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Abstract Supercapacitors fill the gap between batteries  CFs
and conventional solid state and electrolytic capacitors.  CA

Polypyrrole (PPy) is a very important electrode material for ~ GP Graphene

supercapacitors. However, the repeated volume changes  PVS"™ Polyvinylsulfonate

usually damage PPy structure and result in PPy poor sta-  PSS"™ Polystyrenesulfonate

bility during a long-term charging/discharging process. DS~ Dodecylsulfate

PPy/carbon material composites were prepared to over-  NS™ 1-Naphthalenesulfonate

come the defects of pure PPy electrodes, and significant ~ COP Chemical oxidation polymerization
enhancement for the specific capacitance, charging/dis-  EOP Electrochemical oxidation

charging rate and electrodes stability was demonstrated polymerization

thereafter. The development of composite electrodes based ~ VA-CNTs Vertically aligned CNTs
on PPy and carbon materials is reviewed in this paper. MWNTs Multi-walled carbon nanotubes
CVD Chemical vapor deposition
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GO/CNF Graphene oxide/carbon nanofiber films

CNF/GP/PPy Foam carbon nanofiber/graphene/
polypyrrole

Induction

Supercapacitors (also called ultracapacitors) are usually
used to describe an energy storage device which bridges
the gap between batteries and dielectric capacitors (Simon
and Gogotsi 2008; Winter and Brodd 2004). Recently,
supercapacitors attract more and more attentions due to
their features, including high power density, rapid charg-
ing/discharging rate, low cost and long cycling life (Jur-
ewicz et al. 2001; Pandolfo and Hollenkamp 2006; Wang
et al. 2012a; Winter and Brodd 2004). These features have
aroused great interest in many fields, such as
portable electronics, hybrid electric vehicles and wind
power.

Generally, supercapacitors can be divided into two areas
based on the mode of energy storage, namely electrical
double-layer capacitors (EDLCs) and electrochemical
pseudocapacitors (ECs) (Simon and Gogotsi 2008; Wang
et al. 2012a).

EDLC:s store energy based on the same mechanism as a
traditional capacitor, i.e., charges at all electrode/elec-
trolyte interfaces, as shown in Fig. 1. The double layer
formation at EDLCs electrode interface has a time constant
of ~107® s, which is almost equal to that of its relaxation
(Winter and Brodd 2004). Therefore, the double layer can
respond rapidly when the potential changes. This interface
storage way allows better power performance of EDLCs
(Frackowiak, 2007; Winter and Brodd 2004). The charg-
ing/discharging process of EDLCs involves a charge

refabrication with extremely small volume change, not a
chemical reaction (Arcila-Velez and Roberts 2014). This is
main reason of high reversibility and good cycling stability
(10° cycles). The electrode of EDLCs usually contains
porous materials with high surface area, such as activated
carbon (AC), carbon nanotubes (CNTs), carbon fibers
(CFs), carbon aerogels (CA), and graphene (GP) (Frack-
owiak and Béguin 2001; Liu et al. 2010). Desired param-
eters for EDLCs electrode materials include high
conductivity, tailorable morphology, large surface area
with controlled pore structure, low cost, high purity, and
low toxicity, excellent thermal stability, and reproducibility
(Chandra et al. 2009; Singh and Chandra 2013). Most
commercially available supercapacitors use carbon mate-
rials as electrode material, especially AC with large surface
area and low cost (Frackowiak, 2007; Simon and Gogotsi
2008; Singh and Chandra 2013). However, the porous
carbon materials fail to achieve high capacitance perfor-
mance. The electrode materials with novel structure and
correspondent electrolytes for EDLCs application should
be well designed to further improve the capacitance per-
formance in the future.

ECs store energy based on fast and reversible faradaic
reactions in the bulk near the surface of electroactive
materials (Lu et al. 2012a; Snook et al. 2011). In general,
ECs store a greater amount of capacitance per gram than
EDLCs, which meets the demand in various applications
with high energy density and long operating time. Metal
oxides (e.g., RuO,, SnO,, MnO, or Fe;0,, etc.) and elec-
tronically conducting polymers (e.g., polyaniline, PPy,
polythiophene, etc.) have been extensively studied as ECs
electrode materials in the past decades (De Adhikari et al.
2015; Simon and Gogotsi 2008; Wang and Zhang 2013).
But due to redox reaction occurring which is closely related
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to various polarizations resulting from, for example, kinetic
barriers for electron transfer, ohmic resistance and ion
transport difficulty, ECs often suffer from the drawbacks of
poor electronic conductivity and limited cycling life (Si-
mon and Gogotsi 2008; Xu et al. 2014), which hinders the
commercialization of many ECs electrode materials.

Polypyrrole (PPy) is one of most important electrode
materials for ECs. PPy presents several advantages, such as
easy synthesis, low cost, low toxicity, high electrical con-
ductivity, good redox properties and environmental sta-
bility (Ata and Zhitomirsky 2015; Davies et al. 2011; Sadki
et al. 2000). Snook et al. 2011 have given the typical dif-
ferences between PPy and several other family forms
(polyaniline and derivatives of polythiophene), which
indicated that PPy has balanced electrochemical properties
for ECs electrode. The mechanism of PPy energy storage
can be described by Eq. 1 or Eq. 2 as shown below:
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where A*” represents the dopant anions in PPy matrix, and
X" for cations in working electrolyte. The charging/dis-
charging process is performed mainly by the anions of A~
when the doped ions are the small ones, such as CI,
ClO4~, SO, and NO5;™. On the contrary, the charging/
discharging process is performed mainly by the cations of
X" when the doped ions is the large anions, such as
polyvinylsulfonate (PVS"™) and polystyrenesulfonate
(PSS"7), due to the immobility of these ions in the polymer
matrix. In addition, the anions and cations largely involve
the charging/discharging process when the doped ion is the
bivalent anions or the anions with moderate size, such as
dodecylsulfate (DS™), 1-naphthalenesulfonate (NS™)
(Syritski et al. 2003; Weidlich et al. 2005). As is shown in
Fig. 2, when PPy is used as both positive and negative
electrodes, PPy volume and doped level change greatly in
charging/discharging process.

Methods for PPy synthesis include chemical polymer-
ization by chemical oxidants and electropolymerization by
anodic oxidation. PPy powder with high surface area can
be easily achieved via chemical oxidation polymerization

(COP). Concerning PPy powder application in superca-
pacitors, most electrodes are porous structures in which an
interconnected matrix composed of PPy particles, a poly-
mer binder to hold the mix together and bond the mix to a
conductive current collector, and other component, are
filled with electrolyte (Winter and Brodd 2004). Typically,
polymer binder on PPy particle surface hinders the trans-
portation of ions and electrons and increases the internal
resistance of supercapacitors. So the addition of a con-
ductive component to simultaneously improve electronic
and ions transport in composite electrode has been a
research focus of PPy supercapacitors (Chen et al. 2012;
Dubal et al. 2012; Yang et al. 2015a; Zhang et al. 2013).

PPy active material prepared by electrochemical oxi-
dation polymerization (EOP) is an electroactive film
attached to the substrate electrode. Most PPy films via
electropolymerization have high electrical conductivity and
typical “cauliflower” structure that is often dense (Wang
et al. 2010). It is obvious that dense structure can block
ions diffusion from film surface to film internal layer. In
other word, the specific capacitance of PPy electrode
decreases when PPy film became thicker (Wang et al.
2012b). In fact, the charge storage behavior of pseudoca-
pacitive materials is strongly dependent on the mass
loading in practical energy storage devices. Thus, the mass
loading of conventional electrodes increases nothing but
“dead” materials, the part of which is not accessible to
electrolyte (Cai et al. 2015a). At present, the critical
question for electropolymerized PPy films is how to
improve the porosity of PPy films and increase utilization
efficiency of the active materials while their electrical
conductivity do not decrease too much simultaneously.

