - Over 88% of the initial [100]
capacitance after
2500 cycles
Mn;0,-Fe,05/Fe;0,@ 1.0 M KOH 590.7 F/g at 5mV/s - - 64.5% after 1000 [101]
rGO cycles
NiO-MnO,@rGO 0.1 M KOH 165.7 mAh/g at - - 83.2% after 2000 con-  [102]
20 mV/s tinuous cycles

that the NiMoO,/rGO nanocomposite was synthesized by a
microwave-solvothermal method shown below in Scheme 5.
The GO was changed to rGO using the Hummer’s technique,
and the bulk of the oxygen groups were removed during
the microwave heating step, which was performed in the
laboratory. Ni** and MoO42_ ions preferentially bonded
to functional groups to create NiMoO, nanorods around
the same time. The performance of the pure NiMoO, and
NiMoO,-rGO nanocomposite was tested with three-elec-
trode configuration systems. The specific capacitance of the
pure and nanocomposite was 800 F g~! and 1274 Fg~! at
current density of 1 Ag™!, respectively. After 1000 charg-
ing/discharging cycles, the capacitance retention is 81.1%.
The asymmetrical supercapacitor was built with mesoporous
NiMoO,-rGO as the positive electrode and NG as the nega-
tive electrode. The specific capacitance of the asymmetrical-
supercapacitor is 295 F g~ at 1 A g~! in a potential window
of — 1 to—0 V, and both the cyclic voltammetry and galva-
nostatic charging/discharging curves are negative [58].

Xu et al. enhanced the electrochemical performance
of the RGO/CoMoO, nanocomposite produced using the

Z 0

O Graphite
H Oxide

CcO
OH

microwave irradiation aided technique shown in Scheme 6.
Moreover, CoMoO, nanoparticles on graphene sheets in
RGO/CoMoO, composites should lead to improved elec-
trochemical performance due to an increase in surface area
and active sites. The surface of RGO has a strong attach-
ment of CoMoO, particles. As for the pure CoMoO, and
RGO/CoMoO, tested with three-electrode systems, the
RGO/CoMoO, nanocomposite was able to achieve the
highest specific capacitance compared to pure CoMoO, at
5 mVs~!. The produced RGO/CoMoO, composites were
annealed at 500 °C for 5 h in an N, environment to evaluate
the impact of the crystalline phase on the electrochemical
performance of RGO/CoMoO,. After the annealed process,
the RGO/CoMoO, nanocomposite specific capacitance
suddenly decreases from 322.5 to 102.5F g™' at 5 mV s~
[59]. Yuan et al. investigated the electrochemical perfor-
mance of MnCo,0,@ reduced graphene oxide as a super-
capacitor electrode material. The MnCo,0,@rGO compos-
ite was produced using a one-step hydrothermal method,
and the crystal size of the composite was measured using
XRD analysis to determine its crystal size. Because of its

Microwave

at 25 min

Ammonium heptamolybdate
tetrahydrate

O8O0
S
O8O0 ~go O8O
Nickel chloride
hexahydrate

Scheme 5 Synthesis root of NiMoO,/rGO nanocomposite [58]
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Scheme 6 Prepared method of RGO/CoMoO, nanocomposite [59]

