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Syt 1o 2008 In the present work, by using the in situ polymerization of aniline in acidic
Published online: aqueous solution of PVA and freezing-thawing method, the reinforced con-
21 June 2016 ducting polymer hydrogel of polyaniline/polyvinyl alcohol (PANI/PVA) was

prepared and directly used as the self-supported electrode for supercapacitor.
© Springer Science+Business  The chemical structure of PANI/PVA hydrogel was characterized by UV-Vis,
Media New York 2016 and the three-dimensional (3D) interconnected hierarchical nanoporous struc-
ture was observed by scanning electron microscopy. The measurement of
compressive strength demonstrated the high mechanical strength of the
hydrogel. The electrochemical properties of PANI/PVA hydrogel electrodes
were evaluated by using cyclic voltammetry, electrochemical impedance spec-
troscopy and galvanostatic charge/discharge, which indicated their good
responsiveness and rate capability, low resistance, high specific capacitance
(240 F/g at current density of 1 A/g) and excellent cycling stability. The easily
fabricated PANI/PVA  hydrogel combined hierarchical nanoporous
microstructure, self-supported feature and favorable capacitive behavior and
provided a new strategy for constructing high-performance electrode for

supercapacitors.
Introduction high power density, long recycle life and fast charging
and discharging, the supercapacitors have achieved
Supercapacitors, a type of novel device of electro-  wide range of applications in electromobile,
chemical energy storage, have attached more and  portable electronic products and uninterrupted power

more attentions in recent 10 years [1-4]. Due to the supply [4, 5]. In the system of supercapacitors, the
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Figure 1 UV-Vis spectra of PVA and PANI/PVA hydrogel.

electrode materials are the most important factor for
the performance of the device, and it is well known that
the electrode materials with nanostructure are con-
siderably necessary for the high charge/discharge
capacities due to fast kinetics, efficient contact with
electrolyte ions and abundant electroactive sites for
energy storage [5]. Moreover, at present, the bulk
electrode for supercapacitor is commonly prepared by
mixing the active materials, bonders and conductive
additives and compressing the mixture under high
pressure [6, 7], which not only would bring contact
resistance, but also is considered to be a relatively
complicated process. It is reported that developing
self-supported electrodes without bonders and addi-
tives is an effective way to increase the energy density
of supercapacitor [8, 9]. Due to the 3D interconnected
hierarchical nanostructure, large specific surface and
fast electron/ion transportation, conducting hydro-
gels are the ideal materials for self-supported electrode
of supercapacitors. The graphene-based conducting
hydrogel is a candidate of self-supported electrode for
the 3D nanoporous structure [10-12]. Unfortunately,
the graphene-based supercapacitors are known as
electric double-layer capacitors, whose specific
capacitance is generally considered lower the pseu-
docapacitors, e.g., conducting polymers. Thus, the self-
supported electrodes of conducting polymer hydro-
gels are greatly developed due to the high theoretical
specific capacitance, low cost and facile fabrication.
Conducting polymer hydrogels are used to be
fabricated by two-step method [13-15], including the
preparation of non-conductive hydrogels and subse-
quent compositing with conducting polymer. This
process not only leads to a complicated preparation
and high cost, but also is difficult to achieve high
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loading of conducting polymer and uniform com-
posite structure. Considering these shortcomings of
two-step method, the one-pot process to fabricate
conducting polymer hydrogels has been developed.
The reported conducting polymer hydrogels could be
composed of a single component, such as the
hydrogels of polyaniline and polypyrrole [16, 17], or
a complex system, such as the composite hydrogels of
polyaniline/phytic acid [18, 19], polypyrrole/phytic
acid [20], polyaniline/poly(styrene sulfonate) [21]
and polypyrrole/Prussian blue [22]. They all showed
favorable electrochemical behaviors. However, most
of the above conducting hydrogels suffer from con-
siderably poor mechanical strength that slight agita-
tion can lead to the collapse of the hydrogels. Our
group has fabricated a reinforced hydrogel of
polyaniline/sodium alginate (PANI/SA) resulting
from the entanglement of the polyaniline and sodium
alginate molecular chains [23], but the mechanical
strength of the hydrogel will also decrease after
1 week due to the inherent character of degradation
of sodium alginate in the water. Lu et al. [24] pre-
pared an elastic polypyrrole hydrogel; nevertheless,
it would not turn to be elastic state unless it has been
placed at room temperature for more than 30 days.
An elastic polypyrrole nanotube aerogel was also
fabricated, but the template and cross-linker have to
be adopted [25]. Thus, it is still a challenge to develop
more novel reinforced conducting polymer hydrogels
with facile synthetic process for self-supported elec-
trode materials.