In any case, the insertion/extrusion of ions from PPy
matrix has to result in big volume change, especially at a
wide potential window (Otero et al. 1997), as shown in
Fig. 2. The repeated big volume change usually damage
PPy structure (Wang et al. 2011). At the same time, the
overoxidation at PPy backbone and the formation of the
compensating semiconductor state in PPy matrix can
induce the decay of PPy electrochemical performance
(Debiemme-Chouvy and Tran 2008; Marchesi et al. 2011;
Wang et al. 2011, 2014a). Noting that the big volume
change usually weaken the bond between the current col-
lector and PPy active material because the volume of
current collector does not change simultaneously during
PPy charging/discharging process, which has to increase
the internal resistance of supercapacitors. These can
become the main reason of the limited cycling life of PPy
at different operating conditions. Therefore, many resear-
ches focused on what causing decline of PPy stability
during long-term charging/discharging process (Liang et al.
2014; Lim et al. 2014; Raj et al. 2015; Snook et al. 2011).
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Fig. 2 Charging/discharge

process of PPy in symmetric
supercapacitors

Many methods have been implemented to overcome the
defects of PPy electrodes (Raudsepp et al. 2008; Sharma
et al. 2008; Wang et al. 2010; 2014a Zhu and Zhitomirsky
2013). Preparation of PPy composites is one of the most
common methods to improve its capacitance properties for
supercapacitors (Aradilla et al. 2015; Simon and Gogotsi
2008; Snook et al. 2011). Several researchers have given
some suggestions from different aspects in their review
papers (Nyholm et al. 2011; Simon and Gogotsi 2008;
Snook et al. 2011; Wang et al. 2012b). However, with rapid
development of carbon materials in recent years, great
attentions were paid to PPy composites with various carbon
materials, such as CNTs, GP, CFs, AC, CA, glassy carbon,
etc, and the several key characteristics of PPy electrodes
were improved obviously (Frackowiak 2007; Liu et al.
2010; Meyyappan 2013; Simon and Gogotsi 2008; Wang
et al. 2009; Wu and Lin 2006). Thus, this review will focus
on the composites of PPy with various carbon materials.

PPy/CNTs composites for supercapacitors

Since the first report on quasi-one-dimensional CNTs by
[jima in 1991, investigations on their growth, characteri-
zation and application have grown exponentially due to
their high conductivity, excellent mechanical performance,
large specific area and various forms available, such as
vertically aligned CNTs (VA-CNTs) film, planar film with
random or aligned networks of CNTs, transparent film,
stretchable nonwoven cloth and compressible foams (Cai
et al. 2015a; Hussain et al. 2015; Li et al. 2014; Raymundo-
Pinero et al. 2011; Treacy et al. 1996; Wu et al. 2004).
Quantum mechanics calculations predict that defect-free
single-walled carbon nanotubes possess Young’s modulus
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values of ~1 Tpa, tensile strengths >100 Gpa (Peng et al.
2008; Treacy et al. 1996). The thermal conductivity of
MWCNTs exceeds 3000 W/(m K), which is about twice as
high as diamond (Kim et al. 2001). In multi-walled carbon
nanotubes (MWNTSs) matrix, extremely high stable current
densities, J > 10’ amperes per square centimeter, have
been attained without being destroyed (Frank et al. 1998).
In addition, CNTs can be easily prepared by three methods,
namely arc discharge, laser ablation, and chemical vapor
deposition (CVD) (Hussain et al. 2015). The basic elements
for the formation of nanotubes contain only catalyst, a
source of carbon, and sufficient energy. Due to their
exceptional combination of mechanical, thermal, chemical,
and electronic properties, single-walled carbon nanotubes
(SWNTs) and MWNTs are considered as unique materials,
with very promising future applications, especially in the
field of nanotechnology, nanoelectronics, and composite
materials (Kharisov et al. 2009).

The extraordinary properties mentioned above about
CNTs render them as the ideal candidates for PPy rein-
forcing in charging/discharging process. The PPy/CNTs
composites are often prepared by several methods, namely
EOP, COP and electrophoretic deposition (Khomenko et al.
2005; Su and Zhitomirsky 2015). The COP of PPy is
suitable to mass production of the materials, though PPy on
CNTs usually supplies a nonhomogeneous type of deposit
with a tendency to form some aggregates. The EOP of PPy/
CNTs composites are limited in terms of mass production
of the materials, and also it is not suitable for preparing
composites with a large proportion of polymer (Khomenko
et al. 2005). Nevertheless, the EOP gives a very unique
deposit of a homogeneous PPy film which exhibits a good
conductivity and provides a better control of PPy thickness
and morphology on CNTs surface (Jurewicz et al. 2001). In
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Table 1 Description of PPy/CNT composites

Synthesis method

Capacitance

Stability

References

92% (Asy., 100 cycles, 0.6 V)

>95% (500 cycles, 0.6 V, 0.5 mA cmfz)

85% (5000 cycles, 2 V, 0.32 A g7")

>97% (1000 cycles, 1.3 V, 1 A g*')

100% (1000 cycles, 0.6 V, 0.5 mA cm™?)
94% (Asy., 1000 cycles, 1.05 V, 200 mV s~ ')

94% (1000 cycles, 0.9 V, 50 mV s_l)
104.2% (1000 cycles, 0.9 V, 50 mV sh
94.2% (1000 cycles, 1 V, 1 A g™")

96.3% (450 cycles, 1 V, 20 mV sh

>90% (1000 cycles, 0.45 V, 20 mV s’l)
94.2% (5000 cycles, 1 V, 1.11 A g7
84.3% (Asy., 1000 cycles, 1.3 V, 02 A g7

Jurewicz et al. (2001)
Khomenko et al. (2005)
Wang et al. (2007)

Paul et al. (2010)

Lee et al. (2011)

Fu et al. (2011)

Paul et al. (2012)

Zhou et al. (2012)

Han et al. (2012)

Shi and Zhitomirsky (2013b)
Shi and Zhitomirsky (2013c)
Fu et al. (2013)

Liu et al. (2014)

Li et al. (2014)

Zhu et al. (2014a)

Su and Zhitomirsky (2015)

COP 163 F g~ (017 Ag™h
CoP 192Fg ' GmVs™h
COP 200 F g~ (200 mV s™")
COP 1672 F g~ (0.5 mA cm™?)
CcopP 15278 Fg~' (032 Ag™h
CcopP 357 Fg ' (025A¢g™Y
CoP 165 F g7' (0.5 mA cm™?)
CoP 124F g7 (0.19A g™
CoP 228Fg™ ' (05A g™
COP 41Fem™2 @2 mVsh
COP 462Fcm™2(2mV s
cop 1832Fg ' 8A g™
cop 262F g ' (04 Ag™h
cop 376 F-g~' (0.5 A-g™h)
CoP 2648 F-g~' 2 mVs™)
CoP 179F g ' @mVs™h
CoP 42Fem™2 (2 mVsh
COP 56 Fg™!, 202 mFem™' (02 A g™
cop 264 Fg~' (10 mV s™h
EOP 890 Fg™' 2mV s
EOP 250 Fg~' (10 mV 57"
EOP 310Fg' @mVs™)
EOP 2648 F g™ ' @2mVs™)
EOP 240 Fg~' (10 mV s7h
EOP 390Fg~' @mVsh
EOP 274F g ' @mVsh
EOP 42F g ' 5 mVsh
EOP 49 Fem™ (0.05 A cm™3)

101% (5000 cycles, 0.9 V, 50 mV s~ ")
100% (2000 cycles, 0.8 V, 1 A g™h
89% (1000 cycles, 0.7 V, 5 mA cmfz)
91% (1000 cycles, 0.5 V, 20 mV s7h

85% (1000 cycles, 0.9 V, 50 mV sfl)

93.49% (1000 cycles, 0.6 V, 1 A g™

89.9% (1000 cycles, 0.6 V, 0.2 A g™
95% (10,000 cycles, 0.8 V, 0.1 A cm™)

Zhu et al. (2014b)

Xu et al. (2015a)

Yang et al. (2015a)

Lin and Xu (2008)

Kim et al. (2008)

Shi and Zhitomirsky (2011)
Li et al. (2012)

Sun et al. (2012)

Li and Zhitomirsky (2013)
Chen and Zhitomirsky (2013)
Zhang et al. (2013)

Chen et al. (2015b)

Capacitance—specific capacitance (charging/discharging rate), stability—retained capacitance (cycle number, voltage window, charging/dis-

charging rate)

available research results, most of PPy/CNTs composites
were prepared by COP method, which is shown in Table 1.
The earlier researches were generally based on COP
method (Fan et al. 1999a, b; Jurewicz et al. 2001; Kho-
menko et al. 2005; Xiao and Zhou 2003).

