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Abstract:

The development of high-efficiency electrode materials for
supercapacitors (SCs) has garnered significant attention,
with conducting polymers (CPs) emerging as promising
candidates due to their high porosity, cost-effectiveness, ease
of synthesis, and tunable electrical conductivity. However, CPs
often face limitations in terms of cycle stability and energy
density. Recent research has focused on the synergistic
integration of CPs with metal oxides (MOs) and carbon-based
materials, forming composite electrodes that exhibit
enhanced conductivity, mechanical durability, and improved
electrochemical performance. This review highlights the
novel approach of combining CPs with MOs and graphene
derivatives to address these limitations, leading to superior
energy storage capabilities. By presenting an overview of
recent advancements in this field, we aim to elucidate the
mechanisms underlying these synergistic interactions and
their impact on electrode performance. This article
underscores the potential for innovation in the design of next-
generation supercapacitors, paving the way for more efficient
and durable energy storage solutions.
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1. Introduction:

Among the most well-known types of charge
storage devices made from sustainable energy sources
nowadays are supercapacitors (SCs). Their
exceptional power and energy densities make them
high-efficiency energy storage devices. SCs are being
used in load-levelling systems for heavy-duty
automobiles, hybrid platforms for buses, pickups, light
rail, and electric cars, as well as load-levelling
intermittent renewable energy sources. Compared to
conventional solid-state electrolytic capacitors,
commercially available SCs can achieve approximately
~5 Wh kg1, a substantially higher energy density
(@ED); nevertheless, this is still much less than that of
batteries (which can reach up to ~200 Wh kg-1) and
fuel cells (which can reach up to ~350 Wh kg-1) [1].
Both active (such as electrodes and electrolytes) and
passive (such as binders, separators and current
collectors) components are necessary for a SC to
perform. Furthermore, a separator functions as an ion-
permeable barrier between electrodes and
electrolytes, facilitating ion flow and providing
electrical insulation to avoid short circuiting [2].



The performance of the SC, which is crucial for
charge retention, is greatly influenced by the selection
of electrode materials. Lately, scientists have focused
on developing nanomaterials to enhance the
capacitive performance of SCs [3]. The utilisation of
fibres as templates has yielded advantages in theory
and practice due to their higher specific surface area
(@SA), which speeds up the diffusion of electrolytes
and ions. Moreover, the electrochemical behaviour of
the fiber-based materials is believed to be much
improved by the inclusion of redox-active
components, such as conducting polymers (CPs) and
transition metal oxides (T@MOs), to the fibres [4]. The
three key components that determine a SC's
performance are its constituent materials' accessible
@SA, porosity and conductivity [5]. The electrode's
@SA is the main factor that determines how effective
it is, which means the higher charge storage is made
possible by a bigger @SA. The porosity further
increases electrochemical performance and the
conductivity enhances @PD [6, 7].

The materials that can be utilised to make these
electrodes include conductive polymers (CPs), metal
hydroxides, metal oxides (MOs), and porous carbon
[8]. Because of its large @SA and low cost, the carbon
material possesses a notable @PD. Its ability to store
energy in electric double-layer capacitors (EDLCs) is
widely known [9]. Moreover, MOs' characteristics
facilitate ion transport, which is necessary for the
electrochemical operation of SCs [10]. The most often
used MOs in SC electrodes are MnO;, RuO3, NiO, Sn0O.,
II'Oz, F9304, V205, C0203, and MOOz [11].

Many materials, including conducting polymers
(CPs), metal hydroxides, metal oxides (MOs) and
porous carbon can be used to create these electrodes
[8]. The carbon material has a significant @PD
because of its huge @SA and inexpensive cost. Itis well
recognised for its capacity to store energy in electric
double-layer capacitors (EDLCs) [9]. Furthermore, the
electrochemical functioning of SCs depends on ion
transport, which is supported by the properties of
MOs [10]. In SC electrodes, MnO, SnO,, IrO;, RuOs,
Fe304, V205, NiO, Co203 and MoO; are the most often
utilised MOs [11].

