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Abstract

A polyaniline/sulfonated graphene (PANI/SG) nanostructure was synthesized as electrode material for an asymmetric
supercapacitor via a novel in situ chemical oxidative polymerization method including two oxidants. The composite’s structure
and morphology were characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), field-emission scanning electron microscopy (FESEM), and transmission electron microscopy
(TEM) measurements. Furthermore, the electrochemical performances of the composite were characterized by cyclic voltamm-
etry (CV), galvanostatic charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques in detail. In
addition, we have triumphantly manufactured an asymmetric supercapacitor (ASC) employing activated carbon (AC) and PANI/
SG as the positive and negative electrodes, respectively. The ASC possessed an extended potential window (1.4 V), a remarkable
cycling property (85.9% capacitance retention after 5000 cycles), and a satisfactory average energy and power density (23 Wh/kg

and 6.1 kW/kg).

Introduction

Since the end of the last century, unprecedented energy con-
sumption and global climate changes are two major problems
which the world are facing nowadays [1-3]. At present, fossil
fuels are still the most mainstream energy resource, whereas
with the conspicuous increasing of energy demands, nonre-
newable fossil energy will ultimately tend to dry up. The de-
velopment and use of recyclable energy are the key to solving
the problem as we mentioned above [4-7]. Thus,
supercapacitors (SCs) have attracted more and more attentions
as sustainable green energy generation/storage system suitable
for a wide variety of new technological energy applications
due to their high power density, rapid charging time, light-
weight, long cycle life, and eco-friendly features [8—11].
According to energy storage mechanisms, they categorize in
two groups including double electric layer capacitors
(DELCs) and pseudocapacitors [12, 13]. The utilization of a
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high-activity electrode material is an essential factor for an
effective development of a high-property supercapacitor [14,
15].

Recently, various novel electrode materials such as carbon
materials (e.g., graphene, carbon nanotubes), conducting
polymers (including polyaniline (PANI), polythiophene, and
polypyrrole), and transition metal oxides (including Co;0y,
Mn, 03, NiO, RuO,, etc.) are eagerly pursued in order to
achieve better performance [16-20]. In general, electronically
conductive polymers utilize redox faradaic reaction to store
electric energy and release it, and carbonaceous materials pro-
vide a good electron-transfer path for moving the generated
energy [21-23]. Thereinto, polyaniline is a promising candi-
date of low-cost electrode materials for supercapacitor due to
its ease of synthesis, high electrical conductivity, good flexi-
bility, and environmental stability [24-29]. However, pure
polyaniline usually suffers from strong agglomeration and ex-
tremely distortion of its conformation, which lead to a low
specific surface area, a weak intercalation or doping for ions,
and a poor cycle life [30, 31]. This illustrates single electrode
material does not meet all the requirements of supercapacitors.
Carbonaceous materials such as graphene and activated car-
bon are common building blocks for polyaniline nanocom-
posites [32]. The combination of PANI and graphene may
present a rational candidate for the supercapacitor electrode,
which has been researching at present. Polyaniline/graphene
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nanocomposite can greatly circumvent the phenomenon of
aggregation on account of the great specific surface area of
graphene; furthermore, its adsorption effect is outstanding and
the presence of RGO provides high surface are for the poly-
merization of PANI [33]. This facilitates the formation of
tightly structured composite materials. We believe that
PANI/RGO nanocomposite will give remarkable performance
due to combined impact of the layer construction of RGO
which facilitate insertion-deinsertion of electrolyte ion and
fast kinetics of electrolyte ion migration between the electrode
and electrolyte during charge—discharge processes.
Furthermore, noteworthy upgrades in their properties can be
accomplished because of the collaborative influence between
the two components [34]. However, the water solubility of
graphene is poor and RGOs easily tend to be irreversibly
agglomerative [35]. To address the above issue, the
functionalizations of graphene are of crucial importance.
PANTI arrays on grafted reduced graphene oxide nanostruc-
tures are expected to produce uniform structures with
higher electrochemical utilization of polyaniline by provid-
ing large interaction area between the active materials and
electrolyte [36].

