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Abstract

To meet the increasing demand for high energy density supercapacitors, it is crucial to
develop positive and negative electrodes with comparable energy density. Previous studies
have primarily focused on the development of positive electrodes, while negative electrode is
relatively less explored. Here we report an electro-codeposition method to synthesize a high
performance negative electrode composed of vanadium oxide (V,0s) and polyaniline (PANI)
composite. Scanning electron microscopy revealed that the composite film is composed of
one-dimensional polymer chain. Energy-dispersive X-ray spectroscopy (EDX) and X-ray
diffraction (XRD) confirmed successful incorporation of V,0s into PANI chains.
Significantly, the V,0s/PANI composite nanowires exhibited a wide potential window of 1.6
V (between —0.9 and 0.7 V vs. SCE) and a maximum specific capacitance of 443 F/g (664.5
mF/cm?). The flexible symmetric supercapacitor assembled with this composite film yielded
a maximum energy density of 69.2 Wh/kg at the power density of 720 W/kg, and a maximum
power density of 7200 W/kg at the energy density of 33.0 Wh/kg. These values are
substantially higher than those of other pure V,05 or PANI based supercapacitors. Moreover,
the assembled symmetric supercapacitor device showed an excellent stability with 92 %
capacitance retention after 5000 cycles. The capability of synthesizing high performance
composite electrodes using electro-codeposition method could open up new opportunities for
high energy density supercapacitors.

Keywords: vanadium oxide, polyaniline, electro-codeposition, symmetric supercapacitors
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Introduction

Development of high performance supercapacitors is highly desirable to meet the
increasing demand for energy storage devices. ' Carbon materials have been extensively
employed as electrodes for supercapacitors. However, their relatively low specific
capacitance (~90-250 F/g) and low energy density are major drawbacks for practical
applications.*” Pseudo-capacitive materials, including transition metal oxides and conducting
polymers are promising candidates for supercapacitor electrodes since they have much higher
capacitance compare with carbon based materials. > * But the energy density of these
materials is usually limited by their narrow potential windows in aqueous electrolytes, in
most cases less than 1 V. According to the equation of calculating energy density (E) for
supercapacitors, E = %C V2, where C is specific capacitance and V is operational voltage,
there are two approaches to boost the energy density of supercapacitors. First, it is important
to increase specific capacitance by replacing conventional carbon based electrode with
pseudo-capacitive electrodes. Second, it is crucial to expand the operational voltage of the
supercapacitor device. > '° Previous studies have been primarily focused on fabricating high
energy density pseudocapacitive positive electrodes. * '' To achieve high energy density
supercapacitors, a negative electrode with comparable energy density to cathode is essential.
However, the development of anode is less explored.

Some transitional metal oxides, such as indium oxide, vanadium oxide and tungsten oxide
are pseudo-capacitive materials with a potential window extended to negative potential and
thus can be used as alternatives to carbon based electrode. Among them, vanadium oxide has

attracted a lot of attention. '* Its layered structure allows efficient ions diffusion. And it is
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anticipated that vanadium oxide can achieve high pseudocapacitance due to the presence of
multiple stable oxidation states of vanadium. " For example, it has been reported that
electro-spun V,0s nanofibers exhibited good stability in the potential range between -1 and 0
V vs. SCE. '* In addition, V,Os-polypyrrole core-shell nanocomposite electrode achieved a
high specific capacitance of 308 F/g (at a current density of 0.1 A/g) in a wide potential
window of 1.0 V (between -0.9 and +0.1 V vs. SCE). * Therefore, V,0s is a good candidate
for negative electrode material.

Polyaniline (PANI) has been widely studied as a positive electrode material due to its ease
of synthesis and high capacitance (max. value: 3407 F/g) '°. Moreover, PANI has high
hydrogen evolution overpotential and large operational potential in positive potential.
Therefore, PANI is a suitable material to combine with those transition metal oxides that
have a negative potential window to form asymmetric supercapacitors. 719 In this work, we
demonstrated an electro-codeposition method to synthesize V,05-PANI composite nanowires
(NWs) on carbon cloth. The composite electrode exhibited an exceptionally large potential
window of 1.6 V from -0.9 to +0.7 V vs. SCE. Significantly, a flexible symmetric
supercapacitor assembled with the composite nanowire electrode achieved an excellent
energy density of 69.2 Wh/kg.