Nanostructured electrodes can increase SC
efficiency and 3D structured designs can produce a
better @ED [12]. Temperature and current density
(@CD) have a major influence on the operating
dynamics of SCs and thus affect their performance [13,
1]. The optimized and controlled synthesis methods of
the nanostructured composites of reduced graphene
oxide (R@GO) with MOs/polymers can further yield
the required key features stated above. In this review
we shall discuss the synthesis techniques and the
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different composites of CPs (especially focussed upon
polyaniline (P@Ani)), MOs and graphene (GP).

2. Classification of SCs:

A draft SC, also known as an ultracapacitor, is
generally constructed using a duo of electrodes
(positive and negative) immersed in an electrolyte
solution, with a separator dividing the electrodes [14].
Based on the charge storage mechanism, SCs can be
classified into three distinct categories: (a) Electric
double-layer capacitor (EDLC), (b) Pseudocapacitor
(PSC) and (c) Asymmetric SCs (ASC) or hybrid SCs.

Pseudocapacitive electrode materials store
charge by Faradaic processes that occur on or near the
active material's surface. When an electrode material
has capacitive electrochemical characteristics yet
stores charge by charge-transfer Faradaic reactions
across the double layer, it is said to exhibit pseudo
capacitance [15]. A hybrid capacitor, also known as an
asymmetrical SC, is created when two electrodes have
two different charge-storage mechanisms: one
capacitive and one battery-type Faradaic [16].

In EDLC mechanism, an electronically
conducting electrode is submerged in an ion-
conductive electrolyte solution, as a result of which, a
double layer of charge is spontaneously created at the
electrode-electrolyte interface. This electrostatic
charge adsorption (at the electrode-electrolyte
contact) stores the charge physically which is a ‘non-
Faradic process’ (i.e. unlike a pseudo-capacitor, no
charge transfer takes place between the electrode and
electrolyte surfaces). The specific capacitance (@spc)
of an EDLC is influenced by the charge adsorption
property, which is mostly reliant on the surface
characteristics of the carbon materials and the
accessible @SA of the electrode materials [1]. In
simple words, more is the @SA, more charge is
adsorbed and hence more is the @spc of an EDLC.

Thus, it is preferred to use carbon materials
with high @SA, adequate electrochemical stabilities,
and a wide porosity to electrolyte ions, activated
carbon, carbon nanomaterials (such GP and CNTs),
carbon aerogels and templated carbon are a few
examples of these materials [1]. GP distinguishes itself
among other carbon materials due to high @SA, high
electrical conductivity (@EC) and high @spc. It also
progressively supplants CNT, which necessitate an
intricate and expensive purification process to
improve their low @ED. This transition is driven by
GP's cost-efficiency and superior performance in SCs,
as noted by Strauss et al. [17]. Additively, GP is not only
one of the thinnest materials but also markedly
stronger than its counterparts.



3. Conducting Polymers (CPs)

The polymers are broadly classified into two
categories including conducting and non- CPs. The
polymers are intensively researched due to their
toughness, flexibility, heat resistance, radiation
sensitiveness, cost- effectiveness, durability etc [18-
22]. The highly distinctive property of CPs being
organic materials with @EC has made them an
intriguing subject of study. They have drawn the
interest of numerous researchers working on edge
technology applications since their discovery.
Poly(sulfurnitride) or (SN)x was the first material to
be developed historically for these materials. Among
the others, polyacetylene, N- or S- poly-heterocycles,
P@Ani and polypyrrole (P@Py) are most researched
[23]. We shall focus our discussion upon P@Ani and
P@Py only.

3.1 Polyaniline (P@Ani)

Many studies have been conducted on
polyaniline (C¢HsN) as a material for SC and battery
electrodes. The ease of synthesis and remarkable
environmental stability of P@Ani allow for easy
doping with different acids and dopants. Furthermore,
its @EC in the doped state with a Li dopant can be
readily adjusted, ranging from approximately ~0.1 to
~5 S/cm [24, 25]. However, a notable drawback of
P@Ani is its requirement for a proton to achieve
adequate charging and discharging, requiring the
employment of an acidic solution, a protic ionic liquid,
or a protic solvent [26]. The molar mass of P@Ani is
~91.11 g/mol and its molecular structure is given in
Fig. 1.

