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ABSTRACT: We report a facile method to fabricate reduced
graphene oxide/polypyrrole hydrogels (rGO/PPy) simply by
combining the self-assembly process at room temperature with
oxidation polymerization at elevated temperature. The as-
prepared composite hydrogels possess a cross-linked 3D
hierarchical porous structure and show a compression-tolerant
property and a high specific capacitance of 473 F g−1 at 1 A
g−1. In particular, 82% of the capacitance value has been
maintained after charge−discharge for 5000 cycles, suggesting
the great potential applications of the rGO/PPy hydrogels in
high-quality energy storage devices. This study provides a novel reference way for the self-assembly of other conducting polymer
and graphene sheets for different applications.
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■ INTRODUCTION

With the rapid development of the global economy, and thereby
the continuous depletion of fossil fuels as well as increasing
environmental pollution, to develop clean, efficient, sustainable
sources of energy has become an important challenge. For
electrochemical energy conversion and storage, supercapacitors
have attracted considerable attention because of their high power
density, long cycle life, low cost, and good environmental
friendliness.1 Graphene, a two-dimensional graphite sheet, is one
of the most appropriate materials for supercapacitors due to its
low mass density, excellent electrical properties, unusual
mechanical strength, and high specific surface area.2−5 Mean-
while, the novel structures of graphene materials have a
significant impact upon the final electrochemical performance.
For example, constructing a foam-like three-dimensional (3D)
structure with high porosity, flexibility, and stablity under
mechanical strain/stress has been verified as an effective
approach for functional graphene materials.6−21 However, the
materials merely constituted by graphene are far away from
meeting the demand of specific capacitor because carbon
materials store charges mainly in an electrochemical double-
layer formed at the interface between the electrode and the
electrolyte, rather than in the bulk of the capacitive material.
Thus, currently, there is a growing interest in the novel
composites with a remarkable pseudocapacitance on the surface
of carbon nanostructures.22 Conducting polymers such as
polypyrrole (PPy), polyaniline (PANI), poly(3,4-ethylenediox-
ythiophene) (PEDOT), and their derivatives, etc. are kinds of
very important active materials for supercapacitors. They have

high conductivity in doped state with advantages such as facile
synthesis, low cost, good environmental stability, high storage
capacity, and adjustable redox activity.23−26 Unfortunately, the
rapid degradation of conducting polymers may appear and
become accelerated by possible overcharging/discharging during
sustained operation. In this situation, introducing conducting
polymers into the carbon materials could be a good strategy to
achieve an optimal capacitive property. Although an inspiring
performance of graphene/conducting polymer composites has
been reported frequently in recent years,27,28 we are still faced
with how to simply construct the composites with 3D
hierarchical porous structure.
Reduced graphene (rGO) has most of the excellent properties

of graphene, thanks to its similar laminated structure with
graphene, and also offers better dispersancy and binding force
with other base materials due to the functional groups on its
surface, which is conducive to construct various composites. The
performance of rGO/conducting polymer composites will be
greatly affected by the preparation condition and technology
including oxidant kind and amount, ratio of reactants, reaction
time, temperature, etc. And to continue to raise the quality level
of this kind of composites by adjusting the optimized reaction
condition and technology has also been our unswerving pursuit.
On the basis of our previous research,29 in this work, we develop
the rGO/PPy composite hydrogel with an excellent electro-
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chemical property and compression capacity by using a high
concentration of pyrrole (Py) monomer and Cu2+ to provide a
more solid gel structure and a technology with the first placement
at room temperature and the subsequent reaction at elevated
temperature to achieve the self-assembly and polymerization of
Py, in turn, on rGO. In the forming process of composite
hydrogels, Py monomers are used to reduce graphene oxide
(GO) to rGO, while themselves are oxidized by Cu2+ to
polymerize, providing the compression capacity. Meanwhile,
rGO/PPy hydrogel is prepared conveniently in a gentle
condition regardless of electrochemistry method, which is
promising in large-scale production. As-prepared 3D assemblies
show high specific capacitance (473 F g−1 at 1 A g−1), fantastic
cycling stability (82% after 5000 cycles) and excellent mechanical
property (compression-tolerant), revealing that the rGO/PPy
hydrogels may have great potential applications in high-
performance energy storage devices.

