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Abstract: In this work, a series of WO3-x crystals with different concentrations of oxygen vacancies were prepared via 

a simple thermal evaporation method. The introduction of oxygen vacancies can intrinsically improve the electrical 

conductivity and capacitive performance of WO3-x crystals. The obtained WO3-x crystals present typical 

pseudocapacitive characteristics. The concentration of oxygen vacancies has a significant influence on the capacitive 

performance of WO3−x crystals. Oxygen-deficient WO3−x crystals exhibit enhanced specific capacitance in comparison 

with WO3. The prepared W18O49 (WO2.72) nanorods yield the highest specific capacitance of 22.3 F/g at 1 A/g, which 

is approximately 3 times that of their WO3 counterparts. All the oxygen-deficient WO3−x electrodes have excellent rate 

capability and cycling stability. Thus the present work paves a new route to prepare high-performance tungsten oxides 

based energy storage devices.  
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1. Introduction 

Over the past few decades, due to the up-

coming depletion of fossil fuels and the ever-

increasing environmental problems, many 

researches towards developing sustainable and 

renewable clean energy have been carried out to 

meet the remand of human beings. Among them, 

electrochemical energy storage is a very active field 

for research and development because its 

application has dispersed into all fields of human 

activity ranging from portable electronics to 

electrification of transportation and to coupling 

with renewable energy sources for powering the 

electrical grid [1,2]. As one of the two main devices 

for electrochemical energy storage, electrochemical 

capacitors and ion batteries, electrochemical 

capacitors have attracted worldwide attention for 

their unique features [3-6]. According to the 

different electrochemical mechanisms, 

electrochemical capacitors can be divided into 

electrical double-layer capacitors and 
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pseudocapacitors. Electrical double-layer 

capacitors, which store charges based on simple 

surface adsorption/desorption process, are 

characteristic of a higher power, shorter charging 

time, and long cycling life than the well-known 

lithium-ion batteries [1]. However, the low energy 

density of electrical double-layer capacitors limits 

their broader applications. In typical 

pseudocapacitors, the charge storage occurs via a 

Faradaic redox reaction at or near the surface of the 

electrode materials, which could achieve a much 

higher energy density than electrical double-layer 

capacitors [7-10]. This feature makes 

pseudocapacitors the hot spot of scientific 

researches. Thus, many composite materials, 

especially transition metal oxides, have been tried to 

serve as pseudocapacitance electrodes [11-14]. 

In particular, tungsten oxides are a group of 

transition metal oxide semiconductors with wide-

range applications, including electrochromic 

devices [15], photocatalysis [16-18], gas sensing [19-

21] and so forth. Recently, many efforts have been 

made to synthesize nanostructured tungsten oxides 

for capacitors [22-26]. However, until now, the 

capacitor performance of tungsten oxides with 

different concentrations of oxygen vacancies has 

not been reported.  

In this work, we develop a facile method to 

construct different concentrations of oxygen 

vacancies in tungsten oxide (WO3-x) crystals. The 

effect of oxygen vacancy on their capacitance 

performance was investigated. As expected, the 

obtained oxygen-deficient WO3-x crystals 

demonstrate high specific capacitance and excellent 

cycling performance, and the improved 

electrochemical performance can be ascribed to the 

introduction of oxygen vacancies. Thus the present 

work paves a new route to prepare high-

performance tungsten oxides based energy storage 

devices. 

2. Experimental procedure  

2.1. Materials preparation.  

WO3-x crystals were synthesized in an 

experimental vacuum, horizontal alumina tube 

furnace (SJG-16, China) using a high-temperature 

thermal evaporation process. The applied raw 

materials are commercially available analytical-grade 

WO3 (Sinopharm Group Co. Ltd) and elemental S 

(Aladdin Industrial Corporation) powders, which 

are used directly without further purification.  