Indeed, few previous studies reported performance of
sulfonated graphene/PANI materials which were prepared
via liquid/liquid interfacial polymerization or LBL self-
assembled [37]. In this paper, we prepared the PANI-
sulfonated graphene nanocomposite (PANI/SG) as the anode
of the supercapacitor through in situ chemical oxidative poly-
merization. The crystal structure, morphology, and electro-
chemical performance of PANI/SG nanocomposite were in-
vestigated in detail. We also have investigated the electro-
chemical performance of a PANI-based asymmetric
supercapacitor by means of a two-electrode configuration.
As a result, studies have shown that electrochemical perfor-
mances were noticeably improved compared to those of the
neat PANI, PANI/GO, and PANI/RGO composites. Obtained
results are presented and will be discussed here.

Experimental
Chemicals and materials

Aniline (AN), ammonium persulfate (APS), HCI (37%),
H,SO4 (98%), NH3-H,O (28%), graphite, NaNO;, KMnQy,
H,0,, MnSO,, NaBH,4, N,H,;-H,0 (80%), sulfanilic acid, and
anhydrous alcohol are all analytical grade chemicals and pur-
chased from the National Pharmaceutical Group Chemical
Reagent Company, No. 52 Ningbo Road, Shanghai, China.
Acetylene black is battery grade, purchased from Aladdin,
Y891 (Branch), Fengxian District, Shanghai, China. The
CR2025-type coin cells and styrene-butadiene rubber (SBR,
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40%) are also battery grade, and they are supplied by Shanxi
LIZHIYUAN battery materials Co. Ltd., Shanxi, China.

Synthesis of PANI/SG
Preparation of SG

GO was prepared by the reported modified Hummers method
[38, 39]. Five hundred milligrams of GO was dispersed in
500 ml of deionized water. Then, 5 g of NaBH, was added
successively and the mixture was heated at 80 °C for 1 h. After
being filtered and washed with deionized water over and over
again, the solid was redispersed in 500 ml of deionized water
and was mildly sonicated. 2.7 g of aryl diazonium salt of
sulfanilic acid was added into the redispersion of the partially
reduced GO with continuous stirring for 4 h at 0 °C. Next, the
mixture was treated by suction filtration and washing. Then,
2 ml of hydrazine hydrate was added successively and the
mixture was heated at 95 °C for 2 h. Lastly, the final SG
was obtained by centrifugal separation, washed by water for
many times, and dried at room temperature for 24 h.

Preparation of PANI/SG composites

PANI/SG nanocomposite was facilely prepared by the in situ
polymerization of aniline monomer in the presence of SG.
MnO, possesses relatively weak oxidizing capacity, which
served as a primary oxidizer. The active MnO, was prepared
according to Ref. [30]. While APS was used as a main oxidant
to realize the oxidation of aniline. The typical polymerization
procedure is as follows: first, reaction was proceeded in a
1000-ml reaction vessel, and 1.4 g of SG was added into
100 ml of water and sonicated for 30 min at least. Then,
150 g of HCI and 0.5 g of Triton X-100 were successively
added into the above mixture and stirred for 1 h. Next, 100 g
of deionized ice was added into the reactor to lower tempera-
ture below 10 °C. In addition, the mixture was cooled by
constant stirring in an ice bath with a temperature of 4-6 °C
after the reactive monomer, 70 g of aniline was added to the
reactor. Then, as-prepared initiator MnO, was added slowly
into the well-stirred suspension for 5 to 10 min. Then, after
30 min, 2 g of APS per minute was added to the reactor,
repeating 100 times and the temperature should stay below
5 °C simultaneously. The polymerization was undergone at
5-8 °C by adding the ice for 4 h. The resultant mixture was
filtered and washed with distilled water for three times and
ethanol for one time, and then further dried under vacuum at
60 °C for 1 day to obtain the PANI/SG. Add the appropriate
amount of ammonia and hydrazine hydrate to some of the wet
powder to remove doping and reduce, and the reduced PANI/
SG composite was obtained.

In order to compare the differences of the electrochemical
properties with PANI/GO, PANI/RGO, and pure PANI, the
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above materials were also prepared by above-mentioned sim-
ilar procedures excluding some preparation steps.