■ EXPERIMENTAL SECTION
Materials. Analytically pure pyrrole was purchased from Aladdin

Reagent and distilled before use. All other reagents were received as
analytical grade and were used without further purification.
Preparation of Graphite Oxide (GO). GO was prepared by the

modified Hummers method.30 3 g of active carbon (50 μm in diameter)
was added to the solution containing 20 mL of concentrated H2SO4, 2.5
g of K2S2O8, and 2.5 g of P2O5. The resulting mixture was heated to 80
°C and kept for 16 h, and then diluted with 200 mL of distilled water.
The product was filtered, washed then with distilled water until the
filtrate became neutral, and dried finally at room temperature to achieve
constant weight. The as-prepared preoxidized graphite was put into 120
mL of concentrated H2SO4 with stirring, to which 15 g of KMnO4 was
added slowly to keep the system temperature below 20 °C. After the
mixture was stirred at 35 °C for 16 h, the aforementioned system was
diluted with 200 mL of distilled water, and then 0.5 L of distilled water
and 10 mL of 30% H2O2 solution were added to the terminate the
reaction. The obtained product GO was centrifuged and washed with 1
L of 1:10 HCl solution, and then subjected to dialysis for 1 week to
completely remove metal ions and acids.
Preparation of rGO/PPy Composite Hydrogels. 30 mmol of Py

was added into a 6 mL 10 mg/mL aqueous GO dispersion, which had
been treated ultrasonically for 15 min to achieve the exfoliation of GO.
Then, into this mixture was added different amounts (120, 60 mmol) of
CuCl2, and the mixture was stirred for 10 min to form a uniform blend.
The above mixture was left for 24 h to form a hydrogel, which was
further heated to 90 °C for 6 h to form the rGO/PPy hydrogels (noted
as rGO/PPy 1, rGO/PPy 2 hydrogel with decreasing mass of CuCl2).
For comparison, two samples, namely the aqueous GO dispersion
containing Py monomer with 120 mmol of CuCl2 and without CuCl2,
respectively, were directly heated to 90 °C for 6 h to form the rGO/PPy
hydrogels (noted as rGO/PPy 3 and rGO/PPy 4 in turn).
Characterization. The morphologies of the freeze-dried hydrogels

were observed by scanning electron microscopy (SEM, Hitachi S-4800).
Fourier transform infrared (FTIR) spectra were recorded on
BrukerVECTOR22 spectrometer. The X-ray diffraction (XRD) patterns
were acquired on a XRD-6000 instrument (Shimadzu, Japan) with Cu
Kα radiation source. X-ray photoelectron spectroscopy (XPS) analysis
was performed on a PHI 5000 Versaprobe system, using mono-
chromatic Al Kα radiation (1486.6 eV) operating at 25 W. Electro-
chemical experiments were carried out on a CHI600 electrochemical
workstation. The working electrode was prepared by casting a nafion-
impregnated sample onto a carbon electrode with a diameter of 1 cm.
Typically, 10 mg of composite was added to 20 mL of distilled water
containing 1.9 mg of carbon black and 62 μL of nafion solution (0.01 wt
% in water) and sonicated for 20 min, which was dropped then onto the
carbon electrode and dried before the electrochemical test. The mass of
the active substance was 0.2 mg. A three-electrode cell system was used
to evaluate the electrochemical performance by cyclic voltammetry
(CV), galvanostatic charge−discharge, and electrochemical impedance

spectroscopy (EIS) techniques at room temperature. The electrolyte
used is a 1 M HCl aqueous solution. A platinum sheet and a saturated
calomel electrode (SCE) were used as the counter and the reference
electrodes, respectively. Meanwhile, a two-electrode cell system was
used to evaluate the electrochemical performance by cyclic voltammetry
(CV) and galvanostatic charge−discharge. Two carbon electrodes were
used in two-electrode system. The thickness of the composite electrodes
is about 0.5 mm. When calculating the specific capacitance of the
composite, only active component mass was taken into account. The
electrical conductivity was measured via the four-probe method at room
temperature (RTS-8 4-point robes resistivity measurement system,
Probes Tech., China). The Brunauer−Emmett−Teller (BET) specific
surface area and the pore size distribution for the freeze-dried hydrogels
were measured with an ASAP 2020 analyzer (Micromeritics, USA) at 77
K.

