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a b s t r a c t
Pair-sequentially spin-coated tungsten trioxide (WO3 ) and zinc tungstate (ZnWO4 ) bilayer ﬁlms onto
indium tin oxide (ITO) coated glass slides have been prepared via sol-gel methods followed by annealing.
The bilayers (ZnWO4 /WO3 denoting the bilayer ﬁlm with the inner layer of ZnWO4 and the outer layer of
WO3 on the ITO while WO3 /ZnWO4 standing for the bilayer ﬁlm with the inner layer of WO3 and the outer
layer of ZnWO4 on the ITO) exhibit integrated functions of electrochromic and energy storage behaviors
as indicated by the in situ spectroelectrochemistry and cyclic voltammetry (CV) results. Accordingly, blue
color was observed for the bilayer ﬁlms at -1 V in 0.5 M H2 SO4 solution. An areal capacitance of 140 and
230 F/cm2 was obtained for the ZnWO4 /WO3 , and WO3 /ZnWO4 ﬁlm, respectively, at a scan rate of
0.05 V/s in the CV measurements. The CV results also unveiled the electron transfer behavior between
the semiconductor ﬁlms in the oxidation process, suggesting a sequence-dependent electrochemical
response in the bilayer ﬁlms. Meanwhile, methylene blue (MB) was used as an indicator to study the
electron transfer phenomenon during the reduction process at negative potentials of -0.4 and -0.8 V, in
0.5 M Na2 SO4 . The results indicated that the electrons transfer across the bilayers was enhanced at more
negative potentials.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Thin ﬁlms have attracted signiﬁcant attention due to their wide
potential applications for electronic semiconductor devices [1–3],
optical coatings [4,5], batteries [6,7], and photovoltaic cells [8,9]. A
bilayer of two distinct thin ﬁlms may form interesting junctions,
leading to multifunctional devices [10]. The electron transfer process across different layers of a ﬁlm is one of the key issues to
understand the fabrications and operational fundamentals of these
devices. The understanding of electron transfer and trapping in the
bilayer ﬁlm can optimize the structure design and improve the
performances of bilayer ﬁlm-based devices.
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(Z. Guo).
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0013-4686/© 2014 Elsevier Ltd. All rights reserved.

Tungsten trioxide, WO3 , is a wide bandgap semiconductor
with versatile applications. It has become one of the most investigated functional materials due to its unique properties, for
example, electrochromism, photochromism, electrocatalysis and
photocatalysis [11–13]. WO3 thin ﬁlms are capable of exhibiting
a reversible optical coloration during the electrochemical intercalation/deintercalation with cations such as H+ , Li+ , Na+ and
K+ [14]. As a typical and most studied electrochromic material,
WO3 remains one of the promising candidates for electrochromic
devices since its electrochromic behavior was ﬁrst discovered in
1969 [15–17]. ZnWO4 , another important type of tungstate, has
received considerable attention due to its particular physical and
chemical properties [18–23] and wide applications for photocatalysis [24–26], photoelectrocatalysis [27] and photoluminescence
devices [28,29]. Moreover, it has been reported that the combination of WO3 and other materials may enhance the electrochromic
behaviors of WO3 . Given the excellent chemical stability and a
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Scheme 1. Reduction of methylene blue to leuco-methylene blue at negative potentials.

similar energy band structure to that of WO3 , the introduction
of ZnWO4 is expected to improve the chemical stability and electrochromic behaviors of WO3 . However, the electron transfer process between WO3 and ZnWO4 bilayer ﬁlms has not been reported.
Methylene blue (MB) is a thiazine dye with quinonoimine group
and has been widely used as a photosensitizer and as a model pollutant for photocatalysis study. MB can be reduced to its leuco form
(colorless leuco methylene blue, LMB, Scheme 1) when it accepts
electrons [30], enabling it extensively employed as a redox indicator in the chemical analysis. However, its application for electron
transfer study has not been reported especially for bilayer structures.
In this work, MB was innovatively used as an indicator to investigate the electron transfer process between the bilayer ﬁlms of
tungsten oxide (WO3 ) and zinc tungstate (ZnWO4 ) on indium tin
oxide (ITO) coated glass slides. The amount of electrons transferred
can be monitored easily by measuring the concentration changes
of MB. The combination of electrochemical measurements with
UV-Vis spectroscopy was employed to study the electron transfer
process and the structure properties. The electrochemical energy
storage and the electrochromic behaviors of the bilayer ﬁlms were
also investigated in a systematic manner.
2. Experimental
2.1. Materials.
Tungsten (VI) ethoxide, diethylenetriaminepentaacetic acid,
ammonium tungsten oxide hydrate, and methylene blue were purchased from Alfar-Aesar. Zinc nitrate hexahydrate was supplied by
strem chemicals and citric acid was provided by Sigma-Aldrich.
The microscope glass slides and indium tin oxide (ITO) coated
glass slides were obtained from Fisher and NanoSci Inc, respectively. The ITO coated glass slides were sonicated in ethanol for
10 min, immersed in 5 mL deionized water containing 1 mL 28.86
wt% ammonium hydroxide and 1 mL 30.0 wt% hydrogen peroxide
(both from Fisher) for 10 min, and sonicated in deionized water for
10 min before usage.
2.2. Preparation of WO3 and ZnWO4 Film Electrodes.
The ZnWO4 precursor was prepared via a sol-gel method
[31]. Brieﬂy, 0.008 mol 5(NH4 )2 ·12WO3 ·5H2 O powder was ﬁrst
dissolved in 200 mL distilled water, and white precipitation
was observed after a stoichiometric amount of Zn(NO3 )2 ·6H2 O
(0.096 mol) powders was added. Citric acid [n(metal ions): n(critic
acid) = 1:1.1] was then added to the solution as a chelating agent
to obtain the sol-gel precursor. The WO3 ﬁlm was also prepared
via a sol-gel method [32,33]. Brieﬂy, 0.5 g tungsten ethoxide was
dissolved in 125 mL ethanol under stirring for 3 h at 75 ◦ C. Then
0.5 mL distilled water containing 3.5 × 10−4 g HCl was added in the
solution for hydrolysis while kept stirring vigorously at room temperature. The bulk ﬁlm electrodes were prepared by dropping about
2 mL precursor on the ITO substrates, which have been cleaned
using the aforementioned procedures, and spun at 2000 rpm for 20
s. The ﬁlm was then calcined at 500 ◦ C in the air for 2 h at a heating

