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Abstract

The synergy between graphene and conducting polymers has the potential to revolutionize the energy storage sector to a
more dependable, sustainable, and affordable energy source. Introducing graphene nanoparticles in the conductive polymers
(polypyrrole and polythiophene) nanoparticles is a prospective technique to increase the charge transfer efficiency of the
resulting nanocomposite. Subsequently, the fabrication method of graphene-polymer nanoelectrode is the most critical factor
responsible for their excellent performance. This review presents a concise summary of graphene (Gr), polypyrrole (PPy),
and polythiophene (PTh) synthesis techniques. The study revealed that the dispersion of nanoparticles could be controlled
by suitable solvent, mixing approach, and drying conditions. In addition, the PPy/PTh/Gr nanocomposite is envisaged to
be a promising nanoelectrode for sustainable and efficient energy storage capabilities. The future approaches to developing
improved materials synthesis techniques for multi-applications (supercapacitors, sensors, and photovoltaic) are also provided.
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1 Introduction

In the current dispensation, the impasses experienced by
fossil fuel driving systems negatively affect both developed
and developing countries. By considering the dependability
of technology on the non-interruption of power supply in the
medical, transportation, aviation, agricultural, and security
systems, the development of reliable energy supplies to these
critical sectors and many other sectors cannot be overstated.
Hence, it calls for unwavering and dedicated attention. The
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continual rise in the global population is directly related
to the rise in energy demand, which, in turn, increases the
challenges of non-renewable energy sources. Besides the
menaces of non-renewable energy sources, such as global
warming and environmental pollution, the depleting condi-
tion of petroleum resources threatens the continued global
need for energy [1]. Therefore, the convincing exploration of
renewable energy to reduce global warming, the projection
of positive environmental impacts, and stable climatic condi-
tions are valuable for the energy paradigm transition. How-
ever, intermittent renewable energy output directly impacts
automobile and grid systems (system collapse, voltage, and
frequency fluctuations) [2]. One way to solve the intermit-
tent challenges of renewable energy is to provide an efficient
storage system and possibly electrochemical energy storage.

However, electrochemical energy storage has challenges
like cost, durability, sustainability, and efficiency problems.
These problems are often associated with the materials
employed to fabricate electrochemical electrodes [3]. For
instance, lithium-ion batteries have relevance in portable
devices. However, their applications for powering electric
vehicles still need to be investigated. Lithium-ion batteries’
reliability, specific energy, and power density negate their
merits. These include weight, flexibility, low cost, low self-
discharge, and the absence of memory effect, which require
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prompt attention in developing new electrodes for lithium-
ion batteries. Graphite, carbon nanotubes, and graphene are
typical anode materials for lithium-ion batteries. Usually, the
poor power density of lithium batteries arises from the poor
ionic transition in the anode electrodes. Amongst the anode
materials, graphene and its derivatives and composites with
graphene and graphene derivatives have shown better elec-
trochemical, thermal, mechanical, electrical, and flexibility
properties [4, 5].

Graphene is a carbonaceous material with excellent elec-
trical conductivity, tunable functional ability, and mechani-
cal properties. The unique properties of graphene and gra-
phene-based materials qualify them as potential materials
for energy storage. In addition, graphene synthesis methods’
simplicity, flexibility, and cost-friendliness are other quali-
ties of graphene for energy storage materials [6]. However,
graphene and graphene-related materials have band gaps,
which limit their practical and commercial applications [7].
These challenges can be overcome by compositing graphene
and its other nomenclatures with conjugated polymers. In
this case, the synthetic methods of graphene play a signifi-
cant role.

Polythiophene and polypyrrole are conjugated-conductive
polymers with high electrical conductivity with outstanding
applications in energy storage, solar cell devices, organic-
transistor, sensors, and coating [8]. The properties of conju-
gated-conductive polymers can be easily manipulated using
structural modifications and synthesis methods to route the
materials to the desired applications. The doping process,
which involves introducing “impurities/foreign” materials
into the intrinsically conjugated polymer, is another means
of controlling the properties of the polymers. Polythiophene
and polypyrrole are conjugated-conducting polymers with
high charge-carrier mobility, environmentally benign, low
cost, good electrical conductivity, and long-wavelength
absorption. Nonetheless, the pseudo-capacitive effects of
polypyrrole and polythiophene are barriers to their long-dis-
charge stability. Hence, to resolve the associated problems
of graphene, polythiophene, and polypyrrole, the hybrid
formation of polythiophene/polypyrrole-loaded graphene
(PTh/PPy/Gr) nanocomposite is envisaged to be a promising
electrochemical energy storage electrode, wherein some sci-
entific investigations have been documented in this domain.

For instance, using the interfacial polymerization syn-
thesis method, Bora et al. [9] studied the electrical and
electrochemical characteristics of PTh/graphene oxide.
Improvements in the thermal, electrical properties, and elec-
trochemical reversibility were recorded for the PTh/graphene
oxide composite. Graphene oxide (GO) is a graphene fam-
ily produced by chemical exfoliation and the oxidization of
layered-crystalline natural or artificial graphite [9]. Li et al.
reported an enhanced electrochemical performance, high
energy/power density, and good cyclability for the composite
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of PTh/GO [10]. The electrochemical performances of the
fabricated PTh/GO composites were attributed to the uni-
formity in the structure and the interfacial interaction of PTh
and GO; this scenario is a function of the synthesis methods.

