
Contents lists available at ScienceDirect

Composites Communications

journal homepage: www.elsevier.com/locate/coco

Polyaniline/graphene nanocomposites towards high-performance
supercapacitors: A review

Zhaoqi Huang, Le Li, Yufeng Wang, Chao Zhang⁎, Tianxi Liu
State Key Laboratory for Modification of Chemical Fibers and Polymer Materials & College of Materials Science and Engineering, Donghua University, Shanghai 201620,
PR China

A R T I C L E I N F O

Keywords:
Polyaniline
Graphene
Nanocomposites
Supercapacitor

A B S T R A C T

Among frequently investigated advanced electrode materials for supercapacitors, polyaniline (PANI) is con-
sidered as an ideal electrode material due to its high theoretical capacitance, desirable chemical stability, easy
synthesis and low cost. However, neat PANI electrodes are lack of long-term stability and high power density due
to their low surface area, large volume changes during release/doping of ions and low conductivity. The com-
position of PANI with carbon materials especially conductive and high-surface-area graphene provides an ef-
fective approach to solve these problems. This review presents an overview of recent advances in the design,
synthesis and applications of PANI/graphene nanocomposites as high-performance electrode materials for su-
percapacitors. The PANI/graphene nanocomposites can combine the advantages of both electrical double-layer
capacitances of graphene and pseudocapacitances of PANI, which therefore exhibit long cycle life and large
energy density. Various strategies for the synthesis of PANI/graphene nanocomposites are briefly introduced,
and several main factors influencing electrochemical capacitive performances of PANI/graphene nanocompo-
sites are presented and discussed. Finally, the future research directions for the PANI/graphene nanocomposites
for supercapacitors are also summarized and discussed.

1. Introduction

Supercapacitors, which possess high power density and prolonged
cycle life compared to commercial batteries, play an important role as a
promising energy storage system solving the challenging issues of fossil
fuel exhaustions and climate changes [1]. Supercapacitors have re-
ceived considerable attention from both academic and industrial fields
because they meet the need of a wide range of energy storage appli-
cations requiring short loading cycles with safety and stability such as
power backup systems, portable devices, and electric vehicles [2–4]. To
overcome the drawbacks of the low energy density of supercapacitors in
practical applications, the pursue of electrode materials simultaneously
with high energy density and prolonged cycle life are required for
boosting energy storage performances in energy storages [5,6].

Supercapacitors can be divided into two types depending on dif-
ferent energy storage mechanisms. One is the electrochemical double-
layer capacitors (EDLCs), which store energy by physical adsorption/
desorption of ions at interfaces. Conductive and high-surface-area
porous carbons are generally ideal electrode materials for EDLCs. The
other is the pseudocapacitors that store energy through reversible redox
reactions of active materials. The pseudocapacitors can deliver much

higher capacitances than that of EDLCs but are greatly limited by poor
electrical conductivity and easily damaged structures of the electrodes
during cycles.

Conducting polymers are frequently used electrode materials for
pseudocapacitors because of their low cost, high conductivity and facile
synthesis [7–9]. Conducting polymers especially polyaniline (PANI)
show an extremely high theoretical capacitance up to 2000 F g-1

[10,11]. However, the electrochemically available active surface of
PANI greatly depends on the conductivity of PANI and the diffusion of
counter ions, and thus only a small amount of PANI could make con-
tributions to the capacitances [10]. As a result, the experimental values
of PANI electrodes are much lower than the theoretical value. More-
over, the PANI species would underwear severe volume changes during
cycles, and the cycling stability is also a problem to be solved [12].

The composition of PANI and carbon materials into composite
electrode materials has attracted extensive attention due to their su-
perior electrochemical performances by combining the advantages of
the electrochemical double-layer capacitances of carbon materials and
pseudocapacitances of PANI [8,13,14]. Among various carbon mate-
rials, graphene exhibits high conductivity, large surface area, flexibility
and excellent chemical stability [15–19]. However, easy aggregations
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of graphene lead to decreased surface area and capacitances lower than
200 F g-1 as electrode materials [4,20]. In the past few years, the PANI/
graphene nanocomposites have emerged as an ideal choice as pro-
mising electrode materials. For instances, an exceptionally high capa-
citance value of 1341 F g-1 for a PANI/3D graphene framework in acidic
electrolyte has been reported [21]. Reduced graphene oxide (rGO)
could induce more expanded coil conformation of PANI chains due to
strong π-π stacking between the quinoid rings of PANI and the basal
plane of graphene [22]. Enhanced electrical conductivity and buffered
volume changes during cycles arising from rGO were also reported for
the PANI/graphene nanocomposites [8,23,24]. However, several fac-
tors, such as the morphologies, component ratios, PANI doping level of
the nanocomposites, as well as the synthesis/fabrication techniques for
the nanocomposites, and etc., would definitely influence the electro-
chemical performances of the PANI/graphene nanocomposites.