Fig. 1 Molecular structure of P@Ani

During the polymerization process of aniline
monomer, P@Ani can exist in three distinct oxidation
states: fully reduced leucoemeraldine base
(colorless/white), partially oxidized emeraldine base
(green in its salt form and blue in its base form) and
fully oxidized pernigraniline base (blue/violet) [27].
Fig. 2 describes the chemical structures of all these
oxidised states [28].
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Pernigraniline base (PAB)
Fig. 2. Oxidised states of P@Ani [29]

Emeraldine, which demonstrates the utmost
stability and conductivity among the three states,
poses difficulties in processing due to its limited
solubility. The main causes of this restriction are the
hydrogen bonding interactions between neighbouring
chains and the rigid polymer backbone. Additionally,
the practical applications of P@Ani are restricted by
the instability of the emeraldine base form at elevated
temperatures utilized in melt processing [30].
Depending on the particular synthesis method used,
P@Ani's conductivity can be selectively adjusted by
submerging the emeraldine base state in an aqueous
acidic solution containing picric, phosphoric or
camphor sulfonic acid [31]. Pernigraniline and
emeraldine may occur as either salts or bases [32, 33].

P@Ani has a far higher capacitance than
alternative CPs because of its reversible redox
reaction, which allows one electron to be removed for
every two monomer units, whereas P@Py only
removes one electron for every three monomer units.
P@Ani's capacity can be increased by taking into
account a variety of parameters, including the
thickness of the electrode, the amount and type of
binders and additives, and the shape of the polymers
[34-36, 29]. P@Ani has many advantageous qualities
when used in SC devices, including strong
electroactivity, high doping levels, good stability, and a
high @spc in acidic environments [37]. Applications
for P@Ani include solar cells, fuel cells, SCs, lithium
batteries, flexible electrodes, coatings resistant to
corrosion, removal of water pollutants, screen
printing, and sensors [38-46, 29]. P@Ani
demonstrates remarkable adaptability in wvarious
fields owing to its tuneable electrical and
electrochemical properties through doping and de-
doping processes, as well as its diverse nano- and
microstructures. Its reversible redox behaviour
enables its application in SCs, gas sensors, pH sensors
and fuel cells [47].



3.2 Polypyrrole (P@Py)

P@Py is heterocyclic, positively charged and
nitrogen-containing in its oxidised state but it loses
both its conductivity and charge after overoxidation
[48- 50]. This CP is also biocompatible, nontoxic, and
electroactive in aqueous and organic electrolyte
solutions [51- 53].

The conductive nature of P@Py is attributed to
the presence of alternating single and double bonds in
its structure, which leads to electron density
delocalization [54]. Doping further enhances the
conductivity of P@Py by oxidizing the polymer and
removing m-electrons, resulting in a structural
transformation from an aromatic to a quinoid form
[54]. This process creates a polaron, as depicted in the
mechanism shown in Fig. 3. In both academic studies
and practical applications, p-doping is more
commonly employed, as negatively charged carriers in
n-doping exhibit lower stability compared to their
positively charged counterparts [55]. A doubly
charged bipolaron is formed when further oxidation
removes a second electron from the P@Py chain (Fig.
3). After being doped, P@Py changes into an ionic
complex that includes newly added cations and
counterions [54, 55].

Similar to P@Ani, P@Py is used in many other
domains, such as drug delivery systems, electrodes,
nanocomposites, gas sensors, biosensors, SCs,
protective clothes, anticorrosion coatings, actuators,
and adsorbents for the removal of dyes and heavy
metals [56-59, 50].

A major disadvantage is the restricted cycling
stability of CPs during charge-discharge cycles, which
is caused by the polymer backbone's expansion and
contraction [60-62]. In order to overcome these
difficulties, high @PD, electrochemical stability, quick
charge-discharge kinetics, and low self-discharge can
be attained by adding nanofillers to CPs [63]. In order
to accomplish this goal, composite materials must be
optimised through doping concentration adjustments,
thickness and dimension controls for nanofiller,
uniform nanofilm distribution, and polymer/CNT/GP
ratio optimisation, which includes regulating the size
and dispersion of carbon materials within the polymer
matrix [64-67].