rate of 10 ◦ C/min and cooled down to room temperature naturally.
The bilayer ﬁlms were prepared using a similar sequentially annealing method. Speciﬁcally, for the WO3 /ZnWO4 bilayer ﬁlm, the WO3
precursor was spin-coated on the ITO substrate and annealed ﬁrst,
and then the ZnWO4 precursor was spin-coated on the annealed
WO3 electrode, and was annealed again. The ZnWO4 /WO3 bilayer
ﬁlm was prepared in a similar way. The bilayer ﬁlm consisting of
ZnWO4 as the inner layer and WO3 as the outer layer on the ITO
was denoted as ZnWO4 /WO3 while the bilayer ﬁlm consisting of
WO3 as the inner layer and ZnWO4 as the outer layer on the ITO
was denoted as WO3 /ZnWO4 .
2.3. Characterizations.
FT-IR spectra of the ﬁlms were performed on a Bruker Inc. Vector
22 (coupled with an ATR accessory) in the range of 500 to 4000 cm−1
at a resolution of 4 cm−1 . The morphologies of the thin ﬁlms grown
on the glass slides were characterized by a JEOL ﬁeld emission
scanning electron microscope (SEM, JSM-6700F). The XRD analyses were conducted in a Bruker D8 Advance X-ray diffractometer
equipped with a RINT 2000 wide-angle goniometer using Cu K␣
radiation and a power of 40 kV × 40 mA. Diffraction patterns of the
ﬁlms were recorded within the range of 2 = 10-70◦ with a step size
of 0.02◦ . UV-Vis diffuse reﬂectance spectroscopy (DRS) was performed on a Jasco V-670 spectrophotometer and BaSO4 was used
as a reference.
Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed on an electrochemical working
station VersaSTAT 4 potentiostat (Princeton Applied Research) at
room temperature and atmospheric pressure. A classical threeelectrode electrochemical cell consisting of a working, reference
and counter electrode was used. Saturated calomel electrode (SCE)
served as the reference electrode and a platinum (Pt) wire as the
counter electrode. The ﬁlm on ITO glass slide was used as the
working electrode for optical and electrochemical characterizations. A long path length, home-made spectroelectrochemical cell
with Teﬂon cell body with front and rear windows clapped with
two steel plates was used when the ﬁlm on ITO glass slide served
as the working electrode. The CV was conducted between -1.0 and
1.0 V at different scanning rates in 0.5 M H2 SO4 aqueous solution.
EIS was carried out in a frequency range from 100, 000 to 1 Hz at a
10 mV amplitude referring to the open circuit potential. The spectroelectrochemistry (SE) measurements were performed on a Jasco
V-670 spectrophotometer coupled with the potentiostat for applying electrochemical potentials. An Ag/AgCl electrode saturated with
KCl was employed for SE measurements.
The reduction of MB upon subjecting to different potentials
was analyzed to investigate the electron transfer process between
WO3 and ZnWO4 bilayer ﬁlms. The ﬁlms were used as the working electrode (Pt wire as counter electrode, and SCE as the reference
electrode) in 0.5 M Na2 SO4 aqueous solution containing 5 × 10−6 M
MB. The potentials were set at -0.4 and -0.8 V, respectively, for 3 h
with an effective area of 2.5 cm2 for the ﬁlms. The MB removal
efﬁciency of the ﬁlms was calculated from the change in the maximum absorption peak intensity at 664 nm using a Jasco V-670
spectrophotometer.
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Fig. 1. FT-IR spectra of (a) WO3 and (b) ZnWO4 .

