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Abstract 
WO3 films were prepared from annealed W films by anodization and annealing at 450℃ for 1 h. 

The sputtered W films were annealed before anodization at different times for 0.5 h to 2 h, followed 
by immediate removal from the furnace (quenching) or slow cooling (cool-down). The WO3 films 
exhibited a different preferred orientation between the (200) and (222) planes. The morphological 
structure of the WO3 films depended on the annealing time and cooling features of the W films. The 
WO3 films for the cool-down condition had smaller grains and more pores than the quenching 
condition. The WO3 films prepared from annealed W for 1.5 h with cool-down showed maximum 
transmittance change of 48.20% with the diffusion coefficient of 3.533 × 10-7 cm2∙s‒1. The quenching 
condition can be improved durability of WO3 films. Therefore, annealing time and cooling conditions 
can be used to design film properties that are suitable for the electrochromic application. 

1. Introduction 
 

The performance of an electrochromic glass depends on the ability 
of the electrochromic material. Popular electrochromic materials 
are the metal oxides of tungsten [1], molybdenum [2], titanium [3], 
vanadium [4], and nickel [5]. These metal oxides have optical properties 
that allow light to pass through in visible light, making them transparent. 
Optical changes in electrochromic properties depend not only on 
the material type but also on the particle size [6], shape [7], and 
surface area of the structure [8]. The smaller or more porous structure 
has better electrochromic properties. Tungsten oxide (WO3) films 
are electrochromic materials that have received much attention, 
because in the as-deposited state, they are colorless and highly 
transparent; when stimulated (colored state) with voltage they will 
change to dark blue [9]. This is caused by the insertion of electrons 
and ions, resulting in changing the oxidation number of W from 6+ 
to 5+. In addition, WO3 is a cheap, stable material with high coloration 
efficiency. 

The preparation of WO3 films for electrochromic layers can be 
done by several methods, such as pulsed laser deposition [10], 
sputtering [1,6,11,12,17,30], sol-gel [15], anodization [8,9,16,18-
20], etc. Each method gives different film results depending on 
various variables in film preparation. Shi et al. [11] prepared WO3 
films by direct current (DC), radio frequency (RF), and pulsed radio 
frequency (PRF) magnetron sputtering to compare electrochromic 

properties. The WO3 films prepared by PRF magnetron sputtering 
showed a porous morphology compared to WO3 films obtained by 
other deposit approaches. When calculating the optical contrast in 
visible light and near-infrared, the values were equal to 93.6% and 
90%, respectively. Zhang et al. [12] prepared W films on indium-
doped tin oxide (ITO) glass by DC magnetron sputtering. The W films 
with a thickness of 0.8 μm were anodized. The results showed that 
the W films before anodization had an amorphous structure and 
opaque physical characteristics. When the W films were anodized, they 
changed to WO3 films with a more transparent physical appearance 
and a porous morphology. WO3 films exhibited a coloration efficiency 
of 58 cm2∙C‒1 and took 8 s to reach a colored state.  

The structure of WO3 films affects their electrochromic properties. 
Ashrit et al. [13] reported that the nanocrystalline structure of WO3 
films showed good electrochromic properties in the near-infrared but 
low efficiency in visible light. On the other hand, its polycrystalline 
and amorphous structure gives it good performance in visible light. 
In the same way, Zhang et al. [14] study electrochromic properties 
from the effects of structural differences between the amorphous, 
crystalline, and composite structures of WO3. The composite structure 
of WO3 films exhibited excellent electrochromic performance with 
high optical contrast and high coloring efficiency are 70.6% and 
53.6 cm2∙C‒1, respectively, at a wavelength of 633 nm. Moreover, 
Purushothaman et al. [15] prepared WO3 films using the sol-gel 
method. The results indicated that the WO3 films showed an amorphous 
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structure and a smooth surface. The WO3 films exhibited a change in 
optical transmission of 55.37% at a wavelength of 550 nm. It can be 
seen that the structure is an essential factor in electrochromic 
properties. Therefore, structural improvements are necessary.  

The electrochromic properties of WO3 films were improved by 
creating nanostructures. The anodizing method is one of several 
methods chosen because it is simple, convenient, and low-cost. 
There are many factors affecting the improvement of the nanostructure 
of the WO3 films, such as electrolyte concentration [16], anodizing time 
[17], anodizing temperature [18], annealing temperature [19], and 
voltage anodizing [20], etc. In this research, the researcher is interested 
in the nanostructured WO3 films prepared from W films by the 
sputtering and anodization processes. We focused on the effect of 
annealing time for the W films on nanostructured WO3 films and their 
electrochromic properties. 