CNTs dispersion
CNTs functionalization

The dispersion of CNTs is very important to improve the
electrochemical performance of PPy/CNTs composites
because most of CNTs cannot enter composite matrix when
an uneven dispersion occurs in polymerization electrolyte.
It was found that the treatment of CNTs by acids or air
plasma showed improved dispersion and can be used for
the fabrication of PPy/CNTs composites (Han et al. 2012;
Hussain et al. 2015; Kharisov et al. 2009; Sun et al. 2012;

Tasis et al. 2006; Wang et al. 2007; Yang et al. 2015a;
Zhang et al. 2013). A suitable functionalization time in
acids is the key for preparing PPy/CNTs composites
because too long time can result in more defects on the
CNT sidewalls (Sun et al. 2012). After SWNTs were
functionalized and cut for 48 h in a concentrated H,SO,/
HNO; solution, the PPy/acids-functionalized SWNTs
composites were prepared and showed the specific capac-
itance of 200 F g~' at a scanning rate of 200 mV s~
(or >0.6 Fem™?) (Jie Wang et al. 2007). The PPy/plasma-
activated CNTs composites (PPy/P-CNTs) were prepared
via a chemical oxidation polymerization (Yang et al.
2015a). The results indicated that not only the interaction
of the m bond on the CNT and PPy but also the oxygen-
containing and nitrogen-containing groups via air plasma
activation on the surface of the P-CNTs played important
role in the tightly coating PPy on the P-CNTs. The specific
capacitance of PPy/P-CNTs composites reached 264 F g~

@ Springer



298

Chem. Pap. (2017) 71:293-316

in 1 M H,SO, at a CV scan rate of 10 mV s~ ' and retained
approximately 89% of its initial capacitance after 1000
charge—discharge cycles at a current density of

5 mA cm 2.

CNTs dispersion with surfactants

However, the functionalization process that creates active
groups has to induce defects on the CNT sidewalls and
reduce the electronic conductivity and mechanical property
of CNTs (Zhu et al. 2014a). Therefore, the CNTs func-
tionalization should be avoided if other ways can adequately
improve the CNTs dispersion. Physical approaches using
amphiphilic surfactants have been demonstrated to be cap-
able of debundling SWNTs and stabilizing individual tubes
while maintaining CNTs integrity and intrinsic properties
(Kharisov et al. 2009; Tasis et al. 2006; Wang 2009; Wu
et al. 2004). Surfactants disperse CNTs in aqueous solutions
basing on hydrophobic/hydrophilic interactions, in which the
hydrophobic tail of the surfactant molecule adsorbs on the
surface of CNTs bundles while the hydrophilic head asso-
ciates with water for dissolution. Figure 3 shows some
surfactants used to disperse CNTs in different solvents
(Chen and Zhitomirsky 2013, 2014; Fu et al. 2013; Li et al.
2012; Li and Zhitomirsky 2013; Shi and Zhitomirsky 2011;
Shi and Zhitomirsky 2015a; Shi et al. 2014; Shi and Zhit-
omirsky 2013b, 2013c, 2015, 2015b; Wu and Lin 2006;
Yang et al. 2015c; Zhu et al. 2014a, b). Zhitomirsky group
has made a lot of researches on dispersing CNTs by sur-
factants for preparing PPy/CNTs composites (Chen and
Zhitomirsky 2013,2014; Li et al. 2012; Li and Zhitomirsky
2013; Shi and Zhitomirsky 2011, 2013b, 2013c, 2015b, 2015
Shi et al. 2014; Yang et al. 2015c; Zhu et al. 2014a, b).
Cetyltrimethylammonium bromide (CTAB) is one of the
most common surfactants for PPy/CNTs preparation. When
CTAB was used as a soft template to prepare PPy/CNTs
composites, which showed a specific capacitance of
183.2 F g at a current density of 8 A g~ (Fu et al. 2013).
The specific capacitance retention was 85% after 1000
cycles at 1 A g~'. At the same time, the asymmetric
supercapacitors fabricated using PPy/CNTs composites as a
positive electrode and active carbon as a negative electrode
displayed a capacitance retention of 72% at a current density
of 1 A g~! even after 3000 cycles.

The coverage of surfactant on CNTs surfaces essentially
depends on the strength of attractive interactions. A com-
prehensive study of the interaction between modified
atomic force microscopy tips and CNTs bucky paper based
on experiments and simulations indicated that aryl-thiols
endgroups have a more strong attraction to SWNTs than
other endgroups (Wang 2009). The aromatic rings on sur-
factant molecules promoted their adsorption on CNTs due
to the m—m interactions, whereas the charged groups of the
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adsorbed molecules provided electrostatic repulsion and
dispersion of CNTs (Gupta et al. 2013). On the other hand,
the surfactants with aryl-thiols can act as anionic dopants
for PPy polymerization, which can promote the formation
of uniform coatings and improve the adhesion strength
between PPy films and CNTs surface (Zhu et al. 2014a).
When the surfactants with aryl-thiols were used to disperse
CNTs in the process of PPy/CNTs preparation, the capac-
itance and stability of PPy/CNTs composites were
enhanced obviously in the work of Zhitomirsky group (Shi
et al. 2014), as shown in Table 1.

Porous PPy/CNTs composites

High active material loading on the electrode is important
to the practical application of supercapacitors. The simply
increase of active material loading often results in an
increase in “dead” materials and only increase internal
resistance and decrease the specific capacitance of active
material because the ions cannot insert the internal bulk of
active material. At the same time, thick PPy films often
show big capacitance degradation at high charging/dis-
charging rate (Shi and Zhitomirsky 2013c). The porous
structure with a high surface area usually facilitates solvent
uptake and dopant ion access. However, the high surface
areas did not always result in higher specific capacitances
because the electrolyte cannot enter into the pores with
very small pore diameter, indicating that the porosity of the
active material should be optimized (Borchardt et al. 2014;
Nyholm et al. 2011). Several strategies including the use of
sacrificial template, the fabrication of 3D porous network
matrix using VA-CNTs and CNTs sponge were used to
obtain the porous PPy/CNTSs composites (Cai et al. 2015a;
Fang et al. 2010; Kim et al. 2008; Li et al. 2014; Warren
et al. 2015; Zhang et al. 2013).

As shown in Fig. 4, a CNTs film electrode containing
nano-size SiO, was fabricated using an electrostatic spray
deposition and PPy was electrodeposited on to the CNTs
(Kim et al. 2008). Then the nano-size SiO, was removed
leaving a three-dimensional entangled structure of a PPy/
CNTs film. The control of the pore size of composites film
was performed by changing the amount of nano-silica in
the mixed suspension for electrostatic spray deposition.
The specific capacitance of a CNT/PPy composite with
83.4 wt.% PPy reached 250 Fg~' at a CV scan rate
10 mV s~' in 1 M KCI and only decreased to 211 F g~'
while the CV scan rate increasing to 500 mV sfl, which
indicted that a high ions transport was obtain in CN'T/PPy
composites. In addition, the three-dimensional ordered
macroporous (3DOM) PPy/CNTs composites were pre-
pared through cyclic voltammetry copolymerization from a
solution containing both acid-treated CNTs and pyrrole
monomers while the SiO, colloidal crystal was used as the



Chem. Pap. (2017) 71:293-316

299

Fig. 3 Chemical structures of
common surfactants used to
disperse SWNTs for preparing
PPy/CNTs composites, (/) from
Shi and Zhitomirsky (2013c),
(2), (3) and (4) from Zhu et al.
(2014a) (5) and (6) from Li and
Zhitomirsky (2013), (7) from Fu
et al. (2013), (8) from Shi and
Zhitomirsky (2011), (9) from
Chen and Zhitomirsky (2014),
(10) and (16) from Shi and
Zhitomirsky (2013b), (/1) and
(17) from Chen and
Zhitomirsky (2013), (/2) and
(15) from Li et al. (2012), (13)
and (/4) from Su and
Zhitomirsky (2015), (/8) from
Zhu et al. (2014b), (19) from
Shi et al. (2015)
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Fig. 4 Schematics of
preparation of porous PPy/
CNTs films by sacrificial
template of nanosized silica

sacrificial template (Zhang et al. 2013). The specific
capacitance of 3DOM PPy/CNTs composites reached
427 F g~' at a CV scanning rate of 5 mV s~'. In analysis
modeling of Trasatti et al, the overall capacitance of a
pseudocapacitive material was assumed to contain two
contributions, Q. and Q;,, (Baronetto et al. 1994). The
Qjnn of the 3DOM CNT/PPy composite was 154.72 F g_l,
which is much larger than that of the planar film, proving
that ion diffusion in 3DOM matrix contributed a lot to the
charge storage. The 3DOM films also can provide ion flux
with high migration rate, which can enhance the power
output capability of supercapacitors.