325

positive bipolaron

Fig.3 Chemical structure illustrating undoped,
polaron and bipolaron states of P@Py [55]

4. Composite fabrication techniques

The following methods are employed for the
synthesis of GP composites with polymers.
4.1 In-situ Polymerization
Single-step and two-step processes are the two
forms of in situ polymerization procedures. The two
steps of the two-step process are pre-polymerization
and polymerization; pre-polymerization is not
required for the single-step method. The objectives of
the study decide about the type of step to be followed.
For instance, the single step method might be used
when quick production is desired. GO sheets are first
dispersed in polar solvents using ultrasonication, then
the chosen monomer is added to create a
homogeneous solution. This process is known as in-
situ or dispersion polymerization (as shown in Fig. 4).
To polymerize the monomer over the GO sheets in this
solution, oxidising agents are included. This procedure
is one of the most popular ways to create different
morphologies of nanocomposites for increased energy
storage capability. Nevertheless, this method takes
longer than electrochemical deposition techniques.
4.2 Electro Polymerization
It is a widely used technique for creating
composites of GP and CP. A polymer is created and
applied to the surface of a solid electrode material or
nanomaterial during this process. A cationic radical is



produced by the monomer's oxidation on the solid
electrode material, which triggers the electrochemical
polymerization process. Electrochemical
polymerization has two subtypes: cathodic and
anodic. Aniline, thiophenes and pyrrole are just a few
examples of electroactive monomers that can be
electrochemically polymerized when there are
inorganic nanoparticles, clusters, or metal-organic
frameworks (@MOFs) present. The electrode surface
receives the resultant hybrid materials [68]. Electro-
polymerization can be performed on various
substrates and the resulting deposited composites can
be directly used as electrodes for SC applications. This
method offers the advantage of simplicity and enables
the generation of a polymer matrix in a relatively short
time through a single-step polymerization process.
Various techniques, including cyclic voltammetry,
chronoamperometry and chronopotentiometry, can
be employed to monitor and measure the electro-
polymerization process. Typically, an electro-
polymerization setup consists of three electrodes: a
substrate (acting as the working electrode), a counter
electrode and a reference electrode.

Monomer Reactive Material Nanofiller ~ Dopant Material

Mixing

_—) O ")

Polymerization Composite Formation

Fig. 4 Schematic diagram of in-situ Polymerization

4.3 Interfacial Polymerization

Unlike in-situ polymerization, this process leads
to the formation of two distinct, non-homogeneous
layers that merge at their interface during the
polymerization process. It occurs when monomers
with different functionalities are dispersed in separate
phases. Typically, this type of polymerization occurs at
aliquid-liquid interface, although it can also take place
at a liquid-gas or liquid-solid interphase. During the
polymerization process, nano-fibres of CPs are created
at first stage, however after a certain amount of
growth, an excessive proliferation of nano-fibres can
lead to an uneven scaffold of polymer matrix [69- 71].
Interfacial polymerization has the ability to restrain
the excessive growth of CPs, as the polymerization of
the fiber ceases once it exits the interface. This leads
to the formation of high-quality polymer nanofibers
[72,73].
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4.4 Photo Polymerization

In this process, the light irradiation is carried
out on the monomer in order to start the
polymerization process. Mostly, strong reducing
chemicals are typically used to reduce GO in order to
enhance its electrical characteristics. Strong reducing
agents, on the other hand, reduce the effectiveness of

GO by immediately contaminating the reducing agent.

Therefore, utilising  this technology, GO
polymerization and reduction can be done
simultaneously. A typical light source for

polymerization is UV irradiation.

Three commonly documented approaches for
fabricating hybrid electrodes of GP and P@Ani in the
literature are as follows: chemical polymerization in
situ facilitated by acid and ammonium persulfate,
physical blending of GP and P@Ani nanofillers and
electrochemical polymerization in situ at the anode
[74]. Among all three methods, in situ chemical
polymerization method is cheap and easy approach
for the startups. It requires no extra cost-effective
equipment in the lab; only chemicals and basic
glassware are required for the synthesis. On the other
hand, electro polymerization method is easy, precise
and fast as compared to the in-situ polymerization but
not cost effective.