 
2.  Experimental details 

 
The fluorine-doped tin oxide (FTO) glass substrate (3 cm × 1 cm) 

was cleaned with acetone, methanol, and deionized water for 15 min 
each, respectively. The W films were deposited on the cleaned FTO 
glass by DC magnetron sputtering using a high purity (99.995%) 
W target disk (2-in diameter and 0.25-in thick, Kurt J. Lesker). The 
target–substrate distance was approximately 80 mm. The chamber 
was evacuated to a base pressure through diffusion and rotary pumps 
at approximately 5 × 10‒5 mbar. A constant flow rate of purified argon 
(Ar) 99.999% at 15 standard cubic centimeter per minute (sccm) 
was controlled using a mass flow controller with a pressure of 
approximately 1.9 × 10‒3 mbar during the sputtering of the W films. 
Before deposition, the W target was pre-sputtered in an argon 
atmosphere for 3 min to remove oxide on the target surface. The 
sputtering power was kept at 150 W for all samples. The thickness of 
the W films was approximately 277 nm. The W films were annealed 
at 250℃ in the air for different annealing times for 0.5 h to 2 h and 
separated into two groups: (1) immediately removed from the furnace 
(quenching) and (2) slow cooling (cool-down), as shown in Table 1. 
The annealed W films were structurally improved by anodization in 
an electrolyte solution prepared by mixing ethylene glycol and 0.6 wt% 
ammonium fluoride (NH4F) solution. After that, the anodized films 
were annealed at 450℃ for 1 h. The crystal structure of the WO3 
films was studied by X-ray diffraction (XRD) with Cu Kα radiation 
at 1.54184 Å (Bruker, D2- PHASER). The morphological structure 
of the WO3 films was analyzed by field emission scanning electron 

microscopy (FE-SEM, TESCAN MIRA-3, Czech Republic), while 
UV-Vis spectrophotometry (G10S UV-Vis, Thermo Scientific)was used 
to measure the transmittance spectra of the as-deposited, colored, 
and bleached states of WO3 films in a wavelength range from 200 nm 
to 1,000 nm. The coloration efficiency of the WO3 films was examined 
by cyclic voltammetry (CV) with silver/silver chloride (Ag/AgCl) 
as a reference electrode and platinum (Pt) foil as a counter electrode in 
a 0.1 M sulfuric acid (H2SO4) solution with a scan rate of 100 mV∙s‒1 

and applying voltages of ‒1.5 V to +1.5 V. 
 
3.  Results and discussion 
 

The sputtered W films were annealed for improved structure 
with different times for 0.5 h to 2 h, and the annealed W films were 
quenched and slowly cooled down before anodization. Figure 1(a-d) 
shows the morphology of WO3 films in the quenching condition. 
The results exhibited that the grain size of WO3 was larger than in 
the cool-down condition, as shown in Figures 1(e-h). The different 
annealing times directly affected the morphology of WO3. Generally, 
annealing and slowly cooling down causes the films to become more 
aggregation of grains, the grain size grows, and oxides can form on 
the surface and deeper in the films. For the quenching process, the 
films are immediately exposed to cool outside air. The film's surface 
is then exposed to large amounts of oxygen, creating additional 
oxides on the surface that are different from slowly cooling down. 
In this work, it was found that the structure of WO3 films prepared 
under cool-down conditions showed small grain sizes and high 
porosity. Considering the quenching condition, the WO3 films became 
denser, especially in the annealing time condition of 1 h to 1.5 h, which 
may be due to the dense oxide layer on the W film's surface. Moreover, 
the annealing at different times showed apparent differences in grain 
and surface texture of WO3 films, with the Cd-1 condition showing 
the finest grains. Table 2 shows the crystallite size, significantly related 
to the microstrain. The microstrain can be calculated using Equation (1) 
[21]. The more significant grain boundaries could result from the 
microstrain being decreased. 

 
β cos θ = λ

D
  +ε sin θ  (1) 

 
where β is the full width at half maximum (FWHM) of the 

diffraction peak measured in radians, θ is the diffraction angle, λ is 
X-ray wavelength, D is crystallite size, and ε is the effective lattice 
strain.

 
Table 1. Conditions for annealing of W films. 
 