Structure and morphology characterization

The XRD spectra were recorded on a D/X 2700 diffractometer
(Dandong Hao Yuan Instrument Co., Ltd., China) with Cu K«
radiation. XPS measurements were performed on an
ESCALAB 250Xi spectrometer (Thermo Fisher Scientific,
UK). The morphology and observation were performed on
field-emission scanning electron microscopy (MERLIN
Compact, Zeiss, Germany) and transmission electron micro-
scope (TEM JEOL-2100, Electronics Co., Ltd., Japan). FTIR
spectra were obtained by using a Nicolet 380 FT infrared
spectrometer (Us ThermoElectron Corporation, USA) from
4000 to 500 cm .

Electrode fabrication and electrochemical
measurements

The electrochemical measurements were performed in a three-
electrode cell. To evaluate the electrochemical performances
of these electrode materials, the working electrodes for
supercapacitors were prepared by mixing the active material
and styrene-butadiene rubber (SBR) binder in a weight ratio of
19:1. Platinum electrode was used as the counter electrode.
The electrolyte was 2 M perchloric acid solution. cyclic volt-
ammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge—discharge (GCD) were per-
formed via CHI660E Electrochemical Workstation
(CHI660E, Shanghai Chenhua Device Company, China).
CV was carried out at a scan rate of 5 mV-s ' between —
0.65 and 0.45 V vs Hg/Hg,SO,. EIS was carried out in the
frequency ranging from 0.01 to 100,000 Hz at an open circuit
potential with AC voltage amplitude of 5 mV. The GCD
curves of these nanocomposites were performed at different
current densities between — 0.5 and 0.3 V vs Hg/Hg,SO,.

Moreover, a two-electrode configuration was connected to
different electrodes separated by filter paper of the ASC for
intact test. The cycle performance of the composites was mea-
sured on a LAND-CT2001A cycle life tester (Wuhan Jinnuo
Instrument Co. Ltd., Wuhan, China) between — 0.6 and 0.8 V.
All measurements were carried out at room temperature.

Assembling of ASC

The neat PANI, PANI/GO, PANI/RGO, and PANI/SG nano-
composites were assembled in a CR2025-type coin cell to
investigate their electrochemical performances. The samples
were directly compressed on current collectors (stainless steel
mesh, 100 meshes, 0.9 x 0.9 cm) as a working electrode and
the treated activated carbon on current collectors as a counter
electrode, respectively. The asymmetric supercapacitor was

assembled with a negative electrode, a separator, and a posi-
tive electrode. 2 mol/L perchloric acid solution was employed
as an electrolyte. The energy density (£, Wh/kg) and power
density (P, kW/kg) for ASCs were calculated from the follow-
ing Egs. (1) and (2), respectively [40].

E =0.5Cpn-(AV)?/3.6 (1)
2
(Vmax'vdrop )
p = TCop) 2
4RE5Rm ( )
Vdrop
Resg = 3
ESR 27 ( )

In which, C,, is the specific capacitance (F/g), AV is dis-
charge potential range, Vo is the voltage drop at the begin-
ning of the discharge, Rgsr is the effective series resistance, /
is the applied discharge current (A), and m is the mass of the
active materials of the electrode (g).

Results and discussion
Structures and morphologies

According to our previous experience, the use of MnO, and
APS as two oxidants can lead to an increase in the productiv-
ity, doping ratio, and conductivity of PANI. To further prove
that MnQO, did not remain inside PANI-based materials, XRD
and XPS analyses are employed. Figure 1 illustrates XRD
patterns of MnO,, SG, PANI, PANI/GO, PANI/RGO, and
PANI/SG. The XRD pattern of SG has a broad peak at around
260 =23.9°, corresponding to the diffraction of the (002) plane
derives from sulfonated graphene [36]. For pure MnO,, sig-
nificant XRD diffraction peaks were recorded at 20 =22.3,
37.2, and 42.7°, and could be well-assigned to the (120),
(131), and (300) planes of y-MnO, (JCPDS 14-644), respec-
tively, in good agreement with the literature [41, 42]. For neat
PANI, the diffraction peaks appear at 260 =15.2, 20.6, and
24.4°, corresponding to the (011), (100), and (110) crystal
planes of PANI, respectively [43]. These peaks indicated that
it was an emeraldine salt. The XRD pattern of the PANI/SG
composite has a broad peak at 260 =19.9° contributed to the
combination of PANI and SG and two smaller diffraction
peaks at 20 =24.3 and 44.4°, which were ascribed to the
reflection of SG [44]. Clearly, the peaks located 24.3° appear
much sharper, showing superior crystallinity and regularity
both contribute significantly to the electrochemical perfor-
mance of the material. It should be pointed out that there are
no characteristic peaks of MnO, at 26 of 22.3, 37.2, and 42.7°
compared with pure MnO, because the MnO, was only a
primary oxidant and did not remain in PANI and PANI-
based composites.
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Figure 2a shows the XPS spectra of PANI/SG composite
(all PANI-based composites are prepared by above-mentioned
similar procedures). The peaks of O 1 s, N 1 s,and C 1 s can be
observed clearly at 530.9, 398.0, and 284.7 eV in the survey
spectrum, respectively. Furthermore, the weak S 2p peak cen-
tering at 168.2 eV reflects effective introduction of —SO3 on
graphene surface in the sample (Fig. 2b). The peak value well
agrees with that reported for S element [45]. However, both
Mn 2p3/2 peak at 642.1 eV and Mn 2p1/2 peak centering at
653.7 eV are obviously inexistent, which are in good agree-
ment with our assumption that MnO, ought not to be in the
electrode mass [46]. To sum up, XRD and XPS results indi-
cated that there is no MnO, retaining inside the electrode
mass.