In this paper, the conducting polymer hydrogel of
polyaniline/polyvinyl alcohol (PANI/PVA) with
high mechanical strength and typical hierarchical
nanoporous structure was facilely prepared by using
in situ polymerization of aniline in an acidic aqueous
solution of PVA and the freezing—thawing method.
The as-prepared PANI/PVA hydrogel can be used as
self-supported electrodes for supercapacitors and
shows favorable capacitive behaviors. It provides a
new way to construct ideal electrode materials for
supercapacitors and actuators.

Experimental section
Materials
Polyvinyl alcohol (PVA, analytically pure, 1788) was

purchased from Aladdin Industrial Inc. Aniline (An,

@ Springer



8730

Figure 2 FE-SEM images of
PVA and PANI/PVA hydrogel.

chemically pure) was purchased from Sinopharm
Chemical Reagent Co. and was distilled before use.
Ammonium persulphate (APS, analytically pure) was
purchased from Shanghai Chemical Co. and used as
received. All other chemicals and solvents were of
analytical grade and used as received.

Preparation of PANI/PVA conducting
polymer hydrogels

In a water bath, 6 g of PVA was added to 100 mL of
deionized water under heating and stirring for 2 h to
obtain a fully dissolved solution. After the solution
was cooled to room temperature, 10 mL concentrated
hydrochloric acid (36-38 wt%) and a known amount
of An were added. Then, in an ice-water bath, the
APS with the same molar weight of An was added to
the above solution under fast stirring. Subsequently,
the mixture was subjected to three cycles of freeze—
thawing, in which the mixture was frozen for 12 h at
—20 °C, and then thawed for 12 h at room tempera-
ture as one cycle. The hydrogel formed by the above
freeze-thawing method was immersed into a large
amount of deionized water for 3 days to remove
inorganic impurities and oligoaniline, and the
deionized water was changed every 12 h. Finally, the
PANI/PVA conducting polymer with high mechan-
ical strength was obtained. As a reference, the pure
PVA hydrogel was also prepared by the same pro-
cedure without adding HCL, An and APS.

Characterization

UV-Vis spectroscopic measurements were taken with
a UV-Vis spectrophotometer (TU-1810, Beijing Pushi
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General Co.) using deionized water as the solvent.
The morphologies of the conducting polymer
hydrogels were observed by a field emission scan-
ning electron microscope (FE-SEM, Sirion, FEI) at an
acceleration voltage of 5kV. The compressive
strength of hydrogels was measured by using an
electromechanical universal testing machine (CMT-
4104, SANS) at room temperature. The cylindrical
samples (p15 x 10 mm) were placed between two
plates, and the compression speed was 2 mm/min.

Electrochemical properties

The as-prepared PANI/PVA hydrogels were cut into
slices (1.0 x 1.0 cm) and pressed onto a stainless steel
mesh. Then, the hydrogel slices were immersed in
H>S0, aqueous solution (1 mol/L) for 24 h and used
as working electrodes. The electrochemical tests were
performed through the three-electrode system in
H>S0, aqueous solution (1 mol/L). The Pt wire and
saturated calomel electrode were used as the counter
electrode and reference electrode, respectively. The
cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and galvanostatic charge/dis-
charge (GCD) were performed on an electrochemical
workstation (CHI, 660D). The CV curves were col-
lected in the potential window of —0.2-0.9 V, and
four scan rates at 10, 50, 100 and 200 mV /s were
used. The frequency of EIS was in the range of
100 kHz-0.01 Hz, and perturbation AC voltage was
10 mV. The GCD measurements were taken with
varying voltages ranging from 0 to 0.8 V and at the
current densities of 1,2, 3 and 5 A/g. All of the above
electrochemical tests were carried out at room
temperature.
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Figure 3 a Image of the PANI/PVA hydrogel under a large
external force. b Diagrams of compressive stress/strain of the
hydrogels with varying content An in the original PVA solution: 0
(curve 1), 0.4 (curve 2) and 0.8 mol/L (curve 3). ¢ Schematic
illustration of interactions within the PANI/PVA hydrogel.