Recently, the VA-CNTs with high aspect ratios that are
arranged perpendicular to a substrate were used to prepare
PPy/VA-CNTs composites due to its high specific surface
area, low contact resistance to the metal electrode, high con-
ductivity, controllable distance between the single nanotubes
and length of nanotubes, as shown in Fig. 5 (Borchardt et al.
2014; Cai et al. 2015a; Warren et al. 2015). According to Cai
et al, the VA-CNTs array on 3D CFs paper (CFP) were con-
structed by plasma-enhanced chemical vapor deposition
(PECVD) system, and then PPy/VA-CNTs/CFP composites
were prepared using COP method (Cai et al. 2015a). The
specific capacitance values of PPy/VA-CNTs/CFP compos-
ites calculated from CVs reached 681, 568, 512, 480, and
384 F g71 at CV scan rates of 2, 5, 10, 20 and 50 mV s
respectively, corresponding to the areal capacitance of 0.78,
0.65, 0.58, 0.52 and 0.43 F cm 2. The PPy/VA-CNTs/CFP
composites retained 72% of its initial capacitance after 10,000
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cycles. The capacitance retention can be related to the high
loading of PPy/VA-CNTs/CFP composites. As shown in
Fig. 5, the PPy/VA-CNTs composites can be obtained via
EOP method (Warren et al. 2015). The specific capacitance of
PPy/VA-CNTs composites reached 5 mF cm ™2, which is
500% higher than that of as-grown VACNT or pure PPy film.
The enhanced energy storage should be attributed primarily to
fast surface redox reaction on PPy.

The 3D CNTs sponge with a highly porous network
structure was fabricated using chemical vapor deposition,
and then was used as a substrate to prepare PPy/CNTs
core—shell sponge by EOP method (Li et al. 2014). The
PPy coating not only enhanced specific capacitance of the
CNTs sponge to above 300 F/g but also reinforced the
porous structure to achieve better strength and rebound
elasticity. Noting that the appropriate PPy loading are a
very important factor for the improvement of specific
capacitance because the pores in composites matrix are
easy to reduce and disappear when PPy thickness increase
continuously. Thus, the thickness of PPy coating in dif-
ferent preparation process should be optimized (Fang
et al. 2010; Li et al. 2014). In the work of (Fang et al.
2010), the electrochemical pulse deposition (EPD) was
used to control the formation of PPy coating. The EPD
method allows monomers to diffuse from the bulk solu-
tion into 3D matrix space between CNTs which should be
very favorable to on CNTs surface. A high specific
capacitance of 427 F ¢~ in PPy/CNTs matrix has been
achieved using EPD method.
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Fig. 5 Fabrication process of
PPy/VA-CNTs supercapacitor
electrode

PPy coating CNTs

Application of PPy/CNTs composites in flexible
supercapacitors

The rapid development of energy storage devices for
wearable electronics requires designing the new versatile
and flexible electrode materials as alternatives to batteries
and supercapacitors (Kim et al. 2015; Nyholm et al. 2011;
Tao et al. 2013). PPy/CNTs properties meet the most
demands of flexible electrode materials, such as low cost,
good flexibility, light weight and reliable environmental
friendliness. As shown in Fig. 6, Py was deposited on as-
prepared CNT films at a potential of 0.7 V (vs. SCE) and
formed a core—shell PPy/CNTs nanocomposite (Xu et al.
2015a). After washing in deionized water, the nanocom-
posite strips were spun for about 10,000 turns per meter
into fibers. The PPy/CNTs fibers exhibited a high specific
capacitance of 350 Fg™' at 1Ag™' in 1M H,SO,
aqueous electrolyte. Furthermore, all-solid-state fiber-
shaped supercapacitors (FSSC) with core—shell PPy/CNTs
electrodes were fabricated using polyvinyl alcohol/H,SO,
(PVA/H,S0,) gel electrolyte. The specific capacitance of
the CNTs-PPy FSSC reached 36 F g~' (127 mF cm™ ',
588 mF cmfz, 17F cm*3), which is seven times higher
than that of the pure CNTs FSSC. While adding hydro-
quinone to gel electrolyte, the specific capacitance reached
56 F g7' (202 mF cm™', 1168 mF cm™2, 42 F cm™>). The
all-solid-state FSSCs showed high stability after 2000
cycles and good flexibility under bending, knotting, and
suffering tension. Moreover, a very simply method was
used to prepare PPy/CNT composites, i.e., the flexible
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Fig. 6 Schematic of the fabrication process of all-solid-state fiber-
shaped supercapacitors

CNTs film was fabricated by the vacuum filtration and used
as substrate electrode for PPy electrochemical deposition
(Chen et al. 2015b). The two pieces of PPy-coated CNTs
composites were used as the electrodes for the flexible all-
solid-state supercapacitors with a gel electrolyte of PVA/
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H,SO,4. The volumetric capacitance of the all-solid-state
supercapacitors was calculated to be 4.9 Fcm ™ at
0.05 A cm ™ and still remained 3 Fecm™ at 0.5 A cm ™.
The capacitance retention is larger than 95% after 10,000
cycles at a current density of 0.1 A cm ™. The CV curves
of the PPy-coated CNTs composites only exhibited slight
changes when being bent or twisted, confirming the

promising performance of flexible energy storage.
Nitrogen-doped CTNs from PPy/CNTs composites

The use of CTNs as an electrode material for supercapacitors
offers the advantages of high electronic conductivity and
good capacitance retention at high charging/discharging
rates. However, the specific capacitance of CNTs is lower
than that of activated carbon because of a low specific surface
area of CNTs. Nitrogen-doped AC-coated MWCNTSs (N-
AC-MWNTs) exhibited good electrochemical performance
while being used as supercapacitor electrodes (An et al.
2013; Shi et al. 2014; Shi and Zhitomirsky 2015a). As the
precursor to N-AC-MWNTs (Shi et al. 2014), PPy/MWNT
composites were fabricated using oxidant-surfactant
nanocrystals. The N-AC-MWNTs composites were obtained
by heating PPy/MWNT composites for carbonization in a
tubular furnace under a nitrogen atmosphere at 700 °C for
2 h. The preparation process of N-AC-MWNTs composites
was shown in Fig. 7. The N-AC-MWNTs electrodes showed
the maximum specific capacitance of 103 F g~ for the mass
loading of 35 mg cm™2 at a scan rate of 2 mV s™'. The
aqueous supercapacitor cells based on N-AC-MWNTs
electrodes exhibited the energy density of 16.1 mWh g~
while its power density was 14.4 W g~'. The N-AC-
MWNTs electrodes retained 98.0% of its initial capacitance
at a CV scan rate of 100 mV s~ in the voltage window of
1.8 V after 1000 cycles. It is generally considered that
N-doped carbon has not only introduce pseudocapacitance
but also improve the wettability of carbons for electrolyte
accessibility (An et al. 2013). Meanwhile, suitable pore
texture possibly produced by the release of non-carbon ele-
ments or the burn of a small amount of carbon during the
carbonization favors to form electric double-layer capaci-
tance and ions transportation.

&

Fig. 7 Schematic illustration of the synthesis of N-AC-MWNTs
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PPy/graphene composites for supercapacitors

Since the isolation of two-dimensional (2D) GP in 2004, it
has rapidly grown up to be a superstar in the field of energy
storage due to its exciting properties, such as a large the-
oretical specific surface area (2630 m? g~ '), high intrinsic
mobility (200,000 cm? v—' s™"), high Young’s modulus
(~ 1.0 Tpa), high electrical conductivity, and good thermal
conductivity (~5000 W m! Kil) (Brownson et al. 2011;
Zhu et al. 2010). GP as a supercapacitors material has been
widely reported by many literatures, in which GP was
described as a far superior supercapacitors material than
existing carbon and polymer-based materials (Brownson
et al. 2011; Kim et al. 2015; Wang et al. 2009). However,
the specific capacitance of GP is not as high as expected
due to the restacking of nanosheets driven by van der
Waals interactions, and thus many researchers have turned
to fabricate GP based hybrid materials for improving
capacitance performance (Kim et al. 2015). Recently, the
PPy/GP composites were fabricated via various methods.
The coating on GP surface restrains the restacking of GP
nanosheets and results in an unordered sheet structure with
porous structure, which enhances the surface area of
composites and provides the channels of ions diffusion.
Therefore, PPy/GP composites as supercapacitors electrode
often show high specific capacitance and charging/dis-
charging rate. Moreover, the GP in PPy/GP matrix can act
as reinforcing material for improving the stability of PPy
electrode. On the other hand, GP does not often exhibit its
anticipated performance in PPy/GP composites for super-
capacitors, which should be related to the porous structure,
the restacking of GP, the interface between PPy and GP.
Table 2 shows the electrochemical performances of various
PPy/GP composites.