In a typical process, an alumina boat with 1 g 

of WO3 powder was located at the heating center of 

the furnace. In comparison, another boat with a 

certain amount of S powder (0.1-0.5 g) was laid on 

the upstream of carrier gas flow in the furnace at 10 

cm away from the WO3 powder. Before heating, the 

alumina tube was pumped out and flushed with 

high-purity N2 gas (99.99 vol.%) repeatedly for 

several times. Then, the furnace was heated up to 

1150 ºC in 1.5 h from room temperature, dwelling 

at this temperature for 1 h. After heating, the 

furnace was cooled down naturally to room 

temperature. During the whole heating process, N2 

gas flow inside the alumina tube was maintained at 

200 sccm. Finally, powder-like products with color 

from light-green to purple-red could be obtained in 

the alumina boat initially loaded with WO3 raw 

powder. 

 

 

2.2. Materials characterization.  

X-ray diffraction (XRD) analysis was 

performed on a Bruker D8 diffractometer with Cu 

Kα radiation (λ=1.5418 Å). The XRD scanning 

range was set from 10 to 60º, and the scanning 

speed was 6 º/min. Electron spinning resonance 

(ESR, JEOL JES-FA200) was executed at room 

temperature under a microwave frequency of 9.44 

GHz to investigate the unpaired electron and defect 

in the samples. For the investigation, 

diphenylpicrylhydrazyl was used for the g value 

calibration. The morphology and microstructure of 

the obtained samples were examined by scanning 

electron microscopy (SEM; JEOL JSM 6301F). 

2.3. Electrochemical measurements. 

Electrochemical measurements were 

performed on a CHI660E (Chenghua Instrument 

Company, China) electrochemical workstation with 

a conventional three-electrode system, which 

consists of a glassy carbon electrode with a diameter 

of 5 mm as the working electrode, a Pt foil as the 

counter electrode and a Hg/HgO electrode as the 

reference electrode. All the measured potentials 

were calibrated with respect to a reversible 

hydrogen electrode (RHE) by the equation E 

(RHE) = E (Hg/HgO) + 0.92 V. For the 

preparation of working electrode, 4 mg of each 

product and 1 mg of XC-72 were dispersed in the 

mixture of 700 μL of ultrapure water, 300 μL of iso-
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propanol and 20 μL of Nafion solution (0.5 wt.%) 

by sonication for 30 min in an ice bath to form a 

homogeneous ink. Then 20 μL of the prepared 

catalyst inks were loaded onto the glassy carbon 

electrode, drying at the ambient temperature. In 

addition, a solution of 0.5 M H2SO4 was used as the 

electrolyte, and high-purity N2 gas was used to 

deaerate the electrolyte before the measurements. 

Electrochemical impedance spectroscopy 

(EIS) was also executed on the CHI660E 

electrochemical workstation in a frequency from 

100 kHz to 0.01 Hz with an open circuit potential 

at an AC perturbation of 0.05 V. Cycling 

voltammetry (CV) measurements were performed 

from 0.3 to 1.0 V with a scan rate from 20 to 200 

mV/s. The galvanostatic charge-discharge (GCD) 

tests were carried out with a current density from 1 

to 6 A/g. Specific capacitances were calculated 

according to the equation C = I × ∆t/(m × ∆V), 

where I is the constant discharge current, ∆t 

represents the discharge time, ∆V designates the 

potential window (deducted the internal potential 

(IR) drop) for discharge and m is the mass of the 

sample on the working electrode. 

3. Results and Discussion 

3.1. Compositional and structural properties.  

The XRD patterns of the as-synthesized 

products are presented in Fig. 1a. When the applied 

amount of S was 0.1 g, the obtained product was 

still of pure monoclinic WO3 phase (JCPDS no. 43-

1035). With 0.15 g S, a pure monoclinic phase of 

WO2.90 would be acquired. The XRD diffraction 

peaks are in good agreement with standard JCPDS 

card no. 36-0102. When 0.2 g S was used, the 

resultant sample was composed of a pure 

monoclinic phase of W19O55 (JCPDS no. 45-0167). 

With 0.5 g S, a pure monoclinic phase of W18O49 

(JCPDS no. 05-0393) was acquired. In order to 

investigate the oxygen vacancies in the samples, 

ESR spectra were recorded at room temperature. 

