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Conducting polymer hydrogel materials for
high-performance flexible solid-state supercapacitors

Kai Wang, Xiong Zhang, Xianzhong Sun and Yanwei Ma"

ABSTRACT Different from solid electrodes, conducting
polymer hydrogel electrodes swollen with water and ions,
can reach contact with the electrolyte solution at the molec-
ular level, which will result in more efficient electrochemical
process of supercapacitors. Besides, the inherent soft nature
of hydrogel material offers the electrode superior flexibility,
which benefits to gain high flexibility for devices. Here, this
perspective briefly introduces the current research progress
in the field of conducting polymer hydrogel electrodes-based
flexible solid-state supercapacitor and gives an outlook on
the future trend of research.
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Nowadays, flexible energy storage devices (batteries and su-
percapacitors) have received widely attentions as the rapid
progress of flexible and wearable electronics [1,2]. Flexible
solid-state supercapacitors represent a new type of superca-
pacitor that can work under consecutive bending, stretch-
ing and even twisting states [3-5]. However, it remains
a large challenge to obtain a flexible solid-state superca-
pacitor with high electrochemical performance and supe-
rior flexibility. The performance of a flexible supercapaci-
tor mainly depends on the properties of electrode materials
and the device configuration [6]. The electrode materials
of supercapacitor include various nanocarbons, conduct-
ing polymers and transition metal oxides [7-12]. Conduct-
ing polymer electrodes possess several merits, such as high
electric conductivity, large capacitance, inherent flexibility
and easy to processing [13-18]. However, the separations
of the molecular chains in conducting polymers are gener-
ally small relative to the double layer thickness, which re-
sults in low capacitance [19]. Besides, the low ionic mo-
bility in the polymer matrix reduces the maximum power
density of such electrodes [20].

On the other hand, the current device configuration of
the flexible solid-state supercapacitor somewhat hinders
the device to gain better performance. Generally, a flexible
solid-state supercapacitor consists of a “sandwich” lami-
nated structure, including two flexible solid electrodes and
the middle gel polymer electrolyte layer [21]. In terms of
this structure, the solid electrode materials hardly make a
sufficient contact with the gel polymer electrolyte that pos-
sesses large viscosity and poor diffusion, which results in
low capacitance and sluggish the electrochemical response.

Hydrogel is made up of solid three-dimensional poly-
meric networks and large amounts of water medium [22].
Generally, the hydrogels are employed as solid-state elec-
trolyte of supercapacitors, such as polyvinyl alcohol (PVA)
gel polymer electrolyte. Recently, conducting polymer
hydrogels were used as electrode materials for superca-
pacitors instead of traditional solid electrodes [19,23-25].
This “aqua material electrode” is conducting polymer
matrix swollen with water and ions, which hence produce
an ideal interface between the electrode materials and the
electrolyte solution. In other words, the hydrogel elec-
trode materials can maintain contact with the electrolyte
solution at the molecular level, resulting in an extremely
high effective surface area of electrode in a solid-state
supercapacitor device. Besides, the inherent soft nature of
hydrogel material offers the electrode superior flexibility,
which benefits the preparation of flexible devices.

Here, this perspective briefly introduces the current re-
search progress in the field of conducting polymer hydro-
gel electrodes-based flexible solid-state supercapacitor.

The preparation and electrochemical performance of
conducting polymer hydrogels
MacDiarmid et al. [26] firstly observed that sufficiently
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concentrated polyaniline (PANI) solutions tend to gela-
tinize with time. Since then, the preparation of conducting
polymer hydrogels has been intensively investigated in the
past decade, involving cross-linking with chemical bonds
or physical nodes (crystallites or aggregates) [27-31]. Be-
sides, conducting polymer hydrogels can also be prepared
by incorporating of conducting polymers with the host
hydrogel matrix [32,33].

