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Conducting polymer composites: material
synthesis and applications in electrochemical
capacitive energy storage
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In recent years, high efficiency, low cost and environmental friendly energy storage has drawn attention
to meet the constantly escalating energy crisis. Conducting polymers in their pristine form have difficulty
in achieving satisfying characteristics required for practical applications in electrochemical capacitive
energy storage. Considering that conducting polymer composites have emerged as pertinent and
beneficial resources for electrochemical capacitive energy storage, this review investigates the relevant
topics by presenting the approaches in the design and fabrication of conducting polymer composites as
electrode materials for electrochemical capacitive energy storage. The key issues for achieving
optimized supercapacitive performances, such as fabricating nanostructured electrodes and tailoring
microstructures of conducting polymer composites, are described and concisely discussed in this
review. Finally, an outlook of the prospects and challenges in terms of synthesis and applications of
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1. Introduction

The continuous depletion of fossil fuels such as gasoline, coal
and natural gas, global warming issues and environmental
pollution necessitate the development of high-performance
energy storage devices. In particular, the widespread applica-
tions of energy storage issues require finding alternative energy
sources with high power/energy density, long cycle life and
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conducting polymer composites for supercapacitors is presented.

enhanced operation safety. In this regard, supercapacitors, also
called ultracapacitors or electrochemical capacitors, have been
considered as leading candidates for advanced energy storage
devices and are widely used for automotive systems, portable
electronics, and so on.' Supercapacitors have been involved in a
wide and growing range of research interests because of their
superior features compared to lithium ion batteries.””” When
two electrodes are polarized by a bias voltage, two layers of
opposite charges form at the electrode/electrolyte interface. The
distance between the two layers with opposite charges is low
and equal to an atomic distance and leads to significantly more
energy compared to conventional capacitors. Therefore, super-
capacitors are expected to fill the gap between lithium ion
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batteries and conventional capacitors in terms of both high
power and energy density.® Consequently, supercapacitors with
a long cycling life and high power density are more attractive
and versatile for applications in energy back-up systems, portable
devices and electric vehicles.’

Supercapacitors typically consist of two electrodes. To prevent
the two electrodes from electrical contact, a separator that is
non-electrically conductive is interposed. In addition, an electro-
Iyte is employed to ionically connect both electrodes.” The most
widely used electrolytes for supercapacitors include aqueous
electrolytes, organic electrolytes and solid-state electrolytes.
Aqueous electrolytes, such as aqueous solution of H,SO, and
KOH, can offer higher ionic concentrations and lower resis-
tances, thus leading to a higher capacitance and higher power
density. However, the small voltage window for aqueous
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electrolytes (typically lower than 1.2 V) may restrict the achieve-
ment of high energy density. Compared with aqueous electrolytes,
organic electrolytes such as acetonitrile and propylene carbonate
possess a higher voltage window, up to 3.5 V, but they can easily
generate environmental and toxic problems. With respect to
safety issues, the most widely used solid-state electrolytes in
supercapacitors are gel polymers, which can avoid leakage problems
and reduce the packaging cost.

According to the fundamentally different mechanisms
of energy storage, supercapacitors can be classified into two
types, electric double layer capacitors (EDLCs) and pseudo-
capacitors.'®™ EDLCs store the energy electrostatically by
accumulating ions on a conductive surface of the electrode
material. The other type is a pseudocapacitor, in which the
capacitance originates from a fast and reversible faradic
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reaction of the electrochemically active electrode material
with the electrolyte.>'*> The most commonly known active
species investigated for pseudocapacitors include conducting
polymers and transition metal oxides."**® Conducting polymers
are attractive as they have a high charge density, low cost,
considerable structural diversity and mechanical flexibility,
which make them appropriate as electrode materials for super-
capacitors. Compared to EDLCs with high-surface-area carbon
as the electrode material, conducting polymer-based pseudo-
capacitors can store a greater amount of charge in the electrical
double layer and through a rapid faradic charge transfer since
the electrochemical process occurs both on the surface and
in the bulk of the electrode material. However, conducting
polymers used as electrode materials often suffer remarkable
degradation because of the mechanical instability caused by
swelling and shrinking during the charge and discharge processes.
The poor cycle life of the conducting polymer electrodes greatly
restricts their practical applications because conducting polymers
tend to irreversibly agglomerate during electrode preparation and
peel off from the current collector. Hence, it is of great importance
to combine conducting polymers with other materials to form
a conducting polymer composite, which is beneficial for the
construction of electrode materials with a high specific capaci-
tance and excellent cycling stability. The discussions on the
construction of electrode materials for supercapacitors in this
review will be limited to conducting polymer composites.

2. Properties of conducting polymers
and their composites

Conventional polymers such as plastics, rubbers and resins
exhibit significant resistance and are either insulators or
dielectrics. Since Heeger, MacDiarmid and Shirakawa were
jointly rewarded with the Nobel Prize in Chemistry in 2000
for their pioneering work on conducting polymers, conducting
polymers have received more and more attention from both the
academic and industrial community because of their wide
applications in electrochromic devices'” and sensors.'®'° Con-
ductive polymers are organic polymers with conjugated double
bonds. They can combine the electrically conductive properties
of metals or semiconductors with the advantages of traditional
polymers such as low cost, considerable structural diversity,
high flexibility and durability, which make them ideal for
electrode materials for supercapacitors.>’

The conducting polymers that are most commonly studied
in both fundamental research and various application fields are
polyaniline (PANI), polypyrrole (PPy), and polythiophene (PT).*!
Compared to bulk conducting polymers, their composites show
outstanding energy storage performances, which arise from
their superior conductivity, high surface area, improved electro-
chemical activity and excellent mechanical properties. In addition,
conducting polymer composites also exhibit advantages because
of their synergistic performance derived from each component.
For instance, inorganic materials normally exhibit a high capaci-
tance but lack the conductivity and cycling stability required for

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017

View Article Online

Review

commercial capacitive applications. To alleviate these problems,
the efficient combination of inorganic materials with conducting
polymers plays a key role in improving the performance of
composites because the conducting polymers can interact
synergistically with inorganic materials to provide a conducting
backbone, electrical conductivity and plastic property.*>>*

Conducting polymers are attractive because they have a very
high current density and low cost when compared to carbon-
aceous electrode materials. Taking PANI as an example, a
supercapacitor device based on PANI can exhibit a specific
energy of 10 W h kg™' with a slightly lower specific power of
2 kW kg~ ',***” while a carbon-based supercapacitor device can
only reach a specific power of 3-4 kW kg™~ ' and a specific energy
of 3-5 W h kg *.2¢*® Supercapacitors in term of EDLCs are
generally highly cycleable, namely, more than 0.5 million cycles,
whereas conducting polymer pseudocapacitors often begin to
degrade in less than a thousand cycles because of mechanical
failure of the electrode in their physical structure.””** Therefore,
the cyclic lift of the conducting polymer electrodes and corres-
ponding devices will be discussed later.