Wang et al. [11] employed a facile, one-step-hydrother-
mal synthesis method to produce the PPy/graphene aerogel
composite with 3-dimensional porous channels. The fab-
ricated PPy/graphene aerogel demonstrated high specific
capacitance, energy/power density, and excellent cyclabil-
ity with the needed flexibility. Ye et al. [11] experimental
results on the fabrication of PPy/graphene-expanded aerogel
composite showed the possibility of improving the perfor-
mances of polypyrrole for energy storage applications by
adding graphene. In the investigation by Kong et al. [12] a
2-facile electrochemical step was used to fabricate the com-
posite of a bowl-shaped graphene-loaded PPy. The reported
unique electrochemical performances of the composite were
attributed to the reduction in the capacitance degradation
and enhanced rate of implementation of the composite. The
hybrid of two conducting polymers (polypyrrole and poly-
aniline), loaded-graphene-oxide,was carried out by Zhao
et al. [13], using synthetic interfacial methods, viz: vapour/
liquid interaction reaction. The fabricated composite exhib-
ited excellent electrochemical properties, high capacity, and
stability. Several authors have explored different techniques
in this topical field of study [14-16].

The prospect of the hybrid formation of graphene nano-
particles and conductive polymers (polythiophene/polypyr-
role) in energy storage applications aligns with the aspiration
for a solution to the challenges in electrochemical energy
storage, and their merits are reasonably promising. This
has led to the growing body of literature focusing on this
exciting subject [17-22]. Based on these and as a way of
developing an improved technique, it becomes necessary to
examine the existing methods and their associated techni-
cal challenges. Therefore, this study presents the scientific
investigations on the hybrid polypyrrole/polythiophene-
loaded graphene for energy storage applications.

The study, specifically, revealed the characteristics of the
individual material and their nanocomposites for energy
storage applications. Notably, beyond all factors, which
influence polymers and their nanocomposite performances
for electrochemical energy storage applications, are their
synthesis methods, which are systematically investigated in
this review. Polymer nanocomposites’ electrical, mechani-
cal, chemical, cost, electrochemical, and environmental
impact properties depend on their synthesis techniques and
are thoroughly examined and presented. The present study,
the first of its kind, provides brief evidence of the potential
and promising status of graphene/conducting polymer nano-
composites. In addition, the study has benefits in manufac-
turing polymer-based nanocomposites for electrochemical
energy storage.
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2 Synthesis of Polythiophene, Polypyrrole,
and Graphene

The conditions and characteristics of materials’ intrinsic
and extrinsic properties are usually controlled and manipu-
lated by suitable synthesis techniques; hence, the synthesis
method determines the application areas of the synthetic
composite materials. The morphology, purity, crystallin-
ity, and the various characteristics of materials and their
composites for the desired applications are determined by
choice of synthetic methods [23]. Factors affecting synthe-
sis include temperature, time, size, porosity, environmental
factor, pH value, pressure, substrate interaction, etc. [24].
Therefore, surveying the available synthesis methods to pro-
duce polythiophene, polypyrrole, and graphene is imperative
to fabricate reliable and efficient energy storage electrodes

(Fig. ).

2.1 Fabrication of Polythiophene
and Polythiophene Nanocomposites

Polythiophene is a conducting polymer with applications
for manufacturing sensors, supercapacitors, batteries, and
anti-corrosion of metals. This is due to conducting poly-
mers’ unique electrical, chemical, magnetic, thermal, and
high electron mobility properties. The simplicity of poly-
thiophene’s fabrication methods, such as chemical-oxidative,
solid state, metal-catalyzed coupling reaction, acid-cata-
lyzed, and electro-polymerization, have been considerably
reported [25]. However, it was reported by Lu et al. [25] that
some of the methods mentioned earlier are responsible for
the rigid backbone and z-conjugation pattern of polythio-
phene therefore poor solubility in organic solvents,ad defi-
cient processability limits its practical applications. A cati-
onic-surfactant polymerization of thiophene in the presence
of ferric chloride was performed by Gnanakan et al. [26].

Fig. 1 Graphical abstract of the
study
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The preparation procedures follow the dissolving of 1.0 g
of thiophene monomer and 0.0034 mol of cetrimonium bro-
mide surfactant in 30 ml of distilled water. Ferric chloride
was added to the thiophene surfactant solution after 15 min
of stirring; the resultant solution was allowed to polymerize
at room temperature for 24 h under continuous stirring. The
filtrated polythiophene residue was dried for 6 h 80 °C. The
polythiophene’s electrochemical performance displayed the
following characteristics: 134 F/g, 8 Wh/kg, and 396 W/kg
specific capacitance, energy, and power density, respectively.

