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a b s t r a c t

Polyaniline (PANi) as one kind of conducting polymers has been playing a great role in the energy storage
and conversion devices besides carbonaceous materials and metallic compounds. Due to high specific
capacitance, high flexibility and low cost, PANi has shown great potential in supercapacitor. It alone can be
used in fabricating an electrode. However, the inferior stability of PANi limits its application. The combi-
nation of PANi and other active materials (carbon materials, metal compounds or other polymers) can
surpass these intrinsic disadvantages of PANi. This review summarizes the recent progress in PANi based
composites for energy storage/conversion, like application in supercapacitors, rechargeable batteries, fuel
cells andwaterhydrolysis. Besides, PANi derivednitrogen-doped carbonmaterials,whichhavebeenwidely
employed as carbon based electrodes/catalysts, are also involved in this review. PANi as a promising ma-
terial for energy storage/conversion is deserved for intensive study and further development.
© 2016 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With the flying development of economy, supplying of energy
cannot meet the increasing demand. The clean and efficient energy
devices are desirable due to the energy and environment crisis [1].
Over the past decades, clean and sustainable energy technologies
have been rapidly developed like solar energy, wind energy,
biomass fuels and fusion power. On the other side, energy storage
and conversion technologies have also been in the ascendant.
Among them, supercapacitors, Li-ion batteries (LIBs) and fuel cells
are “super stars” in the investigation fields [2].

The electrode materials play a significant role in the perfor-
mance of the energy storage and conversion devices. Carbon
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species, metal compounds and conducting polymers are the three
main types used as electrode materials for energy storage devices.
Carbon based electrodes (activated carbon, graphene, carbon
nanotubes, etc.) with high conductivity and stability usually have
excellent cycling stability and high power density as supercapacitor
electrodes, battery anodes and the support for fuel cell and water
hydrolysis catalysts. However, the energy density of carbon based
electrodes for supercapacitors are usually low due to the limitation
of energy storage mechanism. Metal compounds may exhibit
excellent electrochemical performance in supercapacitors, batte-
ries and fuel cells due to their high activity and good intrinsic
electrochemical properties, but they still have problems like low
conductivity, high cost and limited natural abundance.

Conducting polymers (CPs), like Poly(3,4-
ethylenedioxythiophene) (PEDOT), polypyrrole (Ppy) and polyani-
line (PANi), have attracted great interests in energy storage, sensors
and electrochromic devices since the discovery in 1960 [3]. They
have high conductivity and excellent capacitive properties. Their
simple components (C, H, N or S) also indicate the high afford-
ability. As displayed in the Ragone plot (Fig. 1), conducting poly-
mers based devices (CP Device) show high specific capacitance
compared with electrochemical double-layer supercapacitors, and
University, Hanoi. This is an open access article under the CC BY license (http://
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Fig. 1. Ragone Plots for capacitors, batteries and fuel cells [4]. Reproduced with
permission.
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have faster kinetics than most inorganic batteries, which can nar-
row the gap between inorganic batteries and carbon based capac-
itors, indicating the high potential of conducting polymers in
energy storage [4]. The combination of conducting polymers and
carbon materials, metal compounds is quite popular with excellent
performance taking advantage of each component, like the Ppy/
CNT/graphene foam composites shown superior performance in
asymmetric supercapacitor [5]. Among the conducting polymers,
polyaniline (PANi) generates most attention because it has the
highest specific capacitance due to multi-redox reactions, good
electronic properties due to protonation [6], and low cost for its
infinite abundance. Moreover, it has better thermal stability and
can be easily synthesized by chemical or electrochemical methods,
resulting in powder or thin film [3].

PANi can exist in different oxidation states: fully reduced leu-
coemeraldine (LE) (y ¼ 1), half oxidized emeraldine base (EB)
(y¼ 0.5) and fully oxidized pernigraniline (PE) (y¼ 0), as illustrated
in Fig. 2 [7]. The intermediate PANi-EB has the highest stability and
conductivity after the protonation. However, both LE and PE are
insulators even after the protonation [6]. Usually, the PANi used in
electrodes is a mixture of its three states and we are expecting for a
highest portion of PANi-EB in the mixture to contribute to the best
performance. PANi can be synthesized by the oxidation of mono-
mer aniline through chemical or electrochemical methods [8].
Chemical polymerization can result in various morphologies, like
nanofibers, nanorods, nanotubes, nanoflakes, nanospheres and
even nanoflowers, through accurate control of oxidants or/and
addition of additives [9,10]. Compared with chemical polymeriza-
tion, the electrochemical polymerization is a much faster and
environmentally benign polymerization process, which is free of
oxidants and additives. Using simple setup, electrochemical poly-
merization can easily obtain film-shaped binder-free electrodes.
Fig. 2. The asymmetric chemical structure of PANi [7]. Reproduced with permission.
Nevertheless, the morphology of the PANi obtained from electro-
chemical deposition is usually limited to nanofibers, nanogranulars
or thin film at the surface of substrates. Besides, the morphologies
of PANi are greatly dependent on the properties of the substrates.

PANi has been widely used in energy storage and conversion
devices, including supercapacitors, batteries and fuel cells. When
used for supercapacitors PANi as the active material stores charge
via redox reaction as the PANi transition between various oxidation
states. It has been able to achieve specific capacitance as high as
950 F g�1 through the involvement of the entire volume in storage
of charge, surpassing other conducting polymers that store charge
solely on surface [11]. However, the pseudocapacitive processes
involve the swelling, shrinkage and cracking of the polymer during
doping/dedoping of charged ions, resulting in poor cycle stability.
In addition, the degradation of PANi may occur at relatively high
potentials due to the over-oxidation, which lead to relatively low
working potentials of PANi electrode. These problems make it
necessary to develop composite designs that couple other materials
such as carbonaceous materials or metal oxides with the PANi
matrix. Yan Jun and co-workers prepared an efficient super-
capacitor electrode based on graphene nanosheets (GNSs), carbon
nanotubes (CNTs) and PANi through a facile chemical in-situ
method. The electrode shows very high specific capacitance
(1035 F g�1, 1 mV s�1) and excellent stability (6% lost after
1000cycles) [12]. Similarly, when used for battery electrode fabri-
cation, PANi also shows great enhancement in electrochemical
performance via composite design which combines electroactive
organic polymers and electroactive inorganic species to form single
nanocomposite materials. This is an appealing way to merge the
best properties of each of the components into a hybrid electrode
material. The hybrid approach also allows the composite materials
with synergic activity unattainable by the individual components.
In the composite electrode smaller molecular or cluster inorganic
species can be integrated and anchored in the PANi host matrix
with enhanced structural stability, optimized porosity and
improved electric conductivity, which lead to extra charge storage
via improved charge transportation and kinetic behavior. Yang
Liqun and co-workers prepared MoS2/PANi nanowires as anode for
LIB, illustrating high capacity of 1063.9 mAhg�1, much higher than
pure MoS2 (684.9 mAhg�1) [13].

Fuel cell is a promising energy conversion technology, which
converts the chemical energy of fuels to electricity with high effi-
ciency and without emission of greenhouse gases. However, the
high cost and unsatisfied cycle life hinder the wide application and
commercialization of fuel cells as a clean and sustainable power
source. Up to now, the best electrochemical catalyst for both anode
and cathode is Pt supported on porous carbon. Pt is expensive with
limited availability while graphitic carbon support suffers from
corrosive degradation. It is a great challenge to find a better elec-
trode catalyst to replace Pt/C or to reduce the Pt loading with
improved performance. This is true particularly for cathode catalyst
to promote oxygen reduction reaction (ORR), which has high over-
potential and requires much more (usually 4x) Pt than anode. Four
classes of new ORR catalysts have been developed in recent years,
including (i) Pt-M (M ¼ Co, Ni, Cr, Fe, Mo, Bi) alloy catalysts with
lower Pt contents, (ii) New-generation chalcogenides, (iii)Non-
precious metal and heteroatomic polymer nanocomposites, and
(iv) Metal-free carbon-based catalysts. PANi as supports for metal
catalysts has several advantages, like the high flexibility, high
conductivity, controllable morphologies and high dispersive ability
to prevent the agglomeration of the active catalysts. Additionally,
PANi can be employed as the carbon precursor to fabricate metal
free non-precious catalysts [14], because of its low cost and high
content of nitrogen, which may play important role in enhanced
electrochemical activity.
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In the past few years, more and more renewable energy is
generated by intermittent solar and wind power sources added to
the power grid. The need for grid balancing and energy storage
increases. Although for less than a cycle or hourly energy storage,
flywheel or battery is respectively the preferred option, power-to-
gas (H2) holds great significance for high volumes (gigawatt, tera-
watt hours) and long term energy storage, which converts surplus
renewable electricity into hydrogen by rapid response electrolysis
and its subsequent injection into the gas distribution network [15].
Hydrogen solutions have finally reached the top of energy agendas.
Nevertheless, this program again requires low cost and effective
electrocatalysts for water electrolysis, and PANi has shown promise
as a useful electrode material, both for promoting hydrogen evo-
lution reaction (HER) and oxygen evolution reaction (OER) [16].

This paper summarizes the recent progress on PANi based en-
ergy storage devices and beyond, including: (i) PANi based elec-
trodes used in electrochemical supercapacitors, the composites
with various carbon materials, blends with other polymers and
hybrids with metal chalcogenides. (ii) PANi based electrodes used
in lithium-ion batteries, lithium-sulfur batteries and sodium-ion
batteries. (iii) PANi supported metal compounds and PANi
derived porous carbon materials used as electrochemical catalysts
for fuel cells or electrocatalysts.

2. Supercapacitors

Supercapacitors have high power density and long cycling sta-
bility. They are able to store much more energy than traditional
capacitors because of the enlarged surface area of the electrode and
the decreased distance between two charged layers. They can be
divided into two categories: electrostatic double-layer super-
capacitor (EDLC) and pseudocapacitor. EDLC stores electrical en-
ergy by the electrostatic adsorption and desorption of ions in the
conductive electrolyte, thus creating the double layers at the elec-
trode and electrolyte interface on both positive and negative elec-
trodes (Fig. 3a). Porous carbon materials with low cost are usually
used as double-layer supercapacitor electrode materials due to
their high specific surface area and excellent mechanical and
chemical stability. The electrochemical processes for charging and
discharging can be expressed as: Es1 þ Es2 þ A� þ Cþ 4 Eþs1/
A� þ E�s2/Cþ. Where ES1 and ES2 are the two electrode surfaces, A�

is anion coming from electrolyte, Cþ cation, and/represents for the
electrode/electrolyte interface. During charging, the electrons
travel through an external load from the negative electrode to the
positive one. Cations in the electrolyte move towards the negative
electrode while anions move towards the positive electrode,
forming electrostatic double layers. During discharging the process
is reversed. There is no electron transfer across the electrode and
electrolyte interface, and no ion exchange between the two
Fig. 3. Schematic diagram of (a) the electrochemical double-layer capacit
electrodes in EDLC. In this way, the electrical energy is stored in the
double-layer interface and can be estimated as E ¼ ½(CV2). Where
E, C and V are the energy density, specific capacitance and voltage
of the capacitor. The double layer capacitance can be expressed as
C ¼ A ε/4 pd. Where A is the area of the electrode surface, ε is the
medium (electrolyte) dielectric constant, and d is the effective
thickness of the electrical double layer. The double layer thickness
d is typically a few tenths of nanometer and hence the specific
capacitance is much higher than conventional capacitors.