Furthermore, a test fixture configuration, such as a two-
electrode system and three-electrode system, is closely related
to the performance of a packaged cell. In general, a test system
based on a three-electrode configuration that includes a working
electrode, a counter electrode and a reference electrode is widely
applied in electrochemical research. However, the working
electrode in a three-electrode configuration has twice the
potential range when the same potential range is applied to
the electrodes in a two-electrode configuration, which lead to
a doubling of the calculated capacitances. Therefore, super-
capacitor cells with a two-electrode configuration can provide a
more accurate measurement of the capacitive performances
because the three-electrode configuration may result in larger
errors when calculating the energy storage capacitance. Besides,
the test system based on a two-electrode configuration is easily
fabricated and commercially available.

3. Strategies to fabricate
nanostructured electrodes with
conducting polymer composites

The conducting polymer composite electrodes have a positive
impact on the final performance compared to electrodes of
individual materials. The composite electrodes, including two
main types of composite conducting polymers with electro-
chemical double-layer capacitive and pseudocapacitive materials,
respectively, have been receiving more and more attention.
Conducting polymer composites with a proper choice of com-
positing components are among the supercapacitive materials
with the most potential for motivating existing supercapacitor
devices toward future advanced energy storage applications
because of their high redox active-specific capacitance and inherent
elastic polymeric nature. Moreover, microstructural control for
conducting polymer composites has been considered as an
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effective approach to improve the cycling stability of the con-
ducting polymers.

3.1 Compositing conducting polymers with carbon
nanomaterials

Electrode materials for EDLCs usually refer to carbon materials,
which possess many advantages, such as large surface area and
high conductivity. In addition, the easy availability and environ-
mental friendliness are other reasons why carbon materials
have been widely used as electrode materials for EDLCs. Superior
capacitive properties can be achieved when carbon materials
are composited with conducting polymers with tailored nano-
structures.

As commonly used electrode materials for EDLCs, carbon
materials not only provide efficient supporting substrates
but also provide highly conductive pathways. Typically, nano-
structured carbon materials that possess a high surface area
and large porosity can provide effective decoration sites to
promote the formation of nanostructured conducting polymers.
Nanostructured carbon materials are better alternatives for boost-
ing performances when composited with conducting polymers,
and therefore, the introduction of nanostructured carbon materials
with one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) architectures into conducting polymers has a
significant, positive impact on the electrochemical capacitive
performance.

3.1.1 1D carbon-incorporated conducting polymer compo-
sites. Confronted with low conductivity, poor cycling stability
and easy agglomeration, conducting polymers have been ration-
ally composited with electrically conductive and high-surface-
area carbon materials to overcome these disadvantages.®?%3!
The carbon materials, such as carbon nanotubes (CNTs), carbon
nanofibers (CNFs), and graphene nanoribbons (GNRs), have
been extensively investigated as 1D carbon substrates for use
with conducting polymers as electrode materials.*>** The
combination of 1D carbon with the conducting polymers endows
the resultant composites with several advantages such as high
surface area, good electrical conductivity, high chemical stability,
tailored porosity and wide operating temperature.>** There are
obvious improvements in the electrochemical capacitive perfor-
mances through a synergistic effect that is derived from the
electrostatic attractions of the ions in the electric double
layers and additional faradaic reactions from the conducting
polymers.**?°

CNT-incorporated conducting polymer composites can be
fabricated by a solution-blending method®”° and in situ poly-
merization method.*®™*® Roberts and co-workers have prepared
robust free-standing CNT/conducting polymer composite elec-
trodes by a filtration method, which can be easily scaled up.
The composite electrodes show an enhanced capacitance. This
process gives a simple, low-cost and high-throughput strategy
for large-scale manufacturing of CNT/conducting polymer
composite electrodes. CNTs have displayed favorable flexibility
and are promising as free-standing and flexible electrodes.
Chen and co-workers provided an in situ electrochemical poly-
merization method to fabricate free-standing and flexible single

254 | Mater. Chem. Front., 2017, 1, 251-268
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walled carbon nanotube (SWNT)/PANI hybrid films. In this case,
the SWNT film with a continuous reticulate architecture acts as
the skeleton and the PANI layers act as the skin. This unique
“skeleton/skin” structure ensures composite films with high
energy and power densities of 131 W h kg™" and 62.5 kW kg™,
respectively.*’

Several studies have shown that CNTs with a random
arrangement within the conducting polymer matrix have a
synergistic effect on the final capacitive performance. More-
over, CNTs with ordered structures are able to significantly
improve the electrochemical performance. Zhang and co-workers
utilized a mechanical method to align CNT (A-CNT) electrodes
with a growth of conducting polymers. Because of the unique
properties of A-CNTs, the supercapacitor devices exhibit a wide
operation voltage of 4 V with a maximum energy and power
density of 82.8 W h L™ and 130.6 kW L' in a volumetric
performance, respectively.”®

In addition to the widespread applications of CNTs for the
construction of 1D carbon-incorporated conducting polymer
composites, CNFs and GNRs have also been used to construct
conducting polymer composite electrodes for the enhancement
of their electrochemical capacitive performance.’>"*> Compared
with CNTs, CNFs have inherent advantages such as low produc-
tion cost and easy mass production.’>** Yoon and co-workers
have used a one-step vapor deposition polymerization technique
to fabricate PANI-coated CNFs.>* In this case, CNFs with an
average diameter of 50 nm were synthesized in a quartz flow
reactor with an iron catalyst powder, and a subsequent immobi-
lization of PANI makes the CNF/PANI composites exhibit a
maximum specific capacitance value of 264 F g~ .