The results are shown in Fig. 1b. As is seen in this 

figure, the ESR spectrum of WO3 presents no 

obvious peaks, while all the obtained oxygen-

deficient WO3−x crystals exhibit a sharp ESR signal 

at g = 2.28. Moreover, with increasing x, the sharp g 

signal gets stronger and stronger, indicating that 

there are more oxygen vacancies in the 

corresponding WO3-x crystals. The fact that there is 

no signal in the ESR spectrum of WO3 implies that 

the WO3 sample is almost completely oxidized.  

 

Figure 1. XRD patterns (a) and ESR spectra (b) of the products synthesized with different amounts of S 

powder. 

Typical SEM images of the obtained samples 

prepared by thermal evaporation of 1 g WO3 

powder and different amounts of S powder are 

displayed in Fig. 2. SEM examination revealed that 

under the present conditions, all the obtained 

samples had identical morphology, which consisted 

(a) (b) 
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of many nano-/micro-rods. With a rough 

evaluation, the diameter of the nano-/micro-rods 

was in the range of 100 nm to 5 μm, and the length 

of them was about 30 to 50 μm. According to our 

previous study [18], the growth of the present 

tungsten oxide nanorods was controlled by a vapor-

solid mechanism and their specific surface area is 

almost the same. 

 

  

  

Figure 2. Typical SEM images of the products prepared by thermal evaporation of 1 g WO3 powder and 

different amounts of S powder at 1150 °C: (a) 0.1, (b) 0.15, (c) 0.2 and (d) 0.5 g. 

3.2. Electrochemical properties.  

EIS was applied to investigate the electrical 

conductivity and ion transfer in the prepared WO3-

x electrodes. The Nyquist plots of the WO3-x 

electrodes are shown in Fig. 3. The sections in the 

high-frequency range are magnified in the inset of 

this figure. The intercept on the real axis in the high-

frequency range reflects the electrical resistance in 

the electrodes, which includes the inherent 

resistance of the electroactive materials, the bulk 

resistance of the electrolyte, and the contact 

resistance at the interface between the electrolyte 

and electrode. The resistance of the electrodes 

decreases with the increase of x in the WO3-x 

crystals. This result indicates that the WO3-x product 

with a higher concentration of oxygen deficiency 

will result in an electrode with stronger 

conductivity. 

To understand the influence of oxygen 

vacancies on the corresponding WO3−x electrodes, 

the electrochemical performance was evaluated in 

three-electrode configuration with 0.5 M H2SO4 

aqueous solution as the electrolyte. Fig. 4a compares 

the CV curves of the electrodes at 100 mV/s, 

whereas expected, the oxygen-deficient  

 
Figure 3. Nyquist plots of the prepared WO3−x 

electrodes. 

WO3−x electrodes exhibit substantially 

larger capacitive current density than that of the 

WO3 electrode. Moreover, the CV profile clearly 

(a) (b) 

(c) (d) 
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reveals a pseudocapacitive feature of the oxygen-

deficient WO3-x crystals [27-29]. Mainly, a pair of 

redox peaks are observed within the potential range 

from -0.3 to 1.0 V (vs Ag/AgCl) at all scan rates, 

which can be attributed to the conversion between 

different valence states of the W ions (W4+, W5+ and 

W6+) [22]. No significant decrease in peak current 

density can be detected for WO3−x electrodes after 

cycling 5 times in the CV test, as shown in Fig. 4b.  

 

 

 

Figure 4. (a) CV curves of the WO3−x electrodes at a scan rate of 100 mV/s; and (b) continuously 5 CV 

scans of WO3−x electrodes at a scan rate of 100 mV/s. CV curves at different scan rates between 20 to 200 

mV/s: (c) WO3 electrode, (d) WO2.90 electrode, (e) W19O55 electrode, and (f) W18O49 electrode. 

 

This result implies that the electrocatalytic 

activity of WO3−x electrodes is stable in acidic 

solution. Additionally, the CV curves of the WO3−x 

electrodes exhibit no change in shapes when the 

scan rate increases from 20 to 200 mV/s (see Fig. 