Pseudocapacitor is another type of supercapacitor, which store
energy through the redox reactions between electrode and
electrolyte (Fig. 3b) [17]. Pseudocapacitance occurs together with
static double-layer capacitance while the electron charge transfer is
accomplished by electron adsorption, intercalation and very fast
reversible faradic redox reactions on the electrode surface. The
adsorbed ions have no chemical bonds and chemical reaction with
the atoms of the electrode since only a charge-transfer take place.
The pseudocapacitors may show much (10e100x) higher capaci-
tance than EDLCs of the same surface area, since the electro-
chemical processes occur both on the surface and in the bulk near
the surface of the solid electrode. But they normally possess rela-
tively low cycling stability and low conductivity in comparisonwith
EDLC, which seemed to impede their wide application. To address
these drawbacks, carbonaceous scaffold is usually added into the
electrode for improving the performance. Pseudocapacitance
strongly depends on the chemical affinity of electrode materials to
the ions adsorbed on the effective surface of electrode. There are
two types of materials exhibiting redox behavior for use as pseu-
docapacitor electrodes: one is transition metal oxides/chalcogen-
ides and the other is conducting polymers [18].

Many transition metal oxides/sulfides, like RuO2, IrO2, V2O5,
Fe3O4, Co3O4, MnO2, NiO, MoS2 and TiS2, generate faradaic elec-
tronetransferring reactions with low conducting resistance. These
metal compounds undergo multiple oxidation states at specific
potentials, leading to high capacitance. Ruthenium oxide (RuO2)
with aqueous H2SO4 electrolyte provides the best example, with a
charge/discharge over a window of about 1.2 V per electrode.
Excellent capacitance of 1340 F g�1 with several hundred-thousand
cycles has been achieved on hydrous RuO2 [19]. The redox reaction
takes place according to: RuO2 þ xHþ þ xe� 4 RuO2�x(OH)x
(0 � x � 2). During charge/discharge, Hþ ions are inserted-into or
removed-from the RuO2lattice, without chemical bonding or phase
transformation. The OH� groups cling as a molecular layer on the
electrode surface and remain in the region of the Helmholtz layer,
while the Ru ions anchoring protons are reduced their oxidation
state from þ4 to þ3.

For conducting polymer pseudocapacitors, the electron charge
storage is implemented by switching the polymer between two
doping states (p-doping/n-doping) where electrolyte ions are
ors and (b) the pseudocapacitors [17]. Reproduced with permission.
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inserted/extracted from the polymers' backbones. The conducting
polymers become polycations during the charging process (oxida-
tive p-doping). The positively charged polycations will attract the
anions (like Cl� in Fig. 4) in the electrolyte to intercalate into the
polymer backbone for electroneutrability. Thus the conducting
polymers are oxidized and they p-doped with anions
((P)m þ xA� � xe� 4 (P)xþm(A�)x) [20]. To the contrary, the con-
ducting polymers are reduced and n-doped with cation (Mþ) dur-
ing discharge ((P)m þ yMþ þ ye� 4 Py�m(Mþ)y). Where (P)m is the
conducting polymer with conjugated double bonds, m is the degree
of polymerization. A� and Mþ are anions and cations, respectively.
Unlike metal oxides, the entire polymer chains are exposed to the
doping/depoing of ions during charge/discharge. This grants high
capacitance but also lead to the damage of the polymer structure,
shortening the polymers' overall life cycle. To improve the life cycle,
conducting polymers and carbon supports are coupled, forming a
hybrid electrode.

Usually, supercapacitors, including both EDLCs and pseudoca-
pacitors, have lower energy density compared with batteries. Sci-
entists have been investigating many routes to increase the energy
density and trying to realize the ideal case: long cycling life, high
power density and high energy density. The design of hybrid ca-
pacitors paves the way to supercapacitors with high capacitance
and energy density. The combined devices based on the hybrid of
carbon based EDLCs, pseudocapacitive electrodes, and even
battery-type electrodes have shown rather good electrochemical
Fig. 4. Illustration of pseudocapacitive behavior of the conducting polymer during the
charging process [18]. Reproduced with permission.

Fig. 5. (a) Schematic illustration of electrolyte diffusion paths in PANi nanowire arrays. (b
performance [17]. Here we will discuss the recent progress and
innovations on PANi based pseudocapacitors in detail.

2.1. PANi and carbon composites

PANi based electrodes for supercapacitors have multi-redox
reactions, high conductivity and excellent flexibility. Pure PANi
could act as a supercapacitor electrode with high specific capaci-
tance around 600 F g�1 in aqueous electrolyte due to its good
pseudocapacitive properties [21,22]. Wang Kai and co-workers
showed that PANi with unique nanowire structure as active ma-
terial for supercapacitor could induce high capacitance of
950 F g�1that was obtained through an electrochemical polymeri-
zation. As shown in Fig. 5, the PANi nanowire arrays could facilitate
the electrolyte ions diffusion, resulting in high utilization of PANi
and fast doping and de-doping process [11]. The excellent elec-
trochemical performance is highly dependent on the PANi struc-
tures. Therefore, the inferior stability due to structural change and
chemical degradation could result in cycling instability and poor
rate performance. Moreover, the agglomerate morphologies of
roughly synthesized PANi usually lead to the inefficient utilization
of PANi. Fortunately, the high flexibility makes it possible for PANi
to combine with other materials harmoniously. Carbon materials
are suitable for the fabrication of PANi based composites due to
their high stability, good conductivity and large surface area, which
can reinforce the structures of PANi during the doping and de-
doping of counter ions.

2.1.1. PANi/Porous carbon composites
Porous carbon materials are popularly used to enhance the

stability along with conductive PANi. They have large surface area,
good chemical stability and easy processability, which can just
make up the disadvantages of PANi. Furthermore, the double layer
capacitance provided from such carbon materials and the pseudo-
capacitive contribution from PANi can further maximize the spe-
cific capacitance of the whole electrodes [23].

Activated carbon (AC) nanomaterials have gained much interest
for the fabrication of PANi/carbon composites due to their high
stability, good conductivity, high affordability and low cost. They
are generally obtained from a variety of carbonaceous precursors by
chemical conversion and physical activation, and commercially
used as electrode materials for supercapacitors in nowadays [1].
The PANi/AC composites can be easily obtained through either
chemical or electrochemical polymerization. The chemical method
could realize the coupling of PANi and carbon during the poly-
merization of PANi in a mixture solution of aniline monomer and
activated carbon powder. After the addition of oxidants, the in-situ
polymerization happens and the PANi/carbon composites are
) SEM image of as obtained PANi nanowire arrays [11]. Reproduced with permission.
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achieved [24e26]. The size of AC particles has great effect on the
morphology of PANi/AC. Small size AC particles could be wrapped
in PANimatrix, while PANi could coat on the surface of ACwhen the
carbon particle size is large. Surfactants can be used to control the
morphology of the PANi/AC composites. In the electrochemical
synthesis process, the activated carbon materials are usually coated
on the stainless steel or graphite substrate and then act as the
working electrode for PANi deposition, thus obtaining the PANi/
carbon hybrids [27,28]. These PANi/AC composites show high spe-
cific capacitance of 200e700 F g�1 due to the combination of both
merits of high intrinsic pseudocapacitance of PANi and good sta-
bility of activated carbons.

Others kinds of porous carbon materials used are ordered
mesoporous carbon (OMC) and ordered macroporous carbon,
which are usually obtained by template (silica, CaCO3, etc.)
methods [29e34]. These ordered mesoporous/macroporous car-
bons are favorable for PANi/carbon composites because of their
high specific surface area, unique structures as well as fast ionic
transport. Their specific surface area can be as high as
Fig. 6. (a) N2 adsorption and desorption isotherms of ordered mesoporous carbon materia
experimental routes [33]. (b) Preparation of three-dimensionally ordered macroporous (3D

Fig. 7. (a) The schematic experimental preparation of PANi nanowhiskers (PANI-NWs) and o
SEM images of PANI-NWs/CMK-3 [34]. (d) Schematic representation of the reduced diffusio
1000e2000 m2 g�1. Fig. 6 illustrates a highly ordered mesoporous
carbon (OMC) with a high specific surface area of 1703m2 g�1 and a
highmesopore volume around 4 nm. Highly flexible PANi grown on
the large-surface OMC could induce high specific capacitance of
602.5 F g�1 [33]. On macroporous carbon PANi could penetrate into
the unique macropore structures and be coated on the inner and
outer surface of carbon spheres [35]. The thin and porous PANi layer
coated on the carbon surface resulted in high utilization of active
materials and short ionic diffusion length. The nanostructured PANi
is desired because of the high utilization of electrodematerials with
more exposed active sites of PANi. Well-ordered whisker-like pol-
yaniline structure was synthesized on OMC with high electro-
chemical performance because of the facilitated ionic transport and
improved PANi utilization [32,34]. The nanometer-sized PANI
whiskers formed numerous “V-type” nanopores inside the active
material (Fig. 7d) and thus yield a high electrochemical capacitance
performance due to the fast penetration of electrolyte, decreased
diffusion length and reduced energy/power loss, leading to high
specific capacitance of 900 F g�1. Other unique nanostructures like
ls (OMC) and insets are the corresponding pore size distribution and the schematic of
OM) carbons and 3DOM-PANi composites [35]. Reproduced with permission.

rdered mesoporous carbon (CMK-3) composite. (b), (c) The low and high magnification
n length with whisker-like channels [32]. Reproduced with permission.
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nanofasciculi, nanowires and nanofibers of PANi were also syn-
thesized on the surface of OMC with high specific capacitance of
473e747 F g�1 [29,30,35].

Porous carbon nanospheres (PCNSs) and hollow carbon spheres
(HCSs) have also been used in fabricating PANi/C composites
[36e38]. PCNSs and HCSs have unique pore structures, such as
ultrahigh surface area and suitable pore sizes, contributing to short
ionic paths, large electrochemical active areas and high specific
capacitance. The PCNSs synthesized by the pyrolysis of polypyrrole
showed a specific capacitance as high as 320 F g�1 [38]. With the
coating of PANi, the electrochemical performance of PANi/PCNS
was greatly enhanced with a higher capacitance of 584 F g�1by
taking advantages of each component. PANi/OMCs based electrodes
usually show better performance than PANi/PCNSs. This is because
the coating of PANi on the PCNSs and HCSs may cover and block a
large portion of micropores, even some mesopores, which could
hinder the electrolyte from infusion. In addition, the coverage of
PANi on smaller sized pores in PCNSs and HCSs decreased the
double-layer capacitance contribution, which is high compared
with that of common carbon materials.

Besides active carbon and ordered mesoporous carbon mate-
rials, there are biomass (wood, bitch, bamboo, etc) derived porous
carbon materials used for the PANi/C composite electrodes [39,40].
After high temperature pyrolysis, such biomass carbon materials
could be excellent support and current collector for the deposition
of polyaniline because of their high porosity and large pore sizes,
which are superior to powered carbon. The disadvantages of such
carbonmaterials are the impurities, which come from the inorganic
salts or oxides in the biomass.

2.1.2. PANi/graphene composites
Graphene has caused extensive concern in supercapacitors due

to its good thermal stability excellent electronic properties and
Fig. 8. The schematic of (a) growth mechanism of PANi on the surface of GO and (b) nucleati
electrochemical performance of PANi and PANi/GO [46]. Reproduced with permission.
high theoretical specific surface area (2630 m2 g�1) [41]. This
dramatically high surface area can help to improve the dispersion
of PANi, which could tremendously enhance the utilization of PANi
and result in much higher specific capacitance. Large sheets of 2-D
graphene can improve the stability by holding every PANi
component together on the large surface tightly. Additionally, the
conductivity of the composite could be enhanced due to the intact
contact of each PANi component to a conducting surface.