Figure 3 represents the FTIR spectra of SG, PANI, PANI/
GO, PANI/RGO, and PANI/SG, respectively. The spectrum of
the SG confirms the presence of C=C (vcc at 1540 cm™ ") and

20 30

2Theta (deg.)

50

~SO3H (Vo=s—0 at 1040 cm ™" and vs_pheny1 at 1170 cm ™) [36],
indicating the successful sulfonation of graphene. The peak at
870 cm™ ' is assigned to the characteristic vibrations of a p-
disubstituted phenyl group [47]. Absorption bands at
818 cm ' (C-H out of plane bending vibration), 1125 cm !
(N=Q=N, Q denotes quinonoid), 1302 cm ' (C-N
stretching vibration), 1490 em ' (C=C stretching deformation
of benzenoid ring), 1565 cem ' (C=C stretching deformation
of quinonoid ring), 3030 cm ™' (C—H stretching vibration), and
3250 cm™' (N-H stretching vibration) are assigned to PANI
specific structure [33]. As similar with primitive polyaniline,
the spectrum of PANI-based nanocomposites shows peaks at
nearby positions. This confirms that the PANI structures do
not change during the addition of other materials into the
composites structure. Nevertheless, several peaks shifted to a
higher or lower wavenumber on account of the conjugate
interaction between PANI chains and graphene substrate.
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Fig. 2 a XPS spectrum of PANI/SG sample. b S 2p XPS spectrum of PANI/SG sample
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Furthermore, the typical absorption bands of GO are not ob-
vious because of its mass fraction in the composites is only
2%.

The morphologies of GO, RGO, and SG were visually
examined by FESEM. The morphology and micro-
construction of the samples are shown in Fig. 4. Without ex-
ception, a layered structure has been observed in FESEM
images of GO, RGO, and SG, which derives from the heaping

Wavenumbers (cm~ 1 )

of the graphene nanosheets on account of the van der Waals
force interaction. GO is composed of network structures and
denser stacked layers of large number of graphene sheets,
inheriting from graphite [43]. As shown in Fig. 4b, RGO
displays a 3D interconnected porous network structure and
the surface of RGO is crumpled and curved, exhibiting the
prime characteristic of well-exfoliated thin sheets. The unique
structures restrain the agglomeration of graphene layers and
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make it possible for the pretty low density as well as the high
specific surface area, which increase the active sites for the
growth of PANI greatly. As shown in Fig. 4c, SG represents a
rough surface with plenty of fluctuant waves, resulting from a
conspicuous volume change during the reduction procedure.

