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Abstract A high energy density asymmetric supercapacitor
(ASC) is assembled utilizing polyaniline (PANI) nanotubes as
the positive electrode and tungsten trioxide (WO3) rods as the
negative electrode. The PANI nanotubes are synthesized via a
simple chemical template-free method in the presence of D-
tartaric acid as the dopant, and ammonium persulfate as the
oxidant, and the WO; rods are synthesized via a simple hy-
drothermal process in the presence of sodium carboxymethyl
cellulose as a template. The PANI/WO;3 ASC device operates
with a voltage of 2.0 V and achieved a remarkable specific
capacitance of 151 F g ™' at a charge/discharge current density
0f 0.25 A g ' and a high energy density of 41.9 Whkg ' ata
power density of 261 W kg '. Furthermore, the device
showed an excellent charge/discharge cycling performance
in 1 M H,SO, electrolyte, with capacitance retention of
71 % after 10,000 cycles. The high performance of the
supercapacitor is due to the unique structure of the electrode
materials which can provide high electrode/electrolyte contact
area and make electrochemical reaction quickly.
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Introduction

Supercapacitors have received increasing attention as a prom-
ising energy storage device due to their high power density and
exceptionally long cycle life [1, 2]. However, compared to
commercial lithium ion and lithium polymer batteries,
supercapacitors still present a drawback low energy density
[3]. According to the equation of energy density (E=0.5CV?),
the energy density of supercapacitors can be improved by de-
velopment of new electrode materials with wide operating volt-
age (V) and high specific capacitance (C) or using electrolyte
with wide operating voltage [4]. The key to increasing the
specific capacitance of electrode materials is to improve the
microstructures where bulk redox reactions can occur both rap-
idly and reversibly, while minimizing ohmic losses through the
electrode/current collectors [3, 5]. The operating voltage of
organic electrolytes in supercapacitors can be up to 2.5 V [6];
however, they can make safety risks because of the flammabil-
ity. On the other hand, the organic electrolyte has low ionic
conductivity due to the larger molecule sizes, which can influ-
ence specific capacitance of the electrode. Conversely,
supercapacitor utilizing aqueous electrolyte may display higher
capacitance and higher power density than those with organic
electrolytes, due to its high ionic conductivity [7].
Asymmetric supercapacitors (ASCs) are supercapacitors
based on two different electrode materials to exhibit two differ-
ent potential windows in the same electrolyte [8]. Therefore,
this is an effective approach for extending the operating voltage
window. For traditional asymmetric supercapacitor, one elec-
trode is based on redox reaction pseudocapacitance electrode,
and the other one is mostly based on electric double-layer car-
bon-based electrode. Intensive efforts have been devoted to
explore various ASC systems, such as MnO,//graphene [9],
activated carbon//MoO; [10], CoO@Polypyrrole//activated
carbon [11], and 3-Ni(OH),//activated carbon [12]. The
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capacitance of an ASC is decided by both electrodes, as defined
by the formula: 1/C.;=1/C; + 1/C_, where Cy; is an ASC
capacitance, C, and C_ are the capacitances of the positive
and the negative electrodes [3]. As is well-known, the ASC
devices are often use carbon materials as electrode materials;
it largely restricts the improvement of energy density due to the
unsatisfactory capacitive performance of those materials.
However, it was found that the ASCs based on
pseudocapacitance in both electrodes can be enhancing the
capacitance and energy density, because these materials usually
have a large specific capacity [8, 13—16]. Zou et al. assembled
an ASC using WO5/PANI as negative and PANI as positive
electrodes over voltage range of 1.2 V which displays an ener-
gy density of 9.72 Wh kg™ at the power density of 53 W kg™’
[15]. Xiao et al. fabricated an ASC using WO;3_/MoO3_«
core/shell nanowires on carbon fabrics as negative electrodes
and PANI as positive electrodes, which exhibited a high areal
capacitance and high rate capability [16]. Despite these tremen-
dous achievements, the drawbacks of these ASCs displayed the
complex process of the electrode material synthetic route.
Therefore, developing the ease of synthesis and low-cost
ASCs with high energy density is still challenging.