Graphene shows a specific capacitance of around 100 F g�1 in
aqueous (acidic, neutral, alkaline), organic, and even ionic liquid
electrolytes [41,42]. When combined with PANi, the capacitance
reaches 1046 F g�1, as PANi contributes most to the capacitance due
to pseudocapacitive properties [43]. Graphene used in energy
storage is usually synthesized following the Hummer's method or
modified Hummer's method due to the high yields and low cost.
This result in graphene oxide (GO) [44]. The composites of PANi and
GO can be prepared through chemical in-situ polymerization or
electrochemical co-deposition. Various morphologies of the com-
posites can be obtained from chemical method, like nanofiber or
flocculent structures, the nanostructure of which is beneficial to
fast charge transfer, and thus high specific capacitance [45,46]. As
show in Fig. 8a and b, the growth of PANi on GO is highly dependent
on the concentration of aniline monomer. When the concentration
is low (<0.05 M), PANi tends to dispersedly grow on GO, while the
nucleation will happen in the solution when the concentration is
high (>0.06 M). This growth mechanism was used as a guidance to
optimize the products. The flocculent PANi/GO composites showed
a high specific capacitance of 555 F g�1 and high capacitance
retention of 92% after 2000 cycles due to the synergistic between
layered GO sheets and pseudocapacitive PANi. Electrochemical co-
deposition is a facile method and the obtained PANi/GO composites
also show good electrochemical performance, high specific capac-
itance (Csp > 640 F g�1) and long cycling stability (~90% after 1000
on of PANi in solution. SEM images of (c) GO and (d) PANi/GO reacted for 24 h. (eeh) the
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cycles) reported [46,47]. However, the morphologies of PANi/GO
composites synthesized by electrochemical polymerization are
sterile and the structure design is more difficult for special purpose.

Manyworks havemade progress on PANi/Graphene by reducing
GO to reduced-graphene-oxide (rGO) in order to enhance the
conductivity. The reduction could be realized through the use of
reductant like hydrazine, sodium borohydride, or a heating process
in inert gas around 400 �C [43,48,49]. The PANi/rGO composites
show 3x better electrochemical performance compared with PANi/
GO, 480 F g�1 to 158 F g�1 as illustrated in Zhang Kai's work [48].
There are twomain routes for the synthesis of PANi/rGO composite,
one is a reduction process of GO to rGO first and then combined
with PANi. However, scientists found that rGO tends to be
agglomerate during the reduction. Therefore, many researchers
synthesized the composites of PANi/GO first and then reduced
them to PANi/rGO following a re-doping process of PANi to improve
the utilization of rGO [43]. The properties of the PANi/G composite
capacitors strongly depend not only on morphology and loading
mass ratio of PANI on graphene surface, but also on the connecting
(non-covalent or covalent) mode between PANI and graphene.
Compared to non-covalent connecting, covalent connecting is
stronger and might have positive impact on the capacitance and
cycle life of the composite. Recently a new strategy has been
developed to induce covalent connecting between PANI and
functional-rGO (frGO) via selection of surface functionality of rGO,
such as aminophenyl-rGO and nitrophenyl-rGO. The functionali-
zation of rGO to frGO was performed through solvothermal reac-
tion or furnace heating with ammonia gas flow [50,51]. The
functional group may affect the morphology and conductivity of
PANI and thus improve the supercapacitor performance. Vertical
PANi nanowires array grown on nitrophenyl-group-modified rGO
(frGO) showed higher thermal stability, higher specific capacitance
Fig. 9. (a) The schematic of the synthesis of G/PANi paper. SEM images of (b) A4 printing p
Optical picture of a red LED lighted by the G/PANi-Paper based solid-state supercapacitors an
different bending states. (h) Cycling stability and coulombic efficiency test [55]. Reproduce
and longer cycle life than the two nanocomposites connected by
van der Waals force (PANi-GO and PANi-rGO). A large-scale con-
jugated system was found to form between PANI and frGO, which
could improve charge transfer significantly and enhance the
capacitive performance [51].

Besides traditional PANi/GO, PANi/rGO and PANi/frGO compos-
ites, new types of 3-D graphene foam (GF) or graphite paper have
been prepared for the fabrication of PANi based free-standing
electrodes [52e55]. Bin Yao and co-works deposited PANi onto
the pencil-drawing graphite paper and the obtained free-standing
electrodes with excellent mechanical properties, as shown in
Fig. 9g. The electrode is highly flexible so that the CV curves in
Fig. 9g have no difference with the bending angel change. The G/
PANi paper based supercapacitors have high energy density, good
cycling stability and high coulombic efficiency that can light a red
LED (Fig. 9f). PANi nanowire arrays on 3D graphene (rGO-F/PANi)
electrodes also showed promise for flexible and wearable device
applications. Fig. 10a schematically shows the skillful experimental
process for preparation rGO-F/PANi electrode. The rGO-F/PANi
based symmetric supercapacitor achieved high capacitance of
790 F g�1 due to the facilitated electrolyte ions diffusion in the
porous carbon network structures (Fig. 10c), as well as the
improved utilization of PANi with nanowire structures (Fig. 10e).
The 3D rGO films could also be obtained by the vacuum filtration or
free-dry methods with the assistance of certain organic additives
and the polymerization of PANi could be conducted to obtain PANi/
3D-rGO free standing electrodes [52,53]. Graphenewas also used to
fabricate the 3D kitchen sponge based porous carbon structures for
PANi deposition. And the as received sponge/PANi/Grapnene (GnP)
composites were used to fabricate supercapacitors with
outstanding performance [54], in which ordinary macroporous,
low-cost and recyclable kitchen sponges were used as porous
aper, (c, d) graphite paper and (e) G/PANi paper with deposition time of 120 min. (f)
d five bending states of G/PANi-Paper electrodes. (g) CV curves of the supercapacitors at
d with permission.



Fig. 10. (a) The schematic of rGO-F/PANi preparation. (b) Digital picture of Ni foam, GO foam and rGO foam. SEM images of (c) rGO foam and (d, e) rGO-F/PANi composites [56].
Reproduced with permission.
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carbon for the composite. These kinds of 3D graphene/PANi films
are attractive to fabricate flexible free-standing electrodes with
superior electronic properties and excellent mechanical stability.

2.1.3. PANi/CNTs composites
Besides graphene, carbon nanotubes (CNTs) have been also the

top-rated materials used in energy storage in the last decade due to
their excellent intrinsic mechanical, electronic and structural
properties [57]. As shown in Fig. 11, there is a side-selective inter-
action between PANi and single-walled carbon nanotube (SWNT).
The function groups on the surface of SWNT could have certain
bonding with the active sites (eNHe/]N]) of PANi. Moreover,
PANi and SWNT could also have pep interactions. However, CNT
may suffer from the polarization when CNT electrode is in contact
with electrolyte and show low capacitance of about <100 F g�1. The
lower capacitance is partially attributed to poor wettability of CNT
electrode, which leads to a lower usable specific surface area for
charge accumulation of the electrolyte ions on the double-layer. For
this reason, reducing the polarization of CNT by introducing
pseudocapacitive transition metal oxides or conducting polymers
on the CNT surface can greatly enhance the electrochemical per-
formance. Zhang and co-workers have reported the use of a carbon
nanotube array directly connected to the current collector (Ta foil)
as the support to make PANi/CNT composite electrode with hier-
archical porous structures [58].
PANi and CNTs (SWCNTs and MWCNTs) composites were usu-
ally fabricated through chemical or electrochemical method with
PANi coated on the surface of CNT, forming a coreeshell structure
[59,60]. These electrodes show excellent electrochemical perfor-
mance due to pseudocapacitive behaviors of PANi at the surface and
high conductivity and mechanical stability of backbone CNTs. The
interconnected CNTs can also help to improve the ions diffusion.
PANi could be nanofibers or nanowires that surround the CNTs,
resulting in caterpillar-like hybrids. However, the chemical poly-
merization route usually requires previous chemical treatment on
the CNTs in order to enhance the stable CNT dispersion during the
polymerization step. Y. Yang et al. demonstrated an in situ chemical
polymerization of PANI on a single CNT using a grafted poly(4-
vinylpyridine) (P4VP) as dopant. The P4VP was grafted onto the
CNT surface via covalent bonding in the neutral aqueous solution.
The CNT modification can prevent the self-aggregation of CNTs
without affecting the intrinsic conductivity and structure of CNTs,
resulting in high specific capacitance (1065 F g�1) and long cycling
stability (92.2% after 1000 cycles) [59].

A simple and scalable method was introduced by Hongxia Yang
et al. for fabricating hybrids graphenepyrrole/CNT-PANi (GPCP),
using graphene foam as the supporting template [61]. Graphene-
pyrrole (G-Py) aerogels were prepared via a hydrothermal pro-
cess from graphene sheets and pyrrole, while CNT/PANi dispersion
was obtained via in situ polymerization (Fig. 12). GPCP was



Fig. 11. Schematic illustration of the in-situ electrochemical polymerization of the SWNT-PANi composites (inset is the TEM image of SWNT-PANi composites) [57]. Reproduced
with permission.

Fig. 12. Schematic illustration of 3D graphenepyrrole/carbon nanotube/polyaniline architectures fabrication [61]. Reproduced with permission.
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obtained by simply dipping the prepared G-py aerogels into the
CNT/PANi dispersion. The as-synthesized GPCP maintained its
original three-dimensional hierarchical porous architecture, which
favors the diffusion of the electrolyte ions into the inner region of
the active materials. The GPCP material exhibited significant spe-
cific capacitance of up to 350 F g�1, 5 times that of G-Pyaerogel
electrode (69.8 F g�1) and 2.2 times that of CNT/PANi electrodes
(162 F g�1). A good cycle stability of 84% retention was attained
even after 2000 cycles. Usually, the degradation of PANi in capac-
itance is ascribed to swelling and shrinkage of PANi during charge/
discharge, which induces gradually deterioration of the conduc-
tivity and the PANi chain structure. As a result, the good stability of
GPCP comes from the synergistic effect between aligned PANi
nanorods on CNT and scaffold G-Py aerogel. The 1-D conductive
CNT/PANi not only prevent the aggregation and restacking of gra-
phene sheets but also locally improve the conductivity of the aer-
ogels by providing conductive pathways through defects of
graphene and bridging the neighboring graphene sheets. Highly
porous G-Py scaffold ensures sufficient contact of CNT/PANi with
electrolyte and the enhanced electrolyte ions diffusion.

PANi-graphene-CNTs composites have aroused high attention in
supercapacitor electrodes fabrication [62,63]. Graphene with high
specific capacitance can enlarge the interfacial contact area of
electrolyte and electrode, thus increasing the utilization of PANi.
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CNTs can act as active wires connecting graphene nanosheets
together to enhance the conductivity. PANi contributes most to the
capacitance due to its good pseudocapacitive properties. As shown
in one paper, PANi could be coated on the surface of graphene
nanosheets and the surface of CNTs during the in-situ chemical
polymerization of polyaniline (Fig. 13aec), which means that the
utilization of CNTs, graphene could be maximized for thin layer
PANi coating.