In the following, recent advances are presented to give readers an
overview of the contemporary status of the PANI/graphene nano-
composites as electrode materials for supercapacitors. The strategies for
the synthesis and fabrication of PANI/graphene nanocomposites are
summarized, and several factors determining the electrochemical per-
formances of the PANI/graphene nanocomposites are also discussed.
Some future directions of the PANI/graphene nanocomposites and
problems which need to be solved when compositing PANI with gra-
phene towards high-performance supercapacitors are also proposed.

2. Strategies for the synthesis of PANI/graphene nanocomposites

PANI/graphene nanocomposites can be prepared by different pro-
cedures, e.g. simple solution mixing [14,25], layer-by-layer (LbL) as-
sembly [26], chemical oxidative polymerization [27–29], electro-
chemical oxidative polymerization [13,30,31], and interfacial
polymerization [32]. The spatially separated graphene prepared by
chemical vapor deposition (CVD) and other physical techniques are less
viable due to low yield and high cost, and therefore graphene oxide
(GO) with hydrophilic oxygen-containing functional groups prepared
by chemical routes are usually used as the starting materials for a se-
quent composition with PANI [33,34]. Broadly, we have categorized
these strategies into self-assembly methods and in-situ polymerization
methods, respectively, which will be further discussed in the following.
For the self-assembly methods, PANI could be synthesized in advances
with unique morphologies, and physical interaction and assembly could
be utilized for the synthesis of PANI/graphene nanocomposites
[35–37]. For the in-situ polymerization methods, the PANI/graphene
nanocomposites could be prepared via chemical or electrochemical
oxidative processes involving the in-situ polymerization of PANI on
graphene substrates.

2.1. Self-assembly methods

The synthesis of PANI/graphene nanocomposites using the self-as-
sembly methods is predominantly based on the electrostatic interac-
tions between PANI and graphene. Self-assembly is a simple and cost
effective method, which could easily construct a nanocomposite struc-
ture with a controllable component of PANI and graphene over a wide
range. In addition, the self-assembly methods provide the possibility to
design diverse morphologies of PANI in advances [42,45,46]. PANI is
positively charged in their emeraldine salt form [38], and oppositely,
GO carries negative charges due to residual carboxylic groups [39].
Therefore, the efficient dispersion of both PANI and graphene would
play key roles in the formation of hierarchical PANI/graphene nano-
composite by diverse processes such as vacuum filtrations [14,40],
hydrothermal treatments [41], and solvent evaporations [42].

Strategies for dispersing the two components in aqueous media are
crucial for the sequent self-assembly of PANI/graphene nanocomposites
[14,43,44]. Water-dispersible PANI nanofibers can be readily obtained
through in-situ polymerization of aniline by simply controlling pH
without adding any stabilizers [38]. GO sheets can be stably dispersed
only in a weak alkaline medium. Choosing a suitable pH value for one
component would cause severe aggregations of the other because the
acid characteristics of doped PANI restrain the ionization of carboxylic
acid and phenolic hydroxyl groups on the GO sheets [39]. To address
these issues, Wu et al. synthesized a stable dispersion of PANI nanofi-
bers by dialyzing it to remove excess ions, and this dispersion fascinated
further self-assembly process of PANI nanofibers with rGO [14]. Mixing
the dispersions of GO and PANI/carbon nanotube (PANI/CNT) (pH =
2.6) would result in coagulations, but after several cycles of washing,
the mixture remained quite stable even after one month [40]. The Zeta
potentials of the suspensions of PANI and GO were measured to de-
termine the surface charges of PANI and GO in suspensions, and they
indicated that the cationic nature of partially doped PANI at pH of 2.5
(Zeta potential = 42 mV) with GO at pH of 3.5 (Zeta potential = -68
mV) were the optimized conditions for building the composite nanos-
tructures of PANI and graphene [36].