Experiment

Materials
Aniline was distilled prior to use. All other chemicals were analytical grade and used as
received. A piece of carbon cloth (~1 cm’ SGL group, German) was used as counter

electrode and a saturated calomel electrode (SCE) was used as reference electrode. The
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carbon cloth with geometric area of 1 cm® was used as the working electrode for
electro-codeposition.
Preparation of V,0s, PANI and V,0s-PANI composite NWs on carbon cloth

Carbon cloth was scanned in 2.0 M H,SOy aqueous solution at 100 mV s™' within
—-1.2~1.6 V vs. SCE to remove surface contamination prior to electro-codeposition.
V,05-PANI (VP) composite NWs VP-0.5, VP-1, VP-2, VP-3, VP-4, and VP-5 were
electrochemically deposited on carbon cloth by 40 scans between —0.2 and 0.9 V at a scan
rate of 20 mV/s in 0.1 M aniline aqueous solution containing 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5
M vanadyl sulfate (VOSOy,), respectively. The pH value of solutions for electro-codeposition
was adjusted to 1.8 using concentrated H,SO,4. For comparison, V,05 and PANI NWs were
respectively prepared in 0.1 M VOSO4 and 0.1 M aniline solutions, under the same
conditions as VP nanowires. The electrodes were washed thoroughly with distilled water and
dried in vacuum at 50 °C for 24 h. The loading mass of V,0s, PANI and VP-1 film were
measured to be 0.80, 1.02 and 1.50 mg/cm? respectively.
Fabrication of flexible VP-1 symmetric supercapacitors

Symmetric supercapacitors were assembled by assembling two pieces of VP-1
composite electrodes together, using a piece of filter paper (Xinhua Corporation, China) as
separator. LiCI/PVA gel was used as electrolyte. LiClI/PVA was prepared as follows: 3 g PVA
was mixed with 30 mL 5 M LiCl aqueous solution and heated at 85 °C under vigorous stirring
until a clear gel was formed. Electrodes and separator were soaked in the LiCl/PVA gel
electrolyte for 5 minutes and solidified at room temperature for 6 h. They were assembled

together and kept at 45 °C for 12 h to remove excess water in the electrolyte. After heating,
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the entire device was wrapped with polyimide tape and sealed with epoxy resin to avoid
absorbing moisture from air. The working area of the supercapacitor was 1 cm’ and total
mass loading of two electrodes was 1.98 mg/cm”.
Material characterization

The composition of samples was investigated by X-ray diffraction (XRD, D8 Advance,
Bruker, Germany) and Fourier transform infrared spectroscopy (FT-IR, A Spectrum One,
Perkin-Elmer, USA). Morphologies were characterized by scanning electron microscope and
energy-dispersive X-ray spectroscopy (SEM and EDX, LEO SUPRA 35, Carl Zeiss,
Germany). Electrochemical performance was evaluated in a traditional three-electrode
electrolytic cell by cyclic voltammetry (CV) at various scan rates and galvanostatic
charge-discharge experiment in 5.0 M LiCl between —0.9 and 0.7 V vs. SCE at various
current densities. Electrochemical impedance spectroscopy (EIS) measurements were
conducted in a frequency range of 100 mHz to 40 kHz in 5 M LiCl at open circuit potential
with a perturbation of 5 mV. All electrochemical experiments were conducted using VMP3
multi-channel electrochemical analyzer system (Bio-Logic-Science Instruments, France).
Mass loading was measured by Sartorius BT25s semi-micro balance with an accuracy of 0.01

mg.

Results and discussion

VP-1, PANI, V,0s and bare carbon cloth were characterized by XRD. As shown in Fig
la, both VP-1 and V,0s exhibit signals centered at 22" and 51°, which corresponding to

characteristic diffraction peaks of V,0s crystalline planes of (1 0 1) and (0 2 0) (JSPDS card
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No. 41-1426). '*** Characteristic diffraction peak of V,05*3H,0 (JSPDS card No. 07-0332)
at 28" also appears on the XRD spectra of VP-1 and V,0s. PANI did not show any peaks due
to its amorphous nature. Fig. 1b shows the Fourier transform-Infrared spectra of VP-1 and
PANI. Both VP-1 and PANI spectra exhibit main characteristic bands of PANI. The stretch
vibration band of benzenoid rings locates at 1494 cm ™', which is blue shifted compared to
that of PANI (1476 cm™"). Stretching band of the quinoid rings overlaps with the 1638 cm ™'
band of the in-plane bending mode from structural water.'® %! Band appears at 1303 cm ™' can
be attributed to C—N stretch of secondary aromatic amine of PANI chain. The characteristic
band of protonated PANI in VP-1 appears at 1129 cm ™', which is also blue shifted compare to
that of PANI spectrum (1103 cm™"). The blue-shift of some bands indicates a synergistic
effect of electro-codeposition. " The V=0 vibration band appears at 973 cm” for VP-1,
which is red shift compared with original place (~990 ecm™). ** It suggests that some
coordinated water molecules’ positions are occupied by the inserted polymer. * Band at 745
cm™ can be attributed to the V-O stretching vibration. ** These results prove that the VP-1

composite film composes of both V,05 and PANI materials.
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Figure 1. (a) XRD spectra collected for VP-1, V,0s and PANI deposited on carbon cloth.
Dashed lines highlight the characteristic diffraction peaks of V,05 and V,05°3H,0. Solid
lines highlight the diffraction peaks of carbon cloth substrate. (b) FT-IR spectra of PANI and
VP-1.