Porous carbon nanofibers (CNFs) could be alternative materials
of CNTs owning to the excellent conductivity, remarkable flexibility,
good mechanical/chemical stability and attractive 3D structures.
They can serve as free standing current collectors for chemical and
electrochemical polymerization of PANi [64e66]. The PANi nano-
particles are uniformly coated on the surface of 3-D interconnected
CNFs during the chemical polymerization of PANi. The resulting
electrode is very flexible that it can maintain original shape with
large angle bending [65]. Qian Cheng and co-workers chose the
electrochemical etched commercial carbon fiber cloths as the
substrates for the electrochemical polymerization of PANi [64].
After etching, the carbon fibers could have enlarged surface area
and facilitated electrolyte diffusion. As show in Fig. 14a, PANi
nanofibers were uniformly coated on the carbon fibers and the
electrochemical etching of carbon fibers is vital with greatly
enhanced electrochemical performance compared with un-etched
carbon fibers (Fig. 14b). The electrochemical stability is also good
as shown in Fig. 14c. There are also investigations on the fabrication
of CNFs with certain organic precursors. One paper illustrated that
the carbonized filter paper could be the freestanding substrates to
fabricate PANi/CNFs composites and the polyacrylonitrile dissolved
in dimethyl formamide (DMF) can be used as CNFs current collec-
tors after one-step carbonization methodology [66].
Fig. 13. (a) Schematic diagram of the preparation of PANi-GO-CNT (PGC) co
2.1.4. Carbonization/activation of PANi
PANi has one advantage over metal compounds that it can serve

as carbon precursor for the fabrication of nitrogen doped carbon
materials for EDLCs. The resulting porous carbon materials are
obtained with the samemorphologies before and the carbonization
and activation, like nanotubes, nanofibers, nanowires and nanorods
[67e71]. Activated carbon synthesized by carbonization of PANi
and subsequent activation with KOH possesses extremely high
specific surface area (1976 m2 g�1) with narrow pore size distri-
bution (<3 nm). It exhibits excellent electrochemical performance
with specific capacitance of 455 F mg�1 in 6 M KOH solution. When
graphene is introduced into PANi, the specific capacitance retention
ratio of obtained activated carbon is improved from 88.7% to 94.6%
after 2000 cycles. It is thus believed that the activated carbon
derived from PANi may be highly promising in applications of
electrochemical capacitors [67]. The activation process can increase
the specific surface area of the carbon matrix by opening the
existing close pores and producing new pores with the gas release.
Kim et al. adopted NH3 as the activation gas in the high temperature
(750e1000 �C) activation of PANi. The surface area increased from
46.6 m2 g�1 for PANi up to 1719.8 m2 g�1 while large amounts of
surface nitrogen functional groups were maintained in pyrrolic and
pyridinic states, even after the heat treatment, which is favorable
for pseudocapacitance [70]. Besides NH3 and KOH, ZnCl2 and H3PO4
are also common chemical activation additives used for the acti-
vation of carbon materials [72].

2.2. PANi and other conducting polymer blends

PANi can form copolymer blends with other conducing poly-
mers. These copolymers may show better electrochemical
mposites. (b, c) SEM images of PGC [63]. Reproduced with permission.



Fig. 14. (a) Schematic diagram of the preparation of PANi-coated electro-etched carbon fiber cloth electrodes and the corresponding SEM images of every step. (b) CV curves of PANi
coating carbon fibers with and without etching. (c) Cycling stability test of PANi coated electrode [64]. Reproduced with permission.
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performance than that of each component, particularly the cycle
stability. Though the values may not be comparable to the PANi/
graphene or PANi/CNTs composites, these copolymers are attractive
due to their ease of synthesis, high yields and low cost [73e76].

Citric acid (CA), camphor sulfonic acid (CSA), paraphenylenedi-
amine (PPD), melamine and etc. have been used as the organic
dopants for the synthesis of PANi based copolymer blends. PPD
could improve the morphology and electrochemical performance
of PANi based electrodes [74]. PANi nanofibers were longer with
less entangled structures in PANi-PPD compared with pure PANi
(Fig. 15a, b). The PANi-PPD copolymer electrode showed higher
specific capacitance (548 F g�1) and better rate capability compared
with pure PANi (Fig. 15c, d). Melamine-PANi copolymers show
enhanced cycling stability compared with un-doped PANi. More-
over, when themelamine content is higher, the specific capacitance
would be higher (720 F g�1) and enhanced cycling stability
compared with un-doped PANi (83% capacitance retention after
1500 cycles vs. 30% after 1250 cycles) [76]. The electrochemical
performance of these copolymers may be not comparable to those
compositions of PANi/graphene or PANi/CNTs, but such copolymers
are attractive due to their easily synthesized methods, high yields
and low cost.

2.3. PANi and transition metal oxides/metal chalcogenide hybrids

PANi based organic-inorganic composites have aroused great
interests owning to their synergistic effect. Except for carbon
materials, metal oxides are also popular to fabricate PANi based
organic-inorganic hybrid electrodes. PANi as a kind of flexible
conducting polymers has been used to fabricate a conductive
coating layer on the surface of metal oxides to enhance the
conductivity and stability. Ruthenium oxide with high conduc-
tivity shows excellent performance in supercapacitor. However,
its low abundance and high cost limit the commercial application.
In the recent years, non-precious transition metal oxides, such as
manganese, nickel, cobalt, iron, molybdenum, vanadium, tung-
sten and titanium oxides have been attempted as supercapacitor
electrodes [77]. But their conductivity is usually low, and needs
the assistance of conductive polymer coating. In the field of PANi/
metal compound composites, manganese oxides and dioxides are
most used.

2.3.1. Metal oxides/PANi coreeshell structures
Transition metal oxides (TMOs) hold great promise owning to

their high specific capacitance and good chemical stability. How-
ever, their electronic properties are quite poor, resulting in slowly
charge transfer and inferior rate capability. Conducting polymers
like PANi can act as the conductive, connective and protective
coating layer for TMOs, resulting in improved conductivity/rate
capability, enhanced stability and increased specific capacitance.
The PANi coating layer is a porous structure without hindering the
electrolyte ions from diffusing to the inner TMOs and reacting with
the TMOs to induce high capacitance.

The coreeshell structural TMO/PANi was usually synthesized
through a two-step process. Metal oxides are obtained through a
chemical or electrochemical method, following with an annealing
process, while chemical or electrochemical PANi coating was car-
ried out as the second step, resulting in metal oxides/PANi coree-
shell nanostructures. In Fig. 16a, the synthesis of coreeshell a-
Fe2O3/PANi nanowire arrays is schematically illustrated. The a-
Fe2O3 nanowire arrays were first grown on carbon cloth at 500 �C
for 2 h after the galvanostadic deposition in the electrolyte con-
taining ferric salt and ammonium oxalate. Then, the galvanostadic
polymerization of PANi were conducted, with a porous layer of
PANi were uniformly coated on the surface of the a-Fe2O3 nanowire
arrays. The resultant a-Fe2O3/PANi composite could achieve high
stability, fast ion/electron transport and large reaction area [78].
The synthesis of metal oxides can also be realized through the



Fig. 15. (a, b) SEM images of PANi with and without PPD doping. (c) Chargeedischarge curves of PANi with and without PPD doping. (d) Specific capacitance as a functional of
discharge current density of PANi with and without PPD doping [74]. Reproduced with permission.

Fig. 16. (a) The schematic of coreeshell a-Fe2O3/PANi nanowire arrays fabrication. (b, c) SEM images of a-Fe2O3 and a-Fe2O3/PANi nanowire arrays. (d, e) TEM image and HRTEM of
a-Fe2O3/PANi nanowire arrays [78]. Reproduced with permission.
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chemical routes, like NiO nanoparticles [79]. The PANi coating was
conducted by an in-situ chemical polymerization.

There are quite a few studies on the coreeshell PANi/TiO2 or
PANi/TiN nanowire arrays used as supercapacitor electrodes
[80,81]. TiO2 and TiN nanomaterials could be a good pseudocapa-
citive materials for supercapacitors due to the high specific surface
area and good electronic properties. However, they are faced with
the instability due to irreversible redox reactions in aqueous solu-
tions. The carbon or conducting polymer coating can deal with this
problem and the cycling stability could be greatly improved [81].
Interestingly TiO2 has barely specific capacitance when combining
with PANi, which was grown as nanowires encapsulated in an
anodized titania nanotube array (see Fig. 17) [80]. The specific
capacitance of TiO2/PANi nanocomposites is around 750 F g�1, with
quite good cycling stability, around 85% after thousands of cycles.
This result is much better than most of the electrode made by PANI
nanowire array or PANi-inorganic (such as Au, CNT, graphene,
porous carbon etc) composites. Such an excellent cycle stability is
attributed to the novel microstructure of the composite electrode.
The volume of TiO2 nanotubes is large enough to buffer the big
volume change of PANI during doping/de-doping processes and
hence maintain a good electrical and mechanical stability.

When the nitridation was conducted by the ammonia gas in the
furnace tube, TiO2 could convert into TiN and the electrochemical
performance is also enhanced due to the enhanced conductivity of
TiN vs TiO2. As shown in Fig. 18a, a core/shell/shell nanowire arrays,
PANi/C/TiN-NWA can be formed through sequentially coating car-
bon and PANi on the surface of TiN-NWA [81], which achieves a
high capacitance of 1093 F g�1 and excellent stability of 98% even
after 2000 cycles. PANi contributes most to the pseudocapacitance
Fig. 17. Schematic illustration of the preparation process of disordered PANI n
due to the fast faradic doping and de-doping reactions. TiN nano-
wire arrays provide the charge transfer routes. Without the middle
carbon shell, the PANI/TiN NWAs also show good performance.
However, the existence of carbon shell further enhances the cycling
stability due to the protection of TiN from electrolyte corrosion.

Recently, mixed metal oxide systems have shown improve-
ments in pseudo-capacitive performance. Among them spinel fer-
rites (MFe2O4, M ¼ Mn, Co, or Ni) are of great interest for their
remarkable properties, such as different redox states and electro-
chemical stability. Nevertheless, pure ferrites cannot be satisfactory
due to poor conductivity. To overcome this problem carbon and
conducting polymer coatings are usually employed. Several ternary
cobalt, nickel and manganese ferrites/carbon/PANi hybrids based
electrodes were reported for high performance supercapacitors
[82e84]. These spinel ferrites have remarkable properties, like
multiple redox states, excellent pseudocapacitive properties and
superior electrochemical stability. However, the pure spinel ferrites
have poor conductivity which is unable to satisfy the performance
of supercapacitors. The design of spinel ferrite based hybrid elec-
trodes is a good choice to improve the electrochemical perfor-
mance. The binary PANi and spinel ferrite composites should have
good conductivity and high specific capacitance, but limited cycling
stability. As a result, the combination of spinel ferrite, PANi and
carbon composites are expected to have enhanced electrochemical
performance due to the synergistic effect of every component. The
graphene oxide and cobalt ferrite composites were obtained
through a hydrothermal method (Fig. 19a), following a chemical
polymerization of PANi layer on the surface of cobalt ferrite [84].
Fig. 18b shows that the same hydrothermal method and chemical
in-situ polymerization of PANi are applicable for the synthesis of
anowire array on the TiO2/Ti substrate [80]. Reproduced with permission.



Fig. 18. (a) The schematic of coreeshell PANi/C/TiN nanowire arrays fabrication. (b, c) SEM images of TiN nanowire arrays and PANi/C/TiN nanowire arrays [81]. Reproduced with
permission.
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nickel ferrite/graphene oxide/PANi and manganese ferrite/gra-
phene oxide/PANi nanocomposites.