Pascariu et al. [27] investigated the electrical proper-
ties of PTh/nickel nanocomposite fabricated via the elec-
trochemical oxidative polymerization method. For 2 min,
Pascariu et al. electrochemically polymerized thiophene in a
potentiostat—galvanostat instrument in a 7 ml of acetonitrile
with 1.9 mM thiophene and some measured quantities of
nickel. Figure 2 shows the morphology, chemical structure,
and density properties of the PTh/nickel nanocomposite
fabricated by Pascariu et al. As shown in Fig. 2, the PTh is
granular in shape with uniform distribution of nickel on its
surface. Figure 2b. shows that higher nickel results in decline
Raman intensity, which is consistent with earlier research
[28, 29]. Additionally, the symmetric in-phase vibration
of thiophene rings diffusing across the polymer chain may
cause an intense band at about 1455 cm™!. According to
the authors, an increase in Ni concentration affects the
active surface area leading to better electrochemical prop-
erties. Due to this, the maximum specific capacitance of
3000 Fg~! and quick discharging process were observed.
When composited with viable electrochemical material,
tusingpolythiophene as an energy storage electrode is real-
izable if a proper synthetic approach is adopted to produce
the composite electrode [30, 31]. Gin et al. [32] prepare a
PTh-diode by electro-polymeelectro-polymerizing thio-
phene and controlled electric potentialnion doped on both
sides. The authors reported that the fadiode was flexible and
more robust than some metals, e.g., aluminum. Modifying
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Fig.2 PTh/nickel a, b morphol-
ogy, ¢ chemical structure, and d
density properties Reproduced
with permission from Ref [27]
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electrodes by electro-polymerizing thiophene is useful for
voltametric sensors of some ovoltammetricbiological mol-
ecules. In addition, PTh-loaded nanomaterials are helpful
for electrochemical sensors with low-detection limits, rea-
sonable sensitivity, and high stability/reproducibility [33].
A supercapacitor-based electropolymerized-PTh/multi-
walled carbon nanotube composite was prepared by Thakur
et al. [34]. The in-situ chemical oxidation polymerization
of the PTh/carbon-nanotube nanotube follows the addition
of 1/5 g of carbon nanotube in 50 ml of chloroform. 12 g of
iron chloride was added to the sonicated solution of ccarbon
nanotube 1.0 g of thiophene was added to the mixture and
stirred for — 15 h. The resultant precipitate was, after cen-
trifugation, dried at 80 °C. Figure 3 shows the structural,
cyclic voltammetry, morphology, and galvanostatic proper-
ties of the PTh/carbon-nanotube nanocomposite. As shown
in Fig. 3, the amorphous nature and the shift in the diffrac-
tion peak of the PTh from a diffraction angle, 26 of 15°-25°,
was observed. The morphology shows a well-dispersed nan-
oparticle within the interface of the PTh polymer. Moreso,
the PTh/nanoparticle-based composite’s current density
increased as the carbon nanotube’s volume increased.
PTh/aluminum-oxide nanocomposite was investigated by
Vijeth et al. [35] by using an in-sifu chemical polymeriza-
tion. The PTh/aluminum-oxide nanocomposite electrode was
prepared using camphor-sulfonic acid in an 8% aluminum
oxide (Al,O;). The supercapacitive behavior and the specific
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capacitance of the PTh and PTh/aluminum oxide nanocom-
posites are displayed in Fig. 4a—c. The aluminum oxide can
improve the specific capacitance of the PTh from 655 to
757 F/g. In Fig. 4c, the structural property of the PTh and
its composite with aluminum oxide showed an amorphous
peak at 26 = 21.9°. However, a downward shift and narrow
peak were observed for the PTh and a sharp rise at 67.8° for
the aluminum oxide.

Due to the limitations of aluminum-ion batteries in the
presence of carbon electrodes, Kong et al. [36], fabricated
the nanocomposite of PTh and graphene oxide for an alu-
minum-ion cathode electrode. The PTh/graphene oxide
nanocomposite was reported to possess excellent conduc-
tivity, a specific capacity of ~ 130 mAh/g, a good capabil-
ity to retain charge at the constant capacity of 100 mAh/g
after 4000-cycles and 86 mAh/g at a current density of
5000 mA/g. As shown in Fig. 5a, Kong et al. employed the
oxidative chemical polymerization procedure to fabricate
the PTh/graphene oxide nanocomposite. The stability of
polymers in the two-dimensional nanomaterials, and low-
cost and simple synthesis methods are among the benefits
of the chemical oxidative polymerization method. The spe-
cific capacity (Fig. 5b) experienced an incremental behav-
ior as the cut-off potential increased from 2.2 to 2.45 V.
However, the Coulombic efficiency, which depends on
the decomposition of battery electrolyte, decreased with
an increase in the cut-off potential. The Coulombic and
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Fig.3 PTh/carbon-nanotube a structural, b cyclic voltammetry, ¢ morphology, and d galvanostatic charge/discharge properties. Reproduced with

permission from Ref. [34]. ©2016, IOP Publishing

energy efficiencies are essential parameters that must be
calculated while determining the properties of nanoelec-
trodes [26]; the difference between the two efficiencies
is highlighted by Eq. 1. The internal resistance of active
materials determines, to a large extent, the specific capac-
ity of nanoelectrode and its particular energy.

D, SPE,
¢’ 77 SPE. M

1

Qf=

where Q, is the Coulomb efficiency, D, is the discharge time,
C, is the charge time, E, is the energy efficiency, SPE}, is the
specific energy at discharge and SPE,. is the specific energy
at a charge.

Polythiophene’s classic properties, such as good electri-
cal conductivity, electrochemical, simple polymerization
method, thermal stability, and environmental stability,
have paved the way for research into its various promis-
ing application areas. Nevertheless, pristine PTh’s perfor-
mances require further enhancement by including suitable
materials. PTh-based nanocomposites are used as sensors,

photosensitizers, electromagnetic inference, and electro-
chemical electrodes [37, 38].

In a different application domain, a PTh-based nano-
composite was developed by Haghgir et al. [39] to remove
wastewater pollutants. Pollution because of industrial waste
can be very damaging to the existence of human beings and
animals. Haghgir et al. employed a chemical polymeriza-
tion method to prepare PTh/zeolite/magnetic iron nano-
composite. The nanocomposite’s high pollutant absorbance
efficiency was achieved at 50 and 25 wt.% of zeolite and
magnetic iron in the polymer matrix. The highest adsorp-
tion capacity of —319 mg/g at 80 °C was achieved. A solu-
tion mixing method, known as the liquid/liquid interfacial
polymerization method, was carried out by Hellmann et al.
[40] to prepare a nanocomposite of PTh/gold and PTh/gold/
carbon nanoparticles. The inclusion of carbonaceous materi-
als in polymers is an excellent way to modify their electrical
conductivity and charge transfer characteristics for desir-
able applications. Hellmann et al. described the visibility of
PTh-based nanocomposite as active layers in photovoltaic
devices. The introduction of carbon nanotube in the PTh/

@ Springer
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Fig.4 The PTh/aluminum nanocomposite properties a, b PTh and PTh/aluminum cyclic voltammograms ¢ PTh and specific capacitance d
structural plane. Reproduced with permission Ref. [35]. ©2018, American Institute of Physics

gold nanoparticles was reported to have increased the charge
transfer efficiency of the nanocomposite. More so, the band-
gap of the PTh/gold nanoparticles was reduced by a moder-
ate inclusion of carbon nanotube nanoparticles.

