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ABSTRACT: Polyaniline hollow spheres (PANI-HS)@electrochemical
reduced graphene oxide (ERGO) hybrids with core—shell structures have
been fabricated via a solution-based coassembly process. The hollow
nanostructured designing for the PANI-HS greatly enlarges the specific
surface area, providing high electroactive regions and short diffusion lengths
for both charge and ion transport. The wrapping of ERGO sheets on the
PANI-HS can offer highly conductive pathways by bridging individual PANI-
HS together, thus facilitating the rate and cycling performance of
supercapacitors. The specific capacitance of PANI-HS36@ERGO hybrids
at a current density of 1 A g~'. Furthermore, the
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capacitance of the PANI-HS36@ERGO hybrids maintains 90% after 500 charging/discharging cycles at a current density of 1 A
g™, indicating a good cycling stability. The greatly enhanced electrochemical performance can be ascribed to the synergic effects
of the two components of PANI-HS and ERGO, suggesting that the PANI-HS@ERGO hybrids as novel electrode materials may
have potential applications in high-performance energy storage devices.
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1. INTRODUCTION

Electrochemical capacitors, which are also known as super-
capacitors, are electrochemical energy storage devices with
unique properties, such as high power, long cyclic life, fast
charge—discharge rates, and low maintenance cost."> Super-
capacitors have two energy storage mechanisms, namely,
electrical double layer (EDL) capacitances and pseudocapaci-
tances.>* EDL capacitors, which can electrostatically store
charges via reversible ion absorption at the electrode/
electrolyte interface, commonly use carbon-based active
materials with large surface areas and good electrical
conductivity.” Carbon materials such as activated carbon
(AC), mesoporous carbon (MC), and carbon nanotubes
(CNTs) usually display good stability; however, their
capacitance values are generally limited by the microstructures.’
On the other hand, the pseudocapacitors or so-called redox
supercapacitors undergo fast and reversible Faradaic redox
reaction at the surfaces of electroactive materials that store the
charges.” The large specific pseudocapacitance of Faradaic
electrodes exceeds that of carbon-based materials using double-
layer charge storage. Typical active pseudocapacitive materials
include transition metal oxides, such as RuO,, MnO,, Fe;O,,
NiO, and conducting redox polymers such as polyanilines
(PANI), polypyrroles, and polythiophenes. However, they
often exhibit poor stabilities during the charge/discharge
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processes, and the typical response times of pseudocapacitors
are significantly longer than those of EDL capacitors.””
Therefore, in order to further enhance the specific capacitance
and cycle lives of supercapacitors, the pseudocapacitance can be
coupled with the EDL capacitance by the immobilization of
carbon materials with low-cost pseudocapacitive conducting
polymers or metal oxides. This allows the systems to benefit
from the synergetic merits of both EDL capacitance and
pseudocapacitance, resulting in supercapacitors with high
performance.

Recently, graphene has attracted much attention and been
proved to be an outstanding candidate for electrode
materials.'*'> Graphene sheets are basically a 2D hexagonal
lattice of sp® carbon atoms covalently bonded along two plane
directions. Graphene exhibits exceptionally excellent thermal
conductivity, electrical conductivity, mechanical properties, and
high specific surface areas up to 2675 m*/g.*~'* More
significantly, the intrinsic capacitance of graphene was recently
found to be 21 uF/cm?"> which sets the upper limit of EDL
capacitance for all carbon-based materials and asserts that
graphene is an ideal carbon electrode material for EDL
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supercapacitors. Thus, it is desirable to harness the unique
properties of graphene and its derivatives in composites
through the incorporation of various kinds of functional
materials. Therefore, the potential usage of graphene-based
materials for supercapacitors has attracted much attention
recently.'®"”

Among the various kinds of conducting redox polymers,
PANI is considered as the most promising electrode material
for supercapacitors, due to its excellent capacity for energy
storage, easy synthesis, high conductivity, and low cost.'*~*° By
the combination of the intriguing properties of graphene with
those of PANI, hybrids of graphene and PANI have offered
great promise as supercapacitors electrode materials, due to
high conductivity, high surface area, and ability to store energy
via two charge storage mechanisms. Recently, some efforts have
been made on the incorporation of graphene into the PANI
matrix to produce nanohybrids for supercapacitor electro-
des."®™*7 However, most of the hybrids were fabricated by in
situ polymerization of aniline in the presence of graphene oxide
(GO) or chemically reduced graphene oxide (RGO)," 72235737
and the PANI is in the forms of spheres,m’34 nanowires,'®
nanoﬁbers,l9’20’22 or nanorods.>> Most recently, PANI/
graphene composites with more complicated structures such
as three-dimensional porous structures®® and hydrogel films*”
have also been reported. Composites with these hierarchical
nanostructures exhibit much more enhanced supercapacitor
performance owing to their high surface area and low
electrolyte transport resistance. However, to our knowledge,
the research work on the hollow structured PANI/graphene
hybrids has not been reported so far.