A series of PANI/graphene nanocomposites with PANI nanos-
tructures as well as excellent electrochemical performances were fab-
ricated by taking advantages of the self-assembly methods. The PANI/
graphene nanocomposites with a nanoscale ordering via LbL assembly
have been prepared [26]. Fig. 1 shows the schematic representation of
the LbL assembly for the construction of PANI/graphene nanocompo-
sites. The PANI/graphene composite electrodes by the LbL method of-
fered a precise control over the thickness, internal structure and flex-
ibility of the PANI/graphene nanocomposites with enhanced chemical
stability and electrical conductivity. The synthesis of a hierarchical film
with coaxial CNT@PANI nanocables uniformly sandwiched between

Fig. 1. Schematic representation of LbL assembled multilayer thin
film of PANI with GO sheets with a photograph of the film as-
sembled on a flexible PET substrate [26]. Reprinted with per-
mission from Ref. [26], Copyright 2012, the Royal Society of
Chemistry.
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rGO sheets could achieve high capacitance of 569 F g-1 [40]. Fan et al.
reported the fabrication of PANI hollow spheres@rGO composites with
a capacitance of 614 F g-1 in 1.0 M H2SO4 at 1 A g-1, where PANI hollow
spheres showed enhanced surface-to-volume ratios and reduced trans-
port lengths for both mass and charge transport [37].

2.2. In-situ polymerization methods

In-situ polymerization methods for the preparation of PANI/gra-
phene nanocomposites can be mainly divided into two classes based on
different reaction mechanisms: chemical oxidative methods and elec-
trochemical oxidative methods. Chemical oxidative methods for the
synthesis of PANI usually involved the use of oxidants such as ferric
chlorides and ammonium persulfates [8,32]. Chemical oxidative
synthesis provided conveniences for controlling the nucleation and
growth process during in-situ polymerization of aniline on graphene.
However, electrochemical oxidative procedures involved potentiostatic
or galvanostatic deposition of aniline from electrolyte on the surface of
graphene paper, 3D graphene and deposited graphene on substrates
such as indium tin oxide (ITO) or polydimethylsiloxane (PDMS)
[13,45–47]. Electrochemical oxidative polymerization could directly
immobilize PANI on the graphene electrodes, which showed advantages
for fabricating binder-free electrodes and maintaining PANI layer with
a uniform thickness.

Though the in-situ oxidative polymerization procedures are
straightforward and efficient, which can be easily scaled up for the
commercial productions of PANI/graphene nanocomposites, it is a
great challenge to achieve a uniform dispersion and chemical reactivity
of graphene in the reaction mixture. In addition, the unavoidable re-
stacking of graphene would result in considerably low surface area,
which significantly hindered the polymerization of aniline along its
surface and lead to the grains of bulk-phase PANI [48]. Given that,

heavily oxygenated GO sheets were sometimes chosen as the starting
materials for the growth of PANI [49]. Most PANI/graphene nano-
composites only utilized carboxyl edges of rGO to bond aniline, and the
resultant rGO sheets were freely dangled by the edges from the PANI
rather than being fixed by the basal planes [28,50–53].

In these cases, one of the effective strategies adopted to enhance the
electrochemical performance of the PANI/graphene nanocomposites is
by grafting organic molecules on graphene through covalent functio-
nalization to form robust chemical combinations of graphene with
aniline monomer as well as PANI [32,54–56]. Steric hindrances be-
tween the anchored molecules made graphene staying apart, which
improved the ionic accessibility of graphene. The grafting procedure
could also modify the basal planes of graphene with various oxygen-
containing groups to provide additional active sites for sequent growth
of PANI. Sulfonic acid groups functionalized graphene sheets as both
substrates and acid dopants were prepared, and the resultant sulfonated
graphene/PANI nanocomposites with imbedded PANI nanorods
showed a high capacitance of 763 F g-1 with a good rate performance.
The amount of the acid dopants played a significant role in tuning the
morphology of the resultant nanocomposites, especially in controlling
the morphologies of PANI on graphene [32]. Liu et al. developed
naturally existing oxygenated groups into carboxyl groups on GO basal
planes via a ring-opening reaction and an esterification reaction, which
provided highly consistent affinity to polymerized PANI chains, and
thus facilitated the formation of ordered PANI/graphene nanocompo-
sites [54]. Benzoic acid anchored graphene was used as a support, and
3D PANI structures were achieved by a simple chemical oxidation of
aniline in the presence of phytic acid (PA) [48]. The benzoic acid an-
chored graphene/PANI nanocomposites achieved a high conductivity of
3.74 S cm-1 and high surface area of 330 m2 g-1, which resulted in high
specific capacitance of 652 F g-1.

Table 1
Comparison of the PANI/graphene nanocompsites as supercapacitor electrode.

Electrode materials Electrolytes Configurations Capacitances (F g-1) Capacitance retention, Number of cycles Ref.

