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 WO 3 −  x  /MoO 3 −  x   Core/Shell Nanowires on Carbon Fabric as 
an Anode for All-Solid-State Asymmetric Supercapacitors  
 Owing to the rapidly growing global energy consumption, the 
development of high-performance power sources has become 
an urgent and increasing demand in various fi elds such as port-
able electronics and sensor networks. [  1–3  ]  As a result of their 
excellent characteristics, such as superior power density, fast 
charge/discharge rates, and long cycle lifetime, supercapacitors 
(SCs, also known as electrochemical capacitors or ultracapaci-
tors), which bridge the gap between high specifi c energy bat-
teries and high specifi c power conventional capacitors, have 
been employed as state-of-the-art energy storage systems and 
widely used in consumer electronics, backup power sources, 
and pacemakers. [  4–7  ]  

 Since the energy density is proportional to the capacitance 
(specifi c or areal capacitance),  C , and square of the cell voltage, 
 Δ  U , which can be calculated as

 E = 0.5C(�U)2
  (1)   

an enhancement of energy density can be achieved by maxi-
mizing the capacitance and/or the operating voltage of SCs. [  8  ]  
Compared with carbon-based materials, pseudo-capacitive 
materials such as transition metal oxides and conducting poly-
mers [  9–13  ]  show much higher capacitive performance. Although 
the use of an organic electrolyte is one possible approach to 
increasing the operating voltage up to 4 V, [  14–16  ]  poor ionic con-
ductivity will result in high equivalent series resistance (ESR) 
© 2012 WILEY-VCH Verlag Gm
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and low power output. Alternatively, asymmetric supercapac-
itors (ASCs) provide an environmentally friendly and effective 
approach to improving the energy density of SCs, as the oper-
ating voltage can be broadened by combining two appropriate 
electrodes with different potential windows. [  8  ,  17–19  ]  For safety, 
weight, and environmental reasons, a solid-state electrolyte is 
superior to a liquid one, and is greatly desired for portable and 
wearable consumer electronics. 

 Many metal oxide negative electrode materials, such as 
molybdenum oxide (MoO 3–x ) [  20  ]  and iron oxide, [  21  ]  show a supe-
rior performance to carbon-based materials. However, the low 
electronic conductivity of metal oxides profoundly affects their 
electrochemical performance. In order to solve this problem, the 
use of high-specifi c-area and high-conductivity nanomaterials, 
such as zinc oxide and tungsten oxide (WO 3–x ) nanowires, [  12  ]  as 
a scaffold to load electrochemically active materials is proposed 
as a viable solution. [  22  ]  Polyaniline (PANI) could be a positive 
electrode material because of its high capacitive performance 
and simple synthesis method. In this Communication, we 
report a simple and effi cient method of growing MoO 3–x /WO 3–x  
core/shell nanowires on carbon fabric as a negative electrode, 
assembled with PANI nanowires on carbon fabric as a positive 
electrode, to fabricate high performance all-solid-state ASCs 
with H 3 PO 4 /poly(vinyl alcohol) (PVA) as the electrolyte. Elec-
trochemical measurements indicated that the fabricated ASCs 
can be cycled reversibly between 0 and 1.9 V. Furthermore, 
the whole cell (including electrodes, separator, and electrolyte) 
exhibits a high areal capacitance of 216 mF cm  − 2 , and an energy 
density of 0.0019 Wh cm  − 3  at 2 mA cm  − 2 . 

 The WO 3–x  nanowires were grown on carbon fabric by a cat-
alyst-free, physical evaporation deposition process. [  23  ]   Figure    1  a 
shows a scanning electron microscopy (SEM) image of WO 3–x  
nanowires grown radially on carbon fabric. A thin layer of 
MoO 3–x  was coated on the surface of the WO 3–x  nanowires by 
a simple electrodeposition method. Figure  1 b shows a typical 
SEM image of MoO 3–x /WO 3–x  core/shell nanostructures after 
10 s MoO 3–x  deposition. The MoO 3–x /WO 3–x  core/shell nano-
structures formed without any fracture of the WO 3–x  nanowires, 
demonstrating the feasibility and effi ciency of anodic elec-
trodeposition. Typical transmission electron microscopy (TEM) 
images of MoO 3–x /WO 3–x  core/shell nanostructures are shown 
in Figures  1 c–e. According to the low-resolution TEM image, 
the MoO 3–x  shell was homogeneous with a thickness of  ∼ 18 nm. 
In contrast to the single-crystalline core of WO 3–x  (Figure  1 f), 
the MoO 3–x  shell was amorphous. The detailed chemical com-
position was probed by X-ray photoelectron spectroscopy (XPS), 
bH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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     Figure  1 .     a,b) SEM images of WO 3–x  nanowires grown on carbon fabric before (a) and after (b) MoO 3–x  coating. c) Low-magnifi cation TEM image of 
a MoO 3–x  coated WO 3–x  nanowire. d,e) Bright- (d) and dark-fi eld (e) TEM images of a selected area. f) High-magnifi cation TEM image of a MoO 3–x  
coated WO 3–x  nanowire. g) XPS spectrum of Mo 3d level.  
as shown in Figure S1 (Supporting Information) and Figure  1 g. 
Among the W 4f peaks (Figure S1b), two strong peaks, cor-
responding to W 6 +  , and two medium peaks, corresponding 
to W 5 +  , were found, as expected. Another peak, at 40.35 eV, cor-
responded to Mo 4p. Figure  1 g shows the XPS spectrum of Mo 
3d, in which two strong peaks, corresponding to Mo 6 +  , and two 
medium peaks, corresponding to Mo 5 +  , were found.  

