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Asymmetric supercapacitors (ASCs) with high energy density
are assembled based on pseudocapacitance in both electrodes,
which is using polyaniline (PANI) nanotubes as a positive
electrode and MoO; nanobelts as a negative electrode in 1 M
H,SO, aqueous electrolyte. The assembled novel PANI//MoO;
ASCs device with an extended operating voltage window of
2.0 V in spite of the use of aqueous electrolyte and exhibits
excellent performance such as a high specific capacitance of
518 F g at a current density of 0.5 A g”', reaching an energy
density as high as 71.9 Wh kg™ at a power density of 254 W
kg and good cycling stability.

Recently, there has been an increasing demand for
environmentally friendly and high-performance energy storage
devices'?. Among the various energy storage technologies,
supercapacitors (SCs) have attracted much attention due to their
high power density and exceptionally long cycle life*. However,
the energy density of commercially available supercapacitors is
still lower compared with batteries and fuel cells®®. Therefore, a
great deal of recent research effort has been placed on improving
the energy density of supercapacitors while maintaining their
intrinsic high power density. Actually, the energy density (E) is
usually limited to the device capacitance (C) and the operating
voltage (V) according to the equation E = 1/2CV?. Therefore, in
order to achieve large E, both C and 7 are needed to increase. At
present, most products organic  electrolytes in
symmetric/asymmetric supercapacitors to achieve a wider
operation voltage while their low capacitance and unfriendly
electrolyte  undermine their overall effectiveness for
supercapacitor applications® . In fact, aqueous electrolytes have
significant inherent advantages over organic electrolytes, such as
low cost, high ionic conductivity, large specific capacitance,
inherently safe and more environmentally friendly'''*.

In comparison to symmetric supercapacitors, asymmetric
supercapacitors (ASCs) design is an effective approach for
extending the operating voltage window and provides higher
energy in aqueous electrolytes due to it usually in combination
with a battery type (Faradaic) electrode and a capacitor type
(electrochemical double layer) electrode to exhibit two different
potential windows in the same electrolyte'*'. Intensive efforts
have been devoted to explore various ASCs systems, such as
CoO@polypyrrole//activated  carbon'', MnO,//graphene'®,
graphene-Ni(OH),//graphene'’ and activated carbon//MoO;'®.
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While most of ASCs devices are commonly use carbon materials
as negative or positive materials, it is largely restricts the
improvement of energy density due to the unsatisfactory
capacitive performance of those materials. However, the study
found that the ASCs based on pseudocapacitance in both
electrodes can be enhancing the capacitance and energy density'*
1921 Chang et al. developed a ASCs device with reduced
graphene oxide (RGO)/MnO, composite as a positive electrode
and a RGO/MoO; composite as a negative in aqueous
electrolyte'®. The operation voltage is expanded to 2.0 V,
revealing a high energy density of 42.6 Wh kg at a power
density of 276 W kg and a maximum specific capacitance of
307 F g' (at 0.2 A g"). Despite these tremendous achievements,
the realization of low-cost, ASCs with high specific energy and
power density is still challenging.

In this work, we focused on enhancing the capacitance and
energy density of ASCs based on pseudocapacitance in both
electrodes, which is using polyaniline (PANI) nanotubes as a
positive electrode and MoOj; nanobelts as a negative electrode in
1 M H,SO, aqueous electrolyte. The PANI with special
morphology is generally considered suitable for supercapacitors
because of its low cost, high energy density, environmental
friendliness and easy synthesis***. Transition-metal oxides also
show high specific capacity toward to supercapacitors when the
particle size is decreased to nanoscale’*. Molybdenum oxide
(MoOs) is an attractive among various transition metal oxides due
to its rich, with multiple valence states, and their high
electrochemical activity for Li-ion batteries and supercapacitors®”
%7 Based on the difference of working potential window between
PANI and MoO;, the hybrid nanostructure ASCs (PANI/MoOs)
can extended operating voltage window up to 2.0 V in 1 M
H,S0, aqueous electrolyte with a specific capacitance of 518 F g
"at a current density of 0.5 A g, reaching an energy density as
high as 71.9 Wh kg™ at a power density of 254 W kg™

The MoO; nanobelts were synthesized via a simple low-
temperature (140 °C) hydrothermal without any surfactant and
template. The morphology and structure of MoO; nanobelts are
characterized as shown in Figure 1. Figure 1a-b gives the images
of as-synthesized MoO; exhibits nanobelts morphology on a
different magnification. The MoO; nanobelts are parallel to each
other and indeed form bundles of agglomerated nanobelts with
diameters ranging from 100 to 200 nm, and high-magnification
image gives more detail of this morphology (Figure 1b). The
diffraction peaks of the XRD pattern for the as-synthesized
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sample can be clearly indexed to be orthorhombic MoO; with
preferred orientation (JCPDS No. 05-0508) in Figure 1lc. The
strong diffraction peaks of (020), (040), and (060) planes reveal a
layered crystal structure or a highly anisotropic growth of the
oxides™.