■ RESULTS AND DISCUSSION
Figure 1 presents the FTIR spectra for GO, PPy, and rGO/PPy 1
hydrogel. For GO (Figure 1a), the peaks located at 1736, 1400,

1226, and 1054 cm−1 pertain to the oxygen functional groups of
GO such as−CO/−COOH, COH, COC, and CO,
respectively.31 The vibration around 1620 cm−1 could be
assigned to the adsorbed water molecules or descended from
skeletal vibrations of unoxidized domain of GO.32 For PPy
(Figure 1b), the peaks situated at 1547 and 1468 cm−1 are
ascribed to antisymmetric and symmetric ring-stretching modes,
respectively. The peaks at 1300 and 1468 as well as 796 cm−1 are
attributable to the CH in-plane deformation vibration and
CH out-of-plane deformation vibration of the pyrrole ring in
polymer, respectively. Also, the strong peaks around 1180 and
909 cm−1 represent the doping state of PPy.33,34 Comparing to
GO and PPy, the rGO/PPy 1 hydrogel shows the FTIR spectrum
(Figure 1c) with the clear presence of the vibrational peaks
assigned to PPy and the significant decrease in the intensity of
adsorption bands belonging to the oxygen functional groups of
GO, revealing the generation of PPy and the reduction of GO
during the reaction process. It is noteworthy that, for rGO/PPy 1
hydrogel, some peaks assigned to PPy, such as antisymmetric
ring-stretching, are up-shifted. The hydrogen bonding and π−π
interaction between the Py ring and rGO might be responsible
for these spectral evolutions.
Figure 2 shows the XRD patterns of GO, PPy, and rGO/PPy 1

hydrogel. A diffraction peak appearing at around 2θ = 10.6°
corresponding to an interplanar spacing of 8.31 Å35 is clearly

Figure 1. FTIR spectra of (a) GO, (b) PPy, and (c) rGO/PPy 1
hydrogel.
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shown in Figure 2a, which belongs to the [001] plane of GO.36

Figure 2b exhibits a weak and broad diffraction peak in the region
of 2θ = 20−28°, indicating the amorphous structural feature of
PPy.37 The similar broad diffraction peak only is also observed in
Figure 2c confirming the existence of PPy and the vanishing of
GO, which is consistent with the FTIR results. In the meantime,
the broad diffraction peak also indicate that the rGO sheets is not
closely packed.
GO and rGO/PPy 1 are also characterized by XPS spectra to

evaluate intuitively the composition. Figure 3 presents XPS peaks
attributed to C 1s for GO (Figure 3a) and rGO/PPy 1(Figure
3b), and to N 1s for rGO/PPy 1 (Figure 3c), respectively. By
comparison, it is clear that after reaction the CO/CO unit
almost disappears while part of N element is doped in rGO. The
amounts of C, N, O, and Cu are summarized in Table 1 (72.7%
rGO, 27.3% PPy). Just to be clear, only trace Cu element exists in
rGO/PPy 1 hydrogels after dialysis, for Cu element has no
contribution to electrochemical capacitor, the influence of Cu2+

could be ignored.
As we know, the volume of the rGO hydrogel generated from

GO aqueous dispersion always less than that of the original GO
dispersion system on account of the π−π effect.38 Interestingly,
in our case, the obtained rGO/PPy composite hydrogel displays
no volume contraction, which should relate with the micro-
structure of composite hydrogel. Figure 4a shows the SEM image
of the GO with a paper-like structure, compared with which, the
rGO prepared by normal thermal treatment method in the
absence of Py displays a accumulate stratified structure (Figure