3. Results and discussion

of WO3 while the WO3 /ZnWO4 shows the characteristic surface
structure of ZnWO4 .

3.1. Structure and Morphology Characterization.
3.2. Optical Properties.
Fig. 1 shows the FT-IR spectra of WO3 and ZnWO4 ﬁlms after
annealing at 500 ◦ C for 2 h. The WO3 ﬁlm exhibits two bands
at around 760 and 616 cm−1 , which correspond to the W-OW stretching vibration in the crystalline and amorphous region,
respectively [34]. These peaks suggest that the WO3 ﬁlm is partially
crystallized when heated at 500 ◦ C at a heating rate of 10 ◦ C/min.
For the ZnWO4 ﬁlm, the peaks located at 3371 and 1637 cm−1 correspond to the stretching vibration of OH and the other band at
1367 cm−1 is attributed to the bending mode of OH groups [35].
These peaks indicate that the surface of ZnWO4 has been hydroxylated, which is commonly observed in the ZnWO4 material [36].
The synthesized ZnWO4 can be veriﬁed by the bending and vibration modes of W–O (633 and 710 cm−1 ), and Zn–O–W bond (834
and 877 cm−1 ) [37].
Fig. 2 shows the XRD patterns of (a) WO3 and (b) ZnWO4
ﬁlms, respectively. In the case of ZnWO4 , all the diffraction
peaks can be well-indexed to the pure monoclinic ZnWO4
(JCPDS card #73-0554). The sharp peaks suggest a good crystallization structure of the sample[38]. For the WO3 , the peaks
are indexed to the monoclinic phase (JCPDS card #752072)
[39].
Fig. 3 shows the SEM cross sectional images of (a) WO3 , (b)
ZnWO4 , (c) ZnWO4 /WO3 , and (d) WO3 /ZnWO4 thin ﬁlms on glass
slides, respectively. The monolayer WO3 displays a rough surface topography on the submicron length scale while the ZnWO4
shows a smooth cross sectional image. The bilayer structure of the
ZnWO4 /WO3 ﬁlm can be veriﬁed by the characteristic morphology

The Eg values of the ﬁlms were calculated from a photon-energy
(h) dependence of ␣h (Tauc plot [40]) converted from the diffuse
reﬂectance spectra:
˛h = (h − Eg )
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where ␣, h, , and Eg is the absorbance coefﬁcient, planck constant,
photon frequency, and photonic energy band gap, respectively.
The parameter n is a number associated with the types of electronic transitions: n is 1/2 for direct-allowed (the minimum energy
level of the lowest conduction band positioned directly under the
maximum of the highest valence band in k space) and is 2 for
indirect-allowed (the minimum energy level of the lowest conduction band is shifted relative to the maximum of the highest
valence band, and the lowest-energy interband transition must
then be accompanied by phonon excitation) [41,42]. The value of
n is reported to be 2 and 1/2 for WO3 and ZnWO4 , respectively
[43]. The band gap of WO3 ﬁlm is found 2.46 eV, Fig. 4a, which is
pretty close to the reported 2.4 eV for the monoclinic WO3 [44]. The
ZnWO4 ﬁlm exhibits a higher band gap of 3.01 eV, Fig. 4b. It’s worth
noting that a blue shift in the absorbance edge is observed in the
bilayers, giving rise to a widened band gap. Eg is 2.99 and 3.17 eV for
the ZnWO4 /WO3 and WO3 /ZnWO4 , respectively, Fig. 4c-d. It’s well
known that the band gap of the material depends on several factors,
for example, morphology and particle sizes [45]. It’s inferred that
different morphologies in the WO3 and ZnWO4 layers may result
in the changed band gap.
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Fig. 2. XRD patterns of (a) WO3 and (b) ZnWO4 .
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Fig. 3. SEM cross-sectional images of the (a) WO3 , (b) ZnWO4 , (c) ZnWO4 /WO3 and (d) WO3 /ZnWO4 ﬁlms, respectively.

Fig. 4. UV-Vis absorbance spectra (converted from DRS data) of (a) WO3 , (b) ZnWO4 , (c) ZnWO4 /WO3 , and (d) WO3 /ZnWO4 ﬁlms, respectively. The insets show the plot to
obtain the band gap for an indirect band gap transition for (a) and (c) and a direct band gap transition for (b) and (d).
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Fig. 5. UV-Vis transmittance spectra of (a) WO3, (b) ZnWO4, (c) ZnWO4/WO3, and (d) WO3 /ZnWO4 ﬁlms, respectively, at the bleached state (+1 V) and colored state (-1 V)
in 0.5 M aqueous H2 SO4 solution.