Thanks to their high surface area, high electrical conductivity,
and scalability, GNRs are considered ideal carbon substrates

53757 Tour and

for the immobilization of conducting polymers.
co-workers used a low-cost in situ polymerization method to
fabricate GNR/PANI composites with ordered and vertically-
aligned PANI nanorods grown on the GNRs. The resulting
composites have a high specific capacitance of 340 F ¢~ and
a stable cycling performance with a 90% capacitance retention
over 4200 cycles because of the synergistic combination of
electrically conductive GNRs and high-capacitance PANIL.>®

3.1.2 2D carbon-incorporated conducting polymer compo-
sites. The 2D carbon materials, including graphene oxide (GO),
reduced graphene oxide (rGO) and graphite nanoflakes (GFs),
have attracted considerable interest in the fields of electro-
chemical energy storage.>>®° In addition to the theoretical and
practical advantages of other carbon materials such as excellent
electrical conductivity, high thermal stability and relatively
low costs, the 2D carbon materials have large surface areas,
crumpled nanostructures and enough interlayer spacing for
easy access of the electrolyte ions, which make 2D carbon
materials a charming substrate for composites with conducting
polymers.®*:>

GO, which contains oxygenated groups such as epoxides,
hydroxyl groups, and carboxyl functional groups on its basal
planes and edges, has good compatibility with polymers and
has been widely used to fabricate conducting polymer-based

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017


http://dx.doi.org/10.1039/C6QM00150E

Published on 06 October 2016. Downloaded on 10/04/2017 03:26:51.

Materials Chemistry Frontiers

composites because of its extraordinary morphology and strong
hydrophilicity.®**> Besides, during the oxidative polymerization,
monomers like aniline are oxidized to PANI, and simultaneously,
the removal of oxygen occurs and GO is reduced to graphene,
creating good conducting networks.*®®” Xu and co-workers con-
structed hierarchical composites by combining PANI nanowires
with 2D GO sheets by simply adjusting the ratios of aniline to GO
in different nucleation processes.®® The as-obtained PANI/GO
composites possess a high capacitance of 555 F g~ and retained
92% of the initial capacitance after 2000 charge and discharge
cycles.

Graphene in the form of rGO is extremely attractive for
application in supercapacitors because of its unprecedented
properties including excellent electrical and electrochemical
performances.®”®®”7! Wang and co-workers have fabricated
rGO-wrapped PANI nanofiber composites via assembly of
negatively charged GO with positively charged PANI nanofibers
in aqueous dispersions followed by the reduction of GO to rGO.
The capacitance of the composites reached 250 F g ' at
0.5 A g 'in a1 M Et,N"BF, /propylene carbonate organic
electrolyte and only 26.3% of the capacitance decreased over
1000 cycles.”® Baek and coworkers prepared conducting PANI-
grafted rGO composites (PANi-g-rGO). In this case, as shown in
Fig. 1, the amine-protected 4-aminophenol is first grafted onto
GO, and amine terminated GO is subsequently polymerized in
the presence of an aniline monomer. Because of the participa-
tion of thionyl chloride vapors, the GO is gradually reduced into
rGO. Such composite materials with an electrical conductivity
of 8.66 S cm ™' exhibit a specific capacitance of 250 F ¢~ and
good cycling stability.”*

View Article Online
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Graphite nanoflakes (GFs) have also been applied for the
construction of 2D carbon-incorporated conducting polymer
composites. Liu and coworkers have used a partially exfoliated
graphene (Ex-GF) electrode with graphene sheets standing on
a graphite foil matrix as a template for the electropolymeriza-
tion of pyrrole with 1,5-naphthalene disulfonate (NDS) and
2-naphthalene sulfonate (NMS) as the “permanent” doping
anions to prepare Ex-GF/PPy-NDS and Ex-GF/PPy-NMS compo-
sites, respectively. Both of the two composite electrodes displayed
high energy densities. The cyclic stability of the electrodes was
also improved because of the synergistic effect with partially
exfoliated graphene.”” Yu and co-workers have fabricated GFs
with a few-nanometer thickness by scraping a graphite rod over a
commercially available polymer lapping film with grits. Then, a
thin layer of p-toluene sulfonate (pTS)-doped PPy was electro-
chemically polymerized on the surface of the GF-coated polymer
lapping film to form a hybrid flexible electrode, as shown in
Fig. 2. Such micro-supercapacitor devices show a maximum
capacitance of 37 mF cm 2 in a half cell using a 1 M H,SO,
electrolyte, 23 mF cm ™2 in full cell, and 6 mF cm 2 in a planar
cell configuration using poly(vinyl alcohol) (PVA)/H3;PO, as a
solid-state electrolyte.”*

3.1.3 3D carbon-incorporated conducting polymer compo-
sites. 3D carbon materials have attracted tremendous attention
as supercapacitor electrode materials because of their
high surface area, good conductivity and good electrolyte
accessibility.”>®" Among these attractive characteristics, high
surface area and interconnected architecture, in contrast to 1D
and 2D carbon materials, allow 3D carbon materials to possess
better conductive networks.®®*? The 3D carbon materials, such

Fig. 1 Schematic illustration of the preparation of PANi-g-rGO with a digital picture of the sample in the middle. Reprinted with permission from ref. 72

Copyright 2012 American Chemical Society.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 2 (a) Photographic demonstration of electrodes and supercapacitor fabrication steps. (b) Fabrication steps of planar supercapacitors and the
photograph of supercapacitors with and without gold electrode. Reprinted with permission from ref. 74 Copyright 2015 American Chemical Society.

as carbon fibers, carbon cloths, carbon aerogels and other
porous carbons, not just including hierarchical macropores,
mesopores and micropores, have more active sites for the
growth of the conducting polymers. In recent studies, carbon
materials as electrodes for EDLCs sometimes exhibit specific
capacitances that are not directly proportional to their surface

area,””"®

and this is because not all micropores in the electrodes
are necessarily accessible to the electrolyte ions.***> Therefore,
3D carbon materials with hierarchical pores should be able to
achieve a maximum capacitance owing to the perfect match
between the pore sizes and electrolyte ion sizes.

In general, carbon fibers with diameters normally about
several micrometers can be synthesized through a spinning
technique with controlled pyrolysis and activation.®*~*®* Wu and
co-workers have fabricated high-performance electrodes made
of graphene-beaded carbon fibers (G/CFs) coated with conducting
polymers.*® In situ polymerization is utilized to coat the G/CFs
with an ultrathin layer of thorn-like PANI nanorods. The highly
porous PANI-G/CNF composites exhibit a large surface area, low
internal resistance, and fast redox rate. Kurungot and co-workers
have designed a kind of carbon fiber electrode with electrode-
posited polyethylenedioxythiophene (PEDOT) for all-solid-state
supercapacitors.”® The electrodeposited, flower-like PEDOT
coatings on each carbon fiber led to an enhanced surface area
and electrical conductivity, and the pores in this system allowed
an effective immersion of the polymer-based gel electrolyte.