As shown in Fig. 5a, the nanostructure of pure PANI
was composed of nanofibers but in a denser clustered
form compared with the PANI-based nanocomposites’ hi-
erarchical structure having rough surface is observed in
Fig. 5b. In the FESEM micrographs of PANI/RGO com-
posite, it is obvious to see the polymers are grown in the
surface and galleries of RGO so that graphene served as
soft template to suppress the aggregated and agglomerated
phenomenons of PANI. The FESEM image of PANI/SG

(Fig. 5d) shows three-dimensional network morphology,
and PANI nanofibers or nanoparticles with smaller diam-
eters display the non-uniform growth on sulfonated
graphene. In the meantime, the PANI acts as the spacer
stuck in the middle of SGs enormously realizes the effec-
tive segregation of sulfonated graphene, giving rise to a
reinforced active sites for heterogeneous plating
polyaniline. The TEM image (Fig. Se) further affirms
the conjugate constructions of the polyaniline nanosphere
and sulfonated graphene. Typical redispersed few-layer
structure of SG is clearly shown in the TEM image and
TEM image shows that the SG sheets are surrounded with
PANI and mainly grown on the surface of the SG sheets
which indicated that the PANI/SG nanocomposites were

Fig. 5 FESEM images of a PANI, b PANI/GO, ¢ PANIRGO, and d PANI/SG. e TEM image of PANI/SG
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successfully synthesized while sometimes PANI does not
cover the whole surface area of sulfonated graphene [43].

Electrochemical properties

Some effective approaches such as CV, GCD, and EIS are
used to estimate electrochemical properties of the obtained
samples. Figure 6a shows the typical CV curves of the PANI
and PANI-containing composites. The CV curves show two
obvious redox peaks for each oxidation and reduction process
for electrode materials, which can be attributed to various
redox states of PANI. To be specific, it is the
leucoemeraldine/emeraldine and emeraldine/pernigraniline
structural transitions that imply good pseudocapacitance char-
acteristics [48]. There are several feeble peaks around 0-0.2 'V,
which represent the by-products and intermediates of the
hydroquinone/benzoquinone redox reaction. As can be seen,
PANI/SG has a distinct edge in CV loop area over other ma-
terials, signifying higher specific capacitance and preferable
electrochemical performance [49]. Enhanced capacitive be-
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Fig. 6 a CV curves of PANI, PANI/GO, PANI/RGO, and PANI/SG at
5 mV/s. b GCD curves for PANI, PANI/GO, PANI/RGO, and PANI/SG
nanocomposites at the current density of 1 A/g. ¢ GCD curves of PANI/

havior is due to the presence of the SG in the PANI matrix
that provides high surface area for the polymerization of
PANI and PANI can also enhance the electrode—clectrolyte
interface area, which facilitates rapid electrolyte ion trans-
portation in the electrode matrix during charge—discharge
processes [50].

Figure 6b shows the charge/discharge curves at the current
density of 1 A/g. The specific capacitance of the samples is
calculated from the galvanostatic charging/discharging curves
according to Eq. (4) [51]:

Cu = (IAF)/(AVm) (4)

In which, C,, is the specific capacitance (F/g), I is the ap-
plied discharge current (A), At is the time of a discharge cycle
(s), AV is discharge potential range, which is 0.8 V in this
work, and m is the mass of the active materials of the electrode
(g). The specific capacitance (C,,) of PANI, PANI/GO, PANI/
RGO, and PANI/SG electrodes is 550.4, 700.6, 750.6, and
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752.3 F/g, respectively. Similar to the CV measurements,
PANI/SG nanocomposite shows longer discharge time and
more capacitance than those of pristine PANI and PANI/GO,
obviously. The outcomes precisely prove that chemical bond
facilitated the capacitive performance of the PANI/SG nano-
composite to a great extent. The high specific capacitance of
PANI/SG is attributed to the unique nanostructure of PANI on
the surface of sulfonated graphene, which benefits the diffu-
sion of ions from the bulky electrolyte to the surface of the
PANI to enhance the utilization of active materials as well as
shortening the ionic-diffusion path and charge-transport dis-
tance in the hybrids [52]. Furthermore, because pure PANI
itself has high internal resistance, the “IR drop” of PANI is
much higher than that of PANI-based composites. Lower in-
ternal resistance of the electrode material is conducive to
performing its rate performance at high current densities in
supercapacitors.