3.3.1. Cyclic Voltammetry.
Fig. 6 shows the CVs of WO3 , ZnWO4 , WO3 /ZnWO4 ,
ZnWO4 /WO3 bilayer ﬁlms on ITO, respectively. For WO3 , a prominent increase in the cathodic current density starting from around

WO3 + x(H+ + e–) HxWl–xVI WxV O 3
Scheme 2. Reduction of tungsten oxide to tungsten bronzes by the gain of electrons
and the simultaneous intercalation of protons.
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-0.4 V can be observed, which is associated with the WO3 reduction with simultaneous H+ insertion [49], Scheme 2. In the positive
scan, the oxidation process begins along with the H+ deinsertion
occurring, with an anodic peak around -0.17 V observed.
In the case of ZnWO4 , the increased cathodic current density
indicates the reduction of W6+ and the following cathodic peak at
-0.81 V is ascribed to the reduction of Zn2+ , and the corresponding
anodic peaks occur centered around -0.78 and -0.40 V, respectively

Current density (mA/cm )

Fig. 5 shows 3-D plots of the in situ transmittance of the calcined ﬁlms under a potential of -1 and +1 V, respectively, after
500 s in 0.5 M H2 SO4 aqueous solution. The monolayer ZnWO4 ﬁlm
shows similar transmittance at both positive and negative potentials, Figure 5b. On the contrary, the monolayer WO3 and bilayers
of ZnWO4 /WO3 and WO3 /ZnWO4 exhibit a lowered transmittance
at -1 V compared to that at +1 V, Fig. 5a, c-d. Correspondingly, the
color was observed to change from colorless (bleached state) to
blue (colored state) state. As a cathodically coloring material, the
intervalence charge-transfer optical transitions [46] in the tungsten bronzes formed by the gain of electrons and injection of H+
from the reductions at negative potentials, Scheme 2 [14,47,48],
are responsible for the electrochromic effect.
The transmittance difference (T%) between the bleached state
and colored state at 633 nm is found to be 4.9, 9.2, and 8.6% for WO3 ,
ZnWO4 /WO3 , and WO3 /ZnWO4 , respectively. The comparatively
higher T% in the bilayer ﬁlms indicates the morphology change
of WO3 , as conﬁrmed by the SEM images, and that the electron
transfer is not hindered in the bilayer ﬁlms at -1 V.
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Fig. 6. CV curves of the WO3 , ZnWO4 , ZnWO4 /WO3 , and WO3 /ZnWO4 ﬁlms in 0.5 M
H2 SO4 , respectively. The scan rate is 1 V/s and the scan range is from -1.0 to +1.0 V.
The inset is the CV curve of the ZnWO4 ﬁlm.
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Fig. 7. The electron transfer diagram on the (a) ZnWO4 /WO3 and (b) WO3 /ZnWO4 ﬁlms (the values of the energy level are obtained from CV curves) during the oxidation
process.

[50,51]. The anodic peak potential of ZnWO4 is much more negative
than that of WO3 , indicating that the former can be oxidized much
more easily than the latter. For the bilayer ﬁlms, interestingly, the
CV proﬁle is highly dependent on the spinning-order of the ﬁlm.
The anodic peak was shifted negatively to -0.35 V for ZnWO4 /WO3
and positively shifted to 0.06 V for WO3 /ZnWO4 compared to the
WO3 monolayer ﬁlm. Fig. 7 illustrates the electron transfer process
between the ZnWO4 and WO3 bilayer ﬁlms based on the energy
levels obtained from the CV results. A facilitated electrons transfer
across the ZnWO4 /WO3 ﬁlm is achieved due to a lower oxidation
potential for the ZnWO4 inner layer ﬁlm in the positive scan, Fig. 7a.
On the contrary, for the WO3 /ZnWO4 , the electrons are conﬁned in
the inner WO3 ﬁlm, which is oxidized at higher potentials until
more positive potential is reached, and thus gives rise to the postponed oxidation peaks, Fig. 7b.
The electrochemical energy storage behaviors of these ﬁlms are
evaluated from the CV measurements. The speciﬁc capacitances of
the ﬁlms were calculated from the CV curves at different scan rates

from -1.0 to 1.0 V in 0.5 M H2 SO4 aqueous solution, Fig. 8, using Eq
(1) [52]:


Cs = (

idV )/(2S × V × )

(1)



where Cs is the speciﬁc areal capacitance in F/cm2 , idV is the
integrated area of the CV curve, S is the surface area of the active
materials in the electrode in cm2 , V is the scanned potential window in V, and  is the scan rate in V/s. At a scan rate of 0.05 V/s, the
WO3 ﬁlm possesses the highest capacitance of 240 F/cm2 (higher
than the reported 236 F/cm2 even at a lower scan rate of 0.005
V/s for the microporous WO3 [53]) and the ZnWO4 the lowest of 80
F/cm2 (much higher than 20-35 F/cm2 for the activated carbons
[54]) while the bilayers fall in between, 140 and 230 F/cm2 for
the ZnWO4 /WO3 , and WO3 /ZnWO4 ﬁlms, respectively. The capacitance is decayed to 90, 20, 50, and 50 F/cm2 for the WO3 , ZnWO4 ,
ZnWO4 /WO3 , and WO3 /ZnWO4 at a higher scan rate of 1 V/s. The