Hollow micro/nanostructured materials have been recog-
nized as one type of promising material with numerous
applications in energy-related fields.** The unique nanostruc-
tures, like porous or hollow structures, provide particular
advantages to supercapacitors due to the enhanced surface-to-
volume ratio and reduced transport lengths for both mass and
charge transport.*' ~** In this study, we report the fabrication of
polyaniline hollow spheres@electrochemical reduced graphene
oxide (PANI-HS@ERGO) hybrids using a solution-based
coassembly method. The PANI-HS was first synthesized by
utilizing polystyrene (PS) spheres as hard templates. The
resultant PANI-HS was positively charged in their emeraldine
salt form, and subsequently the negatively charged GO sheets
can wrap onto the PANI-HS via electrostatic interactions. The
wrapped GO was finally reduced to ERGO by electrochemical
reduction, leading to the final PANI-HS@ERGO hybrids. The
as-prepared electroactive hybrid materials possess a porous
structure for electrolyte access, which enhances the specific
capacitance and the energy density of the electrodes. The
specific capacitance of PANI-HS@ERGO hybrids reaches as
high as 614 F g™, at a current density of 1 A g~*. This value is
substantially larger than those reported for graphene-PANI-
based supercapacitors, suggesting that the PANI-HS@ERGO
hybrid electrode materials may have great potential applications
in high-performance energy storage devices.

2. EXPERIMENTAL SECTION

2.1. Materials. Natural graphite powder (325 meshes) was
purchased from Alfa-Aesar. Aniline and styrene were purchased from
Sigma-Aldrich. Potassium persulfate (KPS), ammonium persulfate
(APS), tetrahydrofuran (THF), ethanol, 98% H,SO,, 30% H,O,,
KMnO,, NaNO;, and 37% HCI were supplied by China Medicine Co.
Aniline and styrene were purified by distillation, and other reagents
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were used as received without further treatment. Deionized (DI) water
was used throughout all the experiments.

2.2. Preparation of PANI-HS. Monodispersed PS spheres with
diameters of 330 nm and 2.4 um, respectively, were synthesized
according to the procedures reported elsewhere.*> Then, 0.30 g as-
prepared PS spheres were dispersed in 30 mL of concentrated sulfuric
acid, and the sulfonation reaction was allowed to take place at 40 °C
for 6 h under stirring. After the centrifugation and washing processes,
0.26 g of sulfonated PS was obtained and then dispersed in 30 mL of
DI water. Subsequently, different amounts of aniline monomer (5 wt
%, 10 wt %, and 20 wt % relative to sulfonated PS) in 1 M HCI
solution was added to the above solution under stirring in an ice bath.
An aqueous solution of APS (S mL, 1:1 molar ratio of APS to aniline)
was added, and the reaction was allowed to proceed for 24 h at 0 °C.
The PS@PANI spheres were collected by repeatedly centrifuging and
washing with ethanol and water, respectively. After that, the PS cores
were removed by dispersing the PS@PANI spheres in THF and
stirring for 6 h at room temperature. Finally, the PANI-HS were
collected by repeatedly centrifuging and washing with THF, followed
by drying under vacuum at 40 °C for 12 h. PANI-HS with a shell of
different thicknesses (i.e., 20 nm, 36 nm, and 80 nm) were denoted as
PANI-HS20, PANI-HS36, and PANI-HS80, respectively.

2.3. Preparation of PANI-HS@GO Hybrids. Graphite oxide was
synthesized by Hummers method*® and exfoliated to give a brown
dispersion of GO under ultrasonication. PANI-HS was diluted to 1 mg
mL™" with DI water under sonication for 0.5 h. Then, 10 mL of GO
suspension (0.5 mg mL™') was added to 50 mL of PANI-HS
suspension, and the resulting mixture was sonicated for another 2 h.
The mass ratio of GO to PANI-HS in the resultant hybrids was
calculated to be 1:10. After repeatedly centrifuging and washing with
ethanol and water, the resultant product was collected and dried under
vacuum at 40 °C for 12 h.