Results and discussion

In the present work, An was firstly dissolved in the
acidic aqueous solution of PVA. After the oxidant
APS was added, the freezing-thawing method, as
described in experimental section, was immediately
used to allow the mixture to form hydrogel. In this
freezing—-thawing process, the microcrystalline
domains, viz., physical crossing points, were gener-
ated and the three-dimensional network, viz.,
hydrogel, was further formed. Meanwhile, the PANI
was obtained through the in situ polymerized of An
and doped by hydrochloric acid. Thus, the PANI/
PVA conducting hydrogels were prepared. Figure 1
presents the UV-Vis spectra of PVA and PANI/PVA
hydrogel using deionized water as solvent. The PVA
does not show any obvious absorption band in the
range of 200-1000 nm. In the UV-Vis spectrum of
PANI/PVA hydrogel, three obvious absorption
bands at 336, 430 and 805 nm can be seen. Thus, these
bands must be attributed to the PANI in situ poly-
merized in the hydrogel. The band at 336 nm is
assigned to the n—n* transition of the benzene ring,
and the bands at 430 and 805 nm are ascribed to the
polaron band n—n* transition and the 7 to the local-
ized polaron band of doped PANI, respectively
[23, 26]. The results of the UV-Vis spectra confirm
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that the PANI is formed by using in situ polymer-
ization and exists in the hydrogel as conductive
emeraldine salt.

Figure 2 shows the FE-SEM images of PVA and
PANI/PVA hydrogel. It can be found that the pure
PVA hydrogel exhibits a typical nanoporous mor-
phology with pore size from several micrometers to
nanometers (Fig. 2a). In the case of PANI/PVA
hydrogel, the microstructure not only maintains the
nanoporous morphology formed by PVA chains, but
also contains nanoaggregates formed by PANI
chains, which exhibit random morphologies includ-
ing nanorods, nanosheets and nanoparticles
50-300 nm in size (Fig. 2b). Because the aniline
monomer was added to the acidic solution of PVA to
obtain a fully dissolved mixture and underwent
in situ polymerization, accompanied with freezing-
thawing gelation of PVA, the PANI nanoaggregates
were uniformly dispersed within the hydrogel and
intercrossed with the PVA nanonetworks to form a
hierarchical nanoporous microstructure, which can
provide large specific surface and ion/electron
transmission channel for electrochemical reactions
within the PANI/PVA hydrogel.

The aqueous solution of PVA can form hydrogel
through the freezing—thawing process, in which the
hydrogen bond and microcrystalline domains
between PVA chains are generated. The formed PVA
hydrogel owns the ability to resist the external force
and maintain the gel state with good deformability
[27-29]. Thus, it is expected that the conducting
hydrogel of PANI/PVA fabricated by this freezing—
thawing method would possess high mechanical
strength, which is very important for the application
of the hydrogels. Herein, the excellent mechanical
strength of the as-prepared PANI/PVA hydrogel can
be directly seen from that it can withstand a large
external force (Fig.3a). It is also noted that the
mechanical strength of hydrogels can be enhanced
with the increase in freezing-thawing cycles. In order
to achieve high mechanical strength and appropriate
experimental period, all hydrogels are prepared
through three freezing—thawing cycles. Figure 3b
shows the diagrams of compressive stress/strain of
the as-prepared hydrogels. Owing the limited freez-
ing-thawing cycles, the compressive strength of pure
PVA hydrogel is relatively poor, lower than 0.2 MPa.
By contrast, the mechanical strength of PANI/PVA
hydrogel has greatly improved, and the larger
amount of An used, the higher mechanical strength
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Figure 4 CV curves of PANI/PVA hydrogel electrodes in 1 M
H,S0, at scan rates of 10, 50, 100 and 200 mV/s.

of hydrogels. For instance, the compressive strengths
of the PANI/PVA hydrogels prepared with 0.4 and
0.8 mol/L of An in the original PVA solution are 0.62
and 3.38 MPa, 3.4 and 18.7 times higher than that of
pure PVA hydrogel, respectively. Comparing with
this PANI/PVA hydrogel, the compressive strengths
of reported conducting hydrogels are indeed rela-
tively low, such as triple-network hydrogel (1.8 MPa)
[30], PANI/SA hydrogel (41 kPa) [23] and the other
brittle hydrogels [16, 18, 20, 21]. Therefore, the results
suggest that the PANI nanoaggregates in situ poly-
merized within the hydrogel networks, as shown in
the SEM images in Fig. 2, not only endow the
hydrogel with electrochemical properties, but also
lead to an increase in the hydrogel strength [15]. The
synergy between the microcrystalline of PVA and the
reinforcement of PANI nanoaggregates endows the
PANI/PVA hydrogel favorable mechanical strength
(Fig. 30).