Fig. 8. Cyclic voltammograms of the (a) WO3 , (b) ZnWO4 , (c) ZnWO4 /WO3 and (d) WO3 /ZnWO4 ﬁlms at scan rates ranging from 0.05 to 1 V/s with a potential range of -1.0
to 1.0 V in 0.5 M H2 SO4 , respectively.
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respectively, at different voltages after 3 hrs.
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Re (555.3 ) than WO3 (273.6 ), which explains the lowest current density obtained for the ZnWO4 and is in consistence with the
higher bandgap obtained for the former. WO3 /ZnWO4 exhibit similar values to WO3 (267.4 ) and ZnWO4 /WO3 (395.2 ) falls in
between the values of the monolayer ﬁlms.
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Fig. 9. Nyquist plots of the WO3 , ZnWO4 , ZnWO4 /WO3 and WO3 /ZnWO4 ﬁlms in
0.5 M H2 SO4 .

decreased capacitance is ascribed to the fact that at higher scan
rates, the electrolyte ions will be consumed much more rapidly
during the oxidation-reduction process than the ion diffusion from
the electrolyte to the electrolyte/electrode interface [55,56].
3.3.2. EIS.
EIS was employed to obtain a fundamental understanding of the
electrochemical behaviors of the ﬁlms. Fig. 9 shows the corresponding complex plane plots.
The equivalent series resistance Re (mainly arising from the
electrolyte, the intrinsic resistance of the active material, and the
contact resistance at the active material/current collector interface)
can be obtained from the high frequency semicircle intercept in
the real axis of the Nyquist plot [57], Fig. 9. Given the same type
and same concentration of the electrolyte in the same measurement conﬁguration, the resistance of the electrode material can
be roughly estimated from the Re . ZnWO4 exhibits much higher

3.4. Indication of Electron Transfer Detection with MB.
In order to study the electron transfer between WO3 and ZnWO4
ﬁlms at negative potentials, the MB reduction was chosen as an
indicator. Highly colored MB would be reduced to colorless leucomethylene blue when it accepts electrons (Scheme 1) [30]. UV-Vis
spectrophotometer was used to measure the concentration of MB
by monitoring the maximum absorbance of the solution at 664 nm.
Noticeable decrement in the maximum absorbance intensity was
observed using WO3 , ZnWO4 , WO3 /ZnWO4 , and ZnWO4 /WO3 ﬁlms
as the working electrodes at -0.4 and -0.8 V after 3 hrs, inset of
Fig. 10, indicating that part of the MB was reduced. The ﬁlms
exhibit varying MB reduction capacities (reduction efﬁciency) at
different potentials, Fig. 10 (a and b). At -0.4 V, MB reduction efﬁciency of the ﬁlms follows an order of WO3 (14.2%)> ZnWO4 (8.8%)>
WO3 /ZnWO4 (6.5%)> ZnWO4 /WO3 (5.2%). The highest MB reduction for WO3 might be due to the comparatively higher electrical
conductivity, which promotes the electron ﬂow across the electrode, as conﬁrmed by the EIS results. The ZnWO4 , WO3 /ZnWO4 ,
and ZnWO4 /WO3 show close MB reduction efﬁciency. The insignificantly lower MB reduction efﬁciency of the bilayers arises from the
consumption of electrons by both of the ﬁlms. When the potential

