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Abstract Tungsten trioxide thin films are successfully synthesized by a sol-gel method using tungsten hexachloride

as precursors. The structural, chemical, and optical properties of the prepared films are characterized by scanning elec-
tron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and UV-Vis spectrophotometry. The electrochem-

ical and electrochromic properties of the films before and after heat treatment are also investigated by cyclic

voltammetry, chronoamperometry, and in situ transmittance measurement system. Compared to as-prepared films, heat-
treated tungsten trioxide thin films exhibit a higher electrochemical reversibility of 0.81 and superior coloration effi-

ciency of 65.7 ¢cm?/C, which implies that heat treatment at an appropriate temperature is a crucial process in a sol-gel

method for having a better electrochromic performance.
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1. Introduction

Electrochromism refers to the reversible changes in
optical properties of materials when they undergo oxida-
tion or reduction reactions under applied voltages [1,2].
Several electrochromic materials, including transition
metal oxides, organic molecules, and conjugated poly-
mers, have been reported extensively [3-5]. Transition
metal oxides can be used in smart glass systems [2,6] and
in the rear-view mirrors of automobiles [7] due to their
high durability and chemical stability. However, organic
molecules and polymers exhibit various colorations with
a higher response speed, allowing them to be applied to
informational display devices [8,9].

Among these electrochromic materials, tungsten triox-
ide has been widely studied due to its high electrochromic
efficiency, large dynamic range, and cyclic reversibility
[3,10]. Tungsten trioxide is a cathodic coloration mate-
rial that possesses a coloured state in its reduced formed
[2,11]. This material has an energy band gap of about 3.0
eV [12] and an almost transparent appearance because of

its inability to absorb visible light [13]. Following its

reduction, tungsten trioxide has a strong absorption near
600 nm and a blue colour because of the formation of
tungsten bronze (M,WQO;) via the following reaction.

WO; + xe- + xM" < M,WO; (M: H, Li, Na, etc.)

A variety of methods can be used to prepare tungsten
trioxide films, such as vacuum evaporation [14], sputter-
ing [15], chemical vapor deposition [16], electrodeposi-
tion [17], and sol-gel processes [18]. Sol-gel processes
offers several advantages over conventional deposition
techniques for preparing tungsten trioxide films by
enabling precise control of stoichiometry and morphol-
ogy, which, in turn, can influence the kinetics, reversibil-
ity, and coloration efficiency of electrochromic films
[19].

The present study describes the development of tung-
sten trioxide films deposited by a sol-gel method using
tungsten hexachloride as precursors on conductive glass
substrates. The electrochemical properties, coloration
efficiencies, and electrochromic responses of the films
before and after heat treatment are also determined in

this work.
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2. Experimental

Indium tin oxide (ITO, 8-10 /square) coated glass
was used as transparent conductive electrodes. The ITO
glass was cleaned before use by sonication in isopropyl
alcohol, acetone, ethanol, and deionized (DI) water, suc-
cessively, for 5 min. The substrate was then dried with
nitrogen. Tungsten hexachloride (WClg) (Aldrich Chem,
99.99%) was used as the precursor for coating tungsten
trioxide. A 0.5 M WClg solution was prepared in 3 ml
ethanol (Aldrich Chem., 99.9%) with 10 wt% glycerol as
a binder material. The solution was stirred for 12 h until
it turned green. The solution was spin-coated on the ITO
substrate at 2000 rpm for 20 s. The coated films were
dried in air at room temperature and then annealed at
190°C for 2.5 h.

The morphology and microstructure of the coated films
were examined by field emission scanning electron micros-
copy (SEM, Hitachi S-4700) and X-ray diffraction (XRD,
Rigaku Rint 2500, Cu K, source (A = 1.54A), 40 kV, 40
mA). To determine the composition and chemical states of
the samples, energy dispersive X-ray spectroscopy (EDX)
and X-ray photoelectron spectroscopy (XPS, ESCLAB 250,
X-ray source Al K,) analysis were performed.

All electrochemical tests were performed with a three
electrode cell at room temperature. Tungsten trioxide film
on the ITO glass substrate was used as the working elec-
trode. Pt and Ag wires were used as the counter and ref-
erence electrodes, respectively. A 0.5 M LiClO, solution
in propylene carbonate was used as the electrolyte.

Electrochemical experiments were performed with an
Autolab PGSTAT30 potentiostat/galvanostat. Cyclic vol-
tammetry tests were performed in the potential range
between -0.6 V and 1.0 V at a scan rate of 50 mV/s The
electrochromic coloration and response time were tested by
applying pulse potentials between -0.6 V and 1.0 V with an
interval time of 30 s. Optical transmittance was monitored by
means of an in situ transmittance system, using a UV-Vis
spectrophotometer (HP 8453) during all experiments. The
transmittance of the ITO coated glass, surrounding electro-
lyte, and cell window was assumed to be 100%.