Among all kinds of electrode materals for supercapacitors,
polyaniline (PANI) has been most actively investigated due to
its low cost, high specific capacity, and high conductivity [17].
In order to improve the physical and chemical properties of
PANI, it is usually through the preparation of microstructure
of PANI or copolymerization with other monomer preparation
of PANI copolymer with nanostructure [18-20]. Transition
metal oxides with nanostructure also show high specific ca-
pacity toward supercapacitors [21]. Typically, tungsten triox-
ide is an n-type semiconductor with different crystal structures
that provide a suitable structure for intercalation of small H"
cations, which provoke interesting energy storage properties
[22-25]. In this work, we focused on enhancing the energy
density of ASC based on pseudocapacitance in both elec-
trodes, which is using polyaniline (PANI) nanotubes as a pos-
itive electrode and WO; rods as a negative electrode in 1 M
H,SO4 aqueous electrolyte. Based on the difference of work-
ing potential window and high specific capacity between
PANI and WOs3;, the hybrid nanostructure ASCs (PANI/
WO,;) operates with a voltage of 2.0 V and achieved a high
energy density of 41.9 Wh kg_1 at a power density of
261 W kg'. In addition, the device showed an excellent cy-
cling performance.

Experimental
Materials

Aniline monomer (Shanghai Chemical Works, China) was
distilled under reduced pressure. D-tartaric acid (D-TA,

@ Springer

Shanghai Chemical Works, China), ammonium persulfate
(APS, Tianjin Damao Chemical Co., China), sodium tungstate
dihydrate (Na,WO,4-2H,0, Shanghai Chemical Works,
China), sodium carboxymethyl cellulose (CMC, Tianjin
Yuanli Chemical Co., China) were used as received. All solu-
tions were prepared in deionized water. All chemical reagents
were in analytical grade.

Synthesis of PANI nanotubes

The synthesis procedure of PANI nanotubes is similar to our
lab previously reported [26]. In brief, aniline monomer
(2 mmol) and D-tartaric acid (2 mmol) were dissolved in
10 mL of deionized water with magnetic stirring for 20 min
at room temperature. After that, the resulting solution was
cooled to below 5 °C in an ice bath, and an aqueous solution
of APS (2 mmol in 5 mL of deionized water) cooled in ad-
vance was added drop-by-drop into the above solution. The
mixtures were polymerized for 10 h without stirring at below
5 °C. The resulting precipitates were washed several times
with deionized water and ethanol, respectively. Finally, the
products were dried at 60 °C for 12 h to obtain a dark green
powder.

Synthesis of WO; rods

The WO; rods were synthesized as follows: 0.825 g sodium
tungstate dihydrate was dissolved in 20 mL (1 mg mL™") so-
dium carboxymethyl cellulose aqueous solution at ambient
temperature. After stirring for 20 min approximately, 2 M
HCI was added into the above solution mixture drop-by-
drop under stirring to adjust the pH value to 2. Finally, the
solution was transferred into a 100-mL Teflon-lined stainless
steel autoclave and heated at 180 °C for 24 h. After cooling to
room temperature naturally, the resulting precipitates of WOj3
were collected by filtration, washed with distilled water and
absolute ethanol for several times to remove the residue of
reactants, and then dried in vacuum at 60 °C for 12 h.

Characterizations

The as-prepared electrode materials were characterized by
scanning electron microscopy (SEM, JSM-6701 F, Japan) at
an accelerating voltage of 5.0 kV. The structure of the samples
was characterized by a transmission electron microscopy
(TEM, Tecnai G* F20 S-TWIN, USA). X-ray diffraction
(XRD) of samples was performed on a diffractometer
(D/Max-2400, Rigaku) advance instrument using Cu-Ko ra-
diation (k=1.5418 A) at 40 kV, 100 mA. The 20 range used in
the measurements was from 5 to 80°.
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Electrochemical measurements

A typical three-electrode test cells in electrolyte were used for
electrochemical measurement on CHI660D (Chenghua,
Shanghai China) electrochemical working station. The work-
ing electrode used a glassy carbon electrode with a diameter of
5 mm. The reference electrode and counter electrode were
saturated calomel electrode (SCE) and platinum electrode,
respectively. The fabrication of the working electrodes refers
to the literature [26]. Four micrograms of electroactive mate-
rial was ultrasonically dispersed in 0.4 mL of Nafion
(0.25 wt%). The above suspension of 8 mL was dropped onto
the glassy carbon electrode using a pipet gun and dried at
room temperature.

The gravimetric capacitance from galvanostatic charge/
discharge was calculated by using the formula of Ci=IA#/
(mAYV) for the three-electrode system, while, C;=4IAt/
(mAYV) for the two-electrode cells, where 7 is the constant
current (A) and m is the mass (g) of electrode material (for
the two-electrode cells, m is the total mass of positive and
negative electrodes), At the discharge time, and AV the volt-
age change during the discharge process.