The morphologies of PANI, V,05 and VP-1 samples were investigated by SEM (Fig. 2).
Pure V,0s forms large particles (Fig. 2b). The VP-1 was directed to grow in one dimensional
(1D) direction to form nanofibers upon electro-codeposition (Fig 2c). 1D nanofiber is the
intrinsic morphology of PANI. ** However, this structure is hard to obtain due to secondary
growth deriving from the presence of excessive amount of aniline monomers, which leads to
irregular morphology due to agglomerated polymer chains (Fig.2a). ** Numerous methods
have been reported to suppress this secondary growth including aqueous/organic interfacial
polymerization, rapidly-mixed reaction, ultrasonic irradiation, dilute polymerization, efc. to
synthesize 1-D PANI structure. ***’ In this situation, when VO®>" appears in the
electro-codeposition bath, the deposition of V,05 from VO (2V02++3H20—>V205+6H++2C_)
2 will consume part of the anodic positive charges, which are the reactant for aniline
polymerization, and thus lowering the concentration of reactant and favoring formation of 1D
polymer chain. In addition, the incorporation of V,0s would be helpful to effectively avoid

the entanglement of PANI chains, which is observed similarly in PANI/mesoporous

carbon-Si0O, 2 and PANI/MnO, 19 composites.

Page 8 of 22



Page 9 of 22

Journal of Materials Chemistry A

Figure 2. SEM images of (a) PANI, (b) V,0s, and (c) VP-1 deposited on carbon cloth

substrate.

To study the electrochemical performance of the VP-1 composite, cyclic voltammetry
and galvanostatic charge-discharge experiment were conducted in 5 M LiCl aqueous
electrolyte. The cyclic voltammogram (CV) of VP-1 together with those of PANI and V,0s
are shown in Fig. 3a. The CV of PANI shows a typical redox pairs: B/B’ at 0.16/-0.10 V vs.
SCE corresponding to the transition between leucoemeraldine and emeraldine states of PANI,
C/C’ at 0.58/0.40 V wvs. SCE corresponding to exchange between emeraldine and
pernigraniline states. '”'® The peaks A and D of V,Os are related to Li" de-intercalation and
peaks A’ and D’ are corresponded to Li” intercalation. ***' The CV curve of VP-1 shows a
combined shape of PANI and V,0s, and also has the largest capacitance. The results again
prove the successfully incorporation of V,05 into PANI. The high capacitance of VP-1
composite is due to the synergistic effect of V,0s and PANI. More importantly, the VP-1
exhibited a wide potential window of 1.6 V. We did not observe oxygen and hydrogen
evolution on the electrodes. The extension of working potential is believed to be due to the
combination of the high hydrogen evolution potential offered by V,Os under negative
polarization together with high oxygen overpotential when PANI is used as positive electrode.

14,32

To further evaluate the capacitance of VP-1 NWs, the galvanostatic charge-discharge
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experiment was conducted from -0.9 V to 0.7 V vs. SCE at 0.5 mA/cm” in 5 M LiCl aqueous
electrolyte (Fig.3b). The discharge time of VP-1 is much longer that those of PANI and V,0Os,
indicating the higher charge storage capacity of VP-1 electrode. The capacitance of VP-1 is
calculated to be 443 F/g according to the equation C,=Ixt/(AUxm), where Cy, (F/g) is the
specific capacitance, / and At are the charge/discharge current (A) and time (s), AU is the
potential window (V), and m is the mass loading of film (g). This value is substantially higher
than those obtained for V,0s electrode (217 F/g) and PANI electrode (241 F/g), in consistent
with CV analysis. Fig. 3c summarizes the specific capacitance of VP-1, PANI and V,0s
under different charge-discharge current densities. It shows that VP-1 sample has higher
capacitance than PANI and V,0s at all current densities. Moreover, the VP-1 electrode
showed excellent rate capability, which is even comparable to some double layer based
supercapacitors. 33 3% When the charge current increased from 0.5 to 5 mA/cm?, the
gravimetric capacitance of VP-1 still maintained as high as 281 F/g. Galvanostatic
charge-discharge experiment was carried out at a current density of 5 mA/cm? in 5 M LiCl
aqueous electrolyte to further evaluate the stability of those electrodes. As shown in Fig. 3d,
V,0s and PANI only retain 49% and 63% of its initial capacitance after 1000 cycles,
respectively. In contrast, VP-1 exhibited much better cycling stability with capacitance
retention of 87% after 1000 cycles under the same conditions. These results suggested VP-1