PANI on rGO paper 1 M H2SO4 Three electrode 233, 2 mV s-1 100%, 1500 [13]
PANI nanofiber/rGO paper 1 M H2SO4 Two electrode 210, 0.3 A g-1 79%, 800 [14]
PANI/rGO 1 M H2SO4 Three electrode 1126, 1 mV s-1 84%, 1000 [8]
PANI/rGO 1 M H2SO4 Three electrode 746, 0.2 A g-1 78%, 500 [90]
CNT@PANI/rGO paper 1 M HCl Three electrode 569, 0.1 A g-1 96%, 5000 [40]
PANI/rGO film 1 M H2SO4 Three electrode 640, 0.1 A g-1 90%, 1000 [45]
PANI/sulfonated rGO 1 M H2SO4 Three electrode 763, 5 mV s-1 85%, 1000 [32]
LbL-assembled PANI/rGO 1 M H2SO4 Three electrode 375, 0.5 A g-1 90%, 500 [26]
PANI nanorod on rGO films H3PO4-PVA Micro electrode 973, 2.5 A g-1 90%, 1700 [46]
PANI/carboxyl-rGO 1 M H2SO4 Three electrode 525, 0.3 A g-1 91%, 200 [54]
PANI hollow spheres@rGO 1 M H2SO4 Three electrode 614, 1 A g-1 90%, 500 [37]
PANI nanorod/rGO paper 1 M H2SO4 Three electrode 763, 1 A g-1 82%, 1000 [91]
PANI-coupled Co3O4 and rGO 6 M KOH Three electrode 1063, 1 A g-1 95%, 2500 [88]
PANI on porous rGO film 1 M H2SO4 Two electrode 385, 0.5 A g-1 88%, 5000 [61]
PANI/GO on stainless steel 1 M H2SO4 Two electrode 1136, 1 A g-1 89%, 1000 [92]
PANI nanosphere/rGO film 0.5 M H2SO4 Three electrode 448, 1 A g-1 81%, 5000 [36]
rGO/PANI gel on rGO paper 1 M H2SO4 Two electrode 864, 1 A g-1 85%, 5000 [93]
PANI/rGO films 1 M H2SO4 Two electrode 431, 0.45 A g-1 74%, 500 [22]
PANI nanowire on rGO foam 1 M H2SO4 Two electrode 790, 1 A g-1 80%, 5000 [94]
PANI nanowire on rGO/ZrO2 1 M H2SO4 Three electrode 1360, 1 A g-1 93%, 1000 [95]
3D PANI on pillared rGO 0.5 M H2SO4 Two electrode 652, 1 A g-1 90%, 4000 [48]
3D graphene/PANI nanorod 1 M H2SO4 Three electrode 1341, 0.5 A g-1 70%, 5000 [21]
PANI/rGO woven-fabric films H3PO4-PVA Two electrode 23 mF cm−2, 0.1 mA cm−2 100%, 2000 [47]
3D graphene/PANI nanocone 1 M HClO4 Three electrode 751.3, 1 A g-1 93%, 1000 [96]
PANI/B-doped rGO 1 M H2SO4 Three electrode 406 90%, 10000 [79]
rGO hydrogel films embedded with PANI nanofibers 1 M H2SO4 Three electrode 921, 1 A g-1 100%, 2000 [41]
PANI nanofibers/N-doped rGO hydrogels 1 M H2SO4 Three electrode 610, 1 A g-1 94%, 1000 [67]
PANI nanofiber/rGO foam 1 M H2SO4 Three electrode 968, 0.31 A g-1 83%, 15000 [97]
Phase-separated PANI/rGO 1 M H2SO4 Three electrode 783, 27.3 A g-1 81%, 10000 [63]
PANI nanorods on rGO sponges 1 M H2SO4 Three electrode 662, 1 A g-1 93%, 5000 [55]
PANI/rGO composite film 1 M H2SO4 Three electrode 1182, 1 A g-1 108%, 10000 [42]
PANI/rGO composites 1 M H2SO4 Three electrode 524, 0.5 A g-1 81%, 2000 [98]
PANI/rGO composite film 1 M H2SO4 Two electrode 763, 0.34 A g-1 76%, 2000 [68]
PANI nanowire on rGO foam 1 M H2SO4 Two electrode 939, 1 A g-1 88%, 5000 [99]
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3. Electrode performances of PANI/graphene nanocomposites

The electrode performances of the PANI/graphene nanocomposites
for supercapacitors are summarized in terms of electrolyte, cell con-
figuration, specific capacitance and cycle life, as listed in Table 1.
Several factors, including the morphologies, the synthesis/fabrication
techniques, the component ratios of PANI and graphene, the doping
level of PANI and the synthesis conditions by varying the sequence of
compositing or reducing GO, adding a third component, changing the
electrolytes, would definitely influence the electrochemical properties
of PANI/graphene nanocomposites as electrode materials. These factors
will be separately discussed in the following sections.