Besides metal oxides and spinel ferrite, there are also some
metal sulfides and metal compounds with unique crystal struc-
tures, desiring for a conducting polymer coating layer due to infe-
rior conductivity [85e87]. Among them,Metal-organic frameworks
(MOFs), like Co MOF (ZIF-67) and Zn MOF, have received increasing
attention as a new class of porous materials for energy storage and
conversion applications due to their high specific surface area,
exceptional porosities and well-defined tailored pore structure to
facilitate the ion diffusion. However, the major problem of MOFs is
their poor conductivity, which could be tackled by the conducting
polymers, like PANi. Electrochemical studies showed that the PANI-
ZIF-67-CC, which was synthesized by depositing PANi on a Co-
containing MOF on carbon cloth (denoted as ZIF-67-CC), exhibits
an extraordinary areal capacitance of 2146 mF cm�2 at 10 mV s�1.
This value is thought to be the highest among all MOF-based
supercapacitors reported to date and surpasses many other types
of supercapacitive materials [87]. Unlike the hot topic of PANi layer
coated on metal oxides, there have been reported only few papers
talked about the growth of metal oxides on the surface of PANi
nanomaterials through hydrothermal method or electrochemical
deposition method due to the hydrophobic properties of the sur-
face of PANi materials [88,89].
2.3.2. Electrochemical co-deposition of PANi and metal oxides
As talked about before, PANi and carbon materials can be

fabricated as composites through a one step in-situ chemical
oxidation process or a facile electrochemical co-polymerization
method. However, there are very few in-situ chemical method
used for the combination of PANi and metal oxides [90]. This could
be attributed to the fact that the syntheses of metal oxides/hy-
droxides usually need mild alkaline medium containing metal salts
precursor whereas the polymerization of PANi usually is conducted
in acidic medium for high quality products. Fortunately, the one
step co-deposition can still be conducted for PANi and certainmetal
oxides by electrochemical methods as long as the potential ranges
for the deposition of PANi is in agreement with metal oxides and
the resulting composites are not soluble in the electrolytes.

A successful example is the electrochemical co-deposition of
PANi and manganese oxides/dioxides. There are quite a few papers
studying the electrochemical deposition of PANi/MnOx due to their
aligned deposition potential window and similar electrochemical
deposition characteristics [91,92]. With manganese salts dissolved
and aniline dispersed in the electrolyte, the as obtained PANi/MnO2
composites show fibroid structure with particles at the surface,
indicating a good combination of PANi and MnO2. The nanofiber
structure is beneficial to the conductivity and capacitance, obtain-
ing 1292 F g�1 in an organic acetonitrile electrolyte [91]. The energy



Fig. 19. (a) The schematic of the preparation of the ternary spinel ferrite/PANi/carbon materials. (b) The energy density as a function of power density of binary and ternary
electrode materials. (c) The high cycling stability of the ternary nanocomposite: CGP0.345 [84]. Reproduced with permission.
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density is also high due to large potential range (2 V) and the high
specific capacitance, according to the equation of E ¼ ½ CV2. There
are also investigations on the electrochemical co-deposition of
PANi/WO3, PANi/V2O5 and PANi/NiO composites owning to the
matched deposition window of such metal oxides and PANi
[93e95]. Tungsten oxides and vanadium oxides are attractive in
supercapacitors because of their excellent pseudocapacitive be-
haviors in negative potential range. Nickel oxides have high theo-
retical and measured specific capacitance. The electrochemical co-
deposition is quite a facile method containing one step. The com-
posites show good stability and high conductivity that the metal
oxides are embedded in interconnected PANi matix.

3. Lithium-ion batteries and beyond

As one of themost promising rechargeable batteries, lithium ion
battery (LIB) has been actively developed since 1970s [96]. In this
section, we mainly talk about the PANi based electrodes used in
lithium-ion batteries (LIBs), as well as the application in beyond
batteries, like Lithium-sulfur batteries (LSBs) and sodium-ion bat-
teries (SIBs). The significant merits of PANi used for the fabrication
of battery electrodes will be emphatically discussed. The cathode
and anode materials' design for LIBs, the fabrication of cathode
materials for LSBs and the anode preparation for SIBs related with
PANi will also be discussed in detail.

3.1. Lithium-ion batteries (LIBs)

Among secondary cells, LIBs are promising candidates used in
potable electronic devices owning to their high energy density,
good security and long cycling life. LIB has much higher energy
density than supercapacitors, making it the technology of choice for
portable electronics, electric vehicles and power grid applications.
In a LIB, Liþ ions as the charge carrier move from the negative
electrode (anode) via an electrolyte which allows for ionic move-
ment to the positive electrode (cathode) during discharge and back
when discharging.

Commercial LIB uses LiCoO2, LiFePO4, LiMn2O4 and Li(Ni1/3Co1/
3Mn1/3)O2 based materials as the cathodes for LIBs. However,
these cathode materials may suffer from poor conductivity, infe-
rior rate capability, short cycling life and voltage decay [97].
Conducting polyaniline is an excellent material to make surface
modification of these Li-rich cathode materials, resulting in
improved conductivity and stability [98]. Actually even without
metal compounds, PANi or PANi-derived microporous carbon
could be an efficient cathode and anode for LIBs. Fig. 20 shows the
spray synthesis of conducting HClO4-doped PANi nanotubes [99].
Chargeedischarge measurements demonstrate the good capacity
and cycling capability of the Li/PANi rechargeable cells con-
structed with the nano-structured doped PANi as the cathode. The
PANi electrode might have undergone an induction process from
unstable state to stable state, after which, the chargeedischarge
curves became steady and showed good reversibility with a
discharge-plateau voltage of 3.0 V and a charge-plateau voltage of
3.4 V. The reaction of Li/PANi batteries can be written as: emer-
aldine base þ 2LiClO4 4 2Li þ emeraldine salt [99].

The most commercially popular anode electrode is graphite
owing to its excellent features, such as flat and low working po-
tential, low cost and good cycle life. It has a capacity of 372 mAhg�1.
However, graphite allows the intercalation of only one Li-ion with
six carbon atoms. Additionally, the diffusion rate of lithium into
carbon materials is limited, resulting in low power density which



Fig. 20. (a) Schematic depiction of the large-scale synthesis of HClO4 ePANi nanofibers through a spray technique, and (b) chargeedischarge cycling performances of Li/PANi cells
made with doped PANi nanotubes at the constant charge/discharge current density of 20 mAg�1 and the temperature of 25 �C for Li ions in electrodes [99]. Reproduced with
permission.
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could not meet the increasing demands of energy. Hence, three
new types of anode materials have been being developed,
including: (i) Intercalation layer-structured materials, such as gra-
phene and Li4Ti5O12; (ii) Alloy materials such as Si, Sn and SnO2;
(iii) Conversion materials like transition metal oxides (MnxOy,
FexOy), metal sulphides (MoS2) and so on [100]. However, the
transition metals chalcogenides usually suffer from large volume
expansion during lithiation/de-lithiation and poor conductivity
[98]. These disadvantages could result in poor cycling stability and
inferior rate capability. The conductivity and stability can be
enhanced when transition metal chalcogenides combine with the
conducting polymers, like PANi.

3.1.1. PANi modified cathode materials
Li-rich cathode materials like LiCoO2, LiFePO4, LiV3O8, Li(Ni1/

3Co1/3Mn1/3)O2 and Li(Ni1/3Mn1/3Fe1/3)O2 have been used to fabri-
cate PANi modification electrodes for LIBs [97,101e104]. Karima
Ferchichi et al. recently showed that the PANi/LiCoO2 composite
improved the specific capacity from 136 mAhg�1 of the pristine
LiCoO2 cathode to 167 mAhg�1 by increasing the reaction revers-
ibility and electronic conductivity with increasing the mass ratio of
LiCoO2 to 4:1 in the composite [102]. LiFePO4 (LFP) as a cathode
material possesses excellent cycle stability and thermal stability,
but with poor electron and ion conductivities. Conductive PANi
coating on carbon-coated LiFePO4 could further enhance the ca-
pacity and rate capability of LFP via improving the electrical con-
ductivity of the C-LFP composite, mediate the polarity difference
between the cathode and the electrolyte, and reduce the charge
transfer impedance. The electronic conductivity of the polymer is
dependent on the type of inorganic acid dopants. The C-LFP/PANi
composite cathodes doped with HCl and H3PO4 gives a ca. 15% ca-
pacity enhancement at 0.2 C and 40% enhancement at 5 C
compared to the parent C-LFP, whereas H2SO4 is not a good dopant
[104]. Chunli Gong et al. have recently reported the use of PANi and
poly (ethylene glycol) (PEG) copolymer were used to modify the
performance of LiFePO4 [105]. LiFePO4 cathode has two big limi-
tations, poor electric conductivity and low Li ion diffusion. PANi as a
conducting polymer with good electronic properties and high
flexibility is superior to enhance the conductivity of LiFePO4 cath-
ode while PEG is a very good solvent for lithium salts and becomes
the best known polymer ionic conductor. Therefore, PANi/PEG co-
polymers have both high electric and ionic conductivity when used
for coating of LiFePO4 as illustrated in their work. Excellent high
specific capacity (125.3 mAhg�1 at 5 C) and long cycling stability
(95.7% retention after 100 cycles at 0.1 C) are achieved.

Vanadium oxides are third generation of promising cathode
materials. Layered LiV3O8 has drawn high interests as cathode
material in LIBs owning to its high discharge capacity/specific en-
ergy density, high working voltage, good chemical stability and low
cost. It exhibited high initial discharge capacity of more than
300 mAhg�1 at current densities of 20 mA g�1, but suffered from
low high-rate capacity and fast capacity fading due to phase
transformation and electrode dissolution. Conducting PANi coating
on LiV3O8 nanorods could reduce the charge transfer resistance by
connecting LiV3O8 nanorods together (Fig. 21d). Moreover, LiV3O8

dissolution could be reduced (Fig. 21e, f), achieving high discharge
capacity of 204 mAhg�1 after 100 cycles [101].

In addition to the monometallic cathode materials, the trime-
tallic materials, like Li(Ni1/3Co1/3Mn1/3)O2 and Li(Ni1/3Mn1/3Fe1/3)
O2 have also been studied to use PANi coating for improved the
electrochemical performance [97,103]. Nomatter for monometallic,
bimetallic or trimetallic materials, the coating layer of conducting
polymers is used to enhance the conductivity, improve the stability
and as a buffer shell for cathode materials from dissolving in
organic electrolytes. In particular, the Li-rich composite cathode
materials, which can be written as xLi2MO3(1 � x) LiMO2 (M ¼ Ni,
Co, Mn, Fe, Cr, or combination), have attracted increasing attention
due to their high reversible capacities (>250 mAhg�1) and high
operating voltages (>4.6 V vs. Li/Liþ). However, these Li-rich
cathode materials still suffer from intrinsic poor rate capability,
severe capacity fade, and voltage decay due to the rearrangement of
surface structure caused by the activation of Li2MnO3 component
above 4.5 V, the erosion from the electrolytes, and the structural
transformation during cycling. Very recently, Di Wang and co-
workers successfully synthesized a spherical lithium-rich cathode
material with a layered-spinel hybrid structure and coated a PANi
layer of the average 6.3 nm thickness on the surface of each particle
of ~1 mm in size. The electrochemical performance of the PANi-
coated spherical lithium-rich cathode material was remarkably
improved. PANi coating brings an obvious improvement on
coulombic efficiency and cyclic stability via the depressed forma-
tion of the solid-electrolyte-interface (SEI) layer, the enhanced
electron conductivity and improved ion diffusion in the electrode. A
high initial columbic efficiency (which is critically important for
practical application of the material) of 83.5% was measured. The
capacity retention was as high as 92.4% after 200 cycles at a rate of
0.5 C. The discharge capacities at 0.1 C and 10 C were 302.9 mAhg�1

and 146.2 mAhg�1, respectively [97].