Carbon cloths, broadly applied in the field of free-standing
and conducting substrate electrodes, are a network of carbon
fibers with diameters of about several micrometers.’” They have
been extensively studied as electrode materials and supporting
substrates. Liu and coworkers reported well-ordered PPy nanowire

256 | Mater. Chem. Front., 2017, 1, 251-268

arrays on the surfaces of carbon fibers in untreated carbon cloths
that were used to construct hierarchical structures, which contain
the 3D conductive carbon fiber skeleton and the immobilized,
well-ordered electrochemically active conducting polymer
nanowires.”> The well-ordered PPy nanowire array electrode
exhibited a high specific capacitance of 699 F g " at 1 A g *
with an excellent rate capability, and 81.5% of its capacitance
was retained at 20 A g~ .

Carbon aerogels with 3D interpenetrating structures can
improve the efficiency of ionic and electronic transport.”® >
The carbon aerogel-based composites are designed for flexible
and free-standing energy storage devices without any binders.
Chen and his coworkers reported a novel 3D interconnected
nanotubular graphene/PPy composite by incorporating PPy into
highly conductive and stable nanotubular graphene. As shown
in Fig. 3, the 3D nanotubular graphene is synthesized by
chemical vapor deposition using nanoporous nickel (np-Ni)
as a template. Then, ultrathin PPy layers are loaded onto the
3D core-shell graphene@np-Ni by cyclic electrochemical
deposition. Finally, the np-Ni template is etched by acid. The
composite electrode reaches a maximum energy density of
21.6 W h kg " at a power density of 32.7 kW kg *.%°

The high electric double layer capacitances of porous carbon
are related to their high surface area and precise pore size
distributions according to the electrolyte used. The microstructure,
pore size, pore shape, and surface termination of porous carbon can
be precisely controlled by changing the synthesis parameters
and the precursor compositions.”””°® Zhao and coworkers
prepared a conducting polymer-porous carbon composite
electrode by deposition of a thin layer of PANI on the surface
of 3D highly-ordered macroporous carbon (3DOM carbon).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 3 Schematic of preparation steps of nanotubular graphene/PPy
composite. (@) Nanoporous graphene@np-Ni prepared by chemical vapor
deposition. (b) Nanoporous nickel/graphene/PPy prepared by electrode-
position of PPy on the surface of graphene@np-Ni ligaments. (c) Nano-
tubular graphene/PPy composite after removing np-Ni template by
chemical etching. Reprinted with permission from ref. 96 Copyright
2016 Elsevier.

Fig. 4 Preparation process of 3DOM carbon and 3DOM carbon—PANI
composite. Reprinted with permission from ref. 99 Copyright 2010
American Chemical Society.

As exhibited in Fig. 4, the honeycomb-like 3DOM carbon not
only favors the diffusion of electrolyte ions but also prevents
the agglomeration of PANL*’

There have been some attempts to combine 1D CNTs and 2D
graphene to prepare 3D carbon materials for supercapacitors.
Significant performance enhancements are observed in these
hybrid materials, and the CNTs are expected to bridge the
defects for efficient electron transfer and increase the basal

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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spacing between graphene sheets with a larger surface area.'**"**
For instance, Cheng and co-workers fabricated a graphene/CNT/
PANI composite electrode by coating PANI nanocones onto
the graphene/CNT composites. An asymmetric supercapacitor
is assembled with the ternary graphene/CNT/PANI and the
graphene/CNT electrode to achieve a high specific energy density.
The excellent capacitive performance is attributed to the larger
surface area of the 3D graphene/CNT network structure and the
increased electrical conductivity from the presence of the
CNTs."® Liu and co-workers prepared a 3D GNR-CNT-PANI
composite via in situ polymerization of aniline monomers on
the surface of GNR-CNT hybrids, which are conveniently
obtained by partially unzipping CNTs. A two-electrode cell
system, which can provide the most accurate measurement of
the performance, was fabricated using a PVA/H;PO, gel as the
solid-state electrolyte. The hierarchical GNR-CNT-PANI com-
posites possess a much higher specific capacitance (890 F g ™)
than the GNR-CNT hybrid (195 F g~ ') and neat PANI (283 F g )
at 0.5 A g~ *. At the same time, the GNR-CNT-PANI composites
display a good cyclic stability with an 89% capacitance retention
after 1000 cycles.'®®

A proper substrate consisting of 3D carbon materials with a
high porosity, excellent electrical conductivity and good flexi-
bility to combine with conducting polymers is highly desirable
for the efficient utilization of pseudocapacitance originating
from conducting polymers. Liu and co-workers immobilized
PANI nanoparticles onto a conducting paper-like substrate,
which utilized graphene and CNTs as building blocks, to obtain
flexible graphene/CNT/PANI composite films with a hierarchical
nanostructure. The ternary composite film exhibited a specific
capacitance of 432 F g " at 0.5 A g ' and an enhanced cyclic
stability with ~96% of its original capacitance after 600 charge
and discharge cycles. The superior electrical conductivity of the
graphene/CNT composite films provided improved conductive
pathways for charge transfer, and at the same time, the dimen-
sional confinement of the PANI particles on the planar carbon
substrate prohibits volume expansion and shrinkage upon
electrolyte soakage."*?

3.2 Compositing conducting polymers with pseudocapacitive
materials

Conducting polymers have been a research hotspot as electrode
materials for supercapacitors because of their high conductivity
in a doped state, high charge storage capacity, low cost and
environmental friendliness."®'** "' Conducting polymer-based
electrodes can undergo a rapid and reversible redox reaction,
which allows the devices to store high-density charges and
generate high faradic capacitances.""™'* However, the swelling
and shrinkage of conducting polymers may inevitably occur
during the electrochemical redox reaction, which leads to low
cycle life and deterioration of capacitance after long-term charge
and discharge cycles.'*> ™" For example, the PPy-based electrodes
can achieve an initial specific capacitance of 120 F g~ ' in a current
density of 2 mA cm™?, but its specific capacitance drops by about
50% after 1000 cycles because of the volume change during the
electrochemical reaction."® Therefore, the improvement in the

Mater. Chem. Front., 2017, 1, 251-268 | 257
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cyclic stability of conducting polymer electrodes has become an
urgent problem to be addressed. In general, the preparation of
conductive polymer composites with a combination of metal
oxides, metal hydroxides or metal sulfides can buffer the volume
change during the repeated redox cycles as well as improve the
mechanical stability and specific capacitance of the conducting
polymers.'**??

3.2.1 Compositing conducting polymers with metal oxides/
hydroxides. The use of metal oxides/hydroxides as electrode
materials for supercapacitors results in higher energy densities
than those made with carbon materials and better cyclic
stability than conductive polymers."**'** Moreover, the electro-
chemical processes for metal oxides/hydroxides occur both on
the surface and in the bulk of the electrode materials, which
can result in larger capacitances."*® Many researchers have
successfully developed a series of conductive polymer-metal
oxide/hydroxide composites that exhibit high specific capaci-
tances and excellent cyclic stabilities in supercapacitors.?®*2®
The conductive polymers in these composites can prevent the
agglomeration and restacking of metal oxide/hydroxide parti-
cles through the space steric hindrance and electrostatic effect,
which allows the metal oxide/hydroxide particles to be uniformly
dispersed into the conducting polymer matrix. Moreover, con-
ductive polymer-metal oxide/hydroxide composites can increase
the contact area between the electrode and electrolyte, which
enhances the adhesion between the current collector and
electrode materials.