3.1. Morphologies of PANI/graphene nanocomposites

The design and synthesis of nanostructured PANI/graphene nano-
composites lead to high specific capacitances because they synergisti-
cally combined three key factors including high-capacitance active
materials, high electrical conductivity for fast charge transfer, and un-
ique porous structure for fast ion diffusions [57]. Basically, binders are
required for fabricating powder-based PANI/graphene nanocomposites
into electrodes, which inevitably affect the electrical conductivity and
the overall electrochemical performances are compromised [8,28,58].
Given that, PANI/graphene composite films can be easily made and cut
into binder-free electrodes, which can be fabricated by chemical or
electrochemical oxidative polymerization of aniline on rGO paper or
foam [59–61]. Besides, 3D porous PANI/graphene composite hydrogels
as a binder-free electrode could be developed from the suspension of
PANI nanofiber and GO through a hydrothermal process [62]. Gen-
erally, among such structures a free-standing graphene skeleton is re-
quired to achieve a high capacitance of PANI/graphene nanocomposites
due to interconnected conductive network. However, most of the re-
ported PANI/graphene nanocomposites with such structures cannot
guarantee high rate performances because of the lack of efficient ion
diffusions, which was not taken into accounts in these cases [8,30,59].

In order to obtain high rate performances for PANI/graphene na-
nocomposites, the microstructures of the nanocomposites should be
optimized. 3D and flexible rGO films using CaCO3 particles as sacrificial
templates facilitated a porous structure within the 3D rGO, and then
PANI nanowire arrays were grown on 3D rGO by chemical oxidative
polymerizations [61]. The specific capacitance of the 3D rGO/PANI
film maintained at 88% when the current density increased from 0.5 to
10 A g-1. The formation of PANI nanowire arrays was a key factor in
maintaining high rate performances because almost every PANI nano-
wire could access the electrolytic ions and participate in the electro-
chemical reactions, as exhibited in Fig. 2. Another example was the
growth of PANI onto a graphene monolith with a phase-separated
structure [63]. The phase-separated PANI/graphene nanostructures
were beneficial to an efficient diffusion of electrolytic ions as well as
large capacitive enhancements of PANI/graphene nanocomposites at a
large current density, compared with uniformly structured PANI/gra-
phene nanocomposites. A high capacitance of 783 F g-1 was achieved at
a high current density of 27.3 A g-1. A possible mechanism to explain
the poor performance of uniformly structured PANI/graphene nano-
composites was proposed that large lateral sizes and aspect ratios of
graphene might act as inevitable barriers to the ion diffusions. Given
that, Zhang et al. immobilized PANI nanoparticles onto a conductive
film substrate utilizing graphene and CNTs as building blocks, thus to
obtain flexible PANI/graphene/CNT ternary composite films with a
hierarchical nanostructure. The ternary PANI/graphene/CNT nano-
composite film exhibited a specific capacitance up to 432 F g-1 at
0.5 A g-1, and dramatically enhanced cycling stability. The dimensional
confinement of PANI particles on the surface of the conductive gra-
phene/CNT composite films prohibited large volume expansion/
shrinkage upon cycling, and meanwhile, the immobilized PANI parti-
cles endowed the nanocomposite films with additional

pseudocapacitive behaviors and improved interfaces between electrode
and electrolyte [64]. In addition, Fan et al. prepared a ternary PANI/
graphene/CNT composite film by polymerizing PANI onto a 3D porous
graphene/CNT composite film substrate, exhibiting a high capacitance
of 409 F g-1 at 10 A g-1, as well as excellent rate and cycling perfor-
mances [65].

3.2. Synthesis/fabrication techniques of PANI/graphene nanocomposites

Compositing PANI with rGO has been widely investigated and the
capacitive enhancements greatly depend on different synthesis/fabri-
cation techniques [27,30,58,64,66]. In other words, the synthesis/fab-
rication techniques have large influences on the electrochemical per-
formances mainly depending on the different combinations between the
two components.

Tailoring nanostructured PANI on rGO and grafting PANI on gra-
phene are efficient strategies for the construction of PANI/graphene
nanocomposites. A novel strategy was proposed to prepare PANI and
PANI/graphene hydrogels: (1) 3D dendritic PANI nanofiber hydrogels,
(2) dendritic PANI nanofiber/graphene hydrogels and (3) PANI nano-
fiber/N-doped graphene hydrogels [67]. This strategy involved an in-
tegrated route of polymerization of aniline followed by a hydrothermal
process. Although high capacitances could be achieved for constructing
3D graphene/PANI nanocomposites, these 3D porous nanocomposites
were usually prepared in rather complicated processes, such as using
sacrificial templates and hydrothermal methods, which unavoidably
hindered scale-up productions of such composite structures.