The 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 SEM
images of the as-synthesized PANI nanotubes are given in Figure
1d. As can be seen, the PANI products take on nanotubes shape
and the high magnification (inset in Figure 1d) illustrates that
they are tubular structures. In addition, the external surface of
these nanotubes is seen to be relatively rough and decorated by
some PANI nanoparticles. This interesting structure of PANI
nanotubes are further characterized by TEM. It is very obvious
that the product of PANI shows the nanotubes structures with
20~50nm in tube diameter, which is in agreement with the result
of the SEM. The XRD pattern of PANI nanotubes is shown in
Figure 1f. It can be seen that the PANI nanotubes has a primary
2 characteristic peak at 24.8° attributed to the scattering from the
periodicity perpendicular to PANI chains and the one at 20.3° to
the alternating distance between layers of polymer chains®.
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Figure 1. (a, b) SEM images of as-synthesized MoO; exhibit nanobelts

25 morphology on a different magnification; (c) XRD pattern of MoO;

nanobelts; (d) SEM images of PANI exhibits nanotubes morphology (the

high magnification insert the figure); (¢) TEM image of PANI nanotubes;

(f) XRD pattern of PANI nanotubes.

The electrochemical studies for the MoO; nanobelts and PANI
30 nanotubes were first performed in a three-electrode cell using
aqueous 1 M H,SO;, electrolyte. Cyclic voltammetry (CV) is
generally used to characterize the capacitive behavior of an
eletrode material. Figure 2a-b show the CV curves of MoO;
nanobelts negative electrode and PANI nanotubes positive
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35 electrode at different scan rates, respectively. CV curves of the

prepared MoO; nanobelts at different scan rates in the potential
window of -0.8 to 0 V appear two pairs of redox peaks, which
show that the MoO; has faradaic pseudocapacitance behavior.
These two sets of redox peaks at -0.33/-0.44 V and -0.45/-0.64 V,
respectively, which are corresponds to the reversible
intercalation/deintercalation of H™ ions into/out of the MoO,
host®?. The electrochemical mechanism of MoO; in H'
electrolyte can be expressed as:

MoOs + xe” + xH" <> H,MoO; 1)

HMoO; + ye <> H,:,,MoO; 2)

It is observed that CV curve area and the peak current rapidly
increase with the increase of the scan rate from 10 to 50 mV s™.
Moreover, two pairs of redox peaks are still clearly observed
even at a scan rate of 50 mV s™. The result reveals that the MoOs
electrode has the reversible redox processes and good rate ability
in aqueous H,SO, electrolyte. All of the PANI nanotubes CV
curves at different scan rates are exhibited an ideal rectangular
shape with pseudocapacitance characteristics (Figure. 2b). The
PANI typical redox peaks can clearly be found on the CV curves
at different scan rates in the potential window of -0.2 to 0.8 V.
The first couple of peaks (about 0.21/0.10 V) are attributed to the
redox transition of PANI between a semi-conducting state
(leucoemeraldine form) and a conducting state
(polaronicemeraldine form). The peaks at 0.47/0.44 V, 0.55/0.53
V and 0.76/0.70 V are ascribed to the benzo/hydroquinone
(BQ/HQ), p-aminophenol/benzoquinoneimine (PAP/QI) redox
pair and formation/reduction of bipolaronic pernigraniline and
protonated quinonediimine, respectively™.