3. Results and Discussion

Fig. 1 shows SEM images and EDX data of spin-
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Fig. 1. SEM images of the surface of the tungsten trioxide
films fabricated by the sol-gel method (a) before and (b) after
heat treatment. The insets show EDX results.

coated tungsten trioxide films prepared by the sol-gel
method described previously. As shown in Fig. 1(a), a
fresh film has a rough surface morphology with micro-
cracks, indicating that as-prepared tungsten trioxide films
do not form dense and uniform structures. Moreover, it
was observed in the EDX spectra shown in the inset to
Fig. 1(a) that some amount of chlorine existed within the
films. However, after heat treatment at 190°C for 2.5 h, a
tungsten trioxide film with a dense and uniform surface
morphology and without defects or elemental chlorine
was achieved as shown in Fig 1(b). These findings sug-
gest that a heat treatment process is necessary after the
sol-gel coating to obtain a film structure without defects
and to eliminate film impurities.

In order to investigate the microstructure of heat-
treated tungsten trioxide films, XRD measurement was
conducted. Fig. 2(a) shows the XRD patterns of the sili-
con substrate and tungsten trioxide films coated on the
silicon substrate. Due to offset angle used in XRD mea-
surement, the diffraction peaks at 28.4°, 47.3°, and 56.1°
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Fig. 2. (a) XRD patterns of the silicon substrate and tungsten
trioxide/silicon, (b) XPS analysis of tungsten trioxide and (c)
transmittance (absorption in inset) of tungsten trioxide film.
The inset is a photograph of a tungsten trioxide film coated
on an ITO substrate.

indexed respectively to the (111), (220), and (311) planes
of Si crystallites do not appear. Compared to the pure sil-
icon substrate, tungsten trioxide/silicon displayed broad
peaks near 26 = 23.2°, 23.6°, and 24.4°, which were
assigned to the (001), (020), and (200) planes of mono-
clinically structured tungsten trioxide [20], respectively.
Other diffraction peaks at 33.3° 47.0°, and 50.4° were
also attributed to the monoclinic structure of tungsten tri-
oxide. However, the peak intensities were relatively weak
with a broad background, indicating a considerable

amount of amorphous material was present. tungsten tri-
oxide has been reported to have a clear monoclinic phase
after heat treatment above 450°C [3].

The chemical states of tungsten trioxide films fabri-
cated by the sol-gel method were measured using XPS.
The XPS spectra collected for tungsten trioxide confirms
the presence of W and O as well as a small amount of C,
while no signal from impurities was observed in the sam-
ple. Carbon is believed to be introduced during sample
preparation and handling. The high resolution W4f spec-
trum (Fig. 2(b)) has the characteristic W 4f5, and W 4f;,
peaks for tungsten trioxide. The binding energies of
W4fs, and W 4f;,, were centered at 38.0 eV and 35.8 eV,
respectively. According to previous reports, the binding
energy of W® is 35.8 eV [21], indicating that the tung-
sten trioxide films prepared by the sol-gel method were
in good agreement with the chemical ratio of WO;.

Fig. 2(c) shows the optical transmittance and absorp-
tion spectra of tungsten trioxide films, which were pre-
pared by spin-coating followed by heat treatment at 190
°C. The film was highly transparent with a pale yellow
color and transmittance of over 80% in the visible light
region. In accordance with previous studies that found
the energy band gap of crystalline tungsten trioxide to be
approximately 3.0 eV [12], the films prepared using the
sol-gel method had a very similar energy band gap.
Additionally, the high transmittance of these tungsten tri-
oxide films makes them highly promising materials for
applications in smart windows.

Cyclic voltammetry was performed in order to study
the electrochemical properties of the spin-coated tung-
sten trioxide films. As shown in Fig. 3(a), the voltamet-
ric curves had the typical form expected for amorphous
tungsten trioxide. However, a small cathodic peak was
observed at -0.2 V, reflecting the crystalline nature of the
tungsten trioxide film [1]. Therefore, a mixture of amor-
phous and crystalline phases was confirmed by the elec-
trochemical test in agreement with the XRD results. The
curve has a maximum reduction current density of 0.2
mA/cm? at -0.6 V and a maximum oxidation current den-
sity of 0.15 mA/cm? at -0.4 V. During the cathodic reac-
tion, an intercalation of Li" ions from the electrolyte with
the tungsten trioxide lattice occurred, forming deep blue
Li,WO;. A reversible anodic reaction led to the recovery
of tungsten trioxide by deintercalation of Li* ions, and
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Fig. 3. The results of cyclic voltammetry, (a) after and (b)
before heat treatment of tungsten trioxide film, performed at
-0.6 V and 1.0 V with 50 mV/s scan rate. The colored and
bleached states of tungsten trioxide are shown in the inset of
Fig. 3(a).