As a gas sensor, Polythiophene-based nanocomposite was
reported in a short communication by Amruth et al. [41]. In
general, nanomaterials and their composites have the advan-
tages of a high surface-to-volume ratio, simple fabrication
methods, and excellent gas sensor sensitivity. For this pur-
pose, Amruth et al. carried out an in-situ polymerization of
PTh/chitosan nano-power. Chitosan was dispersed in chlo-
roform containing thiophene monomers, and ferric chloride
was added to the agitated solution under rigorous stirring.
The residue of the resultant solution was washed using meth-
anol, chloroform, and water and later dried at 50 °C for 24 h.
The microstructure, electrical conductivity, and sensitivity
properties of the PTh/chitosan nanocomposite are shown
in Fig. 5. The electrical conductivity of the composite was
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influenced mainly by the synthesis method employed. The
well-dispersed nanoparticles with the chitosan power (i.e.,
homogenous mixture) yielded a better conductive property.
The PTh/chitosan composite, which was subjected to ammo-
nia gas, responded to the gas sensing at room temperature.
Furthermore, the photocatalytic and pathogen control capa-
bilities of the PTh-nanocomposite were excellent (Fig. 6).
Noreen et al. [42] fabricated the nanocomposite of PTh/
graphene nanoplatelet using the oxidative chemical polym-
erization method. The nanocomposite was applied for the
photo-catalytic degradation of bromophenol blue and patho-
gen control. The structural property of the nanocomposite
(Fig. 7a) revealed its formation by Van der Waals force, and
as the graphene filler increased, the X-ray peak intensity of
the nanocomposite increased. The photocatalytic degrada-
tion efficiency (Fig. 7b and d) of the nanocomposites was
observed to have increased as the graphene content increased
in the polymer matrix. As shown in Fig. 7c, the pathogen
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Fig.5 PTh/graphene-oxide a Thiophene
chemical oxidative polymeriza-
tion method b specific capacity.
Reproduced with permission (a) /
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Fig.6 PTh/chitosan nanocomposites a microstructure b electrical conductivity and ¢ gas sensitivity properties. Reproduced with permission
from Ref. [41]. ©2022, Elsevier Ltd

activities of the nanocomposites exhibited the highest per- Furthermore, the effect of platinum and reduced gra-
formances against microbes at the highest concentration of ~ phene oxide nanoparticles on PTh were investigated by
filler content. Tsai et al. [43]. The PTh/platinum/reduced graphene-oxide

@ Springer
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Reproduced with permission from Ref. [42]. ©2022, Elsevier Ltd

nanocomposite was fabricated using a one-pot redox synthe-
sis method. The one-pot synthesis method is a one-reaction
method, which is viable for the manufacturing of organic/
inorganic composite materials [44]. The fabrication proce-
dures and the application of the PTh/platinum/reduced gra-
phene-oxide nanocomposite is shown in Fig. 8. As a humid-
ity sensor, the PTh/platinum/reduced graphene-oxide was
characterized by excellent flexibility, electrical conductivity,
high sensitivity, and linearity properties.

The plurality of research on PTh-based nanoparticles and
their nanocomposites for energy storage, sensors, and photo-
catalytic applications have shown the excellent functionali-
ties of PTh in diverse ways. Li et al. employed an esterifica-
tion reaction method for producing PTh/graphene-oxide for
energy storage applications [10]. The PTh-nanocomposite
yielded a 971 F/g, 66.1 Wh/kg, and 7000 W/kg specific
capacitance, energy, and power densities, respectively, while
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capacitance stability of ~98% can be achieved within 10,000
cycling. The electrical conductivity of PTh-based nanocom-
posites and their sensing capability was also reported by
Ahmad [45]. Ahmad’s experimental results showed that
molybdenum inclusion in PTh could enhance its electrical
conductivity by 1 order of magnitude and yield a better sen-
sitivity performance.

The metal oxide is also an excellent additive to con-
ducting polymers due to its pseudocapacitive properties.
Manganese dioxide, for instance, has excellent electro-
chemical behavior in neutral electrolytes, high capacity,
and a wide potential window. However, metal oxides have
poor electrical conductivity. Manganese dioxide prepared
by hydrothermal synthesis was mixed with the nanocom-
posite of polyaniline-carbon nanotube prepared by oxida-
tion polypyrrole [46]. The investigation results revealed
that the electrochemical synergy between the individual
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Fig.8 PTh/platinum/reduced
graphene-oxide nanocompos-
ite fabrication procedures and
application area. Reproduced
with permission from Ref. [43].
©2020, Elsevier Ltd
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material, has direct proportional effects on their nanocom-
posites. As shown in Fig. 9a, the reduction and oxidation
process of the polyaniline-carbon nanotube-manganese
dioxide nanocomposite has a higher rate at high effi-
ciency than the other materials. Figure 9b, also provided
the improvement in the specific capacity of the ternary
nanocomposite.

A copolymer consisting of polyaniline-melamine was
hybridized with cobalt tetraoxide and graphene oxide by
Ahmed et al. [47]. The copolymer-reinforced cobalt /gra-
phene oxide yielded a high specific capacity of 134.4 C g~
In a similar study, Ahmed et al. synthesized the nanocom-
posite of polyaniline-melamine copolymer-reinforced tin

dioxide/graphene oxide [48]. The fabrication process is
provided in Fig. 10.