is an excellent pseudo-capacitive electrode material.
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Figure 3. Electrochemical performance of VP-1, PANI and V,Os collected in 5 M LiCl
solution. (a) CV curves collected at a scan rate of 15 mV/s; (b) galvanostatic
charge-discharge curves collected at a current density of 0.5 mA/cm?; (c) rate-capabilities and
(d) cycling stability measured by galvanostatic charge-discharge experiment at a current
density of 5 mA/cm?.

To further optimize the performance of V,0s-PANI composite, we investigated the
interplay between the ratio of V,05 to PANI and properties of VP composites. VP-0.5, VP-1,
VP-2, VP-3, VP-4 and VP-5 were synthesized from 0.1 M aniline solutions containing 0.05,

0.1, 0.2, 0.3, 0.4 and 0.5 M VOSOys, respectively. To determine the amount ratio of V,0s to
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PANI in obtained VP films, energy-dispersive X-ray spectra (EDX) of those six composites
were collected (Fig. 4a). In the EDX spectra, V signal originated from V,0s, while S signal
came from SO,” ions doped in the PANI backbone. Assuming all six PANI samples have
similar doping concentration, the amount of SO4* should be directly proportional to the
amount of PANI. Thus, the V/S peak intensity ratio represents the amount ratio between
V;,05 and PANI. As shown in Fig. 4b, the V/S ratio increase with the increase of VOSQO4
concentration in electro-deposition solution. To further evaluate the electrochemical
performance, galvanostatic charge-discharge experiment was conducted. Fig. 4c shows the
galvanostatic charge-discharge curves of VP-0.5, VP-1, VP-2, VP-3, VP-4 and VP-5
collected at a current density of 2 A/g. The VP-1 sample has the longest discharge time,
exhibiting the largest gravimetric capacitance (Fig. 4d). EIS measurements were carried out
for all VP samples. Nyquist plots in the low-frequency domain show that the VP-1 composite
film exhibits a slope closer to 90° than others, indicating that VP-1 has the best capacitive
behavior and the lowest diffusion resistance for ions. > *® Moreover, VP-1 possessed the
lowest combined series resistance (R;) obtained from crossing of the high-frequency domain

end and the real component axis (Fig. 4f), *’

suggesting it has improved electrical
conductivity and fast ion transport. The EIS data explain the superior performance of VP-1

over the other VP samples.
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Figure 4. (a) EDX spectra of VP composite films; (b) peak intensity ratio of V/S from VP

films electro-deposited in solutions containing different VOSO; concentration; (c)

galvanostatic charge-discharge curves at a current density of 2 A/g in the range of -0.9 V~ 0.7

V vs. SCE in 5 M LiCl aqueous solution; (d) plots of specific capacitance against

concentration of VOSQy; (e) Nyquist plots of VP composite films collected in a frequency
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range from 100 mHz to 40 kHz in 5 M LiCl at open circuit potential with a perturbation of 5
mV. Inset shows the high-frequency domain of the Nyquist plots; (f) combined series
resistance against concentration of VOSOs.

To understand the trend of specific capacitance changed with VOSO,4 concentration,
SEM was conducted to investigate morphologies of VP-0.5, VP-1, VP-2, VP-3, VP-4 and
VP-5 (Fig. 5). In Fig.5a and 5b, VP-0.5 and VP-1 have similar nanorod morphology. The
larger specific capacitance of VP-1 compared with VP-0.5 was believed to be the increase
amount of V,0s incorporated. However, when the concentration of VOSO4 was further
increased, nanorods started to aggregate with each other and caused a reduction of effective

surface area. It explains the decrease of specific capacitance as the amount of V,Os increased.