superior conductivity and chemical durability, graphene can
be employed as an appropriate carrier to load nanoparticles
for the construction of new types of electrode materials. The
capacitive behavior of MnCo,0,@rGO was superior to that
of pure MnCo,0,. The cause of the increase in pure to com-
posite capacitance, as well as rGO, was due to supercapaci-
tor applications. The MnCo,0,@rGO nanocomposites dis-
played high specific capacitance of 334 Fg~'at 1 A g~! and
outstanding cycle stability of 98% after 2000 cycles [60].
Ping He et al. created the reduced graphene oxide-
CoFe,0, composite using a hydrothermal method using
sodium borohydride as the reduction agent. A modified
Hummers methodology was used to create graphene oxide.
The electrode material samples GO, RGO, CoFe,0,,
GO-CoFe,0,, and RGO-CoFe,0, were synthesized as
noted and Cs of RGO (89.9 F g‘l), GO-CoFe,0, (21.1
F g71), CoFe,0, (18.7 F g1), and RGO-CoFe,0, (123.2
F g7!) at the current density of 5 mA ¢cm~2. The RGO-
CoFe,0, composite has a high specific capacitance in this
electrochemical investigation when compared to other
materials. In this article the synthesized material has large
particle size and low surface area because this attributes
to low performance of application [61]. A. Juliet Christina
Mary et al. synthesized the ZnCo,0,/rGO nanocomposite
as an electrode material for supercapacitor applications.
The hydrothermal synthesis method used in the ZnCo,0,/
rGO nanocomposite production utilizes basic techniques
to complete the operation. Depending on the particular
capacitances they contain, the three synthesized samples,
rGO, ZnCo,0,, and ZnCo,0,/rGO nanocomposite, exhibit
a wide variety of behavior when it comes to electrochemi-
cal performance. At a current density of 0.75 A/g, the
ZnCo,0,/rGO nanocomposite had a high specific capaci-
tance of 704.2 F/g. Because of high specific capacitance
value, it is suitable for positive electrode material in

asymmetric supercapacitors [62]. M. Isacfranklin et al.
reported that the sea urchin-like NiCo,0,/rGO composite
was produced by the solvothermal method. A pure Co;0,
electrode material has been synthesized, as well as binary
NiCo,0, and NiCo,0,/rGO nanocomposite electrode
materials, for use in energy storage supercapacitor appli-
cations that are environmentally friendly. By using solvo-
thermal synthesis methods, the NiCo,0,/rGO composite
was able to achieve an excellent shape and a large surface
area. This kind of sea-urchin-like electrode enhances the
electrochemistry efficiency of the insertion/extraction pro-
cess by allowing for fast electron ion transit during the
insertion/extraction reaction. As a result, sea-urchin-like
NiCo,0,/rGO structures are recommended as an appropri-
ate electrode material for long-term energy storage. The
urchin-like NiCo,0,/rGO got a good specific capacitance
and excellent cycle stability, with a value of 672.79 F/g
at 10 mV/s [63]. Y-Z Cai et al. prepared a reduced gra-
phene oxide/NiFe,O, nanohybrid electrode material for
supercapacitor applications. For the production of this
composite of NiFe,0, and rGO in the 3:7 ratio indicated
in Scheme 7, the hydrothermal method would be used.
Nickel and iron ions in the solution are transformed into
nickel—iron oxide nanoparticles by graphene oxide sheets
that have chemically adsorbed to the surface of the solu-
tion. When pure NiFe,0, and NiFe,0,/rGO composites
were the three-electrode systems in 1-M Na,SO, aqueous
electrolyte, they reached a specific capacitance of 50 F
g~ ! at a current density of 0.5 A g~! and a specific capaci-
tance of 215.7 F g~! at a current density of 0.5 A g~!. As
a consequence, rGO has contributed to the improvement
of composite materials as compared to pure materials
[64]. C. Zhang et al. justified the NiCo,0,@rGO hybrid
material as a high-performance electrochemical electrode
material. A novel method of dipping and drying was used

llj b dools

QATAR UNIVERSITY

QIO tﬂ

@ Springer



1890 Emergent Materials (2022) 5:1881-1897
Scheme 7 Preparation of s R
reduced graphene oxide/ Ni(NO 3)2.6].] 20
NiFe,0, nanohybrid electrode )
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to create the hybrid NiCo,0,@rGO material. The three-
electrode materials evaluated in electrochemical perfor-
mance, rGO, NiCo,0,, and NiCo,0,@rGO, each have a
working electrode, a counter electrode of Pt foil, and a
reference electrode of a standard calomel electrode (SCE).
The materials used here, in combination with the unique
electrical properties of the NiCo,0,@rGO hybrid nano-
structure, demonstrate the immense potential of electrode
materials for supercapacitors [65]. Gao et al. produced a
ZnCo,0,-rGO composite with intertwined sheets grown
onto a nickel foam substrate via a simple hydrothermal
deposition and thermal processing, which can be directly
used as a binder-free electrode for a supercapacitor. It is
possible to construct a porous ZnCo,0,-rGO composite
composed of interconnected mesoporous sheets with verti-
cal macroporous channels by connecting the mesoporous
sheets with vertical macroporous channels. The vertical
macroporous channels allow electrolyte to be injected into
deep inner cavities of the porous electrode, thereby facili-
tating access to the innermost area of the electrode. The Cs
in the ZnCo,0,-rGO electrode decays gradually from an
initial Cs reading of 1875 to a final Cs reading of 1155 F
g_l. As aresult, the 65% initial Cs ratio indicates moderate
cyclability. The high Cs and restricted potential range of
the ZnCo,0,-rGO electrode mean that asymmetric devices
are an attractive method for extending the potential win-
dow of supercapacitors and, as a result, increasing their
E.;- Depending on the outcomes of these electrochemical