4b). By contrast, the rGO/PPy 1 hydrogel shows a well-defined
and cross-linked 3D hierarchical porous structure (Figure 4c).
The measured specific surface area of the composite hydrogel
from the BET test is about 17 m2/g, and the pore sizes are in the
range of tens of nanometers to several micrometers, with an
average pore size of 22 nm, which is obtained based on the
Barrett−Joyner−Halenda (BJH) model. Such a mesoporous
structure offers greater effective surface areas and facilitates the
transport of electrons and ions.39 It can also be seen that, from
Figure 4c, in the hierarchical porous structure no PPy particles
appear, although the concentration of Py andCu2+ in the reaction
system is very high. This feature is due to interactions between
GO and Py, as well as the coordination between GO and Cu2+,
which makes the reaction take place only on the surface of GO. It
is worth noting that GO may aggregate, causing precipitation
under the condition of high concentration of salt solution.30 So,
the amount of salt added into GO aqueous dispersion is usually
less, only equivalent to about 10% of that used in our case.
Nevertheless, thanks to the interactions of GO sheets, bivalent
copper ions and Py molecules, the obtained rGO disperse system
displays its good stability even in the presence of high
concentration Cu2+. Moreover, the interactions limit the tropism
of rGO sheets, weakening the π−π effect and resulting the
roseleaf shape microstructure. In view of this, the macroscopic
volume of the formed composite hydrogel keeps consistent with
that of initial reaction system after reacting. The FTIR spectra of
GO (a) and the mixtures of GO/Cu2+ (b) and of GO/Py (c)
shown in Figure 4d, in which the bands of COO− and C−O
vibration modes disappear, confirm the interaction between GO
and Cu2+ as well as GO and Py supporting above discussions.
Based on the experimental results, it could be concluded that

when the reaction system is placed for 16 h at room temperature
the self-assembly of GO/Py and GO/Cu2+ is accomplished, even
at the very slow rate of oxidation reaction of Py byCu2+, thus little
PPy particles would form between GO sheets. When the reaction
system is heated to 90 °C, the reaction of Py/Cu2+ speeds up,
forming the hydrogels with cross-linked 3D hierarchical porous
structure. The whole process is illustrated schematically in Figure
5.
CV, galvanostatic charge−discharge, and EIS techniques are

used to test the electrochemical properties of the rGO/PPy 1

Figure 2. XRD patterns of (a) GO, (b)PPy, and (c) rGO/PPy 1
hydrogel.

Figure 3. XPS spectra of (a) C 1s of GO, (b) C 1s, and (c) N 1s of rGO/PPy 1.

Table 1. Relative Amount (%) of Element in theGO and rGO/
PPy 1 Hydrogels

sample C N O Cu

GO 69.2 30.8
rGO/PPy 1 74.8 13.1 11.6 0.5
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hydrogel in three-electrode system. Figure 6a exhibits the CV
spectra of the electrodes with a potential between 0 and 0.8 V (vs
SCE). A nearly ideal rectangular shape at increasing voltage
scanning rate from 5 to 100 mV s−1 is observed, showing almost

perfect capacitive behavior. Investigating the electrochemical
performance of the samples at high current density is used to
evaluate whether the electrode materials are appropriate to any
operation condition. Figure 6b shows the galvanostatic charge−

Figure 4. SEM images of (a) GO, (b) pure rGO prepared by thermal treatment in the absence of Py, and (c) rGO/PPy 1 hydrogel; (d) FTIR spectra of
(A) GO, (B) GO/Py compound, and (C) GO/Cu2+ compound.

Figure 5. Schematic diagram of the preparation process of rGO/PPy 1 hydrogel.
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discharge curves of the rGO/PPy 1 hydrogel at current densities
from 1 to 10 A g−1 and the inset in Figure 6b shows the change in
capacitance with current density. It can be seen that CV and the
charge−discharge profile change with increasing scan and
current rate. It might be owing to the restriction of the rate
diffusion of electric charge. In fact, the Py monomer could not
reduce GO totally to graphene due to its relative small reducing
capacity, and thus may influence the conductivity of the
composite (0.5 S·cm−1 in our case) and the electric charge
transfer rate.40 The rate performance of the composite hydrogels
may also relate to the instability of PPy chains under large
current. However, the specific capacitance of the composite
hydrogel at the current of 10 A/g is larger than many rGO/
conducting polymer composites reported.13,28,29 The capaci-
tance of rGO/PPy 1 hydrogel reaches 473 F g−1 at 1 A g−1,
making the rGO/PPy 1 hydrogel have a broad prospects in
electrochemical capacitor.
Further electrochemical investigation is carried out to

understand in depth the electrochemical performance of the
rGO/PPy 1 hydrogel. The impedance spectrum of the rGO/PPy
1 hydrogel is shown as a Nyquist plot in Figure 6c. It is well-
known that the Nyquist plots presents semicircles in low
frequency with the diameters representing the charge-transfer
resistance.37,41 In the high frequency region, straight lines with
the intercept at the X-axis represent the equivalent series
resistance (ESR), which is related with the sum of the electrolyte
solution resistance, the intrinsic resistance of active material, and
the contact resistance at the electrode−electrolyte interface.42 In