5. GP based P@Ani/P@Py and MO composite
electrodes for SCs

The synthesis and characterization of R@GO
composites for use in SCs have advanced significantly
in the past few decades. Herein, we summarize the key
findings from several notable studies that have
contributed to the advancement of this field. Among
the MOs used for electrode materials, the manganese
dioxide (MnO3) is the most utilised but its low power
and @spc are caused by its weak conductivity (~105 -
10-¢ S/m). In order to achieve high @spc and superior
rate capability, the @EC of the MnO; electrode must be
improved. Therefore, it is believed that hybrid
electrode designs will enhance charge-storage
capacity and conductivity. [75].

The primary causes of MnO>'s low capacitance
utilisation and capacitance fading are its weak electro-
conductivity and irreversible phase transformation.
Gong et al. proposed a unique method based on MnO-
material to create a hierarchical, binder-free electrode
for stable SCs with high @spc [76]. They produced the
MnO: self-standing electrode on nitrogen-doped GP
and single wall carbon nanotubes self-standing film
(NGCF) by electrochemical deposition. As a result, the
produced MnO,;/NGCF cathode's electrochemical
performance was ~488 Fg-1 at ~1 Ag-1. After ~10,000
charge-discharge cycles, the built symmetric aqueous



SC showed long-life stability, a high voltage of ~2.4 'V,
and an @ED of ~106.7 Wh kgt at ~1200 W kg1

The electrode's pH value has an impact on the
performance as well. Mahdi et al. created symmetric
SCs by creating MnO2/R@GO nanocomposite material
[77]. The effect of the pH of the electrodeposition bath
on the properties of the generated electrodes was
considered. The findings demonstrated that the
MnO;/RGO nanocomposite, at pH = 7 produced a
maximum @spc of ~693 Fg-1ata @CD of ~0.5 Ag-1. At
current densities of ~0.5 and ~20 Ag-1, its @spcs were
~578 Fg-1and ~290 Fg-1, respectively. At a @CD of ~4
Ag-1, the symmetric SC retained approximately ~79%
of its initial capacitance after ~5000 consecutive
cycles of charge and discharge. The manufactured SC
obtained the highest @ED of about ~80 Wh kg-1 at the
@PD of ~0.63 kW kg-1 and the highest @PD of ~25 kW
kg-1 at the @ED of ~40 Wh kg-1.

One interesting option for lowering the total
weight of electric vehicles is the structural SC. Sha and
colleagues described a method to produce carbon
fibre (CF) electrodes modified with vertical graphene
(VG) and MnO; in order to maximise the energy
storage capacity of a load-carrying structure [78]. The
outcomes demonstrated that there was a notable
synergistic effect between the hybridization of VG and
MnO: in raising the electrode's areal capacitance. This
cooperative effect was ascribed to VG's twin actions of
boosting @EC and effective @SA, which allowed for
improved MnO; dispersion and a highly conductive
network. Based on a polymer electrolyte and a
CF/VG/MnO; hybrid electrode, a structural SC
demonstrated an areal capacitance of ~31 mF/cm?
and an @ED of ~12 mW h kg* and @PD of ~2210 mW
kg1,

In order to create a layer-by-layer (LbL) film
for SC applications, Oliveira et al. incorporated MnO;
nanostructures into R@GO sheets and layered them
with poly(allylamine-hydrochloride) (PAH) [79]. A SC
with high areal capacitance of ~112 mF/cm? (at ~1
mV/s) and ~460 Fg! (at ~1 Ag1), as well as a high
capacitive retention performance of ~99% over
~10,000 cycles and a high charge-discharge duration
of ~600 s, is produced using nanostructured PAH/
R@GO -MnO; LbL films with ~20 bilayers.

Oliveira et al. integrated MnO; nanostructures
into R@GO sheets and stacked them with
poly(allylamine-hydrochloride) (PAH) to produce a
layer-by-layer (LbL) film for SC applications [79].
Nanostructured PAH/ R@GO-MnO; LbL films with
~20 bilayers were used to create a SC with a high areal
capacitance of ~112 mF/cm? (at ~1 mV/s) and ~460
Fg! (at ~1 Ag1), a high charge-discharge lifetime of
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~600 s, and a high capacitive retention performance of
~99% over ~10,000 cycles.