3.2.1.1 Conducting polymer/ruthenium oxide composites. Among
the metal oxides/hydroxides, ruthenium oxide (RuO,) has been
extensively studied because of its highly reversible redox reactions
and remarkably high theoretical specific capacitance (1360 F g ).
However, the expensive cost of RuO, restricts its mass practical
application in supercapacitors.'?>'?° Therefore, the hybridization
of metal oxides/hydroxides with inexpensive conducting polymers
can greatly reduce the cost and simultaneously maintain the
excellent performance.”**'** For example, Lee and co-workers
reported RuO,/PEDOT nanotubes with a high specific capacitance
of 1217 F g ' and a high power density of 20 kW kg™ * from the
high specific surface area and fast charge/discharge of the tubular
structures.”*> Lokhande and co-workers prepared the PANI-RuO,
composite films using a chemical bath deposition method, which
achieve a specific capacitance of 830 F g~ *."*® Lian and co-workers
successfully constructed a 3D arrayed nanotubular architecture
with an ultrathin RuO, layer coated on the well-aligned cone-
shaped nanostructure of PPy (WACNP). The unique WACNP/RuO,,
composite electrodes on an Au substrate exhibit a higher specific
capacitance of 15.1 mF cm™ > (302 F g ') at a current density of
0.5 mA cm ™2, which is more than that of WACNP. Moreover, the
specific capacitance of the WACNP/RuO, electrode decays slightly
during the first 30 cycles and remained at 90% after 300 charge
and discharge cycles. The high capacitance and excellent stability
of the WACNP/RuO, composite electrode may be attributed to the
enhanced electrochemical activity as well as the reduced diffusion
resistance of electrolytes in the electrode materials.*”
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3.2.1.2 Conducting polymer/manganese dioxide composites.
Despite the high specific capacitance of RuO,, its high cost
and toxic nature have restricted its mass production and wide
application as an electrode material for supercapacitors. With
the advantage of low-cost and relatively high specific capaci-
tance (1100 F g~ of theoretical capacitance), manganese dioxide
(MnO,) is expected to be an outstanding alternative to Ru0,."****!
Therefore, creating composites of MnO, with conducting polymers
as electrode materials for supercapacitors has attracted intense
attention. Desu and co-workers synthesized MnO,-embedded PPy
composite (MnO,/PPy) thin film electrodes on polished graphite
substrates, which exhibit a remarkable specific capacitance of
620 F g~ compared to MnO, (225 F g ') and PPy (250 F g~ ')."*®
Yang and co-workers developed an ion-exchange reaction for PANI
with n-octadecyltrimethylammonium-intercalated MnO, precur-
sors in proper solvents, such as N-methyl-2-pyrrolidone (NMP),
to prepare PANI-intercalated layered MnO, composites, which can
maintain 94% of its initial specific capacitance (330 F g™ ") after
1000 cycles, indicating an improved electrochemical cyclic stability
compared to pristine PANI and MnO,."** Lee and co-workers
introduced a one-pot co-electrodeposition method to fabricate
core-shell MnO,/PEDOT coaxial nanowires with a controlled
thickness of PEDOT shells by varying applied potentials, as shown
in Fig. 5. The resultant coaxial nanowires exhibit high specific
capacitances and excellent mechanical properties with 85% of the
capacitance (from 210 to 185 F g~ ') preserved as the current
density increases from 5 to 25 mA cm™ %, which may be attributed
to the fact that the solid core MnO, and the flexible PEDOT shell
can synergistically prevent the collapse and breaking of the coaxial
nanowires.'**

3.2.1.3 Conducting polymer/nickel oxide-hydroxide composites.
In addition to the composites of conducting polymers with RuO,
and MnO,, nickel oxide (NiO) and nickel hydroxide (Ni(OH),) have
also been considered as alternative materials and have been used
to create composites with conducting polymers as electrode
materials for supercapacitors because of their low cost, easy
synthesis, distinct redox reaction, and most importantly, their
relatively high theoretical specific capacitance (2584 F g~ ' for
NiO and 2081 F g ' for Ni(OH),)."**"*® Zhao and co-workers
adopted an in situ method to synthesize flower-like PANI-NiO
nanostructures on nickel foams as binder-free electrodes,

Fig. 5 One-step synthesis of MNO,/PEDOT coaxial nanowires. Reprinted
with permission from ref. 143 Copyright 2008 American Chemical Society.
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which can achieve a specific capacitance of 2565 F g~ "at1Ag™"
and maintain 70% of the capacitance with the current density
increasing 10 times."” Hu and co-workers fabricated porous
NiO/Ni(OH), composite (PNC) encapsulated in 3D inter-
connected PEDOT nanoflowers on metal wires (Cu-Ni alloy)
through a mild electrochemical route. The surface of PNC is
coated with a protective thin layer of steady PEDOT, which can
improve the electronic conductivity and structural stability of
the NiO/Ni(OH),/PEDOT composites. The 3D flower-like nano-
structure achieves a high specific capacitance of 404.1 mF cm > at
a current density of 4 mA cm™” and a long-term cycling stability
with 82.2% capacitance retention after 1000 cycles. Moreover,
a fiber-shaped, flexible, all-solid-state asymmetric supercapacitor
was fabricated with the as-prepared NiO/Ni(OH),/PEDOT
composite as the positive electrode, the ordered mesoporous
carbon (CMK-3) fiber as the negative electrode and a polymer
gel as the electrolyte, and it delivered a high output voltage of
1.5 V, a high specific capacitance of 31.6 mF cm > and a high
specific energy density of 0.011 mW h cm™2.**°