our case, the ESR value is about 1 Ω (see the inset of Figure 6c),
suggesting the high conductivity and enhanced capacitance
properties of the hydrogels. The semicircle at the high frequency
is so small that it could not be obviously seen, implying that the
interfacial charge-transfer resistance is significantly low. A vertical
plot at lower frequencies indicates a pure capacitive behavior with
the fast ion diffusion in the electrode structure.43 Figure 6d
reveals the cycle life for rGO/PPy 1 hydrogel at the constant
charge−discharge current density of 5 A g−1. It is seen that the
specific capacitance decreases only 18% after 1000 cycles, and
maintains at a very stable value until 5000 cycles. Compared with
pure conducting polymer materials which show a decrease in the
specific capacitance more than 70% after only 2000 cycles,44 the
cycle stability of rGO/PPy 1 hydrogel in the long-term charge−
discharge process is much improved. This is attributed to the
rGO component with the superior chemical and electrochemical
stability and the high mechanical strength, acting as an elastic
skeleton to prevent PPy chains from damage due to volume
change of PPy chains. On the other hand, a little decrease in the
initial stage may be imputed to the degradation of PPy chains in
the composite hydrogels due to their swelling and shrinking in
the charge−discharge process. In addition, the trace Cu2+ may
also affect the specific capacitance of the composite, since PPy
skeleton may shrink-swell with the intercalation and dein-
tercalation of Cu2+ during the charge−discharge process.
CV and galvanostatic charge−discharge in a two-electrode

system were used to show the electrochemical properties of the
rGO/PPy 1 hydrogel in practical use. Figure 7a exhibits the CV

Figure 6. Electrochemical properties of the composite hydrogels (a) CV curves, (b) galvanostatic charge−discharge curves, specific capacitance at
different current density (inset), (c) Nyquist impedance plots, and (d) cycle stability at a current density of 5 A g−1.
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curves from 0.6 to 1.0 V. When voltage is over 0.6 V, the
overpotential phenomenon is more and more obvious with the
increasing of voltage, indicating that the appropriate voltage
should be less than 0.6 V. In addition, the shape of the CV curves
also relate to the contribution of pseudocapacitance due to the
existence of conducting PPy in the composite hydrogel. Figure
7b shows the CV curves of the electrodes with a potential
between 0 and 0.6 V. The nearly ideal rectangular shape at
increasing voltage scanning rate from 5 to 100 mV s−1 suggests
that the rGO/PPy 1 hydrogel possesses perfect capacitive
property. Based on the galvanostatic discharge curves of the
rGO/PPy 1 hydrogel at current densities from 1 to 10 A g−1

(Figure 7c), the capacitance of rGO/PPy 1 hydrogel could be
calculated according to the formula of C = 4 × (I × Δt)/(M ×
ΔV), and reaches 433 F g−1 at 1 A g−1 and 250 F g−1 at 10 A g−1,
indicating its strong competitiveness in practical use as electrode
materials.
rGO/PPy 1 and rGO/PPy 2 with different amounts of PPy

were prepared to analyze the effect of PPy. Figure 8a is
galvanostatic charge−discharge curves of rGO/PPy hydrogels at
5 A g−1, which shows that the capacitance of rGO/PPy 1 is 2
times as much as that of rGO/PPy 2. The mechanical property of
the hydrogels can be assessed by measuring the compressive
stress−strain curves (Figure 8b). The J-shaped stress−strain
curve of rGO/PPy 1 hydrogel displays an increase in compressive
stress at the high strain region, and is postulated to be a signature
of the improved mechanical strength.45 The fracture stress
reaches to 0.35MPa, much higher than that of rGO/PPy 2. As we

know, most of rGO/conducting polymer composite hydrogels
have poor mechanical strength performance.29,46 It is related to
the morphology of the conducting polymers in the composites.
In general, the PPy prepared by normal method easily form
particles. Nevertheless, the PPy obtained in this work is a
composite in which PPy chains combine with rGO, forming
sheets rather than particles, and act as a bridge connecting the
composite sheets to express a great mechanical strength
performance. It could be thought that the more amount of PPy
may lead to much denser structure and stronger interaction
between PPy chains and rGO, resulting in the stronger
mechanical property and the higher electrochemical perform-
ance at large current.
rGO/PPy 3 and rGO/PPy 4 were prepared to demonstrate the