2.4. Electrochemical Reduction of PANI-HS@GO Hybrids. A
glassy carbon electrode (GCE, diameter 3 mm) was used as the
substrate to prepare the hybrid samples modified electrode. GCE was
carefully polished with alumina powders (0.3 and 0.05 ym) on a
polishing cloth, rinsed thoroughly with DI water between each
polishing step, sonicated in ethanol and water, and then allowed to dry
at room temperature. The working electrode was prepared by casting
the hybrid sample onto the GCE surface. Typically, 10 uL of the
dispersion of PANI-HS@GO hybrids with a concentration of 1.0 mg
mL™" was dripped onto the GCE surface and then naturally dried at
room temperature to form the hybrid sample adsorbed GCE. The
electrochemical reduction of the PANI-HS@GO hybrids on GCE was
performed on the electrochemical workstation at a scan rate of 50 mV
s~'in 0.2 M pH = 7.0 PBS solution.

2.5. Characterization. FTIR spectra were recorded with a 4 cm™
spectral resolution on a Nicolet Nexus 470 spectrometer equipped
with a DTGS detector. Transmission electron microscopy (TEM)
observation was performed with a JEOL 2100 TEM under an
accelerating voltage of 200 kV. Scanning electron microscopy (SEM)
characterization was conducted with a TS S136MM scanning electron
microscope at an accelerating voltage of 20 kV. The surface charge of
synthesized PANI-HS and GO sheets was measured using a (-
potential analyzer (Malvern, Zetasizer nanozs). X-ray diffraction
(XRD) patterns of the samples were conducted on an X'Pert Pro X-
ray diffractometer with Cu K, radiation (4 = 0.1542 nm) under a
voltage of 40 kV and a current of 40 mA. Raman spectra were
measured on LabRam-1B French Dilor Com (4, = 632.8 nm). The
Brunauer—Emmett—Teller (BET) surface area was measured using a
Belsorp-max surface area detecting instrument by N, physisorption at
77 K.

2.6. Electrochemical Measurements. The electrochemical tests
were carried out in 1 M H,SO, aqueous electrolyte solution at room
temperature. A three-electrode system was used, consisting of the
sample modified GCE as the working electrode, platinum as the
counter electrode, and Ag/AgCl electrode as the reference electrode.
Cyclic voltammetry (CV), galvanostatic charge/discharge curves, and
electrochemical impedance spectroscopy (EIS) were performed with a
CHI 660C electrochemical workstation (Chenhua Instruments Co.,
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Figure 1. SEM images of (a) sulfonated PS, (b) PS@PANI, (c) PANI-HS36, and (d) PANI-HS36@GO hybrids.

Shanghai, China). CV curves were collected at different scan rates in a
range from —0.2 to 0.8 V, and galvanostatic charge/discharge curves
were measured in a voltage ranging from 0 to 0.80 V. EIS was recorded
in the frequency range from 10° to 0.01 Hz at open circuit potential
with an alternating current (ac) voltage amplitude of S mV.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure of PANI-HS@GO
Hybrids. Figure 1 shows the SEM images of sulfonated PS
spheres, PS@PANI, PANI-HS36, and PANI-HS36@GO
hybrids. The sulfonated PS spheres were prepared by an
inward sulfonation from the surface of PS spheres. It was
observed that these sulfonated PS spheres were uniform in size
with an average diameter of 330 nm. The sulfonation of PS
spheres is very important for the synthesis of PANI-HS hybrids,
and the shell thickness of spheres is determined by the
sulfonation time and temperature.*” Typically, PS spheres were
sulfonated with concentrated sulfuric acid at 40 °C for 6 h in
this work. The sulfonation is verified by the FTIR spectrum. As
shown in Figure S1 (Supporting Information), compared with
PS spheres, the additional peaks at 1209 and 1006 cm™" are due
to the sulfuric acid groups (—SO;H) on the surface of
sulfonated PS spheres.*® Aniline can be adsorbed on the surface
of sulfonated PS spheres and further in situ polymerized on the
PS sphere surface when the oxidant is added, resulting in the
formation of PS@PANI spheres (Figure 1b). The PANI-HS
were produced by exposing the PS@PANI spheres to THEF.
The whole preparation process was illustrated in Scheme 1. It
can be seen from Figure 1c that the PS cores were successfully
removed. Some broken microspheres are observed in the SEM
image, which clearly indicates they are hollow. This is further
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Scheme 1. Schematic Ilustration of the Preparation of
PANI-HS@ERGO Hybrids

H,50, Aniline
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PANI-HS@ERGO PANI-HS @GO PANI-HS

proven by the sharp contrast between the dark edge or shell
and the pale center (or hollow core) of the hollow spheres in
the TEM image (Figure 2b). The average thickness of the
PANI layer is estimated to be about 36 nm. The PANI residues
duplicated the original template structure very well and they
were not out of shape due to the high strength of PANI shells.