The gravimetric specific capacitances of the electrode at
different discharge current densities are shown in Fig. 6c.
The curves show a deviation from perfect linearity, which is
the obvious characteristic of polyaniline pseudocapacitors
[53]. Moreover, the shape of all GCD curves is nearly sym-
metric with increasing the current density from 1 to 10 A/g.
The specific capacitances of the electrode at different dis-
charge current densities are summarized in Fig. 6d for obvious
comparison. The gravimetric specific capacitances of the
PANI/SG material were calculated to be about 752.3 F-g !
(1 A-g"yand 6748 F-g ' (2 Ag ™", respectively; the capac-
itive retention is 89.7%. Even though the current density
reaches up to 10 A/g, 76.1% of the specific capacitance
(572.2 F/g) is retained, which demonstrate the electrode ma-
terial has a good flexibility to high current and excellent rate
capability on account for the benefits of unique structured
electrode. Furthermore, the prominent rate performance can
be due to the high electroconductibility of SG as a support
accelerated the transfer of charges during the charge—dis-
charge process [52]. C,, decreases with increase of current
density in that ions at lower currents have enough time to
spread into the inner of the active substance, but at high cur-
rents, the electrolyte ions cannot penetrate into the most of the
material under the relaxation effect.

For a detailed study of the nanocomposites, EIS was car-
ried out in the frequency range from 100 kHz to 10 mHz to
probe into electrode dynamics. Figure 7 represents the
Nyquist plots obtained at open circuit potential for the
PANI-based electrodes. As shown in Fig. 7, the lines of the
PANI-based nanocomposites at the low frequency region are
steep, indicating the good capacitive behavior and low resis-
tance [54]. And the plot of the PANI/SG electrode exhibits the
largest slop, demonstrating almost ideal capacitive behavior
and the highest conductivity or lowest internal resistance, in-
cluding polarization impedance. The semicircle in the high
frequency region of the Nyquist plot is characteristic of a
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composites

single time constant circuit [55]. The diameter of the semicir-
cle stands for the charge transfer resistance (R, which is
related to the difficulty of the electric charge’s directional mi-
gration between current collector, active substance, and elec-
trolyte. At a high frequency, the smallest arc can be observed
for PANI/SG nanocomposite indicating the lower resistance
of PANI/SG compared to other materials, which ascribes to
the reasonable nanostructure of PANI/SG and the high con-
ductivity of SGs because of the disappearance of oxygen con-
taining functional groups. The smaller R is favorable for
charge transfer through the hybrids, resulting in larger capac-
itance. The real-axis intercept at high frequency is equivalent
to the irretrievable resistance of the electrolyte solution, which
is also referred to as R,. R, of PANI, PANI/GO, PANI/RGO,
and PANI/SG are similar because we assembled the three-
electrode cell according to the same fabrication process with
the identical electrolyte and current collector, implying the
small electrolyte resistance and declaring the fabrication pro-
cess of the electrode being reasonable.

Fabrication and characterization of ASC

In order to take full advantage of the large pseudocapacitance
of the polyaniline material and the fast charge transfer ability
of activated carbon (AC), we made them negative and positive
electrodes respectively to fabricate asymmetric
supercapacitors (ASCs) for more detailed performance test-
ing. It must be considered that an ASC should keep charges
at positive (¢+) and negative (¢—) balance (g+=¢g—), and ¢
could be estimated by the following equation [56].

g =mCnAV (5)
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The mass ratio (m,/m;) can be determined from the charge
balanced equation, g+ = g—, as follows:

"2 — (AV} % Cin1)/(AV X ) (6)
m

After calculation, the optimum mass ratio between the pos-
itive and negative electrodes ought to be about 2.6 in the
present ASC device. The electrochemical properties of
ASCs assembled with PANI/SG were evaluated by using
CV, GCD, EIS, and cyclic stability test. CV curves of
the PANI/SG//AC ASC and other as-fabricated ASC devices
were characterized at various operating potentials varying
from —0.6-0.2 to —0.6-0.8 V that are explicitly showed in
Fig. 8a. Not surprisingly, there are no polarization phenomena
appearing on the CV curves of the ASC even the voltage
window was extended to 1.4 V, indicating that our assembled
ASC was proper and stable. It is obvious to see that a pair of
redox peaks appeared on the CV curves at around 0 or 0.4 'V,
reflecting the psuedocapacitive behavior of the conducting
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polymer. Moreover, we performed the CV test at different
scan rates within —0.6-0.8 V cell voltage for the PANI/SG//
AC ASC, and the test curves are depicted in Fig. 8b. As we
can see, with the increase of scan rates, all the curves keep a
relatively regular shape and the peak current intensities also
increase obviously, showing the great reversible redox ability
and excellent rate capability desirable for supercapcitors [57].