2.2 Fabrication of Polypyrrole and Polypyrrole
Nanocomposites

Polypyrrole (PPy) is another conducting polymer that has
been extensively researched due to its excellent proper-
ties and many application areas. Electrically conductive
polymers have positive environmental impacts, low cost
of production, easy hybridization methods with fillers,
and good flexibility. The conjugated conductive polypyr-
role has been utilized as electrodes, sensors, adsorbents of
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heavy metals, and biomedical applications [49-52]. Their
synthesis methods, however, are of great significance to
their properties, turn-ability and applications.

A recent study by Seike et al. [53], presented a solvent-
free synthesis approach to fabricate PPy. The production
procedures (Fig. 11) involved the mechanical mixing of pyr-
role monomers with solid ferric chloride under a nitrogen
atmosphere. The magnetic stirring of the resultant product
was carried out at 25 °C and was allowed to polymerize for
24 h. Seike et al. [53] reported that pressed-pellet solvent-
free PPy could serve as a photonic nanomaterial, which can
easily convert light to heat. Photonic nanomaterials are valu-
able materials for cancer theranostic.

Tin/lead solders are the most frequently used in mak-
ing electronic circuit boards. Recently, the environmental
hazards of tin/lead solders propelled researchers to look for
better alternatives. Hence, Wen et al. [54] experimentally
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fabricated PPy/coated adhesives as excellent solder to
replace the tin/lead solder. The synthesis of the PPy/coated
adhesive was achieved by using the facile one-step chemi-
cal oxidation reaction at room temperature. Since the size
of the nanoparticles are important parameters that dictate
their functionality, Wen et al. controlled the diameters of
the PPy/coated adhesives by using polyvinylpyrrolidone as
a surfactant. The electrical resistivity of the material pro-
duced was reduced from 1.6 x 107>Q-cm to 9.4 x 107°Q-cm.
In oxidative chemical polymerization, the dispersion of
nanoparticles can be controlled by a suitable solvent, mix-
ing approach, and condition of drying [55]. The PPy nan-
oparticles-loaded silver-epoxy, prepared by Wen et al. was
reported to be flexible, and it can be used to produce elec-
tronic circuit boards.

During the fabrication of PPy and its nanocomposites,
the efficiency of the dispersibility of the nanoparticles in
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Fig. 12 PPy/graphene nano-
composites a, b microstructure
and b photocatalytic property.
Reproduced with permission
from Ref. [60]. ©2022, Elsevier
Ltd

the chosen organic solvent has some degree of advantage.
Kisiel et al. [56] proposed the oxidation of pyrrole mono-
mers by either using iron(III)-toluenesulfonate or potassium-
hexacyanoferrate(IIT) and using poly(vinyl-alcohol) aqueous
solution as dispersing medium. The aqueous poly(vinyl-
alcohol) created a well-dispersed nanoparticle in solution.
It can be used to eliminate the need for a polyacrylate micro-
sphere while aiming at fabricating nanosphere-PPy contain-
ing a low percentage of the oxidizing agent; this method can
be used to manufacture PPy for various applications.

The influence of polymerization method, time, and condi-
tion of PPy nanoparticles and its nanocomposite, influences
their morphologies and porosities. These effects were inves-
tigated by Wilczewska et al. [57], when they composited PPy
nanoparticles with graphene quantum-dot by using the oxi-
dative chemical polymerization method. The diameter of the
PPy/graphene quantum-dot nanocomposites was reported to
increase as the concentration of the filler and the polym-
erization time increased. Hence, optimizing polymerization
time and filler concentration is essential while compositing
polymers with any filler type. The structural modification
of PPy nanocomposites using graphene and its derivatives
has been reported as a novel method to improve the elec-
trochemical properties of PPy [58]. Graphene in polymer-
nanocomposites for electrochemical electrodes acts as a
charge transfer mechanizer in the electrodes. In addition, the
structural modification of polymers with graphene modifies
their surfaces by increasing their surface area and porosity.
Therefore, it is not unlikely to expect that the nanocompos-
ites of polymer/graphene and its derivatives will yield high-
performing electrochemical electrodes.

Furthermore, conjugated conducting polypyrrole can
function as a sensor due to its sensitivity stability at room
temperature. Yadav et al. [59] experimentally investigated

[—— Sample 1 (Pure PPy)

—— Sample 2 (PPY/2% G)
—— Sample 3 (PPY/4% G)
—— Sample 4 (PPY/6% G)

0.1 0.2 03 04
Voltage (V)

0.6

PPy-sensor performances on ammonia gas. A chemical bath
deposition synthesis method was employed to produce the
PPy-sensor; the sensor showed 85% sensitivity to ammo-
nia gas at room temperature. The resistance of the polymer
changed when it was exposed to the ammonia gas by either
donating or accepting electrons.

The simplicity in synthesizing of PPy and PPy-based
nanocomposites establishes a fascinating interest in the
investigation of its properties. Khan et al. [60] reported on an
overnight polymerization of PPy polymer. The polymeriza-
tion was done by adding ferric chloride, methyl-orange, and
pyrrole monomer in 400 ml of deionized water; the resultant
solution was stirred for 24 h. Graphene nanoparticles were
loaded on the PPy obtained, after filtration and drying to
improve its electrocatalytic efficiency. The PPy (Fig. 12a)
produced by this synthesis approach showed the spherical
structure, while the dispersion of graphene nanoparticles in
the PPy matrix is as shown in Fig. 12b. High degree dis-
persibility enhances the electrical conductivity of polymer
nanocomposites. As shown in Fig. 12c, the energy conver-
sion performances of the PPy/graphene showed the lowest
performance for the pristine PPy. However, the efficiency
increases when graphene creates more carrier transport,
low resistance, and enhanced catalytic activities in the elec-
trode. However, during the fabrication of PPy nanoparticles
and nanocomposites, caution must be observed to avoid the
agglomeration of the nanostructure since agglomeration cre-
ates an effect that hinders ionic transportation.