 It is well accepted that the conductivity and mass loading 
have a great impact on the electrochemical behavior of active 
materials. [  24,25  ]  A series of experiments with different deposition 
times of 10, 20, and 30 s were conducted to adjust the MoO 3–x  
growth parameters (the mass loading of MoO 3–x  was about 1.34, 
2.2, and 3 mg for deposition times of 10, 20, and 30 s, respec-
tively). The electrochemical properties were characterized by a 
three-electrode confi guration with 0.5  M  Na 2 SO 4  aqueous solu-
tion as the electrolyte, a graphite rod as the counter electrode, 
and a Ag/AgCl electrode as the reference electrode. According 
to the cyclic voltammetry (CV) scans at a scan rate of 100 mV s  − 1  
( Figure    2  a), the area enclosed by the CV curves increased with 
deposition time. Figure  2 b shows typical galvanostatic charge/
discharge curves at 3 mA cm  − 2  for the fabricated WO 3–x /MoO 3–x  
electrode with different deposition times, from which we can 
see that the discharge time increased with the deposition time. 
The areal capacitance for different MoO 3–x  deposition times 
is plotted versus the discharge current in Figure  2 f. The areal 
capacitance of a single electrode is given by

 C = I�t/� E   (2)   

 Ca = C/S = I�t/ S�E   (3)     
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
 where  C  is the total capacitance,  I  the discharge current,  Δ  t  the 
discharge time,  Δ  E  the potential window during the discharge 
process after  IR  drop ( R  is resistance), and  S  the working area of 
the electrodes. The areal capacitance increases with MoO 3–x  mass 
loading, and the highest areal capacitance of about 500 mF cm  − 2 , 
which is much higher than those reported in the literature 
(0.4–30 mF cm  − 2 ), [  16  ,  26,27  ]  was obtained for a deposition time 
of ca. 30 s. However, the mass of the MoO 3–x  increased with 
deposition time as mentioned; thus lower conductivity may be 
obtained from thicker MoO 3–x  shells. This hypothesis was con-
fi rmed by electrochemical impedance spectroscopy (EIS) meas-
urements, as shown in Figure  2  c, in which the ESR was much 
larger for samples with deposition times of 20 s (3.5  Ω  cm 2 ) 
and 30 s (3.7  Ω  cm 2 ) than for the sample with 10 s deposition 
time (0.9  Ω  cm 2 ). From considerations of peak power density 
(which is inversely proportional to the resistance of the cell), the 
sample with 10 s deposition time would be the best candidate 
for practical applications. Detailed characterization of 10 s depo-
sition WO 3–x /MoO 3–x  core/shell nanostructures was performed 
by CV scans and galvanostatic charge/discharge, the results of 
which are displayed in Figures  2 d and e. The CV scans exhibited 
a roughly rectangular shape approximately symmetrical about 
the zero-current line even at a high scan rate of 200 mV s  − 1  
(Figure  2 d). In addition, the charging curves in the galvanos-
tatic charge/discharge characterization shown in Figure  2 e 
are almost symmetrical to the corresponding discharge curves, 
as well as exhibiting good linear voltage–time profi les, both of 
which indicate good capacitive behavior. 

 In order to fabricate all-solid-state ASCs with WO 3–x /MoO 3–x  
hybrid negative electrodes, we selected PANI grown on carbon 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 
DOI: 10.1002/aenm.201200380
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     Figure  2 .     Electrochemical performance. a–c) CV scans (a), galvanostatic charge/discharge curves (b), and Nyquist plots (c) for MoO 3–x  deposited on 
WO 3–x  nanowires for different times. d,e) CV scans (d) and galvanostatic charge/discharge curves (e) for a WO 3–x /MoO 3–x  nanostructure with deposi-
tion time 10 s. f) Areal capacitance as a function of current density for WO 3–x /MoO 3–x  nanostructures with different deposition times. The area of each 
sample was 1 cm 2 .   
fabric as the positive electrode because of its high capacitive 
performance and simple synthesis method. In our experiment, 
PANI nanowires on carbon fabric were fabricated by a two-step 
electrodeposition method. [  26  ]  It should be noted that in order to 
take advantage of the largest voltage window, the areal capaci-
tance between the positive and the negative electrodes should 
be adjusted according to