Graphite oxide was synthesized by Hummers method and
exfoliated to give a brown dispersion of GO under sonication.
The as-obtained GO suspension was intrinsically negatively
charged due to the introduction of functional groups such as
carboxylic acids (—COOH) on the surface of graphene sheets.
The as-formed PANI-HS was proved to be positively charged in
their emeraldine salt form. As determined by (-potential
measurements, the {-potential values of the two dispersions are
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Figure 2. TEM images of (a) PANI-HS20, (b) PANI-HS36, (c) PANI-HS80, and (d) PANI-HS36@GO hybrids. Parts e and f show the

corresponding TEM images of parts b and d at high magnifications.

+33 mV for PANI-HS and —50 mV for GO, respectively.
PANI-HS@GO hybrids were synthesized by mixing the
dispersion of PANI-HS and a controlled amount of GO
under sonication in water, and the mixture coprecipitated
immediately once the two dispersions were mixed. GO will
assemble onto the surface of PANI-HS via multiple
interactions, such as electrostatic, hydrogen bonding, and
7m—n interactions, and subsequently GO wrapped PANI-HS
hybrids were formed. As seen from the TEM image in Figure
2d, the smooth surface of the original PANI-HS became rough
and some ribbon or sheet like features can be found between
adjacent hollow spheres. In addition, an enlarged TEM image
of an individual sphere obtained at a high magnification (Figure
2f) clearly shows the core—shell structure of the GO wrapped
PANI-HS. Moreover, folding of GO sheets can be observed
between the connected spheres, which prove that GO indeed
wraps around the PANI-HS. The designed hollow nanostruc-
ture of the PANI-HS@GO hybrids can greatly enlarge the
specific surface area. As shown in Figure S2 (Supporting
Information), BET specific surface area of the PANI-HS@GO
hybrids was further investigated by nitrogen isothermal
adsorption. The isotherm curve belongs to the type IV with a
clear hysteresis loop, which indicates that the PANI-HS@GO
hybrids possess some mesoporous structures. The specific
surface area of PANI-HS@GO hybrids was calculated to be 231
m?* g~', which is much higher than that of PANI nanospheres
(79.3 m* g™') as reported previously.*’

Figure 3 shows the XRD patterns of GO, PANI-HS36, and
PANI-HS36@GO hybrids. GO shows a typical diffraction peak
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Figure 3. XRD patterns of GO, PANI-HS36, and PANI-HS36@GO
hybrids.

at 260 = 10.6° as a result of the introduction of oxygenated
functional groups on carbon sheets. For PANI-HS36, the
reflection peaks appear at 26 = 19.4° and 25.2°, corresponding
to (020) and (200) crystal planes of PANI in its emeraldine salt
form, respectively.’® The XRD data of PANI-HS36@GO
hybrids present crystalline peaks similar to those obtained from
pure PANI-HS36, revealing that no additional crystalline order
has been introduced into the hybrids. Whereas, the diffraction
peaks at 20 = 10.6° cannot be observed, indicating that GO
sheets are fully interacted with PANI-HS36 and completely
covered on PANI-HS36.
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Electrochemical reduction of PANI-HS36@GO hybrids was
performed on GCE in a potential range from 0.0 to —1.5 V at
different cathodic potentials in PBS solution. The cyclic
voltammograms (Figure 4) show a large cathodic current
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Figure 4. CV curves of PANI-HS36@GO hybrids at a scan rate of 50
mV s~ in 02 M PBS (pH = 7).