3.1.2. PANi modified anode materials
The coating of conductive PANi layer has been widely employed

in fabricating anode for LIB, with transition metal oxides (NiO, TiO2,
SnO2 and Fe2O3) and metal sulfides (SnS2, MoS2) [13,98,106e109].
Transition-metal oxides and sulfides usually demonstrate



Fig. 21. (a, b) SEM images of bare LiV3O8and (c, d) LiV3O8-12%PANi composite. (e) Charge-discharge curves of LiV3O8 and (f) LiV3O8-12%PANi composite (selected cycles) [101].
Reproduced with permission.
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capacities over 700mAhg�1, but formost of the unmodified anodes,
the cycling performance is poor, which is related to various factors,
such as the poor conductivity, the structural instability, and the
aggregation of the Li-active nanoparticles. These types of materials
are mostly semiconductors of low conductivity. They are either
converted (in the initial discharge reaction) to inactive Li2O for
metal oxide (MO): MO þ (x þ 2) Liþ þ (x þ 2) e� 4MLix þ Li2O, or
converted to inactive M for metal sulfides (MS):
MSþ 2Liþ þ 2e� 4Mþ Li2S. Though M or Li2S can reversibly store
charge in the subsequent charge/discharge cycles, the capacitance
may rapidly reduce due to poor electrical contact between the Li-
active nanoparticles and the substrate. Furthermore, the aggrega-
tion of Li-active nanoparticles may take place, leading to gradual
activity loss and thus poor cycling performances of the MO or MS
anode. The PANi coating can overcome these problems.

A nickel foam-supported NiO/PANi composite exhibited
enhanced the conductivity and stability by connecting NiO flakes
together and isolating NiO from electrolyte corrosion. Hence better
reversibility due toweaker polarization, better cycling performance
and enhanced discharge capacitance were observed. The specific
capacity for the NiO/PANi electrode after 50 cycles is 520 mAhg�1,
higher than the NiO electrode (440 mAhg�1) [106].

SnO2 is a promissing LIB anode due to its high theoretical spe-
cific capacity of 891 mAhg�1, abundance, low cost, chemical sta-
bility and environmental friendliness. Its biggest problem is still the
large volume expansion during lithiation and de-lithiation. Inten-
sive research has been conducted to tackle this problem by pre-
paring PANi/SnO2-Fe2O3 composites [108]. The SnO2eFe2O3
composite was prepared through the hydrolysis of corresponding
metal salts in a citric acid solution. When aniline was added to the
solution, Fe3þ ions on the outer surface of SnO2eFe2O3 colloidal
particles led to the oxidation polymerization of aniline, forming
unique SnO2-Fe2O3@C structure, inwhich the SnO2eFe2O3 colloidal
particles were completely coated with PANI and their aggregation
was restricted by the outer PANi shell, resulting in nanosized par-
ticles. PANi here played role as carbon-containing precursor and
restriction of the particle growth. Finally, thermal treatment of the
obtained products at 400 �C in air led to the carbon-coated
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SnO2eFe2O3 nano-composite. The introduction of carbon layer can
enhance the electronic conductivity of the nanocomposite and
facilitate enhanced Liþ transport kinetics. In addition, carbon layer
may act as the buffer for the huge volume changes in Li insertion/
extraction process. The unique structure of SnO2-Fe2O3@C nano-
composite effectively improved its electrochemical properties (as
compared to pristine SnO2eFe2O3), achieving the fully reversible
reaction and alloy reaction of SnO2. Excellent rate performance of
611 mAhg�1 at 1600 mA g�1 and 1000 mAhg�1 at 400 mA g�1 after
380 cycles were reported (see Fig. 22).

As a low cost, earth-abundant and high-capacity metal oxide,
Fe2O3 has become a popular as energy-storage electrode material.
One paper introduced a very facile method to prepare Fe2O3@PANi
with unique structure and excellent performance [107]. As shown
in Fig. 23a, large quantity of urchin like FeOx spheres were obtained
through a simple sonication method with iron salts in propylene
alcohol as the precursor. Then the hollow structured Fe2O3@PANi
nanospheres were prepared by the chemical polymerization.
Another skillful strategy they used is that the hydrochloric acid not
only acts as dopant for PANi, but also etching agent for iron oxides.
Therefore, the hollow structure could be achieved at certain reac-
tion time (Fig. 23bef). These hollow structured Fe2O3@PANi
nanospheres show highest specific capacity, best cycling stability
and rate capability compared with other samples (Fig. 23hek).
Good cycling performance (893 mAh g�1 even after 100 cycles of
charge/discharge) was reported, compared with a rapid decay of
capacity of the non-hollow Fe2O3 electrode (680mAh g�1 after only
a few cycles).

MoS2 has unique 2D layered structure that is superior for
lithium insertion and extraction. However, the electronic proper-
ties are not so good between S-Mo-S sheets, which limit com-
mercial application. When hybrid with conducting polyaniline, the
conductivity and stability could be greatly improved with MoS2
embedded in PANi matrix [13,110]. The hierarchical MoS2/PANi
Fig. 22. (a) First cycle of galvanostadic chargeedischarge curves of SnO2eFe2O3 and SnO2-
Cycling stability test of SnO2-Fe2O3at 100 mAg�1 and at 400 mAg�1. (d) Galvanostadic charg
SnO2-Fe2O3@C at 400 mAg�1, 346th cycle of SnO2-Fe2O3@C at 400 mAg�1 and 130th cycle
nanowires were obtained through three steps, firstly the
Mo3O10(C6H5NH3)2$2H2O nanowires were synthesized by a
chemical method. Then MoOx/PANi nanowires were prepared us-
ing an in-situ chemical polymerization of PANi. Thirdly, the sulfu-
rationwas realized by a hydrothermal method. The highest specific
capacitance and best cycling stability were obtained with 33.1%
percentage of PANi, which indicates that the best performance can
only be achieved with the optimum PANi weight ratio. The MoS2/
PANi nanoflowers were prepared through a hydrothermal method
with molybdic oxide, potassium thiocyanate in PANI particles
suspension (Fig. 24a) [110]. The nanoflowers become larger and
denser after annealing, but still hierarchical structures with suffi-
cient void space. Electrochemical performances were enhanced
after annealing because of larger specific surface area, better con-
tact and higher conductivity, indicating the significance of heat
treatment process.

Similar to MoS2, SnS2 also has layered structure that facilitates
lithium ion intercalation. The SnS2@PANi nanoplates with a
lamellar sandwich nanostructure can provide a good conductive
network between neighboring nanoplates, shorten the path for ion
transport in the active material, and alleviate the expansion and
contraction of the electrode material during chargeedischarge
processes, leading to improved electrochemical performance. As an
anode material for lithium-ion batteries, SnS2@PANi nanoplates
have a high initial reversible capacity (968.7 mAhg�1), excellent
cyclability (75.4% capacity retention after 80 cycles), and an
extraordinary rate capability (356.1 mAhg�1 at 5 A g�1) [109].

PANi itself can be used to prepare N-containing porous carbon
as anode materials of LIBs. It can be a carbonaceous alternative of
graphite, but the charge and discharge capacity are much higher
compared with graphite, 624 and 1108 mAhg�1, respectively. Based
on the discussion of PANi used in LIB anodes, we could draw a brief
conclusion that the conducting polyaniline serves as a conductive,
protective and connective layer when combined with metal
Fe2O3@C. (b) Cycling stability test of SnO2eFe2O3 andSnO2-Fe2O3@C at 200 mAg�1. (c)
e curves: A, B, C and D are the 130th cycle of SnO2eFe2O3 at 200 mAg�1, 130th cycle of
of SnO2-Fe2O3@C at 200 mAg�1 [108]. Reproduced with permission.



Fig. 23. (a) Schematic diagram of the preparation of hierarchical Fe2O3@PANi. (bef) TEM images of samples obtained at different PANi polymerization time. (g) XRD patterns of
obtained samples with different components. (h) Galvanostatic chargeedischarge curves of Fe2O3@PANi electrode with the potential range of 0.05e3 V (vs. Liþ/Li) at 0.1 C rate. (b)
Cyclic performance of every electrode at a 0.1 C rate. (c) Galvanostatic chargeedischarge curves of Fe2O3@PANi electrode at different cycling rates. (d) Rate capability of every
electrode at different rates [107]. Reproduced with permission.
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Fig. 24. (a) The schematic of preparation of MoS2/PANi and MoS2/C nanoflowers. (b, c) Low and high magnification SEM images of MoS2/PANi nanoflowers. (e, f) Low and high
magnification SEM images of MoS2/C nanoflowers. (d, g) Photographs of two kinds of Chinese roses [110]. Reproduced with permission.
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chalcogenides [111]. It requires lower temperature for the carbon-
ization (700 �C vs. >1000 �C for graphitized carbons). In particular,
when K2CO3 was used as activation agent, the specific surface area
of PANi-derived carbonwas increased from 8.9 to 917m2 g�1 due to
the presence of large amount of mocropores (<2 nm). The charge
and discharge capacity of PINi-derived microporous carbon are
much higher, compared with graphite (603 mAhg�1 after 20 cycles
vs. ~300 mAhg�1 of graphite).

3.2. Lithium-sulfur batteries (LSBs)

LSBs with lithium metal as anode and sulfur as cathode are
rechargeable batteries with advantages including high specific
capacitance (Cth ¼ 1672 mAhg�1), high specific energy
(2600 Wh kg�1), light weight, high abundance and low cost.
However, they have been suffering from certain problems, like low
conductivity, low stability due to high solubility of intermediates
(polysulfides Li2Sx) in organic electrolyte and the large volume
change during charge/discharge [112e114]. In order to reduce the
negative effects, many efforts have been made, like adding Li-
protecting electrolyte additives, developing Li-protecting
separators and encapsulating sulfur in carbon scaffold or con-
ducting polymer matrix. PANi is an ideal coating material with
porous structure, low solubility in organic electrolyte and high
flexibility to encapsulate sulfur in PANi matrix.

One strategy is to encapsulate sulfur in PANi matrix [112,113].
Here PANi acts as a conductive shell. In one paper, PANi nanotubes
(PANi-NT) were prepared through a self-assembled method for sul-
furation [112]. Then the polymer nanotubes and sulfur were heated
at280 �C to forma3-Dcross-linked sulfur-PANi (SPANi-NT) structure
with sulfur encapsulated in PANi-NT. This structure can tackle the
dissolution of polysulfide, accommodate the volume change,
resulting in good rate capability cycling stability. Another paper
introduced the design and fabrication of PANi coated sulfur york-
shell structure used for LSBs. This composite shows a high and sta-
ble capacityof 765mAhg�1 at 0.2 C after200 cycles [113]. As shown in
Fig. 25a, the in-situ chemical polymerizationwas conductedfirstly to
prepare uniform nanospheres, and then, the heat treatment was
conducted, resulting in york-shell structure. The excellent perfor-
mances are owning to the heating process that provides high ca-
pacity retention and a york-shell structure to accommodate the
volume expansion and reduce polysulfide dissolution.