indispensability of the self-assembly of GO/Py and GO/Cu2+ at
room temperature for formation of the rGO/PPy 1hydrogel. The
CV (Figure 9a) and charge−discharge curves (Figure 9b) clearly
exhibit that the electrochemical property of rGO/PPy 1 is much
improved than that of rGO/PPy 3 and rGO/PPy 4. In the case of
mechanical properties, the rGO/PPy 4 seems lost its all
mechanical strength due to absence of Cu2+ to form adequate
PPy for connecting GO sheets. The rGO/PPy 3 is similar to
rGO/PPy 1 in appearance, but with the much lower mechanical
strength and nearly zero compression-tolerant (Figure 9c). By
contrast, the image (Figure 9d) shows the highly compression-
rebound performance for rGO/PPy 1. As mentioned above, the
amount of oxygen functional groups of GO was not enough for
the oxidation of Py monomers in the formation of composite

Figure 7. Electrochemical properties of the rGO/PPy 1 composite hydrogels in two-electrode system (a) CV curves from 0.6 to 1.0 V, (b) CV curves
between 0 and 0.6 V, and (c) galvanostatic discharge curves.

Figure 8. Comparison of rGO/PPy 1 and rGO/PPy 2 in electrochemical (galvanostatic charge−discharge curves at 5 A g−1) and mechanical
performance (compression strain).
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hydrogels, so the additional oxidant such as Cu2+ is necessary.
Also, the placing procedure for 16 h at room temperature is the
key point for preparing rGO/PPy hydrogels with both high
electrochemical and mechanical properties. This is because the
reaction of Cu2+/Py is competitive with that of GO/Py, thus
hindering accomplishment of the self-assembly process, resulting
in interior inhomogeneity just like rGO/PPy 3. The amplification
reaction is succeeded, indicating that the rGO/PPy 1 hydrogel
preparation process in the present work is appropriate for mass
production (Figure 9e).

The differences of rGO/PPy 3 and rGO/PPy 4 hydrogels in
structure and morphology are shown in Figure 10. It can be seen
that from Figure 10a, rGO/PPy 3 displays obvious segregation
phenomenon between the components in microstructure
because PPy is oxidative polymerized directly by Cu2+ without
accomplishing the self-assembly of Py on GO. It is the
heterogeneity of microstructure that brings about the poor
property of rGO/PPy 3, which proves again the necessity of
placing process in the formation of rGO/PPy composite
hydrogel. Figure 10b exhibits the microstructure of the rGO/
PPy 4 hydrogel. In this case, on account of lacking enough

Figure 9. (a−b) Comparison of rGO/PPy 1, rGO/PPy 3, and rGO/PPy 4 in electrochemical performance; (c−d) comparison of rGO/PPy 1 and rGO/
PPy 3 in compression performance; (e) rGO/PPy 1 with a size of 500 cm3 obtained from the amplification reaction.

Figure 10. SEM images of rGO/PPy 3 (a) and rGO/PPy 4 (b).
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oxidizing agent, there is not enough PPy to modify the rGO,
which results in the accumulation of rGO. Meanwhile,
insufficient PPy is difficult to play the role of bridging different
rGO sheets, which leads to both poor mechanical and
electrochemical properties.
An analog device of a supercapacitor was fabricated with the

rGO/PPy 1 hydrogel as a negative electrode and graphite as a
positive electrode. Successfully lighting a LED, as shown in
Figure 11, reveals a great prospect of the composite hydrogels in
practical use.

■ CONCLUSIONS
Composite hydrogels of rGO and PPy have been successfully
prepared by a novel and facile method, in which the placing for
hours for the reaction system at room temperature is an key
process for the self-assembly of GO and Py to finally form the
hydrogels with cross-linked 3D hierarchical porous structure.
Also, the choice of CuCl2 as an oxidant is also a key point for the
reaction because the oxidation reaction of Py in the presence of
Cu2+ can be easily controlled by changing the temperature. The
as-prepared composite hydrogels could be the ideal candidate of
electrode materials for supercapacitors due to their high specific
capacitance, fantastic cycling stability, compression-tolerate
property, and suitability for mass production. This study can
be extended to the self-assembly of other conducting polymer
and graphene sheets through simple route for different
applications.
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