A promising material for creating flexible micro-
SCs s laser-induced graphene (LIG). The problem with
this material is that its low conductivity and small @SA
severely limit its performances. Reina et al. enhanced
the performance of a LIG SC by using electrophoresis
to decorate its surface: one electrode was painted with
manganese oxide, while the other electrode was
adorned with metal nitrides and metal carbides [80].
The completed gadget demonstrated a ~1.6 V
operating voltage and a total capacitance of ~136 mF
cm- 2. Moreover, the SC demonstrated stability over
time, maintaining a ~99% efficiency after ~600 cycles
of continuous current charge and discharge. The
values of @ED and @PD were ~25.5 yWh cm-2and ~5
mWcm- 2, respectively.

In a related study reported by Rao et al., they
created composite electrodes using LIG and MnO; by
hydrothermally processing the materials, which were
then employed as electrodes in flexible SCs [81]. Since
MnO, may be deposited directly onto the LIG
electrodes, this approach differs from conventional
processes in that it does away with the need for
binders for constructing composite electrodes. With
its special LIG-MnO, composite electrodes, the built
all-Flexible SC demonstrated an impressive ~66.5 mF
cm-2 areal capacitance at ~5 mV s-! scan rate. At a
@CD of ~0.2 mA cm-2, the device demonstrated an
exceptionally high areal @ED (~2.3 mWh cm-2) and
@PD (~19.7 mW cm-2). Additionally, after ~2000
cycles, an ~82% capacitance retention was noted and
after ~100 bending cycles, an ~80% capacitance
retention indicated that the device was flexible enough
to withstand bending testing.

An ultrafine manganese oxide-carbon
nanofiber composite was described by Yang et al;
which maintained a ~98% cycling durability for
~5000 cycles and provided a capacitance of up to
~179 Fg1 [82]. The improved contact area between
MnO; and the carbon nanofibers produced positive
synergistic effects for improved electrochemical
performance.

R@GO, P@Ani and MnO; trinary materials
were synthesised in a single process by Wadekar et al.
without the need for further oxidising or polymerizing
agents or acidic conditions [83]. The material
exhibited both the R@GO and P@Ani/MnO; pseudo
capacitance. The material showed excessive specific
energy and specific power of ~66.6 Wh kg1 and
~1800 W kg1, respectively and the highest @spc of
~592 Fg! (at ~1 Ag'! @CD).

An effective means to get high @ED is to widen
the voltage window, although this is heavily



dependent on the electrode material's design. Li et. al.
reported the manufacturing of hierarchical GO, MnO;
and cobalt-nickel layered double hydroxide electrodes
[84]. The built asymmetric SC had an @ED of ~82 W h
kg-1 ata @PD of ~950 W kg-1 and a @spc of ~164 Fg-1
at ~1 Agl. In addition, the apparatus exhibited
remarkable resistance to bending; after ~1000
bending cycles, the @spc maintained ~94.7% of its
original value. Following ~10,000 cycles of charging
and discharging, the gadget kept a ~92.6% capacity
retention and nearly ~100% coulombic efficiency.

Rehman et al synthesized pristine Pr;03, NiO,
Co304 nanoparticles, binary P@ANI-Pr;03, P@ANI-
NiO, P@ANI-Co304, ternary Pr;03-NiO-Co30s and
quaternary P@ANI-Pr,03-NiO-Co304 spherical core-
shell nanocomposite [85]. They reported that the
quaternary nanocomposite had a higher @spc (500 Fg-
1) as compared to binary nanocomposites: ~134 Fg-1
(P@Ani-Pr;03), ~143 Fg-! (P@Ani-C0304), ~256 Fg-1
(P@Ani-NiO) and P@Ani (~90.8 Fg-1) at a scan rate of
~5m Vs-1. Moreover, the greatest @ED and @PD were
observed in the quaternary nanocomposite. The
P@Ani matrix, which promotes ion transport and the
development of core-shell structure, which improves
surface-dependent electrochemical characteristics, is
the cause of the increased capacitance. Greater
capacitance resulted from better surface-dependent
electrochemical properties brought about by the
creation of the core-shell structure and the promotion
of ion transport by the P@Ani matrix.