peak at —1.0 V with a starting potential of —0.75 V. This large
reduction current should be due to the reduction of the surface
oxygen groups since the reduction of water to hydrogen occurs
at more negative potentials (e.g,, —1.5 V).>"*” Interestingly, the
reduction peak was only produced during the first cycle of
scanning and disappeared completely in the next cycles. This
demonstrates that the reduction of surface-oxygenated species
at GO occurs quickly and irreversibly, and GO can be reduced
electrochemically at negative potentials. Therefore, after the
first cycle of scanning, GO was reduced, that is, PANI-HS36@
ERGO hybrids were obtained. In addition, the reduction of GO
is also confirmed by Raman spectra. As shown in Figure S3
(Supporting Information), GO displays two prominent peaks at
1340 and 1597 cm™, correslponding to the well-documented D
and G bands, respectively.>’ Although the Raman spectrum of
ERGO also has both D and G bands, the intensity ratio of D/G
increases obviously compared with that of GO, indicating the
realization of deoxygenation upon reduction.*® For the Raman
spectrum of the PANI-HS36@ERGO hybrid, apart from the D
and G bands of ERGO, three new representative peaks arising
from PANI can be observed at 1165, 1240, and 1492 cm™),
which correspond to in-plane C—H bending, C—N stretching
vibration of the benzenoid ring, and C=N stretching of the
quinoid.ZG’30 However, compared with the spectrum of ERGO,
the intensity ratio of the G to D bands in the PANI-HS36@
ERGO hybrid increases. This finding demonstrates the
influence of PANI on graphene due to the intimate interaction
between them, which is consistent with previous results.>
3.2, Electrochemical Behavior of PANI-HS@ERGO
Hybrids. The potential of using these hybrids as electrode
materials for supercapacitors was tested by standard cyclic
voltammetry (CV) and galvanostatic charge—discharge techni-
que. Figure Sa illustrates the CVs of ERGO, PANI-HS36, and
PANI-HS36@ERGO hybrids at a scan rate of 10 mV s~ in 1 M
H,SO, solution in the potential range from —0.2 to 0.8 V. The
curves of ERGO electrodes exhibit an approximately
rectangular shape which is characteristic of an EDL capacitor.
Different from ERGO electrodes, both the PANI-HS36 and
PANI-HS36@ERGO hybrid electrodes exhibit two pairs of
redox waves which are an indication of a typical pseudocapa-
citive characteristic of PANI, corresponding to redox transitions
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Figure 5. (a) CV curves of ERGO, PANI-HS36, and PANI-HS36@
ERGO hybrids at a scan rate of 10 mV s™* in 1 M H,SO, solution. (b)
CV curves of PANI-HS36@ERGO hybrids at different scan rates of
10, 20, 50, and 100 mV s™', respectively.

of leucoemeraldine form (semiconductor)/polaronic emeral-
dine form (conductor) and Faradaic transformation of
emeraldine/pernigraniline.'”*® The CV curves of the PANI-
HS36@ERGO hybrid electrode presents the behavior of a
combination of both redox and EDL capacitance. It can be
apparently found that the area of surrounded CV loops of
PANI-HS36@ERGO hybrids is apparently larger than that of
PANI-HS36, indicating a higher specific capacitance. The high
capacitance is obviously ascribed to its unique structural
features with high surface area, hierarchically porous structure,
and thin shell thickness. The hollow-structured nanosized
PANI spheres provide an enhanced electrode/electrolyte
interface area, providing high electroactive regions and short
diffusion lengths,22 which can ensure a high utilization of PANI.
Furthermore, ERGO in the hybrids can offer highly conductive
pathways by bridging the adjacent individual PANI-HS
together, thus facilitating rapid transport of the electrolyte
ions in the electrode during rapid charge—discharge pro-
cesses.*" Therefore, the hybrids can greatly reduce the diffusion
length, resulting in the improvement of electrochemical
properties of PANI-HS36@ERGO hybrids. Meanwhile, it is
worth mentioning that the specific capacitance of the PANI-
HS36@GO hybrids is lower than that of pure PANI-HS36, as
indicated from the CV curves in Figure S4 (Supporting
Information). This is mainly due to the insulating nature of GO
sheets in the hybrids, and the total capacitance is mainly
dominated by the pseudocapacitance from the conducting
PANI-HS.

Figure Sb shows the CV curves of PANI-HS36@ERGO
hybrids at different scan rates. It is notable that the synthesized
materials exhibit excellent electrochemical behavior in a wide
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range of scan rates. It can be also observed that the oxidation
peaks shift positively and the reduction peaks shift negatively
with increasing potential sweep rates, which is mainly due to
the resistance of the electrode.”* Between 10 and 100 mV s7},
the scan rate dependence of the peak current was investigated
on the first redox waves of PANIL The peak currents evolve
linearly with the square root of the scan rates, indicating a
diffusion limited redox process.> In addition, the obvious
increase of peak current density with the scan rates indicates a
good rate ability for the PANI-HS36@ERGO hybrid electrode.

The representative charge—discharge curves at a current
density of 1 A g™ are shown in Figure 6a. The specific
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Figure 6. (a) Galvanostatic charge—discharge curves of ERGO, PANI-
HS36, and PANI-HS36@ERGO hybrids within a potential window of
0—0.80 V at a current density of 1 A g™'. (b) Plots of specific
capacitance for PANI-HS36 and PANI-HS36@ERGO hybrids at
various current densities.

capacitance C (F g7') of the samples was estimated from the
discharge process according to the following equation:

C= IAt
AV X m (1)

where I is the current loaded (A), At is the discharge time (s),
AV is the potential change during discharge process, and m is
the mass of active material in a single electrode (g).