Tumacder et al. [61] synthesized a fibrillar structure-like
PPy by using the electrosynthesis method in the presence
of acid-blue 25. The capacitance of the PPy electrode was
reported to have increased by one order of magnitude. The
electrosynthesis was carried out in a cyclic voltammetry
system on a glassy-carbon electrode; the pyrrole monomer
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was suspended in the aqueous solution of hydrochloric acid.
The globular microstructure of the PPy film, is as shown
in Fig. 13a. In addition, as shown in Fig. 13b—d, the cyclic
voltammetry analysis of the PPy and PPy/acid-blue-25, led
to the formation of the polymers on the system electrode.
Moreso, the cyclic stability efficiency of the PPy/acid blue-
25 was higher than the pristine PPy. The validity and effi-
ciency of this method are still subject to further verifica-
tion since there is sparse information on this subject, in the
literature.

A thermoelectric transducer converts heat energy to elec-
trical energy by the Seebeck and Peltier effects. Polypyr-
role is a polymer that can perform thermoelectric effects
if an appropriate doping process tunes its physical/ther-
mal properties. In this case, Li et al. [62] carried out an
electrochemical-doping technique in order to adjust the
PPy nanoparticles. The electro-polymerization of the PPy
film was achieved by the mixture of isopropyl alcohol,
boron-fluoride-diethyl-etherate and the pyrrole mono-
mer at a constant voltage of 0.8 V at 0 °C, for 15 min and
dried at 60 °C for 8 h. While controlling the properties of
polymer materials with another material, there is always
a saturating point, beyond which the polymer properties
become negative. This effect was observed for the electri-
cal conductivity of PPy film, doped with isopropyl alcohol,
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boron-fluoride-diethyl-etherate. As shown in Fig. 14a, as the
concentration of the doping materials increased, the elec-
trical conductivity of the polymer increased and reached
its saturating point. After the saturating point, the polymer
conductivity decreased to minimum. However, the Seebeck
coefficient of the polymer decreased until after the saturating
point, it began to increase. The thermo-electric analysis of
the doped PPy film, is as shown in Fig. 14b further explained
the relationship between electrical conductivity and Seebeck
effect.

The continuous growth in technology, viz: telecommuni-
cation, military devices, and industrial instruments, suggests
the fact that there are adequate developments in electric and
magnetic wave absorbers. Nanocomposites made of conju-
gative polymers are suitable for the wave/electric-thermal
process of absorbers. For this purpose, Maleki et al. [63]
recently carried out an investigation on nanocomposite of
PPy/halloysite/Fe;O, by using the hydrothermal and in-situ
polymerization synthesis methods (Fig. 15). Fe,O, are mag-
netic nanoparticles with low-loss magnetic property. PPy
nanocomposites are electrically conductive polymers with
excellent dielectric properties and halloysite aluminosilicate-
nanotube with good thermal and mechanical properties. For
an electromagnetic energy storage device, their strengths and
efficiencies are often determined by their permittivity and
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Fig. 15 PPy/halloysite/Fe;0,
nanocomposite fabrication
method. Reproduced with per-
mission from Ref. [63]. ©2022,
Elsevier Ltd
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permeability. The experimentation of Maleki et al. showed
that the amount of PPy content in the nanocomposite of PPy/
halloysite/Fe;0, is proportional to the conductivity and the
permittivity of the nanocomposite. Moreso, the halloysite
participated in the enhancement of the nanocomposite
absorbance property. As wastewater absorbent, Sadegh-
nezhad et al. [64] experimentally produced PPy/sodium-
alginate/magnetic-copper-iron-oxide nanocomposite by
using the hydrothermal synthesis method. The fabricated
PPy/metal oxide nanocomposite showed excellent perfor-
mances in eliminating direct blue-199 dye from wastewater.
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Furthermore, Naseeb et al. [65] fabricated the nano-
composite of PPy/sodium-metavanadate for supercapacitor
electrode by using an interfacial polymerization method. As
shown in Fig. 16a, interfacial polymerization, is a confined
chemical reaction, in which there exists a liquid/liquid or
liquid/air interface. The advantage of interfacial polymeriza-
tion, include: controllable fabrication of electrode nanoma-
terials [66]. Naseeb et al. reported that the specific energy
and power densities of the PPy/metavanadate nanocomposite
electrode, exhibited excellent stabilities by sustaining — 59%
of capacitance after 1000-cycles. The synergy between the
polymer and the metavanadate, yielded a high specific
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surface area for easy ionic transportation. Figure 16b shows
the energy/power density curve.

A one-step electropolymerization synthesis method
was employed by Malik et al. [67] to prepare PPy/carbon
quantum dots nanocomposite electrode. A reduction in the
charge transfer resistance, high electrical conductivity, and
surface area, were the associated properties recorded for the
electrode. The results of Malik et al. experimentation con-
firmed that the electropolymerization method is an excellent
synthesis approach for the production of large surface area
nanocomposite electrodes.