The application on supercapacitor of conducting poly-
mer hydrogels was pioneered by Inganas’ group, in
which the hydrogel of poly(3,4-ethylene-dioxythiophene)-
poly(styrene sulfonate) (PEDOT-PSS) was produced by
A PEDOT-PSS
electrode was obtained by casting its dispersion onto a
gold foil electrode, and then followed by an equilibrating
process with MgSOy solution for ionic crosslinking. How-
ever, the mechanical strength of the material is poor and
the capacitance is unsatisfied due to the high molecular
mass of the PEDOT-PSS. To overcome the capacitance
issue, polypyrrole (PPy, another conducting polymer) was
electrochemically deposited on the PEDOT-PSS electrode.
The PEDOT-PSS-PPy composite hydrogel possesses less
water content and superior mechanical strength that can
form a free standing film. Cyclic voltammetry (CV) tests
of such electrodes in two-electrode symmetrical superca-
pacitor were carried out in an aqueous electrolyte (Fig.
la), illustrating a rectangular shape even at extremely
high scan rates, which demonstrates that the high rate

an ionically cross-linking process [19].

performance can be achieved in these electrodes. Besides,
both the PEDOT-PSS and PEDOT-PSS-PPy electrodes
exhibit the large power densities of over 10 kW kg™ with-
out a significant decrease in the energy (Fig. 1b). The
PEDOT-PSS-PPy hydrogel electrode has a maximum
energy density of 10 W h Kg™! that is larger compared
to the PEDOT-PSS hydrogel electrode because PPy can
store a higher amount of charge per unit weight. Fur-
thermore, incorporating with PPy also reinforces the
conducting network of the swollen polymer which also
contributes to the high energy density. PPy composite
with 95 % water content (known as w-PEDOT-PSS-PPy)
shows similar mechanical and electrochemical properties
to that of PEDOT-PSS-PPy, and the former even exhibits
a better power capability. However, the energy densities
of pure PPy-coated electrodes and the un-swollen PE-
DOT-PSS-PPy electrodes show a sharply decrease as the
power increasing. For pure PPy electrodes, only one fifth
of energy is obtained when the power density reaches
3 kW Kg!, whereas no obvious loss in energy density
for PEDOT-PSS-PPy electrodes. Moreover, the swollen

electrodes can deliver the energy at power densities more
than 25 times higher than that of the un-swollen elec-
trodes, which highlights the merits of the swollen hydrogel
materials.