The ERGO electrode shows a triangular-shape charge—
discharge curve, implying that its capacitance is mainly
attributed to pure EDL capacitance. On the contrary, the
discharging curve of PANI-HS36@ERGO hybrid electrode
shows two voltage stages in the ranges of 0.8—0.45 V and 0.45—
0 V, respectively. The first stage with a relatively short
discharging duration is ascribed to pure EDL capacitance.
However, the second stage with a much longer discharging
duration is associated with a combination of EDL and Faradaic
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capacitances of the PANI-HS component.’® Although the
charge—discharge curves of PANI-HS36 maintain the similar
shape of the PANI-HS36@ERGO hybrids, the “IR drop” of the
PANI-HS36 electrode is much higher than that of the PANI-
HS36@ERGO hybrid electrode, reflecting that the internal
resistance of PANI is much higher than that of the hybrid. Low
internal resistance is of great importance in energy storage
devices, since less energy will be wasted to produce unwanted
heat during charge—discharge processes.”> PANI in its
leucoemeraldine or pernigraniline form is an insulator; thus,
the supercapacitor based on PANI-HS has a large internal
resistance as it is fully charged or discharged. By forming a
conductive network between the adjacent PANI-HS, ERGO
greatly enhances the electronic conductivity of the hybrids,
resulting in a low internal resistance. Thus, PANI-HS@ERGO
hybrids are more suitable for fabricating safe and power saving
supercapacitors.

Specific capacitances of ERGO, PANI-HS36, and PANI-
HS36@ERGO hybrids were 93, 394, 614 F g_l, respectively,
which were estimated from the discharge process at a current
density of 1 A g”". The excellent specific capacitive ability of the
PANI-HS36@ERGO hybrid electrode is due to the synergic
effect of both components of PANI-HS and ERGO. This effect
is mainly due to the following two factors. First, the
incorporation of PANI-HS into ERGO greatly improves the
double layer capacitance of the hybrids by forming a hollow
structure which has a high specific surface area. Second, the
pseudocapacitance of PANI-HS in the hybrid is enhanced by
the highly conductive network formed by the ERGO
component, which favors the redox activity of the PANI
component. What is more, the specific capacitance of PANI-
HS36@ERGO hybrids is much larger than those reported
previously, as listed in Table 1, when considering the same
current density.

The rate performance of the PANI-HS36 and PANI-HS36@
ERGO hybrids is evaluated by charging/discharging at different
current densities, as shown in Figure 6b. The PANI-HS36@
ERGO hybrids show an improved rate performance with 73%
capacitance maintained as current density increases from 0.5 to
S A gfl, while the PANI-HS36 remains about 60% of its
capacity in the same current density range. This is possibly
because the high conductivity of PANI-HS36@ERGO hybrids
accelerates its charge transfer during the discharging process.
Therefore, the wrapping with ERGO can be advantageous in
those applications that require high operation voltages owing to
their better electrochemical stability across a large voltage range
and environmental safety.

The electrochemical impedance spectroscopy (EIS) analysis
is a powerful and informative technique to evaluate the
properties of conductivity, structure, and charge transport in
the film/electrolyte interface. The Nyquist plots of ERGO,
PANI-HS36, and PANI-HS36@ERGO hybrid electrodes are
displayed in Figure 7. The Nyquist plot of PANI-HS36@
ERGO hybrid electrode shows a straight line in the low-
frequency region and an unconspicuous arc in the high
frequency region. This high frequency loop is related to the
electronic resistance inside the electrode materials, and the
inconspicuous arc in the high frequency region is probably due
to the low Faradaic charge transfer resistances.”’ At low
frequency, the hybrid electrodes exhibit a more vertical line
than neat PANI, showing a better capacitor behavior.”> The
intersection of the curves at the real axis in the range of high-
frequency represents solution resistance (R,).”’ The R, of

dx.doi.org/10.1021/am4003827 | ACS Appl. Mater. Interfaces 2013, 5, 3382—3391


http://pubs.acs.org/action/showImage?doi=10.1021/am4003827&iName=master.img-007.jpg&w=194&h=293