2.3 Fabrication of Graphene and Graphene-Based
Nanocomposites

Graphene (Gr) is a single layered of carbon atoms; hex-
agonally arranged two-dimensional nanomaterial with
substantive surface area, electrical conductivity and good
chemical and thermal stabilities. The lateral size of graphene
can range from nanometers to macroscale; therefore, gra-
phene has a divers’ family [68]. Due to the divers’ families
of graphene, there are several synthetic methods for their
production. Chemical vapor deposition and mechanical and
chemical exfoliation techniques, have been used to fabri-
cate graphene and its derivatives [69, 70]. Bottom-up and
top-down methods are the two categories of preparation
techniques of graphene and graphene-based nanomaterials.
In the bottom-up technique, the graphene nanoparticles are
grown on substrates (that is, epitaxial growth of graphene
on a substrate). Examples of the bottom-up synthesis tech-
niques, are chemical vapour deposition and pyrolysis [71,
72]. The top-down method is concerned with the exfolia-
tion of graphite; the method includes mechanical and chemi-
cal peelings, ultrasonication and liquid-phase exfoliations
[73]. A proper fabrication method is required to synthe-
size graphene because its electrical, thermal, chemical and
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mechanical properties can easily, be altered by the amounts
of functional elements in it.

Graphene oxide can be produced by the sonication of
graphite oxide, thermal and mechanical exfoliations. How-
ever, these methods often, generate large amount of carbon
dioxide and explosive thermal reduction of materials. Zaaba
et al. [69] prepared graphene oxide by adding and stirring
27 ml of sulfuric acid and 3 ml of phosphoric acid for some
minutes. A 225 mg of graphite oxide was added to the solu-
tion of sulfuric and phosphoric acids, under a stirring state,
followed by the slow addition of 1.320 g potassium perman-
ganate. The resultant solution was stirred for about 6 h to
remove excess potassium manganate. A 0.675 ml of hydro-
gen peroxide was added dropwise to the stirred solution and
re-stirred for about 10 min. The precipitate was collected
by the centrifugation process in the presence of hydrochlo-
ric acid and deionized water. The graphene oxide obtained
was dried for 24 h at 90 °C. This method was named, the
modified Hummer’s method due to the reduction in toxic
gases (NO, and N,0,) achieved by replacing sodium nitrate
with sulfuric and phosphoric acids. The properties of the
graphene oxide obtained and its microstructure, dissolved
in ethanol and acetone, are as shown in Fig. 17a—c.

Yoonessi and Gaier fabricated the nanocomposite of gra-
phene/polycarbonate using emulsion mixing and solution
blending methods [74]. The two different synthesis methods,
yielded a polymer composites having two electrical con-
ductivity at different weight fractions. However, the results
of the two different methods produced a highly nanocom-
posite with no connectivity path for insulation (see Fig. 17e
and f). Recently, graphene oxide was produced by replacing
NaNO; in the Hummer’s method, with boric acid [75]. The
inhibition of carbonyl/carboxyl groups, the elimination of
toxic gases, a yield increase by 10% and a reduction in the
reaction time, are the recorded benefits of modifying Hum-
mer’s synthesis method with boric acid. The flufty sheet-like
structure of the graphene oxide is shown in Fig. 18a, b. The
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Fig. 17 Graphene oxide: a
properties and b, ¢ microstruc-
ture in ethanol and acetone
dissolvement. Reproduced with
permission from Refs. [69] [85].
©2022, Elsevier Ltd

Fig. 18 Hummer’s boric acid
modification production of
graphene oxide properties a,
b microstructure ¢ structural
identification and d tem-
perature analysis. e, f Graphene
nanoplatelet high resolution
transmission electron micros-
copy image. Reproduced with
permission from Refs. [74]
[75]. ©2022, Elsevier Ltd and
Springer, 2018
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structural identification of the graphene oxide, via the XRD,
shows peaks ranging between 20 = 9.1° and 10.1°; the ther-
mal stability was sustainable with a total residual mass of
between 46.22 and 41.43%, following a TGA investigation
(Fig. 18c, d).

Graphene nanoplatelet is an ultra-thin graphene with a
thickness of less than 100 nm; it is highly electrically con-
ductive, and it possesses excellent electrochemical perfor-
mances. This type of graphene can be produced by using the
facile one-step synthesis method. Chong et al. [76] employed
a facile one-step synthesis method to fabricate a highly
porous graphene nanoplatelet electrochemical electrode film.
The facile one-step synthesis method requires low process-
ing temperature, a simple approach and it is cost-effective,
for fabricating electrochemical electrodes.

Graphene-oxide/manganese dioxide nanocomposite was
fabricated by Pimklang et al. [77] by using the solution-
plasma technique for electrochemical electrode applications.
In this case, graphene-oxide produced by the modified Hum-
mer’s method, was dispersed in 30 ml of distilled water via
the sonication process. A measured quantity of KMnO, was
dissolved in 70 ml of distilled water and thereafter, added
to the sonicated graphene-oxide. Figure 19 provides the
solution plasma technique for graphene-oxide/manganese
dioxide production. The solution plasma technique, requires
no reducing agents; the process only lasted for — 10 min. A
218 F/g specific capacitance was recorded for the electrode
produced.