Graphene dispersion

“Graphene” is often on behalf of several material, namely
pristine GP, graphene oxide (GO), and reduced graphene
oxide (RGO) (Johnson et al. 2015). In the available reports,
GP in PPy/GP composites include two forms, i.e., GO and
RGO. The hydrophilic or hydrophobic groups on GO and

Carbonization
—
\PPy/ CNTs \N -AC-CNTs
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Table 2 Description of PPy/GP composites

Synthesis method Capacitance Stability References

CoP 165Fg ' 1 Ag™ 92% (1000 cycles, 1 V, 1 A g7") Biswas and Drzal (2010)
CoP 528Fg~' (03 Ag™h 70% (1000 cycles, 0.8 V, 5 A g™ " Zhang et al. (2010)
COP 1510 Fg~' (10 mV s™h Mini et al. (2011)
cop 394Fg' @2mVs™) 90% (540 cycles, 1 V, 026 A g™ Lai et al. (2012)

CoP 400F g~ ' (03 A g™ 88% (200 cycles, 1 V, 1.5 A g™") Liu et al. (2012)

Ccop 492F g ' (02A g™ 84% (1000 cycles, 1 V,2 A g™") Mao et al. (2012)
CoP 248F g~ ' (03 Ag™h 81% (1000 cycles, 1 V, 0.3 A g™ 1 Zhang and Zhao (2012)
CoP 728F g~ (05A g™ 93% (1000 cycles, 1 V, 50 mV s~ Li et al. (2013)

CoP 261Fg ' 1Ag™h 87% (1000 cycles, 1 V, 50 mV s~ Wang et al. (2013)
COP 350 F g_l (15 A g_l) 100% (1000 cycles, 50% compressive strain) Zhao et al. (2013)
COP 360Fg ' (1Ag™h 72% (500 cycles, 1 V, 1 A g~ ") Bora and Dolui (2014)
CcoP 333Fg ' (025A g7 89.6% (Asy. 5000 cycles, 1.6 V, 1 A g™") Fan et al. (2014)

cop 22Fg ' (1Ag™ 84% (1000cycles, 1 V, 1A-g™ 1) Feng et al. (2014)
COP + EOP 798 Fg~' @2mVs™) 77% (10,000 cycles, 1 V, 1 A g™ Lim et al. (2014)
CoP 437Fg ' (02 A g™ 94.5% (10,000 cycles, 1 V, 5 A g™h Wu et al. (2014)

COP 253Fg ' (05A g™ 93% (1000 cycles, 1.2V, 10 A g71 Ye and Feng (2014)
COP 435Fg ' AAg™h 88% (5000 cycles, 1 V, 10 A g71 Yu et al. (2014)

COP 325Fg ' (05A¢g™h 64% (500 cycles, 1 V, 50 mV s~") Fan et al. (2015)

EOP 24Fg ' (240 Ag™") 83% (5000 cycles, 0.8 V, 30 A g7') Wang et al. (2012b)
EOP 237F g~ (10 mV s™h Davies et al. (2011)
EOP 356 Fg™' (05Ag™h 78% (1000 cycles, 1 V, 100 mV s Zhu et al. (2012)

EOP 960 F g~'(100 mV s™") 100% (300 cycles, 0.6 V, 1 mA cm™?) Chen et al. (2014)
EOP 660 F g7'(0.5 mA cm™>) 90% (1000 cycles, 1 V, 10 mA cm™2) Qi et al. (2014)

EOP 481 Fg~' (077 Ag™h 92% (2000 cycles, 0.8 V, 4 A g™ 1) Cao et al. (2015)

EOP 196 mF cm~'(1 mA cm™) 90% (500 cycles, 1 V, 1 mA cm™") Yang et al. (2015b)

Capacitance—specific capacitance (charging/discharging rate), stability—retained capacitance (cycle number, voltage window, charging/dis-

charging rate)

RGO usually prevent aggregation of GP sheets by strong
polar—polar interactions or by their bulky size. In many
cases, the adsorption of functional groups to GP sheet
through nm—n stacking and van der Waals interactions can
aid its dispersion in a hydrophilic or hydrophobic media.
There is no doubt that the functionalization and dispersion
of GP sheets are very crucial to GP applications (Johnson
et al. 2015; Kuila et al. 2012; Zhu et al. 2010).

GO dispersion

The groups on the surfaces of GO sheets, including
hydroxyl, epoxide, diol, ketone, and carboxyl, can with-
stand the van der Waals interactions significantly and lead
to a range of solubility in water and organic solvents.
Therefore, it is relatively easy to prepare PPy/GO com-
posites by in situ COP method (De Adhikari et al. 2015;
Fan et al. 2014; Zhu et al. 2012), EOP method (Davies
et al. 2011; Mini et al. 2011; Qi et al. 2014) and liquid/
liquid interfacial polymerization (Bora and Dolui 2014)
because pyrrole monomer, GO and other reagents can be

evenly dispersed in liquid electrolyte by sonication without
any surfactants. (Fan et al. 2014) synthesized the GO/PPy
composites using in situ COP method. Pyrrole monomer,
sodium p-toluenesulfonate and ammonium persulfate were
added into GO solution, respectively, and stirred for
polymerization. The mass ratios of GO to pyrrole in GO/
PPy composites had a great effect on their electrochemical
performance. When the mass ratios of GO to pyrrole is
1:10, the GO/PPy composite electrode showed the highest
specific surface area of 98.6 m®> g~' and the highest
capacitance of 332.6 F g~ ' at a constant current density of
0.25 A g~'. The specific capacitance obtained at a high
current density of 2.5 A g~ reached 82.5% of the value
obtained at a low current density of 0.25 A g™, which can
be resulted from high active surface, short diffusion path of
ions, high electrical conductivity and intimate interfacial
contact between PPy and GO.

On the contrary, many surfactants were used to obtain
PPy/GO composites because composite structure became
controllable in the presence of surfactants (Biswas and
Drzal 2010; Feng et al. 2014; Li et al. 2013; Mao et al.
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2012; Zhang et al. 2010, 2014). Zhang et al. (2010) con-
sidered that the morphology and electrochemical perfor-
mance of PPy/GO composites can be controlled by varying
the surfactant. The micelles of CTBA in aqueous solution
interact with the GO sheets to form a GO-surfactant mul-
tilayer structure, leading to the formation of a layered GO
structure with PPy fibers sandwiched either between GO
sheets or on GO surfaces (GO/PPy-F). In the presence of
surfactant dodecyltrimethylammonium bromide and sol-
vent 1-decanol, spherical micelles induced the formation of
the PPy spheres sandwiched between GO sheets (GO/PPy-
S). This sandwich structure possesses many pores between
GO sheets, by which ions in electrolyte can move freely.
Therefore, the specific capacitance of GO/PPy-F and GO/
PPy-S composites exceeded 500 F g~' at a charging/dis-
charging current density of 0.3 A g~'. The GO/PPy-F
composites retained 70% of its initial capacitance at a
charging/discharging current density of 5 A g~' after
10,000 cycles. In addition, GO/PPy nanowire composites
were also fabricated with different mass ratio of GO to
pyrrole nanowire by a soft template of CTBA (Li et al.
2013). A small content of GO in the composites enhanced
both the specific capacitance and the rate capability.
Though most of GO/PPy specific capacitance in available
reports is less than 500 F g~ ', the specific capacitance of
GPs.95 (5:95, the mass ratio of GO to pyrrole nanowire)
composite reached 728 F g~ and 675 Ag™" at a charging/
discharging current density of 0.5 and 2.5 A g™, respec-
tively. The GPs.95 electrode exhibited a capacitive reten-
tion of about 93% at a CV scan rate of 50 mV s~ after
1000 cycles. In conclusion, the higher specific capacitance
and more homogeneous PPy/GO composites can be
obtained in the presence of surfactants.

RGO dispersion

RGO is prepared by the reduction of GO and RGO prop-
erties is also closer to that of pristine GP (Pei and Cheng
2012). The dispersibility of RGO in aqueous solution is
generally poor and aggregation occurs rapidly. However,
there are still many methods to disperse RGO in aqueous
solutions (Bora et al. 2014; Lai et al. 2012; Li et al. 2008;
Wang et al. 2013; Zhang et al. 2011). These methods can
be adopted to prepare PPy/RGO composites.

The surfactant CTBA can intercalate between GP sheets
and inhibit aggregation of GP sheets during reduction (Mao
et al. 2012). CTBA-stablilized RGO was obtained to syn-
thesize PPy nanowire/RGO composites. As the mass ratio
of PPy to CTBA-stablilized RGO in the composites was
9.46:1, a high specific capacitance of 492 F g~' was
obtained at a current density of 0.2 A g~'. The presence of
RGO sheets as a conductive material not only improved the
electronic conductivity of composites but also induced a
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porous structure with a large surface area, which enhanced
PPy utilization and ions transport during the charging/dis-
charging processes.