Rajkumar et al synthesized FeC0;0./P@Ani
using the in-situ polymerization process and reported
it as a good electrode material for electrolyte transfer,
with easy accessibility for both electron and ion
transfer [86]. Ata @CD of ~1 Ag-1, the FeC0,04/P@Ani
electrode demonstrated a maximum specific capacity
of ~940 C g-1. The outstanding kinetic reversibility
and good cycling stability were revealed by the high-
capacity retention (FeC0204/P@Ani) of ~94.5% after
~5000 GCD cycles ata @CD of ~1 Ag-1.

Shi et al. synthesised highly conductive and
stable Ni-based metal organic framework (Ni-
@MOF)/poly(3,4-ethylenedioxythiophene) (PEDOT)
composites from Ni-@MOF nanosheets and 3,4-
ethylenedioxythiophene (EDOT) monomer [87].
Electrochemical performance and conductivity are
greatly enhanced when conducting PEDOT is covered
on Ni-@MOF. The Ni-@MOF/PEDOT composites were
reported to have an ultrahigh @spc of ~1401 Fg-! and
after ~1000 cycles at ~10 Ag-t, the @spc is retained
for more than ~80% of the time. Additionally, an ASC
built using activated carbon (AC) and Ni-
@MOF/PEDOT is assembled, achieving a @PD of ~450
W kg-1 and an @ED of ~40 Wh kg-1.
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Combining traditionally synthesised @MOF
with other materials to build composite electrodes for
high-performance SCs remains a difficulty due to its
poor performance. Cao et al. created a range of NiCo-
@MOF  composite  materials with  varying
concentrations of P@Py nanotubes (T-PPy), referred
to as NiCo-@MOF/T-PPy-m (m = 2.5, 5, 10, 15 and 20)
[88]. These materials were created by in situ
formation of the bimetallic @MOF surrounding the
PPy nanotubes. The NiCo-@MOF/T-PPy-10 composite
(1:1 Ni/Co molar ratio, 10 mg of T-PPy), had the
highest @spc at ~849 Cg! (at ~1 Ag!), excellent
cyclic stability and good performance rate. After
~10,000 cycles, the capacitance retention rate was
~90%. Additionally, the constructed asymmetric SC
with active carbon as the negative electrode and NiCo-
@MOF/T-PPy-10 as the positive electrode produced a
high cyclic lifespan (~91% capacitance retention after
~10,000 cycles) and an exceptional @ED of ~58.4 Wh
kgt at the @PD of ~747.6 W kgl The
interpenetrating network structure made of T-PPy-
interweaved NiCo-@MOF polyhedrons, resembling a
"string of candied haws," was discovered to have the
best capacitive performance in terms of increased
conductivity of the resulting composite, improved
dispersity of the bimetallic @MOF and more exposed
active sites. Additionally, the interwoven structure
improved the rate capability and cycling stability
while reducing the stress change-induced structure or
phase fluctuation brought on by repetitive volumetric
swelling and shrinking during the charge/discharge
cycle.

When nickel oxide (NiO) and R@GO were
combined to create composites, they showed an
increased @spc of ~171.3 Fg-1 ata @CD of ~5 Agl. In
the presence of a ~6 mol/L KOH electrolyte, they also
emphasised the reversibility of NiO as an electrode
material [89]. The production of composites including
P@Py, Mn0O; and R@GO was described by Ates et al.
Their research showed that when the active material,
carbon black and polyvinyl alcohol (PVA) were
combined with a working electrode in a mass ratio of
80:10:10, the maximum @spc of ~285.8 Fg! at a scan
rate of ~1 mV/s was obtained [90].

The areal capacitance, specific energy and
specific power of composites made of R@GO, P@Py
and cobalt-iron oxide were enhanced by Ishaq et al's
synthesis [91]. By using a hydrothermal technique,
Kumar et al. were able to synthesise composites of
NiO/Co0304 and R@GO and achieve an amazing
capacitance value of ~980 Fg! at ~1 Ag! when there
was a PVA-KOH electrolyte present [92].