Fabrication of asymmetric supercapacitor devices

Asymmetric supercapacitor devices were assembled with
PANI nanotubes as the positive electrode and WOs5 rods as
the negative electrode. The working electrode was prepared
by mixing the electroactive material with polyvinylidene fluo-
ride (PVDF) and carbon black (8:1:1) in N-methyl-2-
pyrrolidone (NMP) until homogeneous slurry. The slurry
was coated on carbon plate (99.99 %) with a working area
of 1.0 cm?, and the electrodes were dried at 120 °C for 12 h.
The mass of PANI and WOj; is loaded 3.4 and 4.6 mg, respec-
tively. The electrodes were separated by a thin polypropylene.

The specific energy density (£, Wh kg™ ') and power den-
sity (P, W kg ') for a asymmetric supercapacitor cell can be
calculated using the following equations: E=1/ 2CV? and P=
E/t,where Cis the specific capacitance of supercapacitor cell,
V is the voltage change during the discharge process after IR
drop in V-t curve, and ¢ is the discharge time.

Results and discussions

Morphology and structure of the PANI nanotubes
and WOj; rods

PANI nanotubes were synthesized via a simple chemical
template-free method in the presence of D-tartaric acid as
the dopant, and ammonium persulfate as the oxidant.
Typical morphology and structure of the as-synthesized
PANI nanotubes are given in Fig. 1. Figure la, b gives the

images of as-synthesized PANI that exhibit nanotube mor-
phology on a different magnification. As can be seen, the
PANI products take on noteworthy nanotube shape, and the
high magnification (Fig. 1b) illustrates that they are hollow
structures. The diameter of the nanotubes is about 200 nm, and
the wall thickness is about 50 nm. In addition, the external
surface of these nanotubes is seen to be relatively rough and
decorated by some PANI nanoparticles. This interesting struc-
ture of PANI nanotubes was further characterized by TEM. It
is very obvious that the product of PANI nanotubes shows the
nanotube structure (Fig. 1c, d), which is in agreement with the
result of the SEM. This unique nanotubular structure can be
providing a high electrode/electrolyte contact area and short
ion diffusion path [26]. The XRD pattern of PANI nanotubes
is shown in Fig. le. It can be seen that the PANI nanotubes
have a primary characteristic peak at 20.3° attributed to the
alternating distance between layers of polymer chains [27].
The FT-IR spectrum of PANI is shown in Fig. 1f. The peaks
at 1570 and 1482 cm ™! are consistent with quinoid and ben-
zene rings, respectively. The ones at 1300 and 1242 cm ™' are
attributed to the C-N and C=N stretching vibrations of an
aromatic amine. The peak at 1119 and 808 cm ™' is assigned
to the aromatic C—H inplane and the out of plane deformation
of C—H in the 1,4-disubstituted benzene ring, respectively [18,
28].

Figure 2a, b gives the SEM images of WOj that exhibit rod
morphology on a different magnification. At a low magnifi-
cation (Fig. 2a) for an overview, the WOj; nanostructures are
mainly rods with a random arrangement, and at high magni-
fication (Fig. 2b), they exhibit clearly that the diameter of the
nanorod is approximately 100 nm and the length is about
1 um. The TEM and HRTEM images (Fig. 2c) show that
WO;3; nanorod has a tunnel structure. The lattice spacing of
0.382 nm corresponds to the d-spacing of (001) planes [29].
The phase purity and crystal structure of the WO; rods were
confirmed by XRD. As shown in Fig. 2d, all the diffraction
peaks can be exclusively indexed to a hexagonal tungsten
trioxide crystalline phase (A--WOj3;, JCPDS No. 33-1387)
[29], and no other impurities are observed from the XRD
pattern. The strong and sharp diffraction peaks indicate good
crystallinity of the as-synthesized products. Furthermore, hex-
agonal phase h-WOj has a unique tunnel structure, which can
serve as an ion channel and quickly accelerating the electro-
chemical reaction rate [30].