Surface chemistry of GP is found to be of significant
importance to GP diffusion, PPy growth and PPy/GP elec-
trochemical performance improvement (Lai et al. 2012).
Sulfonated GP (SG) with good dispersibility in aqueous
solution prepared by anchoring the organic sulfonic acid on
the surface of RGO nanosheets was used as the unique dopant
for the in situ chemical polymerization of pyrrole (Wang
et al. 2013). The SG sheets as both support and unique dopant
were homogeneously coated on both surfaces by PPy films.
As the mass ratio of PPy and SG in the composites was
1:0.258, the SG/PPy composite possessed the highest specific
capacitance of 261.0 F g~ ' at a charging/discharging current
density of 1 A g~'. About 87% of its original specific
capacitance could be remained at a CV scan rate of
50 mV s~! after 1000 cycles. Moreover, (Lai et al. 2012)
prepared N-doped graphene/PPy (NG/PPy) electrode with a
specific capacitance of 393.67 F g~', which is larger than
those of GO/PPy, and RGO/PPy electrodes. The incorpora-
tion of N into the GP network enhanced electronic transfer
efficiency and improved GP surface wettability, and thus
largest synergistic effect is achieved in NG/PPy composites.

In addition, PPy/RGO composites were prepared by the
reduction of as-prepared PPy/GO composites for avoiding
RGO aggregation. Fan et al. prepared PPy/GO-CTAB com-
posites and then the PPy/GO-CTAB composites were reduced
into PPy/RGO-CTAB by vitamin C. The PPy/RGO-CTAB
composite has specific capacitance of 3248 Fg' at a
charging/discharging current density of 1 A g™, which is
higher than224.6 F g~ ' of PPy/RGO, 170.3 F g~ ' of PPy and
40.1 F g~! of RGO. However, PPy/RGO-CTAB composites
exhibited poor stability and the capacitance only retained 64%
after 500 cycles. In addition, PPy/GO composites were also
reduced into PPy/RGO by hydrazine (Liu et al. 2015). The
flexible PPy/RGO films reduced by hydrazine showed an
energy density of 13.15 mWh cm ™ while the power density
is 1300 mW cm . The specific capacitance of PPy/RGO
composites that was prepared from the reduction of as-pre-
pared PPy/GO composites should be enhanced further. PPy
film on GO surface can interfere with GO reduction process,
which causes the unsatisfactory electrochemical performance
for PPy/RGO composite electrode.

3D PPy/graphene composites

With regard to electrochemical energy storage, the ideal
electrode material should possess high surface area,
stable structure, good ions and electron transport ability.
The stable 3D network GP matrix should approach ideal
electrode material. Several strategies were used for
preparing 3D PPy/GP composites.
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As shown in Fig. 8, the 3D GO/PPy composites were
fabricated via a one-step electrochemical co-deposition
method in aqueous solution containing pyrrole monomers,
GO and LiClOy4 (Cao et al. 2015). The GO concentration
had an important effect on controlling the morphologies of
the GO/PPy composite electrodes. The unique 3D inter-
connected structure can be fabricated when the concen-
tration of GO was a relatively low value of 0.1 mg mL™".
The 3D GO/PPy composites exhibited the highest specific
capacitance of 481.1 F g~ ! at a charging/discharging cur-
rent density of 0.2 mA cm™? as loading a small mass GO/
PPy composites of 0.26 mg cm™ 2. The capacitance main-
tained 92.1 and 84.8% of its initial capacitance at a
charging/discharging current density of 0.2 mA cm ™2 after
2000 and 5000 cycles, respectively. In the work of (Yang
et al. 2015a), the 3D macroporous GP/PPy (MG/PPy)
electrode was prepared using hydrogen bubbles as the
dynamic template. The MG/PPy composites were con-
structed via directly electropolymerization onto modified
GP electrode in aqueous electrolyte containing pyrrole
monomer and sodium dodecylbenzenesulfonate. The
results indicated that the morphology and pore size of 3D
modified GP could be controlled by the concentration of
surfactants, electrodeposition time, and applied voltage.
Noting that MG/PPy composites after thermal treatment at
800 °C for 2 h exhibited excellent catalytic performance
toward the oxygen reduction in proton exchange membrane
fuel cells. A 3D hierarchical GP/PPy aerogel (GP/PA) has

Fig. 8 a, b Surface SEM
morphology of the GO/PPy
composite electrode.

¢ Photograph of a Ti foil coated
with the GO/PPy composite
film. d, e Cross-sectional SEM
morphology of the GO/PPy
composite film. f TEM image of
PPy-coated GO sheets

been fabricated via GO and PPy nanotubes reacting in seal
glass vials at 95 °C for 4 h (Ye and Feng 2014). PPy
nanotubes not only provide a large accessible surface area
for fast transport of hydrate ions but also act as spacers to
prevent the restacking of graphene sheets. The superca-
pacitor electrodes based on GP/PA exhibited a highest
specific capacitance up to 253 F g~ " at a current density of
0.5 A g ' and the capacitance retention reached 93% at a
current density of 10 A g~' after 2000 cycles. Unexpect-
edly, the GP/PA exhibited satisfactory mechanical strength
and press-resistance. For example, a dried GP/PA monolith
(~20 mg) can support at over 5000 times of its own
weight without collapsing.

In addition, as shown in Fig. 9, PPy/GO nanowires are
prepared via electrodepositing in a microporous Al,O3
template (Chen et al. 2014). This structure is similar to VA-
CNTs with vertical alignment active material that has a
large surface area allowing a fast transport of electron and
jons. A very high specific capacitance 960 F g~' of the
GO/PPy nanowires was obtained at a CV scan rate of
100 mV s~'. The specific capacitance of 960 F g~ is the
highest value of PPy composites with carbon materials in
available reports, which should be closely related to a high
specific surface area.

In conclusion, 3D PPy/GP composites exhibited high
specific capacitance and charging/discharging rate in
available reports. However, the junction of different
materials in 3D network structure is easy to be damaged
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Fig. 9 Schematic of the
fabrication process of PPy/GP -
nanowires
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when the shrinkage and expansion of PPy active material
occur for many times, which can cause the collapse of 3D
network structure. Therefore, the stability of 3D network
structure should be explored further in the future.

PPy/graphene application in flexible supercapacitors

The flexible supercapacitors and battery were prepared
using various composites, which contains PPy/GP com-
posites. In available reports, the flexible electrode of PPy/
GP composites mainly contains two forms: fiber-shaped
Ding et al. (2014) and plate-shaped electrodes (Chen et al.
2015a; Davies et al. 2011; Liu et al. 2015; Yu et al. 2014).

(Ding et al. 2014) developed a facile approach for fab-
ricating of PPy/GP composite fibers via a wet-spinning
strategy, which is an imaginative method. The mixture
composed of GO aqueous dispersion and pyrrole monomer
was directly spun in an aqueous FeCl; solution using a
single capillary needle, in which pyrrole was polymerized
to PPy and accordingly the PPy/GO fibers are continuously
produced into the solution. The PPy/GO fibers were
reduced into PPy/GP by chemical reduction and fiber
diameter can be controlled in the range of about
15-80 mm. The fibers exhibited high conductivity
(137-144 S m™"), good flexibility and elasticity to inter-
twine as intended. In the test of flexible all-solid-state fiber
supercapacitors, a stable capacitance of 95-105 mF cm ™2
(65-72 F g') was obtained at a current density of
0.15 mA cm™? during 1000 cycles.