cell*

experiments, the ZnCo,0,-rGO/AC ASC described herein
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rGO-NiFe,0, hybrid composite

is considered to be an efficient supercapacitor with a long
lifetime (Table 2) [66].

3.3 rGO/ternary metal oxide composites

The TMO nanocomposite has a large surface area and good
cycle stability of electrochemical performance, and when
combined with the RGO composite, the researchers were
able to achieve the amazing results they demonstrated. The
researchers had a major role in the development of the RGO/
ternary transition metal oxide-based electrode material used
in supercapacitor application that was created. It is possible
to accomplish the basic advantages of RGO/ternary metal
oxides via strong electrical conductivity, an abundance of
electroactive centrals, uniform distribution, and eco-friend-
liness, among other characteristics [67, 68].

Wau et al. investigated the Co;0,/NiO/rGO hybrid com-
posite ternary composites prepared through the hydrother-
mal method in relation to the cobalt—nickel molar ratio, cal-
cination temperature, and the amount of rGO added. Next,
Co0;0,/NiO composites were manufactured by preparing
many molar ratios of Co;0, and NiO, such as 3:1, 2:1, 1:1,
1:2, 1:3, 1:4, and 1:5. Reduced graphite oxide (rGO) is a
two-dimensional material with a large specific surface area,
excellent carrier mobility, and strong chemical stability. As
a function, Co;0,/NiO composites were attached to the sur-
face of the rGO sheet. The samples were calcined at vari-
ous temperatures, including 400 °C, 450 °C, 500 °C, and
550 °C. At a calcined temperature of 400 °C, the Co;0,/
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Table 2 Comparison of binary metal oxide/rGO composite material performance

Electrode material Electrolyte  Specific capacitance Energy density Power density ~Capacity retention Ref

NiCo,0,-rGO 2MKOH 1222Fg'at0.5A g™l 2332Whkg™! 3249Wkg! 2500cycles2.0 A g is 83% [103]

Layered NiCo,0,/RGO 6 MKOH  1388Fglat05A g™ 57Whkg! 375Wkg!  90.2% retention after 20,000 cycles  [104]
at5A g7}

rGO-NiFe,0, 1 MNa,SO, 2109Fg'at05A ¢! - - No obvious capacity loss even after ~ [105]
5000 cycles

rGO/MnCo,0, I MKOH 808 F/g at2 mV/s 15.2 Wh/kg 7658 W/kg 135% after 1000 charge/discharge [106]
cycles

rGO@NiCo,0, 6 M KOH 1040 F/gat 1 A/g - - 5000, capacity is decreased to only [107]
12% of its initial value

NiMoO,/rGO 2 M KOH 1202F g 'at1 Ag™! - - decrease of 4% after the rest 2000 [108]
cycles

NiMoO,@rGO 2 M KOH 1877Fglat1 Ag™! 40 Whk g™! 2182 W gt 98% capacitance retention after 4000 [114]
cyclesat 5 A g7!

NiCo,0,-rGO 2MKOH 777.1Fglat5Ag! - - 99.3% of the capacitance retained [109]
after 3000 cycles

NiCo,0,@RGO 2MKOH 737Fglatl1 Ag™! - - 6% loss after 3000 charge/discharge  [110]
cycles at 4 A g™

NiCo,0,/RGO 3MKOH 9474Fglat05Ag™! - - 2.1% after 3000 cycles at the current  [111]
density of 10 A g™!