Recently, Pan et al. [23] prepared conducting PANI hy-
drogels by using phytic acid as gelator and dopants. The
gelation mechanism of PANI hydrogel is schemed in Fig.
lc. Phytic acid as dopants can react with PANI molecular
by protonating the amino-groups on PANI. The cross-link-
ing occurs due to each phytic acid molecule can interact
with more than one PANI chains, resulting in the forma-
tion of a hydrogel network. The ionic conductivity of the
PANI hydrogel reaches 0.11 S cm™ (293K), which shows
a new record conductivity among conducting polymer hy-
drogels reported to date. The surface morphology of the
dehydrated PANI hydrogel shows foam-like porous nanos-
tructures which are constructed with PANI nanofibers with
uniform diameters of 60-100 nm, as shown as in Figs 1d
and e. This three-dimensional (3D) interconnected porous
structure is more effective than wires and particles for su-
percapacitor applications, which shows high performance
for electrochemical capacitors. In a three-electrode test-
ing, the as-prepared PANI hydrogel was loaded on carbon
fiber cloth as working electrode with a Pt foil counter elec-
trode and saturated calomel electrode (SCE) reference elec-
trode. The CV curves of PANI hydrogel electrode show
no deviation even at high scan rates, demonstrating the
fast rate-capability of this hydrogel (Fig. 1f). The electro-
chemical impedance spectroscopy (EIS) confirms the fast
electrochemical process. The electrical resistance is quite
small (around 3.2 Q ) in a 1 mol L™ H,SOy electrolyte
with a large PANT mass amount (2 mg cm™2 in dehydrated
form). The vertical profile of the EIS curve at low frequen-
cies exhibits an ideal capacitive behavior of the electrode
[34]. The maximum specific capacitance is 480 F g™! at
0.2 A g™! as demonstrated in Fig. 1g. Moreover, the PANI
hydrogel electrode illustrates superior rate performance,
and the capacitance remains 450 F g~' when the current
density is increased to 5 A g”!. The high rate performance
may be attributed to the facile electronic and ionic trans-
port stemming from the hydrogel materials. The cycling
performance of the PANI hydrogel electrodes shows 83%
retention over 10,000 cycles at 5 A g~*, which is better than
that of common PANI solid electrode (typical 60%-85% re-
tention for over 1000 cycles). The superior cyclic stability
is proposed for the unique advantages of the cross-linking
structure of PANI hydrogel that is more stable. Besides,
highly porous interconnected structures in the PANT hy-
drogel can accommodate the swelling and shrinking of the
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Figure 1 The preparation and electrochemical performance of pure conducting polymer hydrogel electrodes. (a) CV curves of the w-PEDOT-PSS/PPy
electrodes and PEDOT-PSS electrodes. (b) Ragone plots for supercapacitors with different electrodes: (1) w-PEDOT-PSS/PPy; (2) PEDOT-PSS/PPy;
(3) PPy; (4) unswelled PEDOTPSS/PPy; (5) PEDOT-PSS. (c) Schematic illustrations of the gelated PANI hydrogel where phytic acid plays the role as
a dopant and a crosslinker. (d and e) SEM image and TEM image of the dehydrated PANI hydrogel nanofibers. (f) CV curves of the PANT hydrogel
electrode. (g) Plot of specific capacitance for the PANI hydrogel-based electrodes. (Inset image shows the cycling performance). Reproduced with
permission from Ref. [19], Copyright 1999, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and Ref. [23], Copyright 2012, National Academy of

Sciences.

polymer.

Conducting polymer hydrogel flexible electrodes and
supercapacitors

The pristine conducting polymer hydrogels show excellent
conductivity and superior electrochemical capacitive stor-
age performance. However, the poor mechanical strength
and integrity of the hydrogels limit their direct application
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on flexible supercapacitors.

We prepared carbon cloth supported PANI hydrogel
electrode via in-situ PANI growth process, and further
assembled flexible solid-state supercapacitors [35]. Ac-
cording to our experiments, the PANI hydrogels can be
synthesized by aforementioned phytic acid cross-linking
process or just employing a concentrated aniline solution
without using phytic acid, in which the concentration of
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aniline monomer is no less than 0.5 mol L' (Fig. 2a).
A carbon fiber cloth was immersed into aniline solution
before adding oxidant (also known as initiator). After com-
pleting PANT polymerization and gelation, the PANI was
loaded on the carbon fiber to form carbon cloth (CC) -sup-
ported PANI hydrogel electrodes with excellent flexibility
and integrity. The morphologies of the pure carbon cloth
and CC-supported PANI hydrogel (dehydrated PANI) are
shown in Figs 2b-d. The electrochemical properties of the
CC-supported PANT hydrogel electrodes were firstly char-
acterized by a three-electrode setup with 1 mol L™ aqueous

H,SO4. As seen in Fig. 2e, the capacitance of the electrode
at 20 mV s7! is around 750 F g™!, in which the loading
amount of PANI hydrogel is 0.5 mg cm™ (dry weight). In
addition, the electrode exhibits the superior rate capability
at high scanning rates. The capacitance can still reach 200
F g™! even when the scanning rate increases to 200 mV s
(10 times higher than 20 mV s™").