In the case of the plate-shaped electrode, PPy/GP
composites were anchored on a soft substrate using elec-
trophoretic  deposition (EPD) (Liu et al. 2015),
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electrodeposition (Davies et al. 2011) or natural adsorption
(Chen et al. 2015a; Yu et al. 2014). Figure 10 exhibits the
structure of flexible supercapacitors with a plate-shaped
structure, which was prepared using PPy/RGO to coat on
polyethylene terephthalate substrate with Nickel plated
conductive fabric (Yu et al. 2014). All-solid-state flexible
supercapacitors based on PPy/RGO composites showed a
specific capacitance of 434.7 F g ! at a current density of
1 Ag' and retained 88.1% initial capacity after 5000
cycles. This all-solid-state flexible supercapacitor showed
the similar electrochemical performances under different
bending angles. (Davies et al. 2011) obtained a uniform GP
film on a polycarbonate membrane through a vacuum filter.
The electrodeposition with a pulse current was carried out
using GP film as working electrode in an aqueous solution
containing pyrrole monomer. The highest specific capaci-
tances 237 F g~' were achieved at a CV scan rate of
10 mV s—'. The flexible film exhibited high energy of
~33 Wh kg™' and power densities of ~1184 W kg™,
respectively, at a CV scan rate of 10 mV s™'. The pulse
electrodeposition allows pyrrole monomer to diffuse into
the intercalating spaces between GP sheets at pulse off time
and to be electropolymerized at pulse on time. The pulse
electrodeposition can cause a uniform deposition of PPy on
the GP sheet. In addition, the plate-shaped electrode based
on PPy/RGO composites has been fabricated by a simple
EPD technique (Liu et al. 2015). This electrode using
PVA-H,SO, as electrolyte demonstrated high volumetric
capacitance of 147.9 F cm™>, high energy density of
13.15 mWh cm ™ at a power density of 1300 mWh cm >,
The supercapacitors retained approximately 71.7% of the
initial capacitance after 5000 cycles.
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Fig. 10 Schematic diagram of
flexible plate-shaped
supercapacitors with PVA-
H,SO, polymer gel as

electrolyte

1l Poly(ethylene terephthalate)

2l Nickel plated conductive fabric

3l V-PPy/RGO

4HM PVA-H, SO, gel electrolyte

5l Separator
Fig. 11 a—c Compression-
recovery processes of PPy-G (@) (c)
foam. d—f Surface views of PPy-
G foam corresponding to the
unloading-loading-unloading compress release
status in a—c, respectively. g—i [ — —
SEM images of the inner e-—
microstructures of PPy-G foam ~ compress

corresponding to the loading— cm

unloading status in a-c,
respectively

Noting that highly compressible supercapacitors were
fabricated using PPy/GP foam as electrode, as shown in
Fig. 11 (Zhao et al. 2013). The specific capacitance of PPy/
GP foam reached 350 Fg~' at a current density of
1.5 A g~'. The assembled supercapacitor based on this
foam electrodes achieved superb compression tolerance
without significant variation of capacitances under long-
term compressive loading and unloading processes, show-
ing that no significant change was observed in the CVs of
the compressed supercapacitors with a 50% applied strain,
which is also the case for 1000 measured cycles. The as-
formed PPy/GP foam was durably tolerant to the large
compressive strain without any structural collapse and loss
of springiness. As the deformable electrodes for assembly
of highly compression-tolerant supercapacitors, PPy/GP

&l

foam performed high specific capacitances without signif-
icant variation under long-term compressively loading and
unloading process.

Composites of PPy/other carbon materials
for supercapacitors

Due to the wide range of carbon materials, PPy com-
posites with other carbon materials have been also fab-
ricated for supercapacitors. Meanwhile, the composites
containing PPy and various carbon materials were pre-
pared for supercapacitors. Table 3 shows the electro-
chemical performances of other PPy/carbon materials
composites.
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Table 3 Description of PPy/other carbon materials

Synthesis Capacitance

Stability

References

EOP (PPy/AC)

COP (PPy/C)

COP (PPy/CB)

COP (PPy/CA)

COP (CNC/PPy-NFs)
EOP (PPy/CFs)

COP (PPy/GN/CNT)
EOP (PPy/GN/CNT)

COP (PPy/GO/CNF)

EOP (CNF@G/PPy)

354F g ' (1 mVs™
395F g~ (50 mV s™h

366 F ¢! (5 mA cm™)

433 Fg ' 1mVsh
332mFcem?> 2mV s
460 £ 50 Fg~' 43 Ag™h
361F g (02A g™

453 F g7 5 mV s

1446 F g~ (10 mV s7h
386 Fg~' 2mV s

100% (500 cycles, 1 V, 100 mV s~ ")
95% (100 cycles, 1 V, 5 mA cmfz)
50% (1000 cycles, 1 V, 1 A g™)
84.19% (2000 cycles, 0.9 V, 0.1 A cm™®)
87% (1000 cycles, 1.4 V, 100 mV s~
96% (2000 cycles, 1 V, 6 A g7')

89% (5000 cycles, 0.8 V, 1 A g™}
84% (1000 cycles, 0.9 V,2 A g™}

Muthulakshmi et al. (2006)
Kumar et al. (2014)

Yang et al. (2011)

An et al. (2010)

Yang et al. (2015c¢)
Davoglio et al. (2013)

Lu et al. (2012b)

Aphale et al. (2015)

Xu et al. (2014)

Gan et al. (2015)

Capacitance—specific capacitance (charging/discharging rate), stability—retained capacitance (cycle number, voltage window, charging/dis-

charging rate)

Binary composites

Carbon gels, in particular CA, are porous materials that
have received and continue to attract attention in the lit-
eratures and in potential commercial applications due to
high electrical conductivity, low density and high specific
surface area since they were first reported by Pekala in
1989 (White et al. 2014). The PPy/CA composites con-
taining different PPy contents are prepared by chemical
oxidation polymerization for supercapacitor electrode (An
et al. 2010). The PPy/CA composites exhibited high
specific capacitance of 433 F g~! at a CV scan rate of
1 mV s_l, which is much higher than that of pure CA. In
the test of long-term cycling life, the loss of PPy/CA
capacitance was large during initial 500 cycles possibly
due to PPy instability, but the capacitance stabilized at a
fixed value after 500 cycles. Moreover, the cellulose
nanocrystals aerogels can act as the substrates for a nano-
sized composites, containing PPy nanofibers (PPy-NFs),
PPy-coated carbon nanotubes (PPy-CNTs) and spherical
manganese dioxide nanoparticles (MnO,-NP) during the
aerogel assembly (Yang et al. 2015¢). The preparation
process of cellulose nanocrystals aerogels is shown in
Fig. 12. The aerogels are so lightweight that they can rest
on top of a feather and exhibited similar internal mor-
phology. The specific capacitance at a CV scan rate of
2 mV s~ for PPy-NFs, PPy-CNTs, and MnO,-NP devices
was 3.32, 242, and 2.14 mF cnfz, respectively. The
symmetric supercapacitor cells showed 84.19, 61.66, and
92.28% capacitance retention at a current density of
0.1 mA cm™? after 2000 cycles for PPy-NFs, PPy-CNTs,
and MnO,-NP, respectively. If the 3D aerogel structure
with a large specific area can utilize for charge storage, a
high specific capacitance should be obtained.

CFs was often used to reinforce polymer for high con-
ductivity and stability (Davoglio et al. 2010; Izadi-

@ Springer

Najafabadi et al. 2005). The PPy/CFs and PPy/poly (2,5-
dimercapto-1,3,4-thiadiazole)/CFs (PPy/P(DMcT)/CFs)
composites were prepared using EOP method as superca-
pacitor electrodes, respectively (Davoglio, Biaggio, Bocchi
and Rocha-Filho 2013). P(DMcT) is one of the most
promising candidates due to its high theoretical specific
energy (1080 Wh kg~') and high stability to temperature
(NuLi, Guo, Liu and Yang 2007). Unfortunately, its redox
kinetics is rather slow at room temperature and it is not
electrically conducting, which may lead to significantly
lower power density (Li et al. 2003). However, when
P(DMcT) was coated by PPy films, the bilayer polymer
material presented a significantly greater specific capaci-
tance of 1130 + 100 F g~'. After 1000 cycles, only about
17% of the initial capacitance were lost for PPy/P(DMcT)/
CFs electrodes, respectively. A thin film of electrode-
posited PPy is enough to prevent the degradation of the
inner poly(DMcT) layer. An important synergic effect
should exist between both polymers. In addition, the PPy/
CFs composites were also used as the precursor to prepare
nitrogen-doped carbon nanofibers (N-CNFs) for superca-
pacitor electrode (Cai et al. 2015a; Chen et al. 2012). The
PPy/carbonaceous nanofibers composites were prepared
via a chemical oxidation polymerization, and then annealed
in quartz tube under N, atmosphere for heating at 500, 700,
900, and 1100 °C to obtain N-CNFs (Chen et al. 2012).
The precursors used in the process can be synthesized on
large-scale or are commercially available. The N-CNFs
nanofibers exhibited a reversible specific capacitance of
2020 Fg~' at the current density of 1A g ' in
6.0 mol L~! aqueous KOH electrolyte, meanwhile, main-
taining 97% of the initial capacitance after 3000 cycles. In
the work of Cai et al. (2015a), the N-CNFs nanofibers can
be further activated in CO, atmosphere at 850 °C for 2 h,
by which the capacitance of N-CNFs electrodes were
enhanced obviously. The preparation process of active
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Fig. 12 Schematic representation for preparation process of cellulose nanocrystals aerogels

N-CNFs nanofibers is shown in Fig. 13. Supercapacitor
electrodes prepared from N-CNFs and a mixture of N-CNF
and Ni(OH), showed the specific capacitance of 236 and
1045 F g ' at a current density of 0.2 A g™, respectively.
An asymmetric supercapacitor using N-CNF/Ni(OH), and
N-CNFs as positive and negative electrodes exhibited the
high energy density of 51 Wh kg~' and power density of
117 kW kg~'. The device retained 84% of the initial value
at a CV scan rate of 100 mV s~ after the initial 5000 scan
cycles.