Page 14 of 22



Page 15 of 22

Journal of Materials Chemistry A

Figure 5. SEM images of (a) VP-0.5, (b) VP-1, (c) VP-2, (d) VP-3, (¢) VP-4 and (f) VP-5
composite films.
To evaluate the performance of the VP-1 composite electrode for application as
flexible supercapacitor devices, symmetric supercapacitors (SSCs) were fabricated by
assembling two identical pieces of VP-1 electrodes together with a piece of filter paper as

separator and LiCI/PVA as electrolyte. The SSC device is denoted as VP-1/VP-1. CV
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measurements and galvanostatic charge-discharge experiments were conducted for
VP-1//VP-1 SSC at various scan rates and current densities in an operational voltage
between 0 and 1.6V. The device exhibited CV curve without obvious distortion even at a
scan rate of 100 mV/s (Fig. 6a), indicating fast charge-discharge property of the device is
good. Additionally, charge-discharge curves (Fig. 6b) show nearly symmetric triangle shape
with some plateaus, confirming its pseudo-capacitive behavior and good reversibility within
the 1.6 V voltage window. Long-term stability is another concern of the applications of
supercapacitors. Fig. 6¢ shows the stability of the VP-1//VP-1 collected at a current density
of 5 mA/cm? for 5000 cycles. Significantly, the VP-1//VP-1 SSC exhibited an excellent
cycling stability with 92% capacitance retention after 5000 cycles. This value was also

better than the values reported for other asymmetric supercapacitors using inorganic oxide

as negative electrode, such as WO3//RuQ; (72% after 200 cycles), 38 Rug36V0.6402//Ni (83.5%

after 1500 cycles), >* WO3-MoO3//PANI (~80% after 2000 cycles) ** and V,0s//PANI (73%
after 2000 cycles). '* In addition, the assembled SSC is also highly flexible. The device
exhibited similar electrochemical performance at different bend angles (Fig. 6d), indicating

its potential to be used as flexible energy storage device.
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Figure 6. (a) CV curves and (b) galvanostatic charge-discharge curves collected for
VP-1//VP-1 SSC at various scan rates and current densities. (¢) Cycling stability of
VP-1//VP-1 SSC collected by galvanostatic charge-discharge experiment at a current
density of 5 mA/cm’. Insets: schematic illustration and digital picture of the VP-1//VP-1
SSC. (d) Capacitance retention of the VP-1//VP-1 SSC device measured at different bend
angles. Insets: schematic illustration of bend angle and pictures of the device under different
bend conditions.

Furthermore, energy density and power density are also two important factors to evaluate
the performance of supercapacitors. The energy density (£, Wh/kg) and power density (P,
kW/kg) of VP-1//VP-1 SSC was calculated based on the equations £=(0.5%1000/3600)CA4 v’

and P=3600F/t, respectively, where C is the specific capacitance (F/g) based on the active



materials on positive and negative electrodes, AU is the potential window (V) and ¢ is the
discharge time (s) measured by galvanostaic charge-discharge experiment. These results
were summarized in Fig. 7. The VP-1//VP-1 achieved an excellent energy density of 69.2
Wh/kg at a power density of 0.72 kW/kg, and still maintain an energy density of 33.0
Wh/kg when the power density reached 7.2 kW/kg. These values are substantially higher
than previously reported PANI based SSCs
(ASCs) with comparable or larger potential window. '*'®*™* The high performance of the

device can be attributed to the large pseudocapacitance as well as the wide potential window
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of the VP composite electrode.
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added for comparison.
Conclusions

In summary, we have demonstrated a facile electro-codeposition method to incorporate
V;,0s5 in PANI matrix to synthesize VP composite films. The VP electrode displayed a wide
charge storage potential window of 1.6 V and the highest capacitance of 443 F/g (664.5
mF/cm?) at the current density of 0.5 mA/cm?. The high performance of VP electrode is
believed to be due to the formation of dense 1-D nanowires without aggregation. This unique
nanostructure not only provides large surface area for ions absorption, but also facilitates
electron transfer. Owing to its superior electrochemical performance of VP-1 film, the
symmetric VP-1//VP-1 device obtains a maximum energy density of 69.2 Wh/kg at the
current density of 0.5 mA/cm” and a maximum power density of 0.72 kW/kg at the current
density of 5 mA/cm®. These values are greatly enhanced compared to pure PANI or V,0s
based supercapacitors. The VP composite is a promising candidate for fabrication of high
performance supercapacitors. .
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ToC Entry

This work reports a flexible supercapacitor based on vanadium oxide-polyaniline composite

Current Density (mA/mg)

Journal of Materials Chemistry A

1000
L ]
S 9 909 0
L x VVP-1 Electrode
r < 100 m VP-1NP-18SC
g " g
c Hng
i [0} +
o
i 8 103 VP-1
: E Separator
N VP-1
1.0 -06 -02 02 06 ! 1 i
Potential (V vs. Ag/AgCl) Power Density (kW/kg)

(VP-1) with large potential window and high energy density.

Page 22 of 22