3.2.1.4 Conducting polymer/other metal oxide-hydroxide
composites. Many other metal oxide/hydroxide materials, such
as vanadium oxides (V,Os), hematite (a-Fe,Oz) and cobalt
monoxide (CoO), have also been investigated and incorporated
with conducting polymers as electrode materials for super-
capacitors. V,05 has attracted intense attention for its variable
oxidation states, surface/bulk redox reactions and layered
structures, which facilitate efficient ion diffusion.”**** Liu and
co-workers synthesized large surface area V,05-PANI composite
nanowires using an electrodeposition method, which can pro-
mote the effective contact of electrochemical active materials
with the electrolyte and achieve a high specific capacitance of
412 Fg " at4.5 mA ecm ™ >."*” a-Fe,0; has also been explored as an
anode electrode material for asymmetric supercapacitors because
of its high theoretical specific capacitance, low cost, non-toxicity
and abundance. The hybridization of a-Fe,O; with conducting
polymers holds great promise to improve the capacitance and
cycling stability of a-Fe,Os. Li and co-workers designed a high-
performance asymmetric supercapacitor with highly ordered
3D a-Fe,O3;@PANI core-shell nanowire arrays as the anode and
PANI nanorods grown on carbon cloths as the cathode, and it
exhibited a high volumetric capacitance of 2.02 mF cm ™2 and an
excellent cycling life with a capacitance retention of 95.77% after
10000 cycles.”> CoO, another electrochemically active material,
has also been studied for pseudocapacitive energy storage by
elaborate fabrication with conducting polymers to address the
issues of capacitance and stability. Liu and co-workers designed
a well-aligned CoO@PPy nanowire array grown on nickel foam
as a pseudocapacitive electrode. The assembled asymmetric
supercapacitor exhibited a high specific capacitance of 2223 F g *
and outstanding cycling stability because of the shortened ion
diffusion channels and the highly conductive nanowire arrays."*>

Nickel cobaltite (NiCo,0,) has been reported to have better
electrochemical activity and conductivity with an outstanding
specific capacitance of 1400 F g~ " at a sweep rate of 25 mV s~ "
compared to pure Coz0,4 and NiO."**™%> As exhibited in Fig. 6,
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Fig. 6 (a) Schematic illustration of the fabrication process of hierarchical
mesoporous NiCo,04@PPy NWAs on carbon textiles. (b) Schematic
representation of rechargeable supercapacitor based on NiCo,O,@PPy
NWAs on carbon textiles. Reprinted with permission from ref. 150 Copyright
2015 American Chemical Society.

Xia and co-workers reported 3D NiCo,0,@PPy coaxial nanowire
arrays (NWAs) on carbon textiles for high-performance flexible
supercapacitors, where the mesoporous NiCo,0, nanowire arrays
serve as the highly capacitive “core” and the uniformly coated
PPy nanospheres act as the highly conductive ‘“shell.” The
ordered NiCo,0, mesoporous NWAs can shorten ion transport
pathways, and the highly conductive PPy nanospheres can
facilitate ion diffusion, which lead to a high specific capaci-
tance, enhanced rate capability and cycling stability. Moreover,
a flexible asymmetric supercapacitor device was successfully
fabricated using the as-obtained NiCo,0,@PPy and activated
carbon as electrodes, which exhibit a high energy density
(58.8 W h kg ! at 365 W kg ') and outstanding cycling life
with ~82.9% capacitance retention after 5000 cycles."*°

3.2.2 Compositing conducting polymers with metal sulfides.
Metal sulfides are abundant minerals in nature and can undergo
redox transitions with different valence states of metal ions.">®
In recent years, nanostructured metal sulfides, such as MoS,,
NiCo,S,, CuS,, NiS,, CoS,, have received attention and have been
incorporated with conducting polymers as a new type of energy
storage materials because of their excellent redox reversibility and
relatively high specific capacitances.””” " For example, Lei and
co-workers prepared CuS microspheres with PPy uniformly
inserted into the intertwined sheet-like subunit and coated
onto the CusS surface, and it exhibited a specific capacitance of
227 F ¢~ " and excellent cycling stability."®" Xu and co-workers
synthesized a highly conductive PPy/NiS/bacterial cellulose nano-
fibrous membrane as a flexible electrode, which exhibit a specific
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capacitance as high as 713 F g~' with an energy density of
239.0 W h kg™ " and a power density of 39.5 W kg™ " at a current
density of 0.8 mA cm™ 2.1

Among the metal sulfides, MoS, is expected to have excellent
electrochemical capacitive properties because of its double
layer charge storage as well as the range of oxidation states of
Mo, from +2 to +6, which can guarantee its pseudocapacitive
characteristics. Liu and co-workers adopted an in situ oxidative
polymerization method to prepare a 3D tubular MoS,/PANI
nanostructure with PANI nanowire arrays vertically aligned on
the external and internal surfaces of 3D tubular MoS,, which
serves as both the active materials in the electrochemical reaction
and framework to provide more pathways for insertion and
extraction of ions. The as-prepared MoS,/PANI composites not
only achieve an enhanced specific capacitance of 552 F g~ ' at
0.5 A g ', but they also have an excellent rate capability of 82%
from 0.5 to 30 A g~ "."® Furthermore, it has been reported that
octahedral (1T) phase MoS, sheets exhibit a high electrical
conductivity, large surface area, and unique surface chemical charac-
teristics, making them an attractive substrate for the growth of
nanostructured conducting polymers.'®'% As shown in Fig. 7, Xu
and co-workers synthesized a MoS,/PANI@C hierarchical composite
by directly depositing PANI on mono-layered MoS, sheets containing
72% 1T-phase MosS, followed by a carbon shell coating. The multiple
synergistic effects between PANI and MoS, as well as the carbon
coating led to an excellent energy storage performance with a superb
capacitance of 678 F g~ ' and remarkable cycling stability with an
80% retention after 10 000 cycles.'®”

3.2.3 Other conducting polymer-based composites. As
mentioned above, conducting polymers have been incorporated
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with various metal oxides/hydroxides and metal sulfides as
electrode materials for supercapacitors. However, some efforts
have been made to combine conducting polymers such as
PANI/PPy, PANI/PEDOT or PPy/PEDOT composites as electrode
materials for supercapacitors. By rationally constructing
integrated smart architectures for these kinds of composite
materials, the structural feature and electrochemical activity of
each component with an excellent synergistic effect can be fully
manifested for the enhancement of capacitive performance
of the composite electrode materials."®*'”* For instance, a
PEDOT/PPy composite electrode with a horn-like structure
was prepared by an electropolymerization method and exhibited
a relatively high specific capacitance up to 200 F g~ '
with excellent cycling stability.'’* As shown in Fig. 8, Li and
co-workers designed an original nanostructure of PPy@PANI
double-walled nanotube arrays (DNTAs), which exhibit a large
specific capacitance of 693 F g~ ' at a scan rate of 5 mV s~ " and
great long-term cycling stability with ~8% loss of capacitance
after 1000 cycles because of the synergetic shape effect and
component effect. The improvement of the specific capacitance,
rate capability and cycling life may be ascribed to a synergistic
effect produced by the favorable interactions between the PPy
and PANI layers at the interfaces. However, the hollow nano-
structures and the double thin layer of the PPy@PANI DNTAs
may relax the ion transports, enable rapid reversible faradic
reactions and provide short ion diffusion channels.'”®

Since the improvement of the specific capacitance as well as
the cyclic stability of conducting polymer electrodes has
become an urgent problem, in Section 3.2 we summarized
and suggested several types of pseudocapacitive materials, such

Fig. 7 Schematic diagram of the MoS,/PANI@QC process for the synthesis of carbon-encapsulated PANI based on MoS, monolayer nanosheets.