Fig. 25. (a) Schematic diagram of a two-step preparation of S-PANi york-shell structure. (b) SEM images of coreeshell S-PANi composite. (c) Particle size distribution [113].
Reproduced with permission.

H. Wang et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 225e255 245
Considering the advantages of both PANi and carbon materials,
ternary PANi@C/S composite could be a good choice for the
fabrication of LSBs with excellent electrochemical performance.
Carbon nanotubes (CNTs) are widely used for as a supporting
material with high conductivity, good chemical and mechanical
stability. However, the surface areas and pore volumes are limited,
leading to poor accommodation of sulfur active sites. PANi as a
shell of sulfur coating of CNTs (SCNTs) could accommodate high
capacity of sulfur. SCNTs could be prepared by a heat treatment in
inert gas with sulfur and CNTs [114], or a solution-ultrasound-
stirring method with sulfur amine/sodium thiosulfate pentahy-
drate in CNT suspension [115,116]. The PANi shell was then syn-
thesized through an in-situ chemical oxidation to encase SCNTs,
resulting in high capacity, superior rate capability and cycling
properties. Graphene oxide (GO) or functional graphene with two
dimensional structure and high specific surface area could also be
used to wrap PANi and S with outstanding performance. The
functional groups on the graphene surface could absorb poly-
sulfides to enhance the stability [117]. Very recently, bipyramidal
structured sulfur particles was first coated with a PANi layer to
enhance the conductivity, which was then wrapped by GO sheets
to improve the stability [118]. Besides CNTs and graphene, other
porous carbon materials, like active carbon, have been adopted to
fabricate PANi@C/S cathodes [119]. The carbon black could
enhance the conductivity by connecting S particles together, while
the PANi shell could be an excellent sulfur host for high capacity
(Fig. 26a). With coating of PANi shell, the specific capacity has been
greatly increased.

3.3. Sodium-ion batteries (SIBs)

SIB has been developed as an alternative rechargeable battery to
LIB owning to the low cost and abundant of Na salts. Sodium ions
show similar behaviors in energy storage to Li ions. However, the
larger size and weaker alloying capability (with certain anode
materials such as graphite and Si) of Na ion compared with Li ion
make it difficult for wide applications because the development of
suitable anode materials to host bigger Na ions becomes a big
challenge. Recently, several groups have developed suitable anodes
based on PANi with excellent electrochemical performance
[120e123].

PANi can be used as a precursor for the preparation of advanced
carbon anode for SIB. The design of novel structures is important
when prepare the SIB anode materials because anode materials
with suitable structure can facilitate Na ions insertion-extraction.
Liu Jun et al. reported a kind of hollow carbon nanowires
(HCNWs) derived from the hollow PANi nanowire precursor
through a direct pyrolyzation process [120]. This novel structured
carbon is attractive as SIB anode for its high conductivity and good
chemical/mechanical stability. The PANi derived HCNWs show
good electrochemical performance, with a high reversibility of
251mAhg�1 at 50mAg�1 and good cycling stability over 400 cycles.
Besides the novel nanostructure, the doping of heteroatoms in
carbon based anodes is still vital to improve the performance. Ni-
trogen and sulfur doping in carbon matrix can improve the con-
ductivity and enhance the sodium storage capacity by enlarging the
interlayer distance of carbon. Zhang Lina and coworkers prepared a
N,S-co-doped carbon anode derived from cellulose and PANi mi-
crospheres [123]. Cellulose is the most abundant resource on earth
and it has been used as a good carbon precursor for the fabrication
of electrode materials used in energy storage. PANi is a flexible and
low-cost conducting polymer with nitrogen species, which could
be excellent for the fabrication of N-doped carbon materials with
unique structures. In their work, a green and low-cost method was
employed to prepare the N/S-codoped carbon microsphere (NSC-
SP) electrode (Fig. 27a). The cellulose/PANi microspheres were
obtained by adding oil component into the cellulose/PANi sus-
pension. After adding of S dopant, the as obtained composites were
heated to achieve the NSC-SP electrode. In Fig. 27b the N/S co-
doped carbon anode (NSC-SP) shows higher capacitance and sta-
bility at every current density than those without N or S doping.

PANI was also studied as the SIB anode in a nanostructured
PSePANI/rGO hybrid system, where the polystyrene (PS) nano-
sphere was used as a substrate or basic frame for the deposition of
PANi, while the resulting coreeshell PS-PANi was further modified
with the coating of rGO to fabricate the PS-PANi@ rGO as anode
materials [121]. The PS spheres with high surface area can help to
improve the dispersion of PANi and the rGO coating could enhance



Fig. 26. (a) Schematic diagram of PANi@C/S structure. (b) Charge and discharge potential profiles of PANi@C/S. (c) Charge and discharge potential profiles of C/S and PANi@C/S. (d)
Cycling stability of C/S and PANi@C/S [119]. Reproduced with permission.
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the stability to deliver a high capacity of 155 mAhg�1 and long
lifetime of 150 chargeedischarge cycles.

Besides direct acting as the activematerial for SIB, PANi has been
widely used as a coating layer material in many hybrid anode
systems, including PANI/transition-metal-oxides. Zhan Xingxing
and co-workers prepared a SnO2@PANi anode which exhibits long
cycle life and excellent rate performance. SnO2 hollow sphere
(SnO2eHS) was synthesized using carbon sphere as template [122].
After the pyrolysis of carbon core, the SnO2 hollow spheres were
ready for coating with a layer PANi. The SnO2@PANI composite was
able to deliver a relatively high reversible capacity of 213.5 mAh g�1

(after 400 cycles at 300 mA g�1), vs. 14.4 mAh g�1 for a bare SnO2
particle anode. The unique hollow structure and the PANI buffer
layer were found to be beneficial in decreasing the likelihood of the
pulverization of SnO2 and agglomeration of the generated Sn par-
ticles during the discharge and charge process.

4. Electrocatalysts for fuel cell and water hydrolysis

Fuel cell has been used as one kind of sustainable, clean and
efficient energy storage devices in recent years owning to its high
energy density and efficiency, low environmental impact. Unlike
supercapacitors and batteries, fuel cell could realize the direct
conversion of chemical energy to electric energy. Fuel cells like
proton exchange membrane fuel cell (PEMFC), direct methanol fuel
cell (DMFC), Zn-Air cell, polymer electrolyte membrane fuel cell
(PEMFC), alkaline fuel cell (AFC) and microbial fuel cell (MFC) have
drawn much attention among scientists, and tremendous pro-
gresses have been made in the last decade. Similarly, water elec-
trolysis for converting electricity to hydrogen energy has attracted
increasing attention from scientists worldwide. Conducting poly-
mers with good conductivity, high flexibility and variable mor-
phologies have been widely used as supporting matrix or
conductive coating layer for metal catalysts used in fuel cells and
water electrolysis. These conducting polymer supported and con-
ducting polymer derived catalysts usually show high catalytic ac-
tivity and good stability. Among them PANi based electrocatalysts
are promising for hydrogen evolution reaction (HER), oxygen evo-
lution reaction (OER), hydrogen oxidation reaction (HOR) and ox-
ygen reduction reaction (ORR) and methanol oxidation reaction
(MOR).

4.1. PANi as support for metal electrocatalysts

Most metal electrocatalysts are supported onto porous carbon
materials or conducting polymers to improve the utilization,
enhance the conductivity, activity and stability [2]. PANi as sup-
ports for metal catalysts has several advantages, including the high
flexibility and a variety of controllable morphologies. The conduc-
tive polyaniline is favorable for HER and HOR due to its sufficient
protonated sites. Platinum(Pt) is a precious metal with excellent
HER and ORR activity [124]. In order to increase the utilization of Pt
catalysts, PANi was used as a supporting matrix for Pt dispersion.
Various non-precious metal catalysts, like molybdenum(Mo),
nickel(Ni), cobalt(Co), iron(Fe), manganese(Mn) and their com-
pounds, were discovered as alternatives to replace Pt because of its
high cost and low abundance. Among these low-cost non-noble
metal catalysts, MoS2 shows outstanding catalytic performance for
HER. One article illustrated the PANi supported MoS2 hybrid with
edge-rich construction and high HER activity [125]. As shown in
Fig. 28, MoS2 nanosheets uniformly and vertically grow on PANi
branches with high edge exposure, indicating that PANi can greatly
decrease the agglomeration of MoS2. All these would result in high
utilization of MoS2. Except for MoS2, Ni and Ni-Mo in PANi matrix
composites were also studied as surpassingly stable and catalytic
systems [126,127].

Besides Pt, iron is a superior metal catalyst toward ORR. Yong
Yuan et al. have shown an efficient iron phthalocyanine (FePc)
catalyst, using polyaniline/carbon black (PANi/C) as an electro-
catalyst support for ORR of FePc in an airecathode single-chamber
DMFC. The PANi/C/FePc catalyst showed better activity than PANi/C,
C/FePc, and Pt, indicating PANi/C (20 wt% of H2SO4-doped PANi in
carbon) was a better catalyst support than C in this reaction [128].
Meanwhile, the power per cost of PANi/C/FePc was 7.5 times higher



Fig. 27. (a) Schematic diagram of NSC-SP preparation. (b) Rate performances of electrochemical sodium storage, (d) cycling stability test, (c) chargeedischarge curves and (e)
chargeedischarge curves from selected cycles for C-SP and NSC-SP electrodes [123]. Reproduced with permission.
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than that of Pt, demonstrating that the PANi/C was an ideal sup-
porting material for FePc and the PANi/C/FePc offered a good
alternative to Pt in MFC practical applications.

Very recently, Yang Liu and coworkers developed a novel in situ
synthetic method to prepare CoFe2O4 ORR catalyst, using PAN-
ieMWCTas the support [129]. The PANi layer on the MWNT surface
could provide more active sites, leading to the close contact of
CoFe2O4 nanoparticles with the substrate and homogeneous dis-
tribution. Furthermore, PANi could improve the synergistic effect
between the CoFe2O4 nanoparticles and MCNT, promoting the
electrical conductivity and stability of the catalyst. The CoFe2O4/
PANi-MWCNT hybrid exhibited excellent OER activities and
remarkably good durability, much better than the CoFe2O4/MWCNT
hybrid (without PANi) and pure CoFe2O4 NPs, indicating that the
reaction sites of the electrode increased in the presence of PANi.

Ruthenium (Ru) and iridium (Ir) are the most two promising
metal catalysts for OER as they show suitable binding energy with
the surface oxygen species [130]. However, themain problem is still



Fig. 28. (a, c) SEM and TEM images of MoS2/PANi. (b, d) SEM and TEM images of MoS2. (e) STEM image of MoS2/PANi and elemental mapping images [125]. Reproduced with
permission.
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the high cost. Scientists have been tried to find non-precious metal
candidates and most of the common transition metals have been
used as the electrode materials for OER. Among them, nickel and
cobalt and their compounds show superior performance over
others due to high theoretical activity [131,132]. The nickel and
cobalt layered double hydroxide (LDH) nanosheets have been
achieved for OER with low onset potential (290 mV), high current
density and good durability [131]. The binary nickel and iron
nanosheets have been obtained through a one-step electrochemical
co-deposition on nickel foam and possess excellent performance, a
smaller overpotential of 200 mV [132].
Direct methanol fuel cells (DMFCs) are also promising FC de-
vices and they have been investigated in the former years. Besides
of HER and ORR, Pt has good catalytic properties in methanol
oxidation [133]. However, Pt still has some drawbacks like low
electrocatalytic efficiency and high cost. The former one could be
fixed by introducing a supporting matrix, like porous carbon ma-
terials and conducting polymers, to increase the specific surface
area. Then the utilization of Pt is greatly improved. The later one
could be tackled by the binary metal catalysts [134]. PANi was
proved to be a good support for Pt catalysts in methanol oxidation.
Furthermore, there is investigation of PANi/CB/Pt composites acted
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as catalyst that CB has great significance to improve the polymeric
degree and lower the defect density in the PANi backbone, leading
to a higher catalytic activity due to more active sites exposed and
a faster charge transfer at the electrode/electrolyte interface due to
enhanced conductivity [134].