the sample became transparent (see the inset of Fig.
3(a)). For as prepared tungsten trioxide films, the small
peak at -0.3 V was also observed, but there is not distin-
guishable peak (Fig. 3(b)). Moreover, current density of
non heat-treated sample is small. This is possibly due to
the fact that the impurities such as chlorine of tungsten
trioxide films can cause the reduction of charge transfer
rates, which affects diffusion dynamics during the redox
reactions. Diffusion coefficients for two samples were
estimated by using Randles-Servcik equation below.

i,=2.72x10°n"*D"*Cp"”?

Where i, is the peak current density, D is diffusion
coefficient, C, indicates the concentration of active ions
in the electrolyte, and v is scan rate during the redox
reactions (7 is assumed to be 1 [22].)

The diffusion coefficients of tungsten trioxide films
before and after heat treatment were 1.32 x 107" cm?/s,
and 1.55 x 107" em?/s which is calculated using anodic peak
currents, respectively. Based on cathodic peak currents, the
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Fig. 4. The results of chronoamperometry performed at -0.6
V and 1.0 V for tungsten trioxide film. (a) after and (b)
before heat treatment.

diffusion coefficients were 3.97 x 107" cm%s and 4.74 x 10
' em?/s. These results indicate that removal of chlorine after
the heat treatment is necessary for better ion diffusion
rates.

Fig. 4 shows the results of chronoamperometry at -0.6
V and 1.0 V for 30 s. After heat treatments, the tungsten
trioxide films shows highly enhanced performance; the
cathodic and anodic charge densities after heat treatment
were 5.53 mC/cm?® (Q.) and 4.46 mC/cm’ (Q,) during
reduction and oxidization, respectively. However, for
tungsten trioxide films before heat treatment, it was 1.91
mC/cm?® (Q,) and 1.18 mC/cm? (Q,). In addition, the ratio
0./Q. of the films before and after heat treatment is 62%
and 81%, respectively, which means that electrochemical
reaction was highly enhanced after heat treatment.

The electrochromic properties were monitored via in
situ transmittance test shown in Fig. 5. For heat treated
sample (Fig. 5(a)), the transmittance was 35.3% at a col-
ored state and 91.8% at a bleached state. The difference
in transmittance was 56.5%. The response time was esti-

mated from time required for 90% of the total transmit-
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Fig. 5. Transmittance data collected during chronoamperometry

test performed at -0.6 V and 1.0 V for tungsten trioxide film
(a) after and (b) before heat treatment.

tance difference to be reached. Response time of 6.7 s
and 2.6 s was observed for coloring and bleaching pro-
cesses, respectively. However, tungsten trioxide films
before heat treatment in Fig. 5(b) shows insufficient
transmittance difference of 18.4% with response time of
7.1 s and 1.2 s during coloring and bleaching process,
respectively. Overall, these findings imply that electro-
chromic performance is also notably affected by the addi-
tion of heat treatment. Combined with the results of Fig.
4 and 5, the coloration efficiency (CE) was calculated on
the basis of the following equation [23,24].

Tbleached
CE(},) _ AOpl‘lC‘aleenSlty(ﬂ) _ éulored [sz/C]
d d

The CE of the tungsten trioxide films prepared with
heat treatment was approximately 65.7 cm?/C. The CE of
tungsten trioxide films after heat treatment is compara-
ble to the values prepared by other process (40-70 cm?/
C), [25] which means heat treatment is very important
process for the high electrochromic performance.

4. Conclusions

In this study, tungsten trioxide films were successfully
fabricated using a sol-gel method. The structural, chemi-
cal, electrochemical, and electrochromic properties of
these films were investigated. A uniform, dense film was
obtained after annealing at 190°C. The structure of the
tungsten trioxide films was highly stoichiometric and
amorphous with a small monoclinic phase. From the
electrochemical and electrochromic analysis, the tung-
sten trioxide films after heat treatment were confirmed to
be very highly reversible with comparable electrochro-
mic efficiencies to similar structures. By comparison with
as-prepared tungsten trioxide films, it is concluded that
heat treatment at an appropriate temperature is a crucial
process in a sol-gel method to improve electrochemical

and electrochromic performance.
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