A key difficulty in constructing 3D rGO structures is how to prevent
rGO sheets from restacking without introducing sacrificial templates,
and meanwhile avoid high-cost synthetic procedures. To solve the issue,
Yu et al. presented a template-free and cost-effective approach for
large-scale fabrication of high-quality 3D graphene-based frameworks
(3DGFs) from commercial graphite paper at mild conditions [21]. The
synthetic procedures, photographs and SEM images of macroscopically
porous 3DGFs are illustrated in Fig. 3. The volume expansion happened
during the graphite exfoliating process by modified Hummer’s method,
which was quite possible to realize large scale synthesis of 3DGFs by
just enlarging the equipment. When used as a 3D substrate to load
PANI, the PANI nanorods exhibited a high specific capacitance of
1341.3 F g-1 (596.1 F g-1 based on the mass of the whole electrode) at
0.5 A g-1. In addition, Hong et al. fabricated a binder-free rGO/PANI
electrode utilizing diffusion driven layer-by-layer (dd-LbL) assembly
based on electrostatic interactions between GO and branched poly-
ethyleneimine (PEI) to build a 3D foam-like GO structure, which ex-
hibited a high specific capacitance of 438.8 F g-1 at 0.5 A g-1 [68].

3.3. Component ratios of PANI and graphene

In most cases, the low-density PANI/grapheme nanocomposites
might result in low volumetric capacitances of the nanocomposites. It is
a challenge to enlarge volumetric capacitances of the nanocomposites
by a compact assembly of individual components while maintaining
their high gravimetric capacitances. The self-assembly methods enabled
the tunable compositions of the PANI/graphene nanocomposites with
tailorable PANI contents over a wide range. Hu et al. fabricated 3D
skeleton networks of graphene-wrapped PANI nanofibers with four
different PANI contents (5 wt%,10 wt%, 50 wt% and 80 wt%), and the
hydrogel films with the PANI contents lower than 50 wt% were robust
for flexible supercapacitors [42]. With the increase of PANI contents
from 0% to 100%, the gravimetric capacitances of the resultant elec-
trodes first increased and then decreased. A high specific capacitance
value of 921 F g-1 at 1 A g-1 can be obtained by rGO-PANI (50 wt%)
hydrogel film, which was much higher than that of rGO hydrogel film
(128 F g-1) and PANI nanofibers (575 F g-1). The contents of PANI
within the PANI/graphene nanocomposites prepared by in-situ poly-
merization methods also influenced the electrochemical performances
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of the nanocomposites. Xu et al. reported a PANI/graphene composite
monolith as a self-standing electrode with a density over 1.5 g cm-3,
which exhibited a record high volumetric capacitance over 800 F cm-3

[69]. In particular, the growing process of PANI in PANI/graphene
composite monoliths was monitored by SEM observations, as shown in
Fig. 4. A similar tendency of the capacitive performances revealed that
the specific capacitance increased with the PANI loadings up to 54%,
but higher PANI loadings did not bring in additional capacitances.
Moreover, the nanocomposites with the PANI content higher than 54%
show larger ion diffusion resistance and fast decay of the capacitance at
a large current density.

3.4. PANI doping level in PANI/graphene nanocomposites

Doping the PANI chains with an oxidizing component (p-type) or
reducing component (n-type) alters the charge distribution over the π
orbitals, which is a key requirement for achieving high-performance

electrochemical performances of PANI [12]. Hence, the doping, whe-
ther during or after polymerization, is highly responsible for resultant
electrochemical behaviors. Hu et al. employed an Ir-doped PANI film
electrode with an operating voltage window up to 0.7 ~ 0.8 V. The
specific capacitances of PANI strongly depended on the doping level.
Noted that the initial doping is not an essential process to make PANI an
active material [70,71]. Bian et al. showed that the specific capacitance
of a de-doped PANI is 29% higher than that of doped PANI [72]. The
reason was that some dopants covalently attached to PANI chains
blocked parts of the capacitances. De-doping also resulted in morpho-
logical changes promoting the formation of micropores, which would
achieve a better accessibility of active materials with ions. Never-
theless, initial doping was typically used as an internal template for
controlling the shape of PANI network, which was directly responsible
for the electrochemical performances [73–75].

Wang et al. presented a three-step synthesis method for the pre-
paration of PANI/graphene nanocomposites by in-situ polymerization/

Fig. 2. Morphologies of 3D-rGO and 3D-rGO/PANI films. (a) Digital images, with the inserted image showing the flexibility of the film. Cross-section SEM images of (b, c) 3D-rGO and (D-f)
3D-rGO/PANI films at different magnifications [61]. Reprinted with permission from Ref. [61], Copyright 2013, Wiley-VCH.