Reprinted with permission from ref. 167 Copyright 2016 Springer.
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Fig. 8 (a) Schematic illustration for the fabrication of PPy@PANI DNTAs. (b) Nanotube array architecture, double-walled structure, and high conductivity
in electrode provide ion and electron "highways" and high utilization rate of electrode. (c) Specific capacitance values of PPy@/PANI DNTAs, PPy
nanotube arrays and PANI nanotube arrays as a function of cycle number at 10 mV s~. Reprinted with permission from ref. 175 Copyright 2014 The Royal

Society of Chemistry.

as metal oxides, metal hydroxides and metal sulfides, that might
replace carbon materials as excellent candidates for creating
composites with conducting polymers for high-performance
supercapacitors.

3.3 Microstructural control for conducting polymer
composites
In general, the microstructure of electrode materials plays a
critical role in the final performance of the supercapacitors."”®
Therefore, to sufficiently utilize the high capacitance of con-
ducting polymers, the microstructure of the conducting polymer
composites should be rationally designed and controlled. As will
be shown later, three models can be conveniently categorized
based on the microstructural control of the as-fabricated con-
ducting polymer composites: (i) anchored model, (ii) wrapped
model, and (iii) sandwiched model. The anchored model
demonstrates that the carbon materials, metal oxides and other
supporting materials play a supporting role for subsequent
immobilizations of conducting polymers. In the wrapped model,
conducting polymers are tightly wrapped within the carbon
material, metal oxide and other nanomaterial shells. The sand-
wiched model consists of sandwiched conducting polymer layers
and inserted other parts. Between each sandwiched layer of the
conducting polymers, an internal skeleton shell and a cladding
layer forms an interconnected framework. This section will
mainly focus on the three models mentioned above to describe
the effects of the microstructural control of conducting polymer
composites on their electrochemically capacitive performances.
3.3.1 Anchored model. The preparation of conducting
polymer composites with an anchored model involves the
polymerization of monomers or the adsorption of conducting

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017

polymers on the supporting materials. The main advantage of
this model is pretty obvious. Carbon materials and metal oxides
not only serve as supporting materials to grow conducting
polymers, but they also provide effective pathways for ion/mass
transport. Furthermore, the conducting polymers anchored on
the surface of the supporting materials may exhibit a large
surface area and would be more stable in the charge and
discharge progress because of the strong interactions between
the conducting polymers and the supporting materials. The
uniform coating of the conducting polymers on carbon materials
or metal oxides prevents them from aggregating, leading to
improved capacitances and better cycling stability."”” 5>

Direct coating of conducting polymers including PANI, PPy
and PEDOT on rGO via an in situ polymerization was achieved
by Zhao and co-workers.'® In this work, the conducting polymer
composites showed a superior electrochemical performance to
that of pristine PANI. For instance, the specific capacitance of the
rGO-PANI composite reaches 361 F g~ ' at a current density of
0.3 A g~ '. More than 80% of the initial capacitance is retained
after 1000 cycles, which is much better than that of pristine PANI.
The good capacitive performance of these composites is derived
from the good electrical conductivity of the composites. Conducting
polymer-anchored CNTs have also been widely studied.'****> Gupta
and co-workers prepared PANI/SWNT composites by in situ electro-
chemical deposition of PANI onto SWNTs. In this work, the micro-
structure of the PANI/SWNT composites strongly influences their
specific capacitance. The highest specific capacitance (463 F g %) is
obtained in the optimized condition of 73 wt% PANI deposited on
the SWNTs."®®

2D nanostructured composites such as metal oxides and
metal sulfides have good capacitive properties because of their
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sheet-like morphology, and they are expected to exhibit a large
surface area and excellent capacitive performance.'?*™"*° What
is more, the transition metal center may exhibit a range of
oxidation states, offering its pseudocapacitive characteristics.
Conducting polymer-anchored metal oxides and metal sulfides
mainly involve vanadium oxide (V,Os), molybdenum oxide
(M00O3) and molybdenum disulfide (MoS,) as substrates to
improve their specific capacitive and long-term cycling
stability.’®*°® Wang and co-workers have prepared highly
conductive composites of MoS,/PANI via the direct intercala-
tion of an aniline monomer into MoS,. This architecture is also
beneficial for improving the capacitance and cycling stability of
MoS,/PANI composite electrodes. In comparison with a specific
capacitance of 131 F g~ * and 42% retention of capacitance over
600 cycles in the PANI electrode, the MoS,/PANI composite
electrode shows a specific capacitance of 390 F g~ and 86%
retention of capacitance over 1000 cycles. The MoS,/PANI
composite electrodes provide enhanced capacitive performances
that synergistically combine pseudocapacitance of the PANI and
the electrochemical double layer capacitance from the MoS,."®

It is worth mentioning that conducting polymers with a
morphology of vertically aligned nanowire arrays anchored on
supporting materials have emerged as ideal electrode materials
for supercapacitors.*®*°”2°® This unique nanostructure has
several advantages as an electrode material. Firstly, each nano-
wire is electrically connected with the supporting materials,
making full use of all the nanowires to boost the capacitive
performance. Secondly, the nanowire arrays allow for efficient
charge transport and reduce the ion-transport length. Thirdly,
there are spaces between the aligned nanowires that can accom-
modate large volume changes during the charge and discharge
cycles without fractures.*® For instance, PANI nanowire arrays on
MoS,,>* ordered bimodal mesoporous carbon,*® GO,*® rGO
modified graphite electrode,”™* as well as PPy nanowire arrays
on carbon fibers**? and GO*** were also intensely studied. Xu
and co-workers successfully prepared hierarchical composites
of PANI nanowire arrays vertically grown on GO sheets.®® The
as-fabricated PANI-GO composites exhibited a morphology-
dependent capacitance performance, and the specific capaci-
tance of PANI/GO was as high as 555 F g~ ' at a condition
of 0.05 M aniline. After 2000 charge and discharge cycles, the
PANI/GO composite still had 92% of its initial capacitance, while
pristine PANI held only 74% of its initial capacitance. The
enhanced stability of the PANI/GO composite is ascribed to the
synergistic effect of the GO and PANI nanowire arrays. The
strong m-m stacking interactions between the GO and PANI
nanowire arrays allowed the composites to be electrochemically
stable. Moreover, the GO sheets and vertically aligned nanowire
arrays can undertake some mechanical deformation during
charge and discharge cycles, which also prevents PANI from
agglomerating, and is beneficial to the improved stability.