Electrochemical properties of the PANI nanotubes
and WOj; rods

The electrochemical studies for the PANI nanotubes and WO;
rods were first performed in a three-electrode cell using aque-
ous 1| M H,SO, electrolyte (Fig. 3). Figure 3a, b shows the CV
curves of PANI nanotubes positive electrode and WOj3 rods
negative electrode at different scan rates, respectively. The
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Fig. 1 a, b SEM images of as-synthesized PANI exhibit nanotubes morphology on a different magnification; ¢, d TEM images of PANI nanotubes; e

XRD pattern of PANI nanotubes; f FT-IR spectra of PANI nanotubes

PANI nanotubes CV curves at different scan rates exhibited a
near-rectangular shape with pseudocapacitance characteristics
(Fig. 3a), and the typical redox peaks can clearly be found on
the CV curves in the potential window of —0.2 to 0.8 V. The
PANI have typical redox peaks: the first couple of peaks
(about 0.21 V/0.10 V) are attributed to the redox transition
of PANI between a semiconducting state (leucoemeraldine
form) and a conducting state (polaronicemeraldine form);
the peaks at 0.47/0.44, 0.55/0.53, and 0.76/0.70 V are ascribed
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to the benzo/hydroquinone (BQ/HQ), p-aminophenol/
benzoquinoneimine (PAP/QI) redox pair and formation/
reduction of bipolaronic pernigraniline and protonated
quinonediimine, respectively [31]. Figure 3b shows the CV
curves of WOj; rod electrode at different scan rates in the
potential window of —0.7 to 0 V with the electrolyte of 1 M
H,SO,. The CV curves with the semirectangular and a hump
shaped at different scan rates indicating pseudocapacitance is
generated, in which process is in accordance with
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Fig.2 a, b SEM images of as-synthesized WO; exhibits rod morphology on a different magnification; ¢ TEM images of WOj5 rods (the inset shows the

HRTEM images of WOj; rods); d XRD pattern of WO5 rods

intercalation/deintercalation of the H' into (out from) the WO5
[32]: WO;+xH" + xe~ <> HyWO;. It is observed that CV
curve area and the peak current rapidly increase with the in-
crease of the scan rate. Moreover, CV curve shape had no
obvious change even under the high scan rate. The result
reveals that the WO; electrode has the reversible redox pro-
cesses and good rate ability. Galvanostatic charge/discharge
curves of PANI nanotubes positive electrode and WOj3; rods
negative electrode that are collected at different current densi-
ties are shown in Fig 3¢, d, respectively. All curves exhibited a
symmetrical triangle shape, suggesting a good reversibility
during the charge/discharge processes. The corresponding
specific capacitances are calculated from galvanostatic
charge/discharge curves and shown in Fig. 3e, f. The specific
capacitance value of the PANI nanotubes is calculated as high
as 541 F g ' at current density of 1 A g '. Even at a current
density as high as 10 A g, the specific capacitance can still
achieve to 391 F g, which remains approximate to 72 % of
the initial specific capacitance (Fig. 3¢). The WO; rods also
exhibit high specific capacitances of 573 and 311 F g ' at a
current density of 1 and 10 A g ', respectively. The PANI
nanotube materials present a high capacitance that may attri-
bute to unique nanotubular structure, which can be providing

a high electrode/electrolyte contact area and short ion diffu-
sion path. For hexagonal WO; rods (A-WO3), the electrons
and ions in the electrolyte can fully insert and emerge in the
electrode material at low current density because it has tunnel
structure [30, 33], which led to the WO; rod electrode mate-
rials with high specific capacitance.

Considering high capacitance of the redox characteristics
of PANI nanotubes and WO; rods, an asymmetric
supercapacitor was fabricated using these materials as the pos-
itive and negative electrodes, respectively. The PANI was per-
formed within a potential window of —0.2 to 0.8 V (vs SCE),
while WOj; electrode was measured within a potential window
of 0.7 to 0 V (vs SCE) at a scan rate of 10 mV s ' in 1 M
H,S0, electrolyte (Fig. 4a). Therefore, it is expected that the
operating cell voltage as the sum of the potential range of
PANI and WO3;, and it can be extended to 1.5 V when they
are assembled into ASCs. However, since Zhang et al. [13]
fabricated the asymmetric supercapacitor, RGO-RuO,//RGO-
PANI exhibited broad redox peaks that appeared on the CV
curves between the —0.5 and 0.5 V, which are resulting from
the reversible oxidation and reduction of PANI. Therefore,
considering the reversible oxidation and reduction of PANI
and the optimization of voltage window, the electrochemical
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Fig. 3 a, b CV plots of the PANI and WO electrodes at various scan
rates performed in three electrode cell in 1 M H,SO,4 electrolyte,
respectively; ¢, d galvanostatic charge/discharge curves of PANI and

measurements of the PANI//WO; asymmetric supercapacitor
is performed in the voltage range of —0.5~1.5 V (Fig. 4b).
As for a supercapacitor, the charge balance will follow the
relationship ¢, =gq_, the stored charges are proportional to the
specific capacitance (C), the voltage window (AFE) and the
mass (m) of the electrode following equation: g=Cx AExm
[34]. Thus, m"/m =C_xAE—/ C,xAE,, the mass ratio of
mepann/Mwo3) was estimated to be 0.74 from the specific
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WO; electrodes at different current densities performed in three
electrode cell, respectively; e, f specific capacitance of the PANI and
WO; electrodes at different current densities, respectively