Furthermore, a flexible solid-state supercapacitor was
fabricated based on two CC-supported PANI hydrogel
electrodes and PVA-H,SO4 gel polymer electrolytes with
the symmetric two-electrode configuration, as shown in
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Figure 2 Conducting polymer hydrogels for flexible solid-state supercapacitors. (a) Tube inversion examination of the PANT hydrogel. (b and c) The
SEM images showing the morphologies of carbon cloth and PANT hydrogel coated carbon cloth, respectively (the scale bar is 400 um); the inset images is
the enlarged SEM images (the scale bar is 40 um). (d) The enlarged dehydrated PANI hydrogel morphologies (the scale bar is 400 nm). (e) Capacitance
plots with three-electrode setup. (f) Schematic of the preparation process of the PANI hydrogel-based solid-state supercapacitors. (g) Capacitance
plots at varied scanning rates with two-electrode device. (h) Cycling performance at 7.5 A g™'. (i) In situ flexibility tests of the PANI hydrogel-based
supercapacitors. (j) A glow armlet is driven by four as-prepared devices Supercapactiors connected in series. Reproduced with permission from Ref.

[35], Copyright 2014, the Royal Society of Chemistry.
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Fig. 2f. The maximum capacitance of the supercapacitor
at 5mV s7!is 430 F g™, as calculated based on the dried
weight of the PANI hydrogel (Fig. 2g). In the case of the
traditional solid-state supercapacitor, the gel electrolytes
hardly diffuse into the inside of the solid electrode due to
the large viscosity. Therefore, the inner active materials
cannot make sufficient contact with the electrolytes. How-
ever, the PANT hydrogel materials possess a 3D hierarchical
porous structure, swelling with liquids and hence facilitat-
ing ions and mass transport, which benefits the inner ac-
tive materials accessible to electrolytes and leads to a high
capacitance performance. The cycling performance of the
device was also studied based on galvanostatic charge-dis-
charge measurements. After 1000 charge-discharge cycles,
the capacitance can retain 86% of the original capacitance,
which shows superior cycling performance compared with
PANI solid electrode materials (Fig. 2h). The supercapaci-
tor also demonstrates remarkable flexibility, as seen in Fig.
2i. The capacitance and the equivalent series resistance of
the devices show no obviously deterioration even after 100
bending cycles. As a demo experiment (Fig. 2j), the hy-
drogel electrode-based supercapacitors were used to drive a
glow armlet work that demonstrated the potential as power
sources in the real application.

Besides of textile substrates, the high strength insulating
hydrogel is used as substrates to load conducting poly-
mer in order to prepare free-standing flexible hydrogel
Hao et al. [36] reported a highly flexible
PANI-containing conductive hydrogel based on preor-
ganized a-cyclodextrins polyacrylamide (a-CD-PAAm)
host hydrogels. Firstly, the host a-CD-PAAm hydrogel
was prepared through a sol gel process, which contained
amphiphilic domains that allowed aniline (ANT) molecules
gathering in the nonpolar cavities of a-CD. After loading
ANI monomers, the in-situ polymerization can be trig-

electrodes.

gered directly by immersing the hydrogel into hydrochloric
acid. The resulted a-CD- PAAm-PANI hydrogel is highly
stretchable and flexible, and can withstand deformation
from arbitrary direction. From scanning electron mi-
croscopy (SEM) images, the dried a-CD-PAAm-PANI
hydrogel reveals a uniform wrinkled surface texture with
interconnected pores throughout the whole inner struc-
ture. The electrode was first soaked in electrolyte to reach
the fully wetted state before each electrochemical test. To
assemble a symmetrical two-electrode supercapacitor, two
pieces of hydrogels with the same size were first attached on
two Pt foils, which were separated by a glass fiber separator.
The prototype supercapacitor was immersed in 1 mol L™
H,SO; electrolyte after it was wrapped with parafilm. The
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maximum specific capacitance of the hydrogel electrode in
supercapacitor is 315 F g on the basis of total PANI (dry
weight) according to galvanostatic charge-discharge tests.
Given the mass ratio (ca.13 wt.%) of PANI in the hybrid
polymer, the specific capacitance is 41 F g™! on the basis
of the whole dry mass. This a-CD-PAAm-PANI hydrogel
electrode shows superior capacitance retention up to 80%
after 45,000 charge-discharge cycles at 8 A g”'. In this
configuration, the a-CD-PAAm is not only a host structure
but also a space buffer that could greatly accommodate
the possible volume change (swelling and shrinking) of
PANI during the intensive cycling processes, which results
in superior cyclic stability. However, the as-prepared
supercapacitor device is supported on Pt foil, which is
not a flexible device. Besides, the device employs liquid
electrolyte, which has the leakage issue especially for the
flexible device with the requirement of consecutive bend-
ing cycles.