Fig. 10. MB reduction efﬁciencies of the WO3 , ZnWO4 , WO3 /ZnWO4 , and ZnWO4 /WO3 ﬁlms at a negative potential of (a) -0.4 and (b) -0.8 V in 0.5 M Na2 SO4 after 3 hrs and
the electron transfer between the ZnWO4 /WO3 ﬁlm at (c)-0.4 and (d) -0.8 V. The inset shows the corresponding absorbance spectra of MB solutions after reduced by the ﬁlm
working electrodes. Z/W represents ZnWO4 /WO3 bilayer ﬁlm and W/Z represents WO3 /ZnWO4 bilayer ﬁlm.
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was set at -0.8 V, the MB reduction efﬁciency follows the order
of WO3 /ZnWO4 (8.8%)> ZnWO4 /WO3 (8.6%)> ZnWO4 (5.4%)> WO3
(4.0%), Table 1. It’s worth noting that the monolayer WO3 ﬁlm
shows a remarkably decreased MB reduction efﬁciency at more
negative potential. This phenomenon can be explained by the signiﬁcant amount of electrons consumed by the WO3 ﬁlm at more
negative potentials from the CV result, and therefore fewer electrons will be available for the reduction of MB. Similar trend is
also observed for the ZnWO4 ﬁlm, which is inferred to be caused
by the same reason. In contrast, the bilayers exhibit an increased
MB reduction efﬁciency at more negative potential. The increment of the MB removal efﬁciency indicates the enhanced electron
transfer across the bilayers at a more negative potential. Taking
ZnWO4 /WO3 for an example, more electrons will be able to transfer
across the ZnWO4 to WO3 at -0.8 V compared to -0.4 V, as illustrated
in Fig. 10 (c and d).
4. Conclusions
Integrated electrochromic and energy storage functions have
been achieved in the multifunctional WO3 and ZnWO4 bilayer ﬁlms
prepared by sol-gel method. UV-Vis spectra reveal a larger bandgap
of ZnWO4 than that of WO3 , consisting with the larger resistance
of the former as conﬁrmed by the EIS result. CV results reveal that
the electrons can transfer across the ZnWO4 /WO3 bilayers at a more
negative potential while the electrons are trapped in the WO3 inner
ﬁlm for the WO3 /ZnWO4 bilayers until a higher potential is reached
during the oxidation process. In the reduction process, MB, which
serves as a redox indicator, reveals that the electrons transfer much
more easily at more negative potentials across the bilayers.
Acknowledgements
The ﬁnancial supports from the Seeded Research Enhanced
Grant (REG) and College of Engineering of Lamar University are
kindly acknowledged.
References
[1] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, H. Hosono, Roomtemperature fabrication of transparent ﬂexible thin-ﬁlm transistors using
amorphous oxide semiconductors, Nature 432 (2004) 488.
[2] I.H. Campbell, S. Rubin, T.A. Zawodzinski, J.D. Kress, R.L. Martin, D.L. Smith,
N.N. Barashkov, J.P. Ferraris, Controlling Schottky energy barriers in organic
electronic devices using self-assembled monolayers, Phys. Rev. B 54 (1996)
R14321.
[3] J. Ouyang, C.-W. Chu, C.R. Szmanda, L. Ma, Y. Yang, Programmable polymer thin
ﬁlm and non-volatile memory device, Nat. Mater. 3 (2004) 918.
[4] C. Euvananont, C. Junin, K. Inpor, P. Limthongkul, C. Thanachayanont, TiO2
optical coating layers for self-cleaning applications, Ceram. Int. 34 (2008) 1067.
[5] J.Q. Xi, M.F. Schubert, J.K. Kim, E.F. Schubert, M. Chen, S.-Y. Lin, LiuW., J.A. Smart,
Optical thin-ﬁlm materials with low refractive index for broadband elimination
of Fresnel reﬂection, Nat. Photon. 1 (2007) 176.
[6] N. Kuwata, J. Kawamura, K. Toribami, T. Hattori, N. Sata, Thin-ﬁlm lithium-ion
battery with amorphous solid electrolyte fabricated by pulsed laser deposition,
Electrochem. Commun. 6 (2004) 417.
[7] J.M. McGraw, C.S. Bahn, P.A. Parilla, J.D. Perkins, D.W. Readey, D.S. Ginley, Li ion
diffusion measurements in V2 O5 and Li(Co1-x Alx )O2 thin-ﬁlm battery cathodes,
Electrochim. Acta 45 (1999) 187.
[8] J. Xue, B.P. Rand, S. Uchida, S.R. Forrest, A hybrid planar-mixed molecular heterojunction photovoltaic cell, Adv. Mater. 17 (2005) 66.
[9] K. Ramanathan, M.A. Contreras, C.L. Perkins, S. Asher, F.S. Hasoon, J. Keane, D.
Young, M. Romero, W. Metzger, R. Nouﬁ, J. Ward, A. Duda, Properties of 19.2%
efﬁciency ZnO/CdS/CuInGaSe2 thin-ﬁlm solar cells, Progress in Photovoltaics:
Research and Applications 11 (2003) 225.
[10] Y. Li, R. Patil, S. Wei, Z. Guo, Electron transfer, trapping in natural p-n bipolar
polymer-based bilayer ﬁlms, J. Phys. Chem. C 115 (2011) 22863.
[11] J. Zhu, S. Wei, M.J. Alexander, T.D. Dang, T.C. Ho, Z. Guo, Enhanced
switching
and
electrochromic
properties
of
poly(pelectrical
phenylenebenzobisthiazole) thin ﬁlms embedded with nano-WO3 , Adv.
Funct. Mater. 20 (2010) 3076.
[12] J. Zhu, S. Wei, L. Zhang, Y. Mao, J. Ryu, P. Mavinakuli, A.B. Karki, D.P. Young,
Z. Guo, Conductive polypyrrole/tungsten oxide metacomposites with negative
permittivity, J. Phys. Chem. C 114 (2010) 16335.