Considering the inherent faradic pseudocapaci-
tance of PANI and the reinforced 3D interconnected
structure, the PANI/PVA hydrogel is used as self-
supported electrode for supercapacitors. For the
electrode materials, the hierarchical nanoporous
structure of PANI/PVA hydrogel can provide large
specific surface for the electrochemical reactions and
can be greatly beneficial to the ion exchange and
electron transmission between active materials and
electrolyte. In addition, because the supercapacitor
electrodes could undergo expansion and shrinkage in
the processes of charging and discharging, the
excellent mechanical strength of PANI/PVA hydro-
gel is also distinctly important for the recycle life of
electrode materials. Thus, the self-supported elec-
trodes were prepared through directly pressing the
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Figure 5 EIS spectra of PANI/PVA hydrogel electrodes prepared
with 0.4 and 0.8 mol/L of An.

PANI/PVA hydrogels onto a stainless steel mesh,
and the electrochemical performance was evaluated
by means of cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and galvanostatic
charge/discharge (GCD).

Figure 4 shows the CV curves of PANI/PVA
hydrogel electrode with varying scan rate at 10, 50,
100 and 200 mV/s in aqueous solution of H,SO,
(1 mol/L). It can be seen that two pairs of redox
peaks appeared in the scan range of —0.2-09 V.
Herein, the two pairs of redox peaks observed are
assigned to the transition between the leu-
coemeraldine base state of PANI to an emeraldine
state and a further transition to a pernigraniline state
[31, 32], which suggest the pseudocapacitance feature
of PANI/PVA hydrogels. Moreover, in the CV
curves, the obvious increase of peak currents with the
increase of scan rates indicates the good responsive-
ness and rate capability [27, 33]. These favorable
capacitive behaviors could be attributed to hierar-
chical nanoporous structure of PANI/PVA hydrogel
electrode which facilitates the ion exchange and
electron transmission [34]. Meanwhile, because the
hydrogel electrodes are made up of 3D intercon-
nected networks and prepared without binders and
conductive fillers, the contact resistance is also
avoided.

Figure 5 shows the EIS spectra of PANI/PVA
hydrogel electrodes prepared with 0.4 and 0.8 mol/L
of An in the original PVA solution. The semicircles
can be seen in the both EIS spectra at high-frequency
region, and the bigger diameter of the semicircle
corresponds to the higher charge-transfer resistance
of the electrode [35, 36]. For instance, when the
PANI/PVA hydrogel was prepared with increasing
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Figure 7 Cycling stability of PANI/PVA hydrogel electrode
prepared with 0.8 mol/L of An at the current density of 3 A/g.

the An amount from 0.4 to 0.8 mol/L, a distinct
decrease of the diameter of the semicircle indicates
that the resistance of the electrode declined signifi-
cantly. Generally, the EIS spectra in the low-fre-
quency region show a straight line, whose slope can
indicate the capacitive behavior of the electrode
materials. The more vertical the straight line, the
more closely the supercapacitor behaves as an ideal
capacitor [6, 37]. Thus, from the EIS spectra in the
low-frequency region, it indicates that the hydrogel
prepared with 0.8 mol/L of An possesses better
supercapacitor behavior than the hydrogel prepared
with 0.4 mol/L of An. It originated from the high
content of PANI in situ polymerized in the hydrogel

electrode to enhance supercapacitor behavior. In this
work, 0.8 mol/L was the largest amount of An,
because in the case of too large amount of An, the
in situ polymerization is so fast that the synthetic
processes of hydrogels are out of control.

Figure 6a, b is the GCD curves of PANI/PVA
hydrogel electrodes at current densities of 1, 2, 3 and
5 A/g. According to the discharging time, the specific
capacitance of electrode can be calculated through
the following formula [38]:

C =1t/(AVm) (1)

where C is the specific capacitance of the hydrogel
electrode (F/g), I/m is the current density (A/g), t is
the discharging time(s), and 4V is 0.8 V. The values
of the specific capacitance for the hydrogel electrodes
at different current densities are shown in Fig. 6¢. At
the situation of high current density, the relatively
slow speed of the diffusion of electrolyte ions leads to
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Figure 8 Schematic illustration of the microstructure and energy-
storage characteristic of PANI/PVA hydrogel.