capacitance calculated from their galvanostatic charge/
discharge curves. Figure 4b shows the CV curves of the
PANI/WO; asymmetric cell measured at various scan rates
of 5~50 mV s~ between —0.5 and 1.5 V. These CV curves
exhibit distorted shape indicating that pseudocapacitance is
generated in asymmetric cell. To further evaluate the perfor-
mance of asymmetric cell, we measured galvanostatic charge/
discharge curves at various current densities (Fig. 4c). The
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nonlinearity in the charge and discharge curves indicates some
contribution of the redox reaction from PANI and WO;, which
is in agreement with the result of the CV curves. According to
the formula of specific capacitance, the gravimetric capaci-
tance of PANI/WO; ASCs as high as 151 F g ' at a current
density of 0.25 A g_1 (Fig. 4d), which is attributed to the
combination of high specific capacitances in both electrodes.
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and power densities of the PANI//WO; ASCs in comparison to
asymmetric supercapacitor recently reported in the literature; f cycling
stability of the PANI//WO; ASCs test at current density of 5 A g

Figure 4e shows Ragone plot for energy density and
power density. The energy and power densities are calcu-
lated from the discharge curves at different current densi-
ties. The PANI//WO5; ASCs with a cell voltage of 2.0 V
can exhibit an energy density of 41.9 Wh kg™ ' at a power
density of 261 W kg ! and remained 20.8 Wh kg™ at
1631 W kg '. The PANI//WO5 ASCs also exhibit much
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Fig.5 Nyquist plots of PANI//WOj; asymmetric supercapacitors for two-

electrode system (the inset of modeled equivalent circuit of
electrochemical impedance spectroscopy)

higher energy density than other reported ASCs, such as
RGO-Ru0,//RGO-PANI (26.3 Wh kg™ ') [13], MnO,//
FeOOH (24.0 Wh kgfl) [14], NiCo,04@MnO,//activated
carbon (35.0 Wh kg ') [35]. The high energy density of
PANI//WO3 ASCs is attributed to the enlarged operation
voltage and the high specific capacitance of both
electrodes.

The long-term cycling stability is an important criterion
for supercapacitor applications. The cycling endurance
measurement over 10,000 cycles for PANI//WO;3; ASCs
was conducted using galvonostatic charge/discharge test
at 5 A g ' between —0.5 and 1.5 V (Fig. 4f). It can be
seen that the asymmetric cell exhibits excellent cycling
stability with 71 % capacitance of its initial value after
10,000 cycles.

Figure 5 shows Nyquist plot of PANI//WO3; ASCs with
the semicircle in the high-frequency region and the greater
than 45° sloped curve in the low-frequency region, in
which results indicate a low charge-transfer resistance in
the electrochemical system and a pronounced capacitive
behavior with small diffusion resistance, respectively
[36]. The impedance spectra were analyzed by the soft-
ware of ZSimpWin on the basis of the electrical equiva-
lent circuit (the inset of Fig. 5), the diameter of the semi-
circle corresponds to the charge-transfer resistance (R.()
caused by Faradic reactions and EDLC (Cq4;) at the
electrode/electrolyte interface. The 45° sloped portion in
the mediate-frequency region, known as Warburg resis-
tance (Zy), is a result of the frequency dependence of
electrolyte diffusion/transport into the porous electrodes
[37]. CPE is the constant phase element [8]. In the high-
frequency region, PANI//WO3; ASCs exhibit an Rg value
of 3.346 (2, indicating the lower charge-transfer resistance
and an excellent electronic conductivity.
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Conclusions

In summary, a high energy density asymmetric supercapacitor
(PANI//WO;) is assembled using polyaniline (PANI) nano-
tubes as the positive electrode and WOs; rods as the negative
electrode in 1 M H,SO,4 aqueous electrolyte. The novel asym-
metric supercapacitor (PANI//WO;) device operates with a
voltage of 2.0 V and achieved a remarkable energy density
of 41.9 Wh kg ' at a power density of 261 W kg .
Furthermore, the device showed an excellent charge/
discharge cycling performance, with capacitance retention of
71 % after 10,000 cycles. The cheap conductive polymers and
metal oxide electrode materials and cell assembly strategy of
the ASC provide a promising research direction for the next
generation and low-cost supercapacitor with high energy den-
sity storage demands.
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