As the most common electrode materials for commer-
cially available supercapacitors, AC has a high cycling life
and low cost, while its electrical conductivity and capaci-
tance value are lower than PPy active materials. So, PPy/
AC composites were fabricated using in situ EOP and
exhibited a high specific capacitance of 354 F g~ ata CV
scan rate of 1 mV s~!, which indicated that AC coated by
PPy can improve the performance of AC electrode in
supercapacitors (Muthulakshmi et al. 2006). The
PPy/conductive carbon black (PPy/CCB) composites were
prepared via in situ COP to develop an electrode material
for supercapacitors (Kumar et al. 2014). The results indi-
cated that the concentration of dopant anion (p-toluene-
sulfonic anion) can impact the conduction channel inside
PPy/CCB matrix through the formation of bipolaronic and

polaronic species for effective transfer of charges across
the electrode/electrolyte interface. The maximum specific
capacitance of PPy/CCB composites reached 395 F g~ at
a CV scan rate of 50 mV s~ ' in 0.5 M Na,SO, aqueous
solution and demonstrated good stability during 500 cycles.
Moreover, PPy/core—shell carbon black (PPy/CB) compos-
ites were prepared via in situ COP with poly[2-hydroxy-3-
(methacryloyloxy) propane-1-sulfonate] (PHMAS) as both
surfactant and dopant (Yang et al. 2011). The maximum
specific capacitance of PPy/CB composites reached
366 F g ! at a current density of 5 mA cm?. It was found
that a total loss of about 5-12% of the initial discharge
capacitance was observed after 40 cycles, but a fairly
stable capacitance was maintained thereafter.

Ternary composites

To excellent electrochemical performance, PPy electrodes
were reinforced by two kinds of carbon material (Gan et al.
2015; Lu et al. 2012a; Peng et al. 2014; Shi and Zhito-
mirsky 2013a; Wu et al. 2014; Xu et al. 2014; Yang et al.
2014; Zhang et al. 2015). These structures are similar to
beton matrix and PPy acts as binder. On the other hand,
two kinds of carbon materials can introduce more pores to
ion transfer in composites matrix. Both the fast faradaic
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capacitance and reversible double-layer capacitance at the
electrode—electrolyte interfaces can be obtained in these
novel composites. The composites can show good
cycleability owing to two kinds of carbon materials syn-
ergistically accommodating the strain of PPy volume
change (Lu et al. 2012a).

Lu et al. (2012b) prepared the functionalized GP and
CNTs using negatively charged poly(sodium 4-styrenesul-
fonate), and then fabricated PPy/GN/CNT composites via
in situ COP. The PPy/GN/CNT composites exhibited a large
surface area of 112 m* g~' and meso- and macro-porosity
system. The maximum specific capacitance of composites
reached 361 F g~ ' ata current density of 0.2 A g™, whichis
much higher than that of pure PPy (176 F g~') and binary
composites of CNT/PPy (253 Fg~') and GN/PPy
(265 F g~ "). Owing to the GN and CNTs synergistically
releasing the intrinsic strain of PPy chains during charging/
discharging processes, the PPy/GN/CNT composite retained
96% of its initial capacitance after 2000 charging/discharg-
ing cycles at a current density of 6 A g~ '. Meanwhile, PPy/
GP/CNTs composites can be fabricated via in situ poten-
tiostatic electrochemical polymerization (Aphale et al.
2015). To PPy/GP/CNTs EOP, no organic binders were used
to fabricate the thin film, which would increase the ionic
access to the active materials in the supercapacitor elec-
trodes. At a scan rate of 5 mV s~!, the specific capacitance,
energy and power density of PPy/GP/CNTs electrode pre-
pared via EOP reached 453Fg', 62.96 and
566.66 W kg™, respectively.

@ Springer

The supercritical carbon dioxide was used to prepare
unique flexible free-standing graphene oxide/carbon
nanofiber films (GO/CNF), on which PPy was deposited
via an in situ COP (Xu et al. 2014). The foam carbon
nanofiber with core—shell architecture (CNF/GP/PPy) was
fabricated via a two-step method, containing electrospin-
ning and potentiostatic electrodeposition (Gan et al. 2015).
The carbon nanofibers acted as an electrically conductive
substrate that enables the incorporation of the GP/PPy
shell. The GP addition decreased the charge transfer
resistance possibly due to reducing the distance for electron
shuttling in the PPy chains for rapid electrochemical redox
reactions. The specific capacitance of CNF/GP/PPy
reached 386 F g~ at a CV scan rate of 2 mV s~ '. They
considered that GO can be reduced to GP in the presence of
the pyrrole monomer during electrodeposition process
because the negatively charged GO is attracted to the oli-
gomer radical cations due to electrostatic charge attraction,
and is subsequently reduced to GP by the free electrons
released during the formation of free radicals (Gan et al.
2015).

Conclusion

As supercapacitor electrodes, PPy offers many advantages,
such as high conductivity, flexible structure, low cost and
easily preparing process. However, the big volume change
of PPy electrode resulted from the unavoidable doping/
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dedoping process induces defects into PPy matrix. So the
intrinsic PPy has a poor cyclic stability while compared
with carbon materials that only involve simple ion
absorption and desorption on materials interface. Based on
the available reports, carbon materials, especially GP and
CNTs, are very suitable to reinforce PPy electrodes during
repeatedly charging/discharging process. So many
PPy/carbon material composites were prepared with dif-
ferent structure or component. Though few works can meet
the level of supercapacitors in practical application, the
various strategies in available literatures improved their
electrochemical performance from different angles, which
has to benefit PPy commercial application.

The PPy/carbon material composites with 3D porous
matrix exhibited high specific capacitance and charging/
discharging rate. This structure provides a high specific
surface area for electrolyte contacting with active material
and reduces “dead” material as far as possible. The 3D
porous matrix allows a high loading active material, which
plays a crucial role in practical application. An appropriate
distribution range of pore diameter is very critical to the
electrochemical performance of composites because the
pore diameter determines whether the electrolyte ade-
quately contact with the surface of active materials.
Therefore, the 3D porous structure of composites should be
optimized seriously. The 3D porous composites usually
were fabricated by several strategies, such as the use of
sacrificial template, the use of a reinforcing material with a
3D structure, and preparing the sponge and foam com-
posites by various unique process. Currently, a simple and
low cost method to fabricate 3D porous PPy/carbon
material composites should be very important to PPy
commercial application.

PPy possesses good flexibility when PPy was polymer-
ized by a suitable process. The flexible PPy can be pre-
pared by the simple methods. PPy/carbon material
composites meet the most demands of energy storage
device in wearable electronics area. Therefore, many
researchers focused on the preparation and application of
PPy/carbon material composites for the flexible superca-
pacitors. However, for the commercialization, material
stability, compatibility and cost need to be resolved. In
addition, towards many practical applications, multifunc-
tional flexible electrode materials can be more popular in
the future. It can be expected that the multifunctional
PPy/carbon material composites are used in wearable
electronics, bio-implantable devices, flexible and wireless
Sensors.

The asymmetric supercapacitors are assembled with
different material at positive and negative electrodes. This
configuration can enlarge the working potential window
and enhance the high energy density. In the symmetric
supercapacitors, when PPy was reduced, it has a poor

conductivity due to low doping level, as shown in Fig. 2.
This should increase sharply the internal resistance of
supercapacitors. Therefore, PPy and its composites are
suited to be used as positive electrode in asymmetric
supercapacitors. At the same time, the balance of thickness
and mass of active materials on positive and negative
electrodes has an important effect on the electrochemical
performance. If electrodes are not matched, its perfor-
mance may drop or the capacitance may be damaged.
Therefore, matching electrodes should be carefully con-
sidered when PPy/carbon material composites were used in
asymmetric supercapacitors.

In regard to cycling stability, there was still a gap
between most of PPy/carbon material composites in
available literatures and electrode materials of commercial
supercapacitors. During repeatedly charging/discharging
process, it is still unclear what cause the capacitance decay
of these composites. The interface between PPy and carbon
materials, the change of PPy intrinsic structure, and the
change of porous structure need to be explored further
during long-term cycle process.
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