CoFe,0,/ rGO 2MKOH 551 F/gat2mV/s - - 98% capacitance retention after 2000 [112]
cycles

rGO/NCO 2MKOH 613(1Ag™ 9.59 Whkg™!  349.46 Wkg™' 90.9%, 2000 cycles [113]

NiO/rGO composite with a 1:3 ratio had the best perfor-
mance in supercapacitor electrode material. The Co;0,/
NiO/rGO composites with 20 mg GO have the significant
value CV areas of all the samples, delivering the highest
specific capacitance. The Co;0,/NiO/rGO system at a cur-
rent density of 0.5 A/g, a specific capacitance of 325 F/g was
attained, with good rate capability. The higher conductivity
and efficient exploitation of the surface area of electroac-
tive material in the presence of rGO are attributed to the
increased specific capacitance of ternary Co;0,/NiO/rGO
composites [69]. Prabhu et al. introduced a new superca-
pacitor electrode material made from 3-dimensional flower-
like CuO/Co;0,/r-GO hybrid nanocomposites, which were
made using a hydrothermal process. Among the four kinds
of samples generated by the hydrothermal process are those
illustrated in Scheme 8, which include CuO, CuO/Co;0,,
CuO/rGO, and CuO/Co;0,/r-GO. For this research, three-
electrode cyclic voltammetry has been used to examine the
effect of composite material use on cyclic voltammetry.
Because of its excellent electrochemical performance, the
CuO/Co0;0,/1-GO electrode material is regarded as a very
promising electrode for high-performance SC applications.
The CuO/Co050,/r-GO hybrid composite has a higher sur-
face area than the CuO/Co;0, material because rGO has a
larger surface area than the composite material. At a current
density of 0.5 Ag™!, the CuO/Co50,/r-GO hybrid composite
exhibits a high specific capacitance of 1458 Fg~!, as well
as a great rate capacitance and exceptional cyclic stability

of 97% after 10,000 charging/discharging cycles. The CuO/
Co0;0,/r-GO hybrid composite has a 34.20-Wh kg~! energy
density and a 10,510.30-Wh kg~! power density. CuO/
Co0;0,/r-GO/NF were also employed as negative and posi-
tive electrodes in the solid-state asymmetric supercapacitor
device [70].

Wang et al. investigated and optimized flammulina-
velutipes-like CeO,/Co;0,/rGO nanoparticles for superca-
pacitor applications. A high number of flammulina-velutipes
are produced in clusters of CeO,/Co;0,/rGO nanoparticles.
The purpose of this cluster construction was to increase the
surface area of the supercapacitor as well as the material
stability of the device. Using a working electrode and a 6 M
potassium hydroxide electrolyte solution, the nanoparticles
were electrochemically examined. Finally, the electrode
material achieved a high specific capacitance of 1606.6 F
g~ ! at a current density of 1 A g!, another process in the
asymmetric supercapacitor device’s performance testing
method. When the voltage window was 1.6 V, the power
density and energy density (8000 W kg~! and 47.6 Wh kg™
were good. After 100,000 continuous charge and discharge
cycles, the capacitance retention rate is still extraordinar-
ily high at 96.4% under the condition of 10-Ag™" current
density [71]. R. Kumar et al. synthesized the rGO/Co;0,/
NiO hybrid nanocomposite by microwave irradiation method
shown in Scheme 9. In the first instance, the graphene oxide
is produced using a modified Staudenmaier’s technique. The
rGO/Co03;0,/NiO hybrid nanocomposite was also used as a
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Scheme 8 Synthesis of four different types of electrode material [70]
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Scheme 9 Synthesis process of
rGO/Co;0,/NiO hybrid nano-
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working electrode in two- and three-electrode configuration
systems with 0.1-M KOH electrolytes in this method. The
prepared sample is loaded with a glassy carbon electrode
(GCE), and the scan rate is changed. The specific capaci-
tance was 910 F g™, and the cycle performance was excel-
lent, with 89.9% capacitance retention after 2000 cycles.
This seems to be owing to the belief that the honeycomb-like
open edges of the rGO are fully covered by Co;0,/NiO com-
posite material in this morphological structure, allowing the
hybrid material to achieve the greatest specific capacitance
and cyclic stability while operating at a low scan rate [72].