 Q = Ca S�E   (4)   

 Q
+ = Q−

  (5)   

 S
+ = S−

  (6)   

 C
+
a / C−

a = �E −/� E +
  (7)   

where  Q  is the charge stored in the electrode , C  a  the areal 
capacitance of the electrodes,  S  the working area of the elec-
trodes,  Δ  E  the potential window, and the superscripts “ +  ”  and 
“–” indicate the positive and negative electrodes, respectively. 
The morphology and detailed electrochemical characterization 
of the PANI electrode are presented in the Supporting Infor-
mation (Figures S2 and S3). The CV scans of the fabricated 
all-solid-state ASCs at a stable potential window up to 1.9 V 
are shown in  Figure    3  a. Figure S4a (Supporting Information) 
presents a galvanostatic charge/discharge test at an operating 
voltage of 0–1.9 V; the good symmetry of the curves shows the 
good capacitive behavior.  

 Based on the galvanostatic charge/discharge curves, the 
areal capacitance of the fabricated ASCs could be calculated 
using  Equations 2  and  3 , where  C  is the total capacitance of 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012,
DOI: 10.1002/aenm.201200380
the device and  S  the working area of the device. The highest 
areal capacitance was  ∼ 216 mF cm  − 2  at 2 mA cm  − 2  discharge 
current, which is much larger than those reported in the litera-
ture at the same discharge current, [  8  ,  16  ,  27  ]  and  ∼ 130 mF cm  − 2  
still remained at 20 mA cm  − 2  discharge current (Figure  3 b). 
The ESR of the as-fabricated ASCs was 30  Ω  cm 2  (Figure S4b, 
Supporting Information). Furthermore, as a power source 
operated at large discharge current with high power density, 
the cyclic stability of ASCs is signifi cantly important. As can 
be seen in Figure  3 d, the fabricated ASC showed a good cyclic 
stability in the voltage window of 0 to 1.9 V at a large galvanos-
tatic current of 5 mA cm  − 2  over 10000 cycles. After 10000 cycles 
75% of the capacitance was retained; the degradation may be 
caused by the combination of the effect of delamination of 
active materials owing to ion insertion and insuffi cient sealing 
of the device. [  28  ]  A Ragone plot showing the energy density as 
a function of average power density of the fabricated all-solid-
state ASCs can be seen in Figure  3 c. Since the total weight and 
volume are very important factors for practical applications, 
the energy density and average power density were calculated 
with the total weight or volume for commercial SCs. Accord-
ingly, the energy density and average power density of the cell 
were calculated using

 E = 0.5C (�U)2/V   (8)   

 P = 3600E /� t   (9)   

where  C  is the total capacitance of the cell that can be achieved 
according to  Equation 2 ,  Δ  U  is the cell voltage,  V  is the volume 
of the cell including the electrodes, separators, and electrolyte, 
bH & Co. KGaA, Weinheim 3wileyonlinelibrary.com
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     Figure  4 .     a) Schematic of the ACS-driven infrared sensor system. L1: IED. 
L2: IRD. L3: Commercial LED. b) Voltage–time curve of the commercial 
LED.   

     Figure  3 .     a) CV scans of all-solid-state ASCs at different scan rates. b) Areal capacitance of the fabricated all-solid-state ASCs as a function of discharge 
current density. c) Ragone plot of fabricated all-solid-state ASCs. d) Cycle life of an ASC.   
and  Δ  t  is the discharge time. The fabricated all-solid-state ASCs 
(the volume of the whole cell was about 0.057 cm 3 ) exhibited a 
high energy density of 0.0019 Wh cm  − 3 , which is about twice 
that of graphene oxide (8  ×  10  − 4  Wh cm  − 3 ) and onion-like 
carbon SCs (1 ×  10  − 3  Wh cm  − 3 ). [  29,30  ]  Besides, power density of 
0.73 W cm  − 3  was obtained while the energy density was still 
0.0011 Wh cm  − 3  at 20 mA cm  − 2  discharge current. This high rate 
capability demonstrated a great performance potential for energy 
storage applications. In addition, the mass of the fabricated SC 
was only about 115 mg, including all the components, which 
makes it suitable as a power source for portable electronics. 
After being charged to 3.8 V, two all-solid-state ASCs connected 
in series were able to power a blue light-emitting device (LED; 
see the inset of Figure S4b in the Supporting Information). 