65

[13] J. Zhu, S. Wei, L. Zhang, Y. Mao, J. Ryu, A.B. Karki, D.P. Young, Z. Guo, PolyanilineTungsten oxide metacomposites with tunable electronic properties, J. Mater.
Chem. 21 (2011) 342.
[14] C. Granqvist, Progress in electrochromics: tungsten oxide revisited, Electrochim. Acta 44 (1999) 3005.
[15] Y.-C. Nah, A. Ghicov, D. Kim, S. Berger, P. Schmuki, TiO2 -WO3 composite nanotubes by alloy anodization: growth and enhanced electrochromic properties, J.
Am. Chem. Soc. 130 (2008) 16154.
[16] S.H. Lee, R. Deshpande, P.A. Parilla, K.M. Jones, B. To, A.H. Mahan, A.C. Dillon,
Crystalline WO3 nanoparticles for highly improved electrochromic applications, Adv. Mater. 18 (2006) 763.
[17] S.K. Deb, Opportunities and challenges in science and technology of WO3 for
electrochromic and related applications, Sol. Energy Mater. Sol. Cells 92 (2008)
245.
[18] G. Huang, Y. Zhu, Synthesis and photocatalytic performance of ZnWO4 catalyst,
Mater. Sci. Eng., B 139 (2007) 201.
[19] S.G. Nedilko, Y.A. Hizhnyi, T.N. Nikolaenko, Calculations of the electronic transition energies in the system of luminescence centers of lead, cadmium and
zinc tungstate crystals, Phys. Status Solidi C 2 (2005) 481.
[20] Y.A. Hizhnyi, T.N. Nikolaenko, S.G. Nedilko, Theoretical investigation of
tungstate crystals with point defects, Phys. Status Solidi C4 (2007) 1217.
[21] S.H. Yu, B. Liu, M.S. Mo, J.H. Huang, X.M. Liu, Y.T. Qian, General synthesis of
single-crystal tungstate nanorods/nanowires: A facile, low-temperature solution approach, Adv. Funct. Mater. 13 (2003) 639.
[22] T. Montini, V. Gombac, A. Hameed, L. Felisari, G. Adami, P. Fornasiero, Synthesis, characterization and photocatalytic performance of transition metal
tungstates, Chem. Phys. Lett. 498 (2010) 113.
[23] J.H. Pan, H. Dou, Z. Xiong, C. Xu, J. Ma, X.S. Zhao, Porous photocatalysts for
advanced water puriﬁcations, J. Mater. Chem. 20 (2010) 4512.
[24] Y. Wang, Z. Wang, S. Muhammad, J. He, Graphite-Like C3 N4 hybridized ZnWO4
nanorods: Synthesis and its enhanced photocatalysis in visible light, CrystEngComm 14 (2012) 5065.
[25] G. Huang, S. Zhang, T. Xu, Y. Zhu, Fluorination of ZnWO4 photocatalyst and inﬂuence on the degradation mechanism for 4-chlorophenol, Environ. Sci. Technol.
42 (2008) 8516.
[26] R. Shi, Y. Wang, D. Li, J. Xu, Y. Zhu, Synthesis of ZnWO4 nanorods with [100]
orientation and enhanced photocatalytic properties, Appl. Catal., B 100 (2010)
173.
[27] X. Zhao, Y. Zhu, Synergetic degradation of rhodamine B at a porous ZnWO4
ﬁlm electrode by combined electro-oxidation and photocatalysis, Environ. Sci.
Technol. 40 (2006) 3367.
[28] Q. Dai, H. Song, X. Bai, G. Pan, S. Lu, T. Wang, X. Ren, H. Zhao, Photoluminescence
properties of ZnWO4 :Eu3+ nanocrystals prepared by a hydrothermal method,
J. Phys. Chem. C 111 (2007) 7586.
[29] F.-S. Wen, X. Zhao, H. Huo, J.-S. Chen, E. Shu-Lin, J.-H. Zhang, Hydrothermal
synthesis and photoluminescent properties of ZnWO4 and Eu3+ -doped ZnWO4 ,
Mater. Lett. 55 (2002) 152.
[30] S.K. Lee, A. Mills, Novel photochemistry of leuco-methylene blue, Chem. Commun. 18 (2003) 2366.
[31] Y. Wu, S. Zhang, L. Zhang, Y. Zhu, Photocatalytic activity of nanosized ZnWO4
prepared by the sol-gel method, Chem. Res. Chin. Univ. 23 (2007) 465.
[32] H. Wei, X. Yan, S. Wu, Z. Luo, S. Wei, Z. Guo, Electropolymerized polyaniline
stabilized tungsten oxide nanocomposite ﬁlms: electrochromic behavior and
electrochemical energy storage, J. Phys. Chem. C 116 (2012) 25052.
[33] H. Wei, X. Yan, Q. Wang, S. Wu, Y. Mao, Z. Luo, H. Chen, L. Sun, S. Wei, Z. Guo,
Electrochemical properties electrochromic behaviors of the sol-gel derived
tungsten trioxide thin ﬁlms, Energy Environ. Focus 2 (2013) 112.
[34] S. Badilescu, P. Ashrit, Study of sol–gel prepared nanostructured WO3 thin ﬁlms
and composites for electrochromic applications, Solid State Ionics 158 (2003)
187.
[35] G. Huang, Y. Zhu, Enhanced photocatalytic activity of ZnWO4 catalyst via ﬂuorine doping, J. Phys. Chem. C 111 (2007) 11952.
[36] J. Lin, J. Lin, Y. Zhu, Controlled synthesis of the ZnWO4 nanostructure and effects
on the photocatalytic performance, Inorg. Chem. 46 (2007) 8372.
[37] X. Zhao, W. Yao, Y. Wu, S. Zhang, H. Yang, Y. Zhu, Fabrication and photoelectrochemical properties of porous ZnWO4 ﬁlm, J. Solid State Chem. 179 (2006)
2562.
[38] S. Chen, S. Sun, H. Sun, W. Fan, X. Zhao, X. Sun, Experimental and theoretical
studies on the enhanced photocatalytic activity of ZnWO4 nanorods by ﬂuorine
doping, J. Phys. Chem. C 114 (2010) 7680.
[39] J. Rajeswari, B. Viswanathan, T.K. Varadarajan, Tungsten trioxide nanorods as
supports for platinum in methanol oxidation, Mater. Chem. Phys. 106 (2007)
168.
[40] J. Tauc, Absorption edge and internal electric ﬁelds in amorphous semiconductors, Mater. Res. Bull. 5 (1970) 721.
[41] A. Hjelm, C.G. Granqvist, J.M. Wills, Electronic structure and optical properties
of WO3 , LiWO3 , NaWO3 , and HWO3 , Phys. Rev. B 54 (1996) 2436.
[42] N. Serpone, D. Lawless, R. Khairutdinov, Size effects on the photophysical properties of colloidal anatase TiO2 particles: size quantization versus
direct transitions in this indirect semiconductor? J. Phys. Chem. 99 (1995)
16646.
[43] K.C. Leonard, K.M. Nam, H.C. Lee, S.H. Kang, H.S. Park, A.J. Bard, ZnWO4 /WO3
Composite for Improving Photoelectrochemical Water Oxidation, J, Phys. Chem.
C 11 (2013), 15901.
[44] D. Bullett, Bulk and surface electron states in WO3 and tungsten bronzes, J.
Phys. C: Solid State Phys. 16 (1983) 2197.