Fig. 3. (a) Schematic diagram illustrating the fabrication of 3DGFs. Photographs of (b) GP, (c) 3DGFs, and (d) their comparison. SEM images of (e) GP and (f) 3DGFs [21]. Reprinted with
permission from Ref. [21], Copyright 2015, Wiley-VCH.
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reduction/dedoping-redoping process [8]. Although the redoping pro-
cess lead to little decreases of capacitances from 1126 F g-1 to 1079 F g-
1, energy densities of the electrodes of 37.9 Wh kg-1 at the power den-
sities of 141.1 W kg-1 were better than the nanocomposites after re-
duction/dedoping. Hao et al. noticed that the introduction of additional
acids and the ratios of sulfonated graphene to aniline played a sig-
nificant role in controlling the morphology of the nanocomposites [32].
The low concentration of protons from sulfonated graphene acting as
macromolecular dopants restrained the growth speed of PANI nuclei on
sulfonated grapheme and promoted the formation of high-crystalline
PANI nanorods. As a result, the nanocomposites exhibited specific ca-
pacitance values of 763 F g-1 with better rate performances than both
sulfonated graphene and additional HCl doped nanocomposites.

3.5. Synthesis conditions for PANI/graphene nanocomposites

There are several synthesis conditions by varying the sequence of
compositing or reducing GO, adding a third component, changing the
electrolytes, which would greatly influence the capacitive properties of
the PANI/graphene nanocomposites. In most cases, rGO was first
achieved from GO and then followed by compositing with PANI, which
might greatly affect the disperse states of graphene and the electro-
chemical properties of the nanocomposites [76–78]. A PANI/graphene
nanocomposite was made by reducing GO using hydrazine hydrate in
presence of PANI [28]. However, the specific capacitances can be only
480 F g-1. Although this kind of strategy benefited to form a homo-
geneous dispersion of PANI and GO, the follow-up reduction procedures
from GO to rGO might dedope the PANI with a decay of capacitive
performances. Feng et al. noticed that GO precursors could be elec-
trochemically reduced to graphene at cathodic potentials, and

Fig. 4. Growing process of PANI in PANI/graphene composite monoliths. (a-f) SEM images of freeze-dried PANI/graphene nanocomposites with PANI loadings from 0% to 60%. (g) 2D
schematic representation of growing process of PANI in 3D grapheme monoliths with the increase of PANI loadings from a transmission view. (h) Nitrogen adsorption/desorption
isotherms and (i) specific surface area of freeze-dried PANI/graphene nanocomposites with different PANI loadings showing that aniline is preferentially grown around the micropores
and blocks [69]. Reprinted with permission from Ref. [69], Copyright 2015, Wiley-VCH.
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meanwhile, aniline monomer can be polymerized at anodic potentials.
Based on these two points, they developed a new one-step electro-
chemical synthesis of PANI/graphene composite film in a large scale by
scanning the potential of the electrode between -1.3 and 1.0 V by using
GO and aniline as the starting materials, achieving a specific capaci-
tance value of 640 F g-1 [45]. Hao et al. designed a novel PANI/gra-
phene nanocomposite where boron-doped graphene were used as sub-
strates for loading PANI by in-situ polymerization [79]. More
specifically, they investigated the capacitive performances of the na-
nocomposites in both acid and alkaline electrolytes. The electro-
chemical impedance spectroscopy (EIS) plots before and after cycling
tests in 1 M H2SO4 illustrated only slight changes at high and low fre-
quency regions. However, compared with the plot before cycling in
alkaline electrolyte, the charge-transfer resistance was about 8 Ω and
the slop at low frequency greatly changed, nearly to a half of original
value after 5000 cycles. This result was probably related to the elec-
trochemical actives of PANI in different electrolytes. The conductivity
of PANI would decrease because of the de-protonation for long-time
immersions. Brozova et al. reported that the mass of PANI was con-
stantly lost by removals of residual adsorbed water or aniline oligomers,
when PANI was immersed in alkaline [80].

Adding a third component such as metal nanoparticles or metal
oxides/hydroxides into the PANI/graphene nanocomposites is a man-
ageable approach to optimize the capacitive performances of the na-
nocomposites [81–84]. The strong coupling between metal oxide/hy-
droxide nanoparticles and graphene in a confined 2D manner gave the
nanocomposites with unique structural features and synergistic elec-
trochemical properties derived from individual components [85–87].
For instances, Li et al. demonstrated an efficient and universal strategy
for controlled growth of metal oxides/hydroxides (such as Co3O4,
Fe2O3, and Ni(OH)2) nanoparticles on graphene to construct unique 2D
graphene hybrids employing PANI as coupling linkers between the two
components [88]. Remarkably, the specific capacitance of the PANI/
graphene/Co3O4 electrode could be maintained at 1010 F g-1 (> 95%
capacitance retention) after 2500 cycles.