4c-f), indicating their good capacitive behavior and 

(c) (d) 

(e) (f) 

(a) (b) 
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excellent rate capability. Moreover, the peak 

currents increased significantly as the scan rates 

increased, suggesting that the WO3−x crystals 

presented fast charge transfer and cation diffusion.

 

 

 

Figure 5. GCD curves at current densities ranging from 1 to 6 A/g for the prepared WO3-x electrodes: (a) 

WO3, (b) WO2.90, (c) W19O55 and (d) W18O49. 

 Fig. 5 displays the GCD curves of the WO3−x 

electrodes at different current densities from 1 to 6 

A/g. As can be seen in this figure, all the recorded 

GCD curves are symmetrical, indicating that the 

samples have good charge-discharge performance. 

Additionally, all the curves present a linear 

relationship between potential and time, confirming 

a typical pseudocapacitor-type behavior. The 

discharge curves exhibit a low voltage (IR) drop, 

suggesting the high electrical conductivity and high 

charge-discharge efficiency over the WO3−x 

electrodes [22,30]. With increasing content of 

oxygen vacancies, the time of the charge/discharge 

curve of the oxygen-deficient WO3−x electrodes will 

be substantially prolonged compared with that of 

the WO3 electrodes while the same current density 

is applied, revealing that a higher content of oxygen 

vacancy is beneficial for improving the capacitive 

performance of the WO3−x electrodes. 

The area capacitance plots derived from the 

GCD curves in different current densities are 

shown in Fig. 6a. Significantly, the W18O49 electrode 

yields the highest specific capacitance at the same 

current densities as compared with the other three 

electrodes. For instance, W18O49 electrode presents 

a specific capacitance of 22.3 F/g at 1 A/g, which is 

much higher than those of the W19O55 (19.1 F/g), 

WO2.90 (9.8 F/g) and WO3 (7.4 F/g) electrodes. The 

cycling behavior of the WO3−x electrodes was 

evaluated under the current density of 3 A/g (see 

Fig. 6b). As is seen, after 2000 cycles, the 

capacitance properties of the WO3−x electrodes 

were hardly reduced. In order to exhibit the cycling 

property, GCD curves at the last five times for the 

WO3 and W19O55 electrodes are shown in Fig. 6c, 

and Fig. 6d, respectively, both of which display 

excellent cycling stability of the electrodes. 

(a) (b) 

(c) (d) 
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The improved electrochemical performance 

can be ascribed to the introduction of oxygen 

vacancies because oxygen-deficient WO3−x 

electrodes have enhanced electrical conductivity, 

and the oxygen vacancies-induced phase 

transformation would lead to the mixed-valent 

tungsten oxides. Due to the coexistence of 

multivalent W atoms, cation redox reaction, surface 

charge absorption, as well as electron/ion transfer 

properties, are possibly enhanced [31,32]. In 

addition, the co-existed W4+ and W5+ atoms are 

beneficial for storing charges via spilling excessive 

negative charge onto the neighboring O atoms [32]. 

 

 
Figure 6. (a) Current density dependence of the specific capacitance for the prepared WO3-x electrodes. (b) 

Cycling performance at a current density of 3 A/g. (c) and (d) The final five GCD curves for the WO3 and 

W19O55 electrode, respectively. 

4. Conclusions 

A series of WO3-x crystals with different 
contents of oxygen vacancies were prepared via a 
simple thermal evaporation method. The obtained 
WO3-x crystals possess pseudocapacitive properties. 
Oxygen vacancies can intrinsically improve the 
conductivity and electrochemical performance of 
WO3-x crystals. Compared with WO3 electrode, the 
prepared oxygen-deficient WO3−x electrodes exhibit 
enhanced specific capacitance, in which the W18O49 

electrode yields the highest specific capacitance of 
22.3 F/g at 1 A/g. This work thus demonstrates that 
the energy storage properties of tungsten oxides can 
be improved substantially by the introduction of 
oxygen vacancies. All the oxygen-deficient WO3−x 
electrodes have excellent rate capability and cycling 
stability. Thus the present work paves a new route 
to prepare high-performance tungsten oxides based 
energy storage devices.  
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