Novel configuration of flexible solid-state supercapacitor
with hydrogel electrodes

A solid-state supercapacitor usually possesses a laminated
configuration involving multiple interfaces, such as the
multi-interfaces of cathode-electrolyte-anode. The pres-
ence of multiple interfaces facilitates the charge transport
from the cathode to the anode. Nevertheless, the unavoid-
able relative displacement among the multilayers during
bending cycles may cause delamination of these electrode
and electrolyte layers, which will undoubtedly decrease
the device performance. Thus, the development of new
conceptual device configuration to overcome the issues of
multilayer laminated device is highly required.

We developed a novel all-in-one flexible supercapacitor
prototype, which integrated the main components in a sin-
gle chemical hydrogel film as schemed in Fig. 3a [37].
Firstly, a chemically cross-linked PVA-H,SO4 hydrogel was
produced by utilizing the cross-linking reaction of PVA
and glutaraldehyde (GA) with the acid as a catalyst (Fig.
3b). Then, a mould-casting process (or a blade-coating
process) was performed before gelatinization completing
to prepare a free-standing PVA-H,SO4 chemical hydrogel
(PCH) film as shown in Fig. 3c. The water content is
approximately 90% according to the thermo-gravimetric
analysis. The PCH film showes excellent elasticity, high
mechanical strength and ionic conductivity. Based on the
EIS results, the bulk ionic conductivity of the PCH film is
0.082 S cm™!, which is comparable to that of H,SO4 aqueous
solution (Fig. 3d). Given the tensile stress-strain tests, the
PCH film can sustain up to 290% stretching under a stress

© Science China Press and Springer-Verlag Berlin Heidelberg 2016
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Figure 3 New configuration flexible supercapacitor based on a single hydrogel film. (a) Schematic of the device preparation process. (b) PVA-H,SO4
chemical hydrogel. (c) The PCH film. (d) Bode plot of the PCH film. (e) The PANI-PCH film. (f) Cross-section of the PANI-PCH film checked by

optical microscopy. (g) Schematic of the material configuration in a single PANI-PCH film. (h) CVs of the as-prepared SCs at 5mV s

-1

. (i) Specific areal

capacitance plots. (j) Capacitance retention and Coulombic efficiency of the SCs-based PANI (0.5 mol L™!)-PCH film. Reproduced with permission
from Ref. [37, Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

of 0.1 MPa. In previous reports, most hydrogels notably
present poor stretchability; typically, an alginate hydrogel
ruptures when stretched to approximately 120% [22,38].
The excellent stretchability is attributed to the covalent
cross-linked network structure of PVA polymer chains.
Secondly, PANI was in-situ polymerized on the PCH film
to form a composite hydrogel film (known as PANI-PCH
film), as seen in Fig. 3e. According to optical microscopy
and SEM images of PANI-PCH film, the PANI is not only
grown on the PCH film surface but also penetrated into the
PCH film (Fig. 3f). However, the aniline monomer cannot
completely diffuse into the whole PCH film due to its
diffusion resistance in hydrophobic PVA hydrogel. Thus,

PANI in the composite films forms a sandwich structure.
The schematic of the detailed structure is shown in Fig. 3g,
which is regarded as a (PANI electrode)-electrolyte-(PANI
electrode) sandwich-like configuration. Moreover, the
breadth of the PANI layer in PANI-PCH film is relatively
sensitive to the precursor (aniline) concentration during
PANI in situ growth process. The PANI layer in the PCH
films is gradually thickened as the original aniline concen-
tration increased.