3.3.2 Wrapped model. The electrochemical performance
of conducting polymer composites is largely affected by the
microstructure of the as-fabricated composites.”*>*° The
wrapped model is an ideal strategy to promote the capacitive
performances of conducting polymer composites, in which the
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conducting polymers are encapsulated by other materials, such
as graphene,””**' GO,*** and metal oxide.****** Conducting
polymers within this model are more stable during long-tern
cycles because of the surrounding protecting layers. The
wrapping layers such as graphene can offer highly conductive
pathways by bridging individual conducting polymer particles
together, and the rate and cycling performance of the
as-fabricated electrodes are improved.

Inspired by the findings that graphene sheets can be decorated
onto positively charged colloids via electrostatic interaction-
induced self-assembly,>**> Zhou and co-workers reported the
fabrication of graphene-wrapped PANI nanofibers by a direct
assembly of the positively charged PANI nanofibers with
negatively charged GO, followed by the reduction of GO by
hydrazine. The graphene-wrapped PANI nanofibers displayed
! and improved
cycling stability with a capacitance retention of 74% over 1000

a high specific capacitance of over 250 F g~

cycles.”® Liu and co-workers fabricated PANI hollow sphere
(PANI-HS)@electrochemical reduced graphene oxide (ERGO)
composites with core-shell structures via a solution-based
21 The unique
nanostructures, such as porous and hollow structures, provide

co-assembly process (demonstrated in Fig. 9).

particular advantages to capacitive performances because of
the enlarged surface area and shortened diffusion lengths for
both mass and ion transport.>**>?® The PANI-HS@ERGO
composites show a specific capacitance of 614 F g ' at a
current density of 1 A g~ '. The capacitance decreases by
10% after 500 charge and discharge cycles, suggesting a good
cycling stability. The prominent properties are because of the
synergistic effects of the two components of PANI-HS and
ERGO.**!

3.3.3 Sandwiched model. The special sandwiched architec-
ture not only enlarges the specific surface area and promotes
the utilization of active materials, but it also shortens the
electrical pathways. Most importantly, the closely-packaged
and surrounded layers prevent the structure from breakdown
(swelling or shrinkage) of conducting polymers during charge and
discharge processes, which contributes to the excellent electro-
chemical performance. Therefore, the sandwiched configuration

Fig. 9 Schematic illustration of the preparation of PANI-HS@ERGO
composites. Reprinted with permission from ref. 221 Copyright 2013
American Chemical Society.
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with imbedded conducting polymers has a higher specific capa-
citance and better cycle stability.

The sandwiched model can be constructed by electrostatic
interaction, hydrogen bonding, van der Waals forces, and
charge transfer complexes.”>*”>*¢ In particular, layer-by-layer
approaches via the sequential adsorption of different compo-
nents have drawn substantial attention because of their
features including the construction of sandwiched conducting
polymer composites with tailored composition and surface
functionality. Graphene, GO, CNTs and some metal oxides have
been utilized to construct conducting polymer composites
with a sandwiched configuration.”**>*! Zhao and co-workers
prepared conducting polymer-pillared GO sheets based on the
electrostatic interactions between negatively charged GO sheets
and positively charged surfactant micelles (as illustrated in
Fig. 10). The cationic surfactant micelles might adsorb on the
surfaces of the GO sheets via electrostatic interaction, and then
a GO-surfactant multilayer structure, in which the surfactant
micelles located between the GO sheets can be formed. The
subsequent polymerization of the monomers solubilized in
the hydrophobic cores of the surfactant micelles will be pre-
dominant. Finally, a layered GO structure sandwiched with
conducting polymers will be formed by the removal of the
surfactants. In this work, the GO/PPy composite shows a high
capacitance of 500 F g, indicating an excellent electrochemical
capacitive performance of a sandwiched conducting polymer
composite. The advantages of the composite materials are
as follows: (1) the exfoliated GO sheets are beneficial for the
attachment of the conducting polymer on both sides; (2) the
mechanical stability of the composites during the charge and
discharge processes would be enhanced because of the closely-
packaged sandwiched nanostructure; (3) the combination of GO
with conducting polymer pillars would effectively reduce the
dynamic resistance of electrolyte ions.>*

To date, three structural models for conducting polymer
composites have been developed. These nanostructured con-
ducting polymer composites can combine the synergistic
effects of conducting polymers and corresponding components

Fig. 10 Schematic illustration of the formation process of GO/PPy
composite. Reprinted with permission from ref. 240 Copyright 2010
American Chemical Society.
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together. Thus, they would possess a larger specific capacitance
and better long-term cyclic and rate stability than neat conducting
polymers and corresponding components with a simple nano-
structure.

4. Outlook and conclusion

In this review, we presented a comprehensive overview of
conducting polymer composites as advanced electrode materials
for supercapacitors. The main problems that neat conducting
polymer electrodes encounter are that they have poor rate and
cyclic stability. The drawbacks of conducting polymers can be
minimized by effective combination of conducting polymers with
other materials to fabricate composite electrodes. Incorporation
of the composite nanostructures in fabrication of the conducting
polymer composites ensures the composite electrodes have a
largely improved energy density and excellent cycling stability.
However, at the present stage, the capacitances of the conducting
polymer composites achieved are insignificant compared to their
theoretical values. Despite the enhanced performance after the
composition of conducting polymers with metal oxides/hydroxides/
sulfides, there is still plenty of room to further improve the
capacitance properties. In addition, although some reports have
been reviewed, the design and synthesis of ternary conducting
polymer composite electrodes for supercapacitors are still far
from being thoroughly explored. Such hybrid nanostructures in a
multiphase system could be more trustworthy for better-working
supercapacitors. In order to take advantage of both energy
storage mechanisms of electrochemical double layer capacitance
and pseudocapacitance, other carbon materials, for example
cheap carbon materials, may be used to ultimately boost the
specific capacitance, energy density and power density. Again, the
nature of the conducting polymers gives them considerable
structural diversity, high flexibility and excellent durability. More-
over, the electrochromic properties of conducting polymers may
be expected as a special advantage for their potential applications
in smart supercapacitors. With a high interest in conducting
polymer composites for the last decade and the current vigorous
research developments, conducting polymer composite electrodes
are expected to play a momentous part in flexible, smart and
economical energy storage applications in the future.
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