4. Summary and outlook

In summary, we presented a state-of-the-art review of recent ad-
vances in the design, synthesis and applications of the PANI/graphene
nanocomposites as electrode materials for supercapacitors. Upon ra-
tional design and synthesis, the PANI/graphene nanocomposites have
achieved high specific capacitance, high powder density and remark-
able cycling stability. However, the vastly different performance of
various PANI/graphene nanocomposites in literatures pushed us to in-
vestigate the differences and key factors determining the electro-
chemical performances of the nanocomposites, such as the morpholo-
gies, synthesis/fabrication methods and synthesis conditions. The
optimized synthesis conditions and prerequisites for improving the
electrochemical capacitive performances of PANI/graphene nano-
composites were discussed in details. Several basic necessities for
measuring and analyzing the capacitive performances of PANI/gra-
phene nanocomposites were also reviewed.

Future research directions of the development of PANI/graphene
nanocomposites are proposed. First, the PANI/graphene nanocompo-
sites are mostly arbitrated on the specific capacitances and cycling
abilities, while there are other characteristics that should be noted to
provide a complete assessment system. For instance, the energy density,
i.e. the storage capacity, and the power density, i.e. the speed of
charge/discharge, are not always revealed in a scientific paper, which
might lead to a false conclusion regarding the status and potentials of
the PANI/graphene composite electrodes for supercapacitors. In addi-
tion, the cycling stability should be analyzed and reported for a large
number of cycles (> 10000) considering the practical applications of
supercapacitors. Hence, the researchers should be encouraged to pro-
vide a comprehensive analysis of the electrochemical performances of

the PANI/graphene nanocomposites.
On practical and research forefronts, there is a need to improve the

existing routes and develop new preparation methods for fabrication of
PANI/graphene nanocomposites. Two major goals towards the fabri-
cation of PANI/graphene nanocomposites are the scale-up production
of PANI/graphene nanocomposites and the introduction of hierarchical
porous structures within PANI/graphene nanocomposites. One possible
strategy achieving the scale-up production of PANI/graphene nano-
composites is to utilize naturally existing materials as the starting ma-
terials. Besides, inspired by the phase-separated PANI/graphene nano-
composites that the intrinsic large lateral size and aspect ratio of
grapheme might hinder the electrolyte diffusions [63]. Therefore, in-
ducing defects on the graphene planes could be taken into considera-
tions to construct hierarchical porous electrodes.

There are a number of advantages associated with appropriate
functionalizations of graphene towards the PANI/graphene nano-
composites, which not only improves the interface interactions between
PANI and graphene, but also allows boosting the capacitive perfor-
mances with high contents of graphene within PANI/graphene nano-
composites. With higher contents of graphene, improved ionic acces-
sibility through electrolyte channels and better capacitive properties of
the resultant nanocomposites can be achieved. Moreover, the formation
of ternary nanocomposites by introducing CNTs or metal oxides into the
PANI/grapheme nanocomposites may yield additional capacitive per-
formance benefits. However, it is still a challenge to improve the in-
terfacial interactions in binary or ternary PANI/graphene nanocompo-
sites.

On theoretical forefront, it is urgent to investigate and explain the
charging mechanism of PANI/graphene nanocomposites for super-
capacitors. Several researchers have tried to probe the charging me-
chanism of PANI or graphene alone in various electrolytes, but the
exact charging mechanism of PANI/graphene nanocomposites is still
not fully known. Recently, Xu et al. proposed a proton transport me-
chanism of PANI in dense nanocomposites, indicating that PANI was a
dual electronic-ionic conductivity polymer that acted not only as a
pseudocapacitive active material for high energy storage but also as a
proton conductor that realized a proton transport from the interfaces of
electrode/electrolyte to the inner of dense particles [89]. More im-
portantly, they further proposed the design principle of non-porous
carbon nanocomposites to achieve high volumetric performances, in
which a good dual electronic-ionic conductor was selected as optimized
pseudocapacitive additives. Therefore, it is essential to identify the
charging mechanism in order to fully understand and exploit the ca-
pacitive properties of PANI/graphene nanocomposites. In retrospect,
we can safely say that the PANI/graphene nanocomposites have an
ability to make high-performance supercapacitors, but more should be
done to meet the future requirements of next-generation super-
capacitors.
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