ACS Applied Materials & Interfaces

Research Article

Table 1. Comparison of Specific Capacitances of the
Reported Graphene-PANI Hybrid Based Electrodes and the
Present Work

samples C(Fgh ref
polyaniline nanowire arrays/graphene 555 (02 A¢g™) 18
oxide
graphene/polyaniline nanofiber 480 (0.1 A g™") 19
composites
graphene nanosheets/polyaniline 1130 (S mV s™!) 20
nanofibers composites
graphene/polyaniline composite paper 233 (2 mVs™h) 21
graphene/polyaniline nanofiber 210 (03 Ag™") 22
composite films
graphene/polyaniline composite film 640 (0.1 Ag™) 23
polyaniline grafted reduced graphene 250 (100 mV s™') 24
oxide
graphene oxide/polyaniline composite 746 (02 Ag™") 25
graphene-polyaniline hybrid papers 489 (04 A g™") 26
graphene nanosheet/polyaniline 1046 (1 mV s™) 27
composite
modified graphene/polyaniline 242 (15A g™ 28
nanocomposites
graphene/polyaniline nanofibers 301 (0.5A¢™") 29
composite paper
amide group-connected graphene— 369 (1A g™ 30
polyaniline nanofiber hybrid
graphene/polyaniline flake composites 764 (0.1 Ag™") 31
polyaniline coated reduced graphene 361 (03 A¢g™) 32
oxide sheets
graphene-supported vertically aligned 497 (02 Ag™") 33
polyaniline nanorods
graphene oxide-covered polyaniline 4872 (0.1 A g™) 34
nanoparticles
nanostructured graphene/polyaniline 1126 (1 mV s7%) 35
hybrid
carboxyl-functionalized graphene oxide— 525 (0.3 A g™') 36
polyaniline composite
surfactant-stabilized graphene/ 526 (02 A¢g™) 37
polyaniline nanofiber composites
graphene/polyaniline hollow sphere 614 (1A g™ this work
hybrids
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Figure 7. Nyquist plots for ERGO, PANI-HS36, and PANI-HS36@
ERGO hybrid electrodes. Z’, real impedance; Z'’, imaginary
impedance. The inset shows an enlarged scale.

PANI-HS36@ERGO hybrid is about 3.3 Q, which is smaller
than that (3.6 Q) of PANL The decrease of R, may be
attributed to the doping process and n—r stacking between
ERGO and PANI-HS36, in which the structure can facilitate
the efficient access of electrolyte ions to the electrode surface
and shorten the ion diffusion path.
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Cycling performance is another key factor in determining the
supercapacitor electrodes for many practical applications.
Excellent cycling stability is crucial for real supercapacitor
operations. The cycling tests for PANI-HS36 and PANI-
HS36@ERGO hybrids were carried out under the same current
density of 1 A g™', as shown in Figure 8. The typical poor

700
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,_f_” 600 F PANI-HS36@ERGO
{h ]
2 .
S so0}
=
2
]
S 400
=]
9 L'q PANI-HS36
=
o 300F
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Figure 8. Cycling stability of PANI-HS36 and PANI-HS36@ERGO
hybrids upon charging—discharging at a current density of 1 A g™

stability of the specific capacitance during cycling is observed
for PANI-HS36. The capacitance of pure PANI-HS36 lost
almost 25% (from 394 to 295 F g') after 500 charging—
discharging cycles. During the doping—dedoping process, the
PANI-HS36 electrode undergoes swelling, shrinkage, cracking,
or breaking that induces gradual deterioration of the
conductivity and volumetric changes.'"® The instability of the
capacitors based on PANI during long-term charge/discharge
cycling is one of their most lethal deficiencies. However, under
the same conditions, the capacitance of the PANI-HS36@
ERGO hybrids decreased only by 10% (from 614 to 552 F g™*).
The improved electrochemical stability of the PANI-HS36@
ERGO hybrids can be explained as follows. In the hybrid,
ERGO sheets act as the frameworks for sustaining PANI-HS,
preventing the hollow spheres from severely swelling and
shrinking during cycling. Thus, the morphological and
electrochemical property changes of PANI-HS induced by
charge—discharge cycling are greatly reduced. Therefore, the
ERGO sheets could serve dual functions for improving the
electrical conductivity and the stability of electrodes, thus
greatly enhancing the electrochemical performance and cycling
performance.

3.3. Effect of the Shell Thickness of PANI-HS on
Electrochemical Performance. The shell thickness of PANI-
HS can be controlled by changing the amount of aniline
monomer. As shown in Figure 2a, when the amount of aniline
monomer is halved, the shell thickness of PANI-HS is
decreased to about 20 nm. However, some broken spheres
were observed with such a thin shell, which is mainly due to the
stirring and ultrasonicating during the removal of the PS core.
PANI-HS with thicker shell of about 80 nm can be obtained by
doubling the amount of aniline monomer, as shown in Figure
2c. Nevertheless, excessive aniline monomer will polymerize
itself and some nanofibers can usually be obtained.