 SCs could be charged by sustainable and renewable sources 
and drive electronic devices continually, forming a self-
powered system. [  3  ,  31  ]  We used a solar cell to charge the all-solid-
state ASCs and then drive an infrared sensor system to verify 
the feasibility of a self-powered system.  Figure    4  a is the sche-
matic of the ACS-driven infrared sensor system. The infrared-
emitting diode (IED, L1) was driven by a direct current power 
source (DS345), which could output a square signal (Figure S5, 
Supporting Information). Two all-solid-state ASCs connected 
in series were charged by a solar cell to 3.6 V (Figure S6, 
Supporting Information) and were used to drive an infrared 
receiver diode (IRD, L2). When the IRD received the signal 
from the IED, the resistance of the IRD decreased. Then the 
voltage of the commercial LED (L3) increased and it lit up (the 
lowest working voltage is 1.5 V). Figure  4 b shows the voltage–
time curve of the commercial LED. Since the IED was driven 
by a 0.5 Hz square signal, the voltage of the commercial LED 
changed at 0.5 Hz. When the IED was emitting, the LED lit up, 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
demonstrating the feasibility of a self-powered sensor system 
driven by all-solid-state ASCs.  

 In summary, WO 3–x /MoO 3–x  core/shell nanowires on carbon 
fabrics were fabricated and demonstrated as novel negative 
electrodes. When these were assembled with PANI positive 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 
DOI: 10.1002/aenm.201200380
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electrodes, fl exible all-solid-state ASCs were fabricated, which 
exhibited stable performance between 0 and 1.9 V, a high 
areal capacitance of ca. 216 mF cm  − 2 , an energy density of 
0.0019 Wh cm  − 3 , and high rate capability. By virtue of other 
great characteristics, such as low toxicity, fl exibility, environ-
mental compatibility, light weight, and low requirements for 
packaging, the fabricated all-solid-state ASCs displayed their 
potential for applications in energy storage, fl exible electronics, 
and other consumer electronics.  

 Experimental Section 
  Synthesis of molybdenum oxide–coated WO 3–x  nanostructure : All 

chemicals were analytical grade and were used without further purifi cation. 
The WO 3–x  nanowires were fabricated on both sides of carbon fabric 
strips by chemical vapor deposition at 1080  ° C for 15 min in an oxygen 
atmosphere. Briefl y, during the growth process, carbon fabric strips 
were positioned above the tungsten boat (120 mm  ×  20 mm  ×  0.3 mm) 
containing W powder (1 g, purity: 99.8%). A mixture of high-purity argon 
gas (99.999%) and oxygen gas (99.999%) with constant fl ow rates of 
100 and 0.5 standard cubic centimeters per minute (sccm), respectively, 
were introduced into the chamber, keeping the pressure at  ∼ 100 Pa. An 
aqueous solution composed of 0.1  M  sodium molybdate (Na 2 MO 4 ), 
0.1  M  ethylenediamine tetraacetic acid disodium (Na 2 EDTA), and 0.1  M  
ammonium acetate (CH 3 COONH 4 ) was used to coat molybdenum oxide 
on the as-formed WO 3–x  nanowires by an electrochemical deposition 
method at a constant voltage of –2 V at 70  ° C. 

  Assembly of all-solid-state ASCs : A H 3 PO 4 /PVA gel electrolyte was simply 
prepared by mixing PVA powder (6 g), H 3 PO 4  (6 g), and deionized water 
(60 mL) together. Then the mixture was heated to around 85  ° C under 
vigorous stirring until the solution became clear. After the solution had 
cooled down, the molybdenum oxide–coated WO 3–x  and PANI/carbon 
fabric electrodes were immersed for 5 min then assembled together 
and separated by a cellulose separator (NKK TF40, 40  μ m). The carbon 
fabrics served as current collectors. The device was left in the fume hood 
at room temperature to vaporize the excess water. 

  Characterization : The morphology of the samples was probed by a high-
resolution fi eld emission scanning electron microscope (FEI Sirion 200) 
and a high-resolution fi eld emission transmission electron microscope 
(TEM, JEOL JEM 2010-HR). The XPS measurement was performed on an 
ESCALab250 (Thermo Scientifi c). All the electrochemical measurements 
were carried out at room temperature using an Autolab PGSTAT302N 
(Metrohm AG) and CHI660D (CH Instruments), and the electrochemical 
impedance spectroscopy was performed in the frequency range from 
10 mHz to 100 kHz with a potential amplitude of 10 mV. For the single 
electrode test, a piece of electrode ( ∼ 0.7 cm  ×  1.5 cm) was dipped into 
0.5  M  Na 2 SO 4  as the working electrode. A Ag/AgCl reference electrode 
and a carbon rod counter electrode were used in the measurement. The 
amount of deposited molybdenum oxide and PANI was measured by a 
microbalance (CPA225D, Sartorius) with an accuracy of 0.01 mg.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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