Considering that a supercapacitor possesses an elec-
trode-electrolyte-electrode sandwich configuration, we
proposed that an integrated supercapacitor device can
be obtained based on above single PANI-PCH film. In
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this integrated device prototype, the two PANI layers (top
and down) are two electrodes, whereas the middle is the
electrolyte layer. The maximum areal capacitance reaches
488 mF cm™* at 0.2 mA cm ™, which is obtained based on
a PANI (0.5 mol L™")-PCH film (Figs 3hj). To the best of
our knowledge, this areal capacitance is superior to those
of previous reports for two-electrode solid-state flexible
supercapacitor devices [39-42]. This novel integrated
configuration demonstrates a possibility to obtain high
device areal capacitance via effectively improving loading
amounts of active materials. Most electrode materials
(PANI) were embedded inside the hydrogel film but not
stacked outside the gel electrolytes, which guaranteed that
the electrode materials have a sufficient contact with the
gel electrolyte even under a large loading amount per
area, which benefits the enhancement of capacitance. In
general, the electrode shows serious decay in capacitance
when the loading amount of active materials per area is too
large because the pulverization and loss of the active ma-
terials during charge-discharge process. In this research,
the specific capacitance is very well kept after long-term
charge-discharge cycles for all the supercapacitor proto-
types. For the supercapacitors based on thick PANI layer
(such as that prepared in 0.5 mol L), the capacitance
retention after 10,000 cycles is 99%. Due to most PANI in
PANI-PCH films is embedded into the PVA hydrogel, the
PVA hydrogel can stabilize the PANI and bring superior
cyclic stability of the device.

Moreover, the integrated supercapacitor devices show su-
perior flexibility. The capacitance was very well maintained
even after 1000 completely bending cycles. Furthermore,
other commonly used conducting polymers (PPy or PE-
DOT, etc.) can also be used as the electrode materials to
produce the prototyped supercapacitor. For example, we
also prepared a PEDOT-PCH film according to the similar
approach. Thus, the free-standing polymer chemical hy-
drogel film system is relatively versatile and robust. With
this integrated configuration, the flexible solid-state super-
capacitors can effectually reduce the interface transport re-
sistance and avoid the mechanical delamination of multi-
layers in consecutive bending cycles. Therefore, this in-
tegrated configuration is proposed to represent the future
trend of developing high-performance flexible solid-state
supercapacitors.

In summary, the conducting polymer hydrogels repre-
sent a promising class of polymeric flexible electrodes for
high-performance flexible supercapacitors. Conducting
polymer hydrogels could offer an enlarged interface area
between the electronic transporting phase (electrode) and
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the ionic-transporting phase (electrolyte), which benefits
supercapacitor to reach more efficient electrochemical
process. Furthermore, the inherent soft of conducting
polymer hydrogel make hydrogel electrode materials be-
come ideal flexible electrodes for flexible devices.

Currently, a large number of reports are available re-
lated to the synthesis of conducting polymer hydrogels
and their composites. However, the preparation of high
strength, high conductivity and integrated hydrogel film
remains a major challenge, which is quite important for
their application in flexible supercapacitors. It still requires
great effort and continued innovation on exploring sim-
ple and efficient synthetic methods to prepare such high
strength conducting polymer hydrogel films. Besides, the
device configuration innovation of flexible supercapaci-
tor is highly required, with the aiming of fundamentally
reducing the charge transport resistance of multiple in-
terfaces, and improving the mechanical toleration of
multilayer-laminated flexible devices during consecutive
bending and even stretching process. Furthermore, the
combination of novel characteristics into flexible super-
capacitors to prepare functional supercapacitors, such as
self-healing, stretching and transparent devices, is also
highly demand. By designing and preparation of novel
hydrogel electrodes, these novel characteristics can be
realized that will promote the development of wearable
electronics in the future
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