The electrochemical performances of PANI-HS with differ-
ent shell thicknesses were also investigated. The corresponding
CV curves at a scan rate of 10 mV s~ and charge—discharge
curves at a current density of 1 A g_1 are shown in Figure 9.
The results show that PANI-HS36 has the largest area of
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Figure 9. (a) CV curves (scan rate 10 mV s™') and (b) galvanostatic
charge—discharge curves (at current density of 1 A g™') of PANI-HS
with different shell thicknesses.

surrounded CV loops and the longest discharging duration,
indicating an optimized electrochemical performance. The
poorer performance of PANI-HS20 is mainly attributed to its
broken morphology as indicated in the TEM image (Figure
2a). Some hollow spheres were broken and suppressed into
pieces which would reduce the surface area, leading to less
electroactive regions for pseudocapacitance. On the other hand,
a thicker shell thickness of PANI-HS, e.g, PANI-HS80, will
increase the diffusion lengths and diffusion resistance of
electrolyte ions in the electrode. Besides, some PANI
nanofibers are formed with excess aniline, which will reduce
the electrode/electrolyte interface areas. Therefore, the PANI-
HS36 with optimized electrochemical performance was chosen
for the fabrication of PANI-HS@ERGO hybrids in this work.

3.4. Effect of the PS Sphere Size on Electrochemical
Performance. PS spheres with different diameters were used
as the template for fabricating PANI-HS@ERGO hybrids with
the same amount of aniline. The electrochemical performances
of PANI-HS@ERGO hybrids with inner diameters of 330 nm
and 2.4 pum were investigated, respectively, and the
corresponding CV curves and galvanostatic charge—discharge
curves were shown in Figure 10. The specific capacitance of
PANI-HS@ERGO hybrids with an inner diameter of 2.4 ym is
estimated to be 465 F g_1 from the discharging curve, which is
much lower than that of 330 nm (614 F g™'). The reduced
capacitance is probably due to the reduced surface area,
resulting in reduced electroactive regions. In addition, bigger
hollow spheres tend to collapse after the PS core was removed,
as can be seen from the SEM image in Figure 11b. The
morphological changes indicate the instability of the PANI-
HS@ERGO hybrid with an inner diameter of 2.4 ym, which
will induce shrinkage or cracking during the charging—
discharging process, contributing to poorer electrochemical
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Figure 10. (a) CV curves (scan rate 10 mV s™") and (b) galvanostatic
charge—discharge curves (at a current density of 1 A g™') of PANI-
HS36@ERGO hybrids with different sphere sizes.

performance and cycling performance. Therefore, PANI-HS@
ERGO hybrids with an inner diameter of 330 nm have higher
surface area and morphological stability, which is more suitable
for application in supercapacitors with high specific capacitance

and enhanced cycling stability.

4. CONCLUSIONS

In summary, graphene wrapped PANI-HS hybrids have been
prepared by a simple electrostatic interaction induced
coassembly of GO and PANI-HS, followed by the electro-
chemical reduction of GO to ERGO. The hollow structures of
PANI-HS by utilizing sulfonated PS spheres as hard templates
greatly enhance the specific surface areas, providing high
electroactive regions and short diffusion lengths. The
introduction of graphene into the hybrids can offer highly
conductive pathways by bridging adjacent PANI-HS together,
facilitating the kinetics for both charge transfer and ion
transport throughout the electrodes. Therefore, the hybrids can
greatly reduce the diffusion length, resulting in an improvement
of electrochemical properties of the hybrid materials. The
PANI-HS36@ERGO hybrids have a high specific capacitance
of 614 F g™' at a current density of 1 A g”' in 1 M H,SO,
solution and show an improved rate performance with 73%
capacitance maintained as the current density increases from
0.5 to S A g~'. Furthermore, the PANI-HS36@ERGO hybrids
as electrode materials have a good cycling stability, and the
capacitance was maintained at 90% after 500 charging—
discharging cycles at a current density of 1 A g~'. The greatly
enhanced specific capacitance is due to the synergic effect of the
two components of ERGO and PANI-HS. The PANI-HS@
ERGO hybrids with high specific capacitance and good cycling
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Figure 11. SEM images of PANI-HS36@GO hybrids with different sphere sizes of (a) 330 nm and (b) 2.4 ym.

stability are quite suitable and promising electrode materials for
high-performance supercapacitors.
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