an uncompleted doping and dedoping of PANI of
PANI/PVA hydrogel electrode. That is, only part of
active materials in the electrode undergo the pro-
cesses of charging and discharging, resulting in a
decrease of utilization rate of the electrode materials
[39, 40]. Thus, the values of the specific capacitance
for the hydrogel electrodes declined with promoting
the current density (Fig. 6¢c). For the hydrogel elec-
trode prepared with 0.4 mol/L of An, the unsatis-
factory capacitance was obtained. At current
densities of 1, 2, 3 and 5 A/g, the specific capaci-
tances were as small as 105, 85, 55 and 37 F/g,
respectively. When the amount of An used was
increased to 0.8 mol/L, an obvious increase of
specific capacitance can be seen. For instance, the
specific capacitance with a current density at 1 A/g
significantly increased to 240 F/g, which is 2.3 times
higher than the former. It is due to the low resistance
of the hydrogel electrode prepared with larger
amount of An (Fig. 5), contributing to the electron/
ion transportation and electrochemical redox reac-
tion. At the situation of 1 A/g of current density and
0.8 mol/L of An, the specific capacitance (240 F/g) of
PANI/PVA hydrogel electrode is much higher than
that of most carbon materials whose capacitances are
commonly below 200 F/g [5], which can be attrib-
uted to the hierarchical nanoporous and self-sup-
ported structure, and pseudocapacitance feature.
Although the capacitance of PANI/PVA hydrogel is
equivalent to that of reported composite conducting
hydrogel, such as PANI/PSS and PANI/SA hydro-
gels [21, 23], even lower than that of pure polyaniline
and polypyrrole hydrogels [16, 20], it still has great
potential in the fields of flexible supercapacitor,
actuators and soft tissue engineering scaffolds due to
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the facile preparation and excellent mechanical
strength.

The cycling stability is an important performance
for the electrode materials for supercapacitors. On
account of the expansion and shrinkage in cycles of
charge/discharge, the mechanical strength and fara-
dic-capacitive performance of the polymeric elec-
trode materials may degrade after multiple cycles
[5, 18], leading to a bad cycling stability. Figure 7
presents the cycling stability of PANI/PVA hydrogel
electrode prepared with 0.8 mol/L of An at the cur-
rent density of 3 A/g. The retention ratio of 79 %
after 1000 cycles, which matches with the pellet
electrode prepared with PANI electroactive materi-
als, acetylene black and polytetrafluoroethylene
[21, 40], indicates the excellent cycling stability of the
as-prepared PANI/PVA hydrogel electrode. It is
attributed to the hierarchical nanoporous structure
and high mechanical strength of the hydrogel
(Figs. 2, 3), which can efficiently overcome the
expansion and shrinkage in cycles of charge/dis-
charge [22, 41].

According to the above evaluation of electro-
chemical performance of the self-supported PANI/
PVA hydrogel, the mechanism of its favorable
supercapacitor behavior can be illustrated in Fig. 8.
On the one hand, the excellent mechanical strength
(Fig. 3), which is ascribed to the synergy between the
microcrystalline of PVA and the reinforcement of
PANI nanoaggregates, endows PANI/PVA hydrogel
with self-supported feature and facilitates the
charge/discharge cycling stability of the hydrogel
electrode (Fig. 7). On the other hand, the hierarchical
nanoporous microstructure (Fig. 2) can provide large
specific surface for the thorough electrochemical
redox (faradic pseudocapacitance) and sufficient
channel for the fast transportation of electron and
electrolyte ions, which is considerably beneficial for
the favorable electrochemical performance, including
the high specific capacitance (Fig. 6) and good rate
capability (Fig. 4). Moreover, this self-supported
electrode is such a continuous conductive network
without binders and additives that the charge-trans-
fer resistance is very low (Fig. 5). Therefore, the
PANI/PVA hydrogel possesses favorable electro-
chemical performance due to the excellent mechani-
cal strength, hierarchical nanoporous microstructure
and self-supported feature, which are crucial impor-
tant for the high-performance supercapacitor
electrode.
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Conclusions

In this work, the conducting polymer hydrogel of
PANI/PVA was prepared via in situ polymerization
and freezing-thawing method. The easily fabricated
hydrogel with high mechanical strength and typical
3D interconnected hierarchical nanoporous structure
can be directly used as self-supported electrode for
supercapacitors and shows favorable capacitive
behaviors. The microstructure and chemical structure
were analyzed by using SEM and UV-Vis, and the
electrochemical study of cyclic voltammetry, electro-
chemical impedance spectroscopy and galvanostatic
charge/discharge indicated the good responsiveness
and rate capability, low resistance, high specific
capacitance (240 F/g at a current density of 1 A/g)
and excellent cycling stability of PANI/PVA hydro-
gel electrode. The self-supported PANI/PVA hydro-
gel with hierarchical nanoporous structure and
favorable electrochemical performance shows great
potential as ideal electrode materials for
supercapacitors.
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