Typical galvanostatic charge/discharge curves of MoO;
nanobelts negative electrode and PANI nanotubes positive
electrode collected at different current densities are shown in
Figure 2c-d, respectively. All discharge curves are almost
symmetrical to the corresponding charge curves, indicating good
capacitive behavior for these electrodes. The corresponding
specific capacitances are calculated from galvanostatic
charge/discharge curves and shown in Figure 2e-f. The MoO;
nanobelts exhibits high specific capacitances of 560 F g™ and 208
F ¢! at a current density of 1 A g and 10 A g, respectively.
The high specific capacitance of MoO; nanobelts is ascribed to
nanobelt morphology. The orthorhombic MoO; possesses a
unique double-layered structure in (010) direction and the
nanobelt morphology is revealed more active crystallographic
(010) planes, which is favorable for intercalation and
deintercalation of molecules and ions between layers®.
Therefore, it can provide a great deal of fast electron-transport
access to the current collector, allowing for rapid electron transfer
from active redox sites to the electrode. Similarly, the specific
capacitance value of the PANI nanotubes is calculated as high as
504 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 379
F g, which remains approximate to 75% of the initial specific
capacitance (Figure 2f). The PANI nanotubes materials present a
high capacitance that may attribute to the unique tubular
structures, which enhance the kinetics of ion and electron
transport in electrodes and at the electrode/electrolyte interface.
The electrochemical properties of the electrodes were examined
further by electrochemical impedance spectroscopy (EIS). Figure
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S1 show Nyquist plots with the semicircle on the real component
(Z' axis) in the high-frequency region and the straight sloped line
in the low-frequency region both of PANI and MoOs. The
diameter of the semicircle corresponds to the charge-transfer
resistance (R,) caused by Faradic reactions and EDLC (Cy)) at the
electrode/electrolyte interface. Therefore, the conductivity of
PANI is better that of MoO; due to PANI has a smaller diameter
of the semicircle than MoQO;. Moreover, the phase angle for the
impedance plots of PANI and MoO; show higher than 45° in the
low frequency, suggesting its high capacitive behavior.
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Figure 2. (a, b) CV plots of the MoO; and PANI electrodes at various
scan rates performed in three electrode cell in 1 M H,SO, electrolyte,
respectively; (¢, d) Galvanostatic charge/discharge curves of MoOs and
PANI electrodes at different current densities performed in three electrode
cell, respectively; (e, f) Specific capacitance of the MoO; and PANI
electrodes at different current densities, respectively.

Based on high capacitance of the redox pseudocapacitance
properties of MoO; and PANI, an asymmetric supercapacitor was
fabricated using these materials as the negative and positive
electrodes, respectively. The MoO; electrode was measured
within a potential window of -0.8 to 0 V (vs. SCE), while PANI
was performed within a potential window of -0.2 to 0.8 V (vs.
SCE) at a scan rate of 20 mV s™ in 1 M H,SO, electrolyte (Figure
3a). Therefore, it is expected that the operating cell voltage can be
at least extended to 1.6 V when they are assembled into ASCs. As
for a supercapacitor, the charge balance will follow the
relationship g, = ¢, where the charge stored by each electrode
usually depends on the specific capacitance (C), the potential
range for the charge/discharge process (AE), and the mass of the
electrode (m) following Equation: ¢ = C xAE x m *'. Thus, in the
design cell, the loading mass ratio of active materials (m(PANI) /
m(MoOs)) was estimated to be 0.89 from the specific capacitance
calculated from their galvanostatic charge/discharge curves. As
shown in Figure 3b, the asymmetric supercapacitor device
exhibits capacitive behavior with distorted semirectangular
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shaped CV curves and the operating voltage up to 2.0 Vin 1 M
H,SO, electrolyte. The rationality of this operating voltage
between PANI and MoO; are further tested (Figure S2). In
addition, the CV curves also with obvious redox peaks at
different scan rates, which indicating pseudocapacitance is
generated in asymmetric supercapacitors. The galvanostatic
charge/discharge curves of PANI//MoO; ASCs at various current
densities are shown in Figure 3c. The non-linearity in the charge
and discharge curves particularly at lower current density
indicates some contribution of the redox reaction from MoOj; and
PANI, which is in agreement with the result of the CV curves.
However, the charging and discharging curves are still nearly
symmetric, evidencing highly reversible electrochemistry.
According to the formula of specific capacitance (Supporting
Information), the gravimetric capacitance of PANI//MoO; ASCs
as high as 518 F g at a current density of 0.5 A g, which is
much higher than recent reports for other ASCs, such as RGO-
RuO,//RGO-PANI (about 360 F g' at 03 A ghP,
GrMnO,//GrtMo0O; (307 F g' at 02 A g"h" and
Ni(OH),/UGF//a-MEGO (119 F g at 1 A g”')**. Furthermore, the
PANI//M00O; ASCs device shows good rate performance with 53 %
of gravimetric capacitance retained when the current density
increased from 0.5 to 5 A g'l, which is attributed to the
combination of high specific capacitances in both electrodes.
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Figure 3. (a) Comparative CV curves of PANI and MoO; electrodes
performed in three electrode cell in 1 M H,SO, electrolyte at a scan rate
of 20 mV s™'; (b) CV curves an PANI//MoO; ASCs at different scan rates