66

H. Wei et al. / Electrochimica Acta 132 (2014) 58–66

[45] J. Yin, H. Cao, J. Zhang, M. Qu, Z. Zhou, Synthesis applications of ␥-tungsten
oxide hierarchical nanostructures, Cryst. Growth Des. 13 (2013) 759.
[46] R.J. Mortimer, Electrochromic materials, Annu. Rev. Mater. Res. 41 (2011) 241.
[47] N.M. Rowley, R.J. Mortimer, New electrochromic materials, Sci. Prog. 85 (2002)
243.
[48] C. Granqvist, Electrochromic tungsten oxide lms: Review of progress 19931998, Sol. Energy Mater. Sol. Cells 60 (2000) 262.
[49] C. Avellaneda, P. Bueno, R. Faria, L. Bulhoes, Electrochromic properties of
lithium doped WO3 ﬁlms prepared by the sol-gel process, Electrochim. Acta
46 (2001) 1977.
[50] H.W. Shim, I.S. Cho, K.S. Hong, A.H. Lim, D.W. Kim, Wolframite-type ZnWO4
nanorods as new anodes for Li-ion batteries, J. Phys. Chem. C 115 (2011) 16228.
[51] N. Sharma, G. Subba Rao, B. Chowdari, Electrochemical properties of carboncoated CaWO4 versus Li, Electrochim. Acta 50 (2005) 5305.
[52] J. Zhu, M. Chen, H. Qu, X. Zhang, H. Wei, Z. Luo, H.A. Colorado, S. Wei, Z. Guo,
Interfacial polymerized polyaniline/graphite oxide nanocomposites toward
electrochemical energy storage, Polymer 50 (2012) 5305.

[53] S. Yoon, E. Kang, J.K. Kim, C.W. Lee, J. Lee, Development of high-performance
supercapacitor electrodes using novel ordered mesoporous tungsten oxide
materials with high electrical conductivity, Chem. Commun. 47 (2011)
1021.
[54] C. Peng, S. Zhang, D. Jewell, G.Z. Chen, Carbon nanotube and conducting polymer
composites for supercapacitors, Prog. Nat. Sci. 18 (2008) 777.
[55] Z.L. Wang, R. Guo, G.R. Li, H.L. Lu, Z.Q. Liu, F.M. Xiao, M. Zhang, Y.X.
Tong, Polyaniline nanotube arrays as high-performance ﬂexible electrodes
for electrochemical energy storage devices, J. Mater. Chem. 22 (2012)
2401.
[56] J. Yan, E. Khoo, A. Sumboja, P.S. Lee, Facile coating of manganese oxide on
tin oxide nanowires with high-performance capacitive behavior, ACS Nano 4
(2010) 4247.
[57] H. Mi, X. Zhang, X. Ye, S. Yang, Preparation and enhanced capacitance of
core–shell polypyrrole/polyaniline composite electrode for supercapacitors, J.
Power Sources 176 (2008) 403.