By adding P@Ani to the composite, Martins et al.
were able to create composites of decreased GO,



P@Ani/iron oxide and increased @spc of ~281 Fg!
and good long-term stability of ~76% [93]. Zinc oxide
(Zn0), polyols and R@GO were combined to create
composites by Murali et al. [94]. When the composite
was taken at a weight ratio of 2:1 (R@GO:Zn0), the
researchers reported a maximum capacitance of ~6.4
Fg! against Ag/AgCl at a scan rate of 10 mV/s. In the
presence of a 3 M KOH electrolyte, Saravanan et al.
synthesised composites of R@GO, zinc oxide (ZnO)
and poly(1,8-diaminonaphthalene) that showed a
@spc value of 239 Fg-tata @CD of ~0.5 Ag1 [95].

Zahra et al. achieved exceptional results for
composites of R@GO and cerium aluminate (CeAlO3)
synthesised by the hydrothermal technique, including
a @spc of ~1442 Fglat ~1 Ag'! and an @ED of up to
~57 Wh kg [96]. Using a hydrothermal technique,
Imtiaz et al. synthesised composites of R@GO and
magnesium indium oxide (Mgln204), achieving
maximal @PD of ~260.3 W kgt in the presence of an
aqueous ~2.0 M KOH electrolytic solution and @spc
values ranging from ~1589 to ~452.5 Fg! at @CD
ranging from ~1 to ~4 Ag1 [97].

Direct growth of binder free NixMn;xMo004 on Ni
foam was reported by Jabeen and colleagues, with a
high specific capacity of ~1297 Cg! at ~1 Ag?,
suggesting that it could be a strong electrode material
[98]. Furthermore, the addition of nickel may have
improved structural stability, boosted redox activity,
improved conductivity and facilitated ion diffusion. An
@ED of ~152 Wh kg1, a @PD of ~840 W kg! and an
excellent retention of ~96.7 % after ~10,000 cycles
were highlighted by the remarkable performance of
the ASC.

The creation of high-performance energy
storage devices is made possible by the many
methodologies and notable breakthroughs in the
synthesis of R@GO composites for SC applications,
which are collectively demonstrated by these works.

6. Conclusions and perspectives

The synthesis and characterization of R@GO
composites for supercapacitors (SCs) have seen
remarkable advancements, addressing key challenges
such as low conductivity and @spc. Notable progress
has been made by integrating MnO, with various
conductive materials and exploring hybrid electrode
designs, resulting in enhanced electrochemical
performance. Combining MnO; with nitrogen-doped
graphene, carbon nanotubes and vertical graphene
has significantly improved @EC and @spc. These
hybrid electrodes demonstrate superior rate
capabilities and high energy densities. Innovations in
structural SCs for electric vehicles and flexible SCs
have shown promising results. Methods such as
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electrophoretic  deposition and hydrothermal
processing have enabled the creation of flexible,
binder-free electrodes with high areal capacitance and
energy density.

Studies on the impact of electrodeposition bath
pH and other synthesis conditions have revealed
optimal parameters for achieving maximum @spc and
long-term stability. The wuse of metal-organic
frameworks (MOFs), polyaniline (P@Ani) and
polypyrrole (P@Py) has led to composites with high
@spc and excellent cycling stability. These materials
facilitate ion transfer and enhance surface-dependent
electrochemical properties. The development of novel
composite materials, such as NiCo-MOF/T-P@Py, has
demonstrated exceptional @spc, cyclic stability and
energy density. These materials benefit from
improved conductivity, better dispersity and more
exposed active sites.

Expanding the voltage window through
hierarchical electrode designs has achieved high
energy densities, crucial for practical SC applications.
The combination of various metal oxides with R@GO
has proven effective in this regard.

In summary, the research and development in
R@GO composites have significantly advanced the
performance of SCs. The diverse strategies, including
hybrid electrode designs, optimal synthesis conditions
and innovative composite materials, have collectively
pushed the boundaries of SC technology. These
advancements pave the way for high-performance
energy storage devices with broad applications in
portable electronics, electric vehicles and beyond.
Future research should continue to explore new
material combinations and fabrication techniques to
further enhance the capabilities of supercapacitors.
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