6sin 1 M H,SO; electrolyte; (c) Galvanostatic charge/discharge curves of

PANI//MoOs ASCs at different current densities; (d) Specific capacitance
of the ASCs at different current densities; (e) Ragone plot related to
energy and power densities of the PANI//MoO; ASCs in comparison to
asymmetric supercapacitor recently reported in the literature'! '* 17 33,

s

70 (d) Cycling stability of the PANI/MoO; ASCs.

Figure S3 shows Nyquist plot of PANI//MoO; ASCs with the
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small semicircle in the high-frequency region and the vertical
curve in the low-frequency region, which results indicating a low
charge-transfer resistance in the electrochemical system and a
pronounced capacitive behavior with small diffusion resistance,
respectively. The Nyquist plots obtained are modeled and
interpreted with the help of an appropriate electric equivalent
circuit (the inset of Figure S3), where R, stands for a combined
resistance of ionic resistance of electrolyte, intrinsic resistance of
substrate and contact resistance at the active material/current
collector interface, R the charge tansfer resistance casued by the
faradaic reaction. The slope of the 45° portion of the curve is
called the Warburg resistance (Zyw) and is a result of the
frequency dependence of ion diffusion/transport in the electrolyte
to the electrode surface, CPE is the constant phase element, C is
the limit capacitance'®.

Ragone plot of the device describing the relation between
energy density and power density was obtained and shown in
Figure 3e. The energy and power densities were calculated from
the discharge curves at different current densities. It is obviously
that the PANI//MoO; ASCs exhibit the highest energy density is
71.9 Wh Kg™' with a power density of 254 W Kg™' and remained
38.9 Wh Kg' at 2500 W Kg™'. Moreover, the obtained maximum
energy density is considerably higher than those of recently
reported ASCs, such as GrMnO,/GrMoO; (42.6 Wh kg™)",
CNT/MnO,//CNT/In,0; (25.5 Wh kg"** and Ni(OH)y/
graphene//RuO,/graphene (48 Wh kg')**. Table S1 summarizes
asymmetric supercapacitors devices from various and Ragone
plots are shown in Figure 3e. The excellent performance of ASCs
device can be ascribed to the following reasons: 1) PANI
nanotubes electrodes exhibit unique tubular porous structures and
superior electrical properties, which favor fast ion and electron
transportation; 2) the orthorhombic MoO; possesses a unique
double-layered structure, which is favorable for intercalation and
deintercalation of molecules and ions between layers. In addition,
we also evaluate the long-term cycle stability of the PANI//MoO;
ASCs by repeating the galvanostatic charge/discharge test
between -0.5 and 1.5 V at a current density of 3 A g for 1000
cycles. Figure 3f shows the capacitance retention ratio of the
asymmetric supercapacitors charged at 2.0 V as a function of the
cycle number. It shows that the PANI/MoO; ASCs exhibits
electrochemical stability with about 78% retention of the initial
available specific capacitance after 1000 cycles. It is worth noting
that the specific capacitance sharply decreases after the initial 300
cycles (retained 82.5% of its initial capacitance), which is
probably related to the swelling and shrinkage of conducting
PANI during the long-term charge/discharge processes.

Conclusions

In summary, high energy density asymmetric supercapacitors
(PANI//Mo0Q;) are fabricated with polyaniline (PANI) nanotubes
as a positive electrode and MoO; nanobelts as a negative
electrode in 1 M H,SO, aqueous electrolyte. Comparing with
previously reported ASCs, our novel desgined PANI/MoO;
ASCs demonstrated excellent performance in a large potential
window of 2.0 V and exhibited high specific capacitance of 518 F
g at a current density of 0.5 A g”'. Meanwhile, the ASCs exhibit
an energy density as high as 71.9 Wh kg™ at a power density of
254 W kg'. These encouraging findings can open up the
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possibility of cheap conductive polymers and metal oxides for
applications in asymmetric supercapacitors with low cost, high
energy, and high power densities to meet the diverse demands for
next-generation energy storage systems.
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