The galvanostatic charge—discharge curves of the PANI/
SG//AC ASC at a current density of 0.5 A g ' are depicted
in Fig. 8c. Owing to the excellent capacitive performance of
PANI/SG//AC ASC, curves display superior symmetry at a
cell voltage as high as 1.4 V. It is found that the specific
capacitance of ASC calculated based on the total mass of both
active electrode materials reaches 90.9 F/g at a current density
of 0.5 A/g. According to Fig. 8d, the maximum specific ca-
pacitance for the ASC reaches 128.4 F/g at a current density of
0.1 A/g. As the current density increases from 0.1 to 2 A/g,
GCD curves still display superior symmetry, demonstrating
the ideal capacitive characteristic again. The specific
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different current densities
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Fig. 9 A comparison of specific capacitances, energy densities, and
power densities of ASC at different voltage windows at a current
density of 0.5 A-g”"

capacitance for the ASC decreases with the current density
increasing, which is ascribed to the incomplete redox reaction
resulted from the insufficient time and the poor connection in
the electrochemical system with the increased current [31].
Specific capacitances, energy densities, and power densities
of the ASC device with an increase of the cell voltage are
depicted on Fig. 9.

Considering the practical application, cycling stability is a
vital characteristic for evaluating the performance of energy
storage devices, which was confirmed by repeating the GCD
test within — 0.6-0.8 V at a current density of 1 A-g' (Fig. 10).
On account of the degradation was derived from the expansion
and shrinkage of PANI over repeated charging/discharging pro-
cesses, the capacitance retention of PANI after 5000 cycles is
only 71.5% of its initial capacitance. After 1000 cycles, specific
capacitance values of the ASC-based PANI/SG//AC still re-
serve about 94.6% relative to the initial figure while capacitive
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Fig. 10 Charge—discharge cyclic stability of PANI/AC, PANI/GO//AC,
PANI/RGO//AC, and PANI/SG//AC at 1 A-g ' current density of the
asymmetric device
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AC electrodes

retention is about 85.9% after 5000 cycles, suggesting remark-
able cycling stability. The improved cycling performance re-
sults from synergistic effects of PANI and SG backbone [58].
Sulfonated graphene can restrain the volumetric change of
PANI to improve the charge transfer kinetics; in the meantime,
the PANI arrays uniformly on the SGs displayed relaxation
of the surface tension, which enabled the decrease of struc-
tural damage to come true during the long-range charge—
discharge processes [49].

Next, Fig. 11 depicts the relationship between the energy
density and power density of the asymmetric supercapacitor at
different current densities. Ragone plots are one of the effective
ways to appraise the capacitive performance of asymmetric
supercapacitors. The average power density still remains about
6.1 kW-kg ™' even at a high energy density of 23 Wh-kg ',
proving the ASC was receivable. Most of all, the energy density
of the PANI/SG//AC ASC is markedly higher than those of
PANI/graphene composite-based supercapacitor (18.8 Wh-
kg ' at 0.1 kW-kg ") [59] and layered PPy/graphene film-
based supercapacitor (20.6 Wh-kg ' at 1.28 kWkg ") [60].

Conclusion

In summary, covalently bonded PANI/SG nanocomposite was
synthesized successfully by functionalizing RGO with
sulfanilic acid meanwhile applying it as the template in situ
chemical polymerization of aniline. The as-obtained PANI/SG
composite acquired outstanding electrochemical properties,
including a high gravimetric specific capacitance, up to
750.6 F-g ' at 1.0 A-g”" and a good rate property (76.1%
capacitance retention at 10 A-g™') in the three-electrode test.
The assembled asymmetric cell based on this material as the
negative electrode and pre-treated activated carbon as the pos-
itive electrode can be cycled reversibly at a cell voltage of
1.4 Vin a 2 M HCIO, aqueous electrolyte, delivering both a
high gravimetric energy density (23 Wh-kg™' at a power
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density of 6.1 kW-kg ') and a prominent electrochemical sta-
bility (85.9% capacity retention after 5000 cycles at 1.0 A-
g ). These inspiring consequences can usher in the feasibility
of PANI-based ASC suitable for the increasing requirements
on the high-performance electrochemical capacitor and other
electronic systems.
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