In conventional fuel cells, carbon black XC-72 is typically
employed as Pt support material while nafion is added as both a
binder and proton conductor in the electrode fabrication process.
However, this fuel cell electrode preparation technique is likely to
hinder catalyst accessibility due to carbon particles agglomeration
as well as blockage of electron transport by the ionomer. Very
recently, a one-step simultaneous electrospinning of PANi/Poly
(ethylene oxide) (PEO) and Nafion/PEO was proposed to fabricate
nanostructured PANi/Nafion composite architecture as the sub-
strate for fuel cell catalysts [135]. The preparation of such com-
posite is schematically illustrated in Fig. 29a. Both PANi and Nafion
solutions are not electrospinnable and PEO is added as carrier
Fig. 29. (a) Schematic illustration of the electrospinning of Nafion/PANi nanofibermat. (be
polymer to enhance the spinnability of the mixture solutions. The
fabricated dual nanofibers possess a 3D porous, interconnected
non-woven network (Fig. 29bee) of both electron- and proton-
conducting nanofibers, providing accessible triple phase bound-
ary for all fuel cell electrode processes. The nanofibers after post-
annealing, densification and acid-doping treatments showed
excellent electrical and proton conductivity of 0.014 and
0.023 S cm�1 , respectively.

Liming Yang et al. used a vertical reduced graphene oxide
(VrGO) and PANi composite to support Pd catalyst for DMFCs
though a facile one-step electrochemical deposition of PANi layer
and Pd onto VrGO nanosheets [136]. The VrGO nanosheets can
facilitate the mass transport and electron transfer, On the other
hand, the conductive PANi thin layer coated on the surface of VrGO
nanosheets can not only enhance the conductivity, protect rGO
sheets from restacking and acidic environmental corrosion, but also
improve the compatibility between support andmetal by providing
e) SEM images of Nafion/PANi based composites [135]. Reproduced with permission.
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abundant nitrogen atoms for binding with metal catalysts. The bi-
nary supportingmatix for Pd catalyst induced high catalytic activity
and long durability.

A unique sandwich Pd/PANi/Pd nanoarray structure was
designed for ethanol electrooxidation(Fig. 30e) [137]. This unique
hollow structure was prepared using ZnO nanorod arrays (NRAs) as
a template, which was electrodeposited on Ti plates. Pd and PANI
layers were then deposited on NRA layer-by-layer, using electro-
deposition. The ZnO nanorods were removed by chemical etching,
leading to the Pd/PANi/Pd sandwich-structured nanotube arrays
(SNTAs). The unique SNTA nanotube array structure can highly
improve the utilization rate of catalysts and the diffusion of elec-
troactive species while the double thin Pd layers with improved
utilization make the fast reactions possible. PANi not only enhances
the system conductivity, but also modifies the electronic structure
of Pd. The electron delocalization between Pd orbitals and PANi p
-conjugated ligands makes it difficult for metallic Pd to be oxidized
(or dissolved) and accordingly enhancing the activity and durability
of Pd/PANi/Pd SNTAs. All these result in excellent electrochemical
performance, higher current density and lower onset potential
compared with other samples (Fig. 30g).

4.2. PANi functionalized support for metal electrocatalysts

At present, the most commonly used catalysts in polymer
electrolyte membrane fuel cells (PEMFC) are highly dispersed
2e5 nm Pt nanoparticles (NPs) supported on carbon both for
cathode and anode. However, Pt NPs suffer from poor durability
because of the loss of platinum electrochemical surface area (ECSA)
over time due to the corrosion of carbon support, Pt dissolution,
Ostwald ripening, and aggregation. PANI has been utilized as a
conductive layer to protect the Pt/C catalysts. Their unique p
-conjugated structures lead to good environmental stability, high
electrical and proton conductivity in acidic environments, high
hydrophilic property (vs. carbon materials) and unique redox
properties. However, the protect effect of PANi layer is strongly
dependent on the catalyst structure and synthesis procedure.

In 2012, a new design and synthesis of a Pt/C@PANi core�shell
structured catalyst could address both the activity and durability
issues. As shown in Fig. 31a, the aniline monomer was first selec-
tively adsorbed on the carbon surface via preferential p�p conju-
gation between the aniline and the carbon support and was then
polymerized in situ on the carbon surface via ammonium perox-
odisulfate (APS) oxidation in acidic solution, without covering Pt
Fig. 30. (aee) Schematic illustration of the fabrication of Pd/PANi/Pd sandwich-structure
structured nanotube arrays (SNTAs) advantages as a catalyst. (g) CV curves of different sam
nanoparticles [138]. The electrochemical tests show that Pt/C@PANi
(30%) has the best catalytic activity and much better durability
compared with Pt/C because the suitable thickness (5 nm) PANi
layer can not only protect the carbon core from direct corrosion but
also allow the facilitated penetrability of electrolyte (Fig. 31bee). In
addition to Pt, PANi-decorated catalysts, including iron carbide, iron
nitride, and manganese-based catalysts are found in literature
[139,140].

4.3. PANi-derived porous carbon based electrocatalysts

PANi as a nitrogen-containing carbon precursor has beenwidely
used for the fabrication of porous carbon materials in super-
capacitor and battery applications. PANi derived N-doped porous
carbon materials as advanced catalyst support or non-precious-
metal catalysts for fuel cells have also attracted increasing atten-
tion. The investigations of PANi derived carbon materials are
mainly focused toward ORR since the demand of Pt for ORR is much
higher than HOR in anode electrodes in commercial PEM fuel
cells [14,141]. Heteroatom (N, B, S, P)-doped carbon materials have
been considered as the most feasible metal-free catalysts alterna-
tive to Pt for ORR because they show better fuel cross-over resis-
tance and long-term durability than commercially available Pt/C in
an alkalinemedium. A high electron affinity atom such as N or a low
electron affinity atom such as B can create charged sites in the
carbon framework that are favorable for O2 adsorption. In this
respect, B/N co-doped carbon materials have drawn immense
attention because of their unique electronic structures [14]. The B/N
co-doped porous carbon nanosheets with high heteroatom doping
(5%) were synthesized via the oxidation polymerization of aniline,
aminophenyl boronic acid, and phenylenediamine with amino-
functionalized GO as the template. The GO-based, boronic-acid-
functionalized PANI nanosheets were heated at 1000 �C, resulting
in typical 2-D carbon nanosheets with a thickness of 20 nm and a
high specific surface area of 363 m2 g�1. This B/N co-doped porous
carbon exhibited excellent electrochemical performance for ORR.

PANi-derived O and N co-doped mesoporous carbons were
synthesized by in situ polymerization of PANi within the pores of
SBA-15mesoporous silica, followed by carbonization under an inert
atmosphere and the etching away the silica framework, as illus-
trated in Fig. 32a. The electrochemical catalytic activity of the PANi
derived N- and O-doped mesoporous carbons (PDMCs) is even
better compare with Pt/C catalyst with high current density and
lower onset potential and the PDMCs could realize four electrons
d nanotube arrays (SNTAs). (f) The schematic description of Pd/PANi/Pd sandwich-
ples tested in ethanol þ NaOH electrolyte [137]. Reproduced with permission.



Fig. 31. (a) Schematic illustration of Pt/C@PANi catalyst. (b) CV curves of Pt/C and Pt/C@PANi with different PANi loading mass. (c) LSV curves of Pt/C and Pt/C@PANi with different
PANi loading mass. (d, e) Polarization curves of Pt/C@PANi(30%) and Pt/C catalysts [138]. Reproduced with permission.
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pathway toward ORR (Fig. 32b, c). This unprecedented activity by
the metal-free O/N co-doped carbon toward ORR was attributed to
the synergetic activities of nitrogen and oxygen (or hydroxyl)
species that were implanted in it. Moreover, the catalytic behaviors
could be greatly dependent on the pyrolysis temperature, which is
vital for the formation of unique microporous structures.

It is widely recognized that the co-doping of the transition
metals would further enhance the performance of the metal-free
heteroatom doped carbon catalysts. Many efforts have been un-
dertaken to reveal the role of transition metals for the performance
enhancement of the catalysts. However, the issues related to the
role of the metals as well as the activation mechanism remain
unclear. In a very recent study the addition of various transition
metals (Mn, Fe, Co, Ni, Cu) on the structure and performance of the
doped carbon catalysts M-PANi/C-Mela was shown to affect struc-
tures and performances of the catalysts significantly. Doping with
Fe and Mn leads to a catalyst with a graphene-like structure, and
doping with Co, Ni, and Cu leads to a disordered or nanosheet
structure. The doping of transition metals can enhance the per-
formance of the catalysts, and their ORR activity follows the order
of Fe > Co > Cu > Mn > Ni, which is consistent with the order of
their active N contents. It was suggested that the various perfor-
mance enhancements of the transition metals may be the result of
the joint effect of the following three aspects: the active N content,
metal residue, and the surface-area/pore-structure of the catalyst.
Although the activity enhancement is not the effect of any single
factor, PANi plays an important role since it contributes N-sites
[142].
5. Conclusion and prospect

In this review, we summarize recent advances of PANi in the
application as electrode materials for energy storage and conver-
sion. Because of its good environmental stability, ease of prepara-
tion, low cost, excellent flexibility, unique redox properties and
high electrical and proton conductivity in doped states, PANi itself
can be used as active electrode materials for supercapacitor and
rechargeable battery. PANi is a typical electrode material for
pseudocapacitors with high specific capacitance and cycling sta-
bility. It is also an outstanding cathode material for Li ion battery.
Porous carbon derived from PANi carbonization and subsequent
activation processes possesses high surface area and suitable pore
structure, with high nitrogen content, which can be used as supe-
rior carbon material in both energy storage and conversion,
particularly as the support for electrocatalysts. Nevertheless, the
wide application of PANi is more relied on its unique conjugated-



Fig. 32. (a) Schematic illustration of the synthesis of the PANi derived N- and O-doped mesoporous carbons (PDMCs). (b) Polarization curves of PDMCs pyrolysis at different
temperature. (c) The number of transferred electrons as a function of voltage for PDMCs pyrolysis at different temperature [141]. Reproduced with permission.
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bonding structure as well as the availability of abundant N-active
sites, which allows for PANi to easily couple with other electrode
materials, like carbonaceous materials, metal compounds or other
polymers, resulting in composite materials with superior perfor-
mance over each component due to synergistic effects. PANi-based
composite supercapacitors, rechargeable batteries, and electro-
catalysts could have enhanced or improved behaviors, in which
PANi usually acts as a porous conductive support, protective
network or/and connectivematrix on the surface of active electrode
materials. Various techniques have been employed in preparing the
composites with suitable morphology, size and structure, resulting
in great advances in the past decades. In conclusion, PANi is a
promising excellent electrode material for energy storage and
conversion devices.
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