A hydrothermal one-step synthesis method has also been
investigated to produce graphene oxide/manganese dioxide
nanocomposite. The features of the nanocomposite produced
by the one-step hydrothermal method, includes large surface
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area and high porosity, excellent electrical conductivity,
and good electrochemical performances. Zhang et al. [78]
reported that the nanocomposite made of graphene oxide/
manganese dioxide may possibly yield a 255 F/g capacitance
at 0.5 A/g current density, a retention rate of about 85% after
10,000 cycles, 33.33 Wh/kg energy density and 20,000 W/
kg power densities. In addition, an essential parameter in the
preparation of the sample, by using the one-pot hydrother-
mal technique, is the concentration of KMnO,. The potas-
sium permanganate controls the thickness and the electro-
chemical performances of the resulting nanocomposite.
The energy and power densities and other performance
problems of electrochemical electrodes can be ameliorated
using combined materials, prepared by an adequate synthe-
sis approach. For this reason, the exploration of the laser
evaporation method for the production of reduced graphene
oxide/bimetallic oxide/multi-walled carbon nanotubes was
reported by Lebiere et al. [79]. The thoroughly dispersed
mixture of graphene oxide, multiwalled carbon nanotubes
and bimetallic oxide, was exposed to laser irradiation and
further reduction of the graphene oxide was carried out by
the laser pulse procedure. The benefits of the laser synthesis
route, include the growth of multi-materials on a substrate
without requiring temperature. Rapid charge/discharge and
high storage capacity could be achieved from the nanoe-
lectrode due to the excellent charge-storage process on the
surface of the graphene and the bimetallic oxide inclusions.
Amongst the various graphene-based nanocomposites
synthesis methods, a bottom-up technique, via the lig-
uid-liquid chemical interface, is an excellent method for
obtaining large-scale, large-surface area graphene nanoma-
terials electrodes. As shown in Fig. 20, a one-pot synthesis
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Fig. 20 Graphene/polymer
nanocomposite bottom-up one-
pot synthesis method. Repro-
duced with permission from
Ref. [72]. ©2017, Elsevier Ltd
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of graphene/polyaniline can be engaged to produce excellent
electrochemical electrodes [72].

In summary, the bulk transfer of electrons between the
sheets of typical graphene, depends on the amount of impu-
rities, defects and functional groups that are available in
the graphene sheets [80]. The production of graphene-pol-
ymer nanocomposites is an established technique that can
be employed in order to produce efficient electrochemical
electrodes. However, the dispersion procedure of graphene
is an essential factor that must be chosen, meticulously and
practiced. In the graphene and conducting polymers inter-
face, graphene is expected to act as a support to the matrix
for electroactive species. The growth of the electroactive
species is proportional to the increase in the specific surface
area and the enhancement in the electrochemical properties
of the graphene-polymer nanocomposite. The polypyrrole
and polythiophene polymers, on the other hand, improve
the energy density of the resulting composite [81]. A well-
dispersed graphene nanoparticle in the polypyrrole and pol-
ythiophene hybrid matrix, would yield better conductive,
electrochemically stable, flexible, thermally and mechani-
cally viable nanocomposites that can be prepared by in-situ
polymerization, electropolymerization and a facile one-step
synthesis method.

3 Potential Impacts of Graphene
Nanoparticles on Conducting Polymers

Intrinsic conducting polymer for electrochemical energy
storage has poor charge/discharge stability. This results
from the loss of electrons and the formation of poly-cati-
ons, causing the anions’ intercalation to maintain electron
neutrality [82]. However, repeating this process (charge/
discharge) stresses the polymer more and more, resulting
in poor cycling. This hampers the creation of high-power
supercapacitors.[83]. Besides the poor charge/discharge
characteristic of intrinsic conducting polymers, intrinsic
conducting polymers have poor electrical conductivity, and
slow kinetic and electron-transfer efficiency [84]. Therefore,
modifying the electrochemical stability, surface area, and

electrical conductivity of conductivity polymers is urgently
essential.

Graphene has excellent properties, allowing the fabri-
cation of diverse nanocomposite applications, possessing
excellent electrical conductivity, stable chemical and ther-
mal stability, and high mechanical strength at a relatively
low cost. Graphene has a large surface area: a property
that determines the effectiveness of ions transit between
electrodes and electrolytes. The fabrication of graphene/
conducting polymer nanocomposites attains an excellent
fast charge/discharge process with a wide electrochemical
window.

4 Conclusions and Future Research Outlook

The development of nanotechnology is currently offering
relief to scientists and industrialists due to their wide range
of application. Graphene, a two-dimensional material with
unrivaled properties, is one of the materials capturing the
interest of scientists because it offers answers in a distinct
field. They are a valuable asset in energy and environmental
industries due to their exceptional electrochemical proper-
ties. Graphene and graphene-related materials, despite their
outstanding properties have energy band gap which limit
their functional and economic applications [7]. Interestingly,
these drawbacks can be overcome by hybridizing conjugated
polymers with graphene. Polypyrrole and polythiophene are
two notable conjugated polymers, with high electrical con-
ductivity that can be used in energy storage systems, solar
cells, sensors and other applications [8].

To achieve this, synthesis techniques play a significant
role, which is why this study summarized the recent stud-
ies on the hybrid formation of polypyrrole/polythiophene-
loaded graphene for various applications, including its
energy storage capabilities. The study analyzed various
synthesis methods of producing polypyrrole, polythiophene,
graphene, and their composites. The influence of the polym-
erization method, time/duration of polymerization, and the
conditions for conductive polymer nanoparticles and their
nanocomposites dictate their morphologies and porosities.
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As aresult, when compositing polymers with any filler type,
optimizing the polymerization time and filler concentration
is critical. More so, a high degree of dispersibility enhances
the electrical conductivity of polymer nanocomposites. Elec-
tropolymerization, in-situ polymerization, and facile one-
step synthesis methods can reduce charge transfer resistance,
high electrical conductivity, and nanoelectrode’s surface
area to volume ratio.

Furthermore, by considering the exceptional electro-
chemical performances of polypyrrole, polythiophene and
graphene, this study proposes the fabrication of their com-
posite by using an appropriate synthesis method fo energy
storage applications. More research on fabrication of these
composite for energy storage electode taking into account
optimization of polymerization time/duration and filler con-
centration is suggested. The use of computational techniques
and simulation are other viable techniques to examine the
properties of composite materials. These techniques have
tendency to reveal additional valiable technical informa-
tion that experimentation studies may not discover. Future
research studies in this area, are this advised. A composite
material emanating from the hybrid configuration of gra-
phene and conducting polymers is envisaged to offer poten-
tial with excellent properties. This composite material has
a tendecncy to handle current energy storage system crisis
and proffer solutions to the the next energy generation and
environmental challenges.
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