G. S. Kumar et al. designed a composite electrode mate-
rial composed of CeO,-Sn0O,/rGO for supercapacitor
applications. This composite was developed using a low-
temperature hydrothermal method. The modified Hummer’s
technique was also used to prepare graphene oxide. In this
supercapacitor application, six different kinds of electrodes
are produced using a hydrothermal method, including CeO,,
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@ Springer
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Cu0/Co;0,/rGO

Add
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@
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hybrids

Microwave
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Sn0O,, and CeO,-Sn0O, with 0.08-0.02 M, 0.05-0.05 M, and
Ce0,—-Sn0,/rGO, as appropriate, in order to achieve the
desired performance. The rGO sheet completely encapsu-
lated the spherical CeO,-SnO, nanoparticle in its entirety.
When compared to the other electrode materials, the per-
formance of the ternary CeO,—SnO,/rGO composite estab-
lished a specific capacitance of 156 Fg~! at a current density
of 0.5A g_1 [73]. M. Geerthana et al. found that using a sim-
ple on-site hydrothermal technique, they could synthesize
a-Fe,05 nanoparticles, binary a-Fe,05/rGO, and ternary
a-Fe,0,/Sn0,/rGO nanocomposites. Their electrode tech-
nology makes use of the synthesized materials as electrode
materials for supercapacitor applications. In comparison
to nanoparticles of a-Fe,0;, a ternary a-Fe,05/Sn0O,/rGO
nanocomposite exhibited 821 Fg~! of specific capacitance
at a current density of 1 Ag™!. The ternary composite has
retained over 98% of the initial cycle capacity after 10,000
cycles at 10 A g=!. It was the individual components in the
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Table 3 Comparison of three electrode and device

Material Three-electrode Two-electrode spe-  Ref
specific capacitance cific capacitance
Co0;0,-1GO 1328Cg'at2 A 80Fglat0.1 A  [44]
g g
NiC0,0,/fGO 702F g 'at0.5 259 Fg'at0.5 [56]
A g’1 A g’1
NiMoO,-rGO 1274Fg'at 1A 295Fglat1 Ag™! [58]
o
ZnCo0,0,-rGO 3222F¢glat1 A 139Fg'at0.5 [66]
-1 A -1
g g
Cu0/Co;0,/r-GO 1458 Fg~' at 0.5 198Fglat2 A g™ [70]
A g’1
Ce0,/Co;0,/1GO  1606.6Fg~'atl  1922Fg'atl [71]
A g_1 A g_1
o-Fe,0,/Sn0,iGO 821 Fg'at1Ag™ 926Fglatl A  [74]
-1
g

ternary a-Fe,0,/SnO,/rGO nanocomposite that each con-
tributed to the specific capacitance being improved. Reduced
graphene oxide has helped in the development of the electri-
cal conductivity and surface area of the nanocomposite by
increasing its surface area. The asymmetric supercapacitor
gives amazing specific capacitance, energy, and power den-
sities in the 0.0-1.4-V potential range in alkaline polymer
electrolyte and 92.59% capacitance retention after 5000
cycles (Table 3) [74].

4 Conclusion

In summary, different preparation techniques for reduced
graphene oxide (rGO)/transition metal oxide composite
electrodes have been examined. These composites have
extraordinary supercapacitive capability. Because of their
large surface area, high conductivity, and manufacturabil-
ity, synergistic evaluations of a composite material have a
significant effect on the enhanced supercapacitive proper-
ties of the synthesized materials. Reduced graphene oxide
has been used to create composites with transition metal
oxide; it provides mechanical support for the transition metal
oxide structure, significantly improving cycle performance
as well as specific capacitance. The performance of super-
capacitor was also affected by synthesis methods and dif-
ferent electrolytes. In this context, rGO-based metal oxide
is the best way to synthesis composite electrode with metal
oxides or conducting polymers. It has been noticed that rGO
plays an important role for enhancing the overall properties
like capacitance, power density, energy density, and cyclic
retention. The above results suggest that rGO/metal oxide
composite materials are mainly used for energy storage
applications.
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