Annealing time  Conditions of annealing 
(h) Quenching Cool-down 
0.5 Q-0.5 Cd-0.5 
1 Q-1 Cd-1 
1.5 Q-1.5 Cd-1.5 
2 Q-2 Cd-2 
 
Table 2. The crystallite size and microstrain of the WO3 films. 
 

Sample Crystallite size (nm) Microstrain (10-3) 
Q-0.5 39.43 1.04 
Cd-1 28.25 1.31 

about:blank
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Figure 1. FE-SEM images of WO3 films anodized from annealed W films at different annealing times of (a) Q-0.5, (b) Q-1, (c) Q-1.5, (d) Q-2, (e) Cd-0.5, 
(f) Cd-1, (g) Cd-1.5, and (h) Cd-2. 
 

 

Figure 2.   X-ray diffraction of WO3 films anodized from annealed W films at different annealing times (a) quenching and (b) cool-down. 

The results are consistent with the research of Akgul et al. [21], 
which prepared copper oxide films at different temperatures, resulting 
in different morphologies, and Pandurangarao et al. [22], in which WO₃ 
films were prepared at various substrate temperatures. Crystallite size 
is induced to vary with temperature 

Figure 2 shows the X-ray diffraction analysis of WO₃ films. The 
results showed that WO₃ films treated with different annealing times 
appear with (020) (002) (200) and (222) peaks corresponding to 
23.30°, 23.81°, 24.45°, and 42.08°, respectively, which are consistent 
with the monoclinic structure (JCPDS PDF no. 00-043-1035) [23]. 
The different structure arrangement resulted from the W films treated 
with different annealing when the temperature was decreased slowly; 
the cool-down WO3 films exhibited a better-organized crystal structure. 
In addition, the crystallite size affects electrochromic properties 
[24]. This result corresponds to the report by Madhuri et al. [25]. 
Morphology and crystal structure are important factors affecting 
electrochromic properties [26]. The WO₃ films with many grains and 
small grains showed better optical properties than WO₃ films with 

large grain sizes [27]. Meanwhile, WO₃ films with high crystallinity 
also degrade slowly [28]. The crystallite size can be calculated using 
the Scherrer equation as shown in Equation (2). 

 
𝐷𝐷 = 𝐾𝐾𝐾𝐾

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
 (2) 

 
where D is crystallite size, K is the shape factor (0.9), λ is the 

wavelength of the X-ray, β is full width at half maximum intensity, 
and θ the diffraction angle.  

Analysis of electrochromic properties using the CV technique 
is shown in Figure 3. They can indicate the coloration performance, 
stability, and durability of the films by the size and invariability of 
the loops. In addition, calculating diffusion coefficient values of ions 
that occur within the films from the CV graph also indicates the 
ability to color the films [29]. The diffusion coefficient value (Di) 
of ions generated within the films is according to Equation (3). 

 
𝑖𝑖𝑝𝑝 = 2.72 × 105 × 𝑛𝑛 2/3 × 𝐷𝐷i 1/2 × 𝐶𝐶0 × 𝑣𝑣 ½ (3) 
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where ip is the maximum current, n is the number of electrons, 
C0 is the concentration of active ions in the redox electrolyte, and v 
is the scan rate. The ion diffusion coefficient and area under the CV 
loop are shown in Tables 3-4 for quenching and cool-down conditions, 
respectively. The Cd-1.5 WO3 showed the maximum diffusion coefficient 
value and has the biggest area under the loop with 3.535 × 10-7 cm2∙s‒1 
and 3 × 10-5 AV, respectively. This calculation result is consistent with 
the morphology of the WO3 films, which have a small grain size and 
are abundant, providing a large area for charge exchange within the 
films, according to Dahyun et al. [30]. The cool-down WO₃ films are 
more stable than quenching WO₃ due to their high crystallinity [28,31]. 

The optical properties of WO3 films can be analyzed by their 
colored-bleached states. Figure 4 shows the transmittance of WO₃ films 
at wavelengths of 200 nm to1,000 nm. The cool-down WO₃ films 
were in the colored state, and the transmittance was lower than 10% 
in the wavelength range of 700 nm to 1,000 nm, less than the quenching 
WO3 films. The average transmittance and the transmittance change 
were calculated by Equations (4) and (5), respectively, at 700 nm to 
1,000 nm wavelengths between cool-down films and quenching films. 

 %𝑇𝑇𝑎𝑎𝑎𝑎 =  
∑ 𝑇𝑇(𝐾𝐾)𝐸𝐸(𝐾𝐾)𝜆𝜆𝑏𝑏
𝜆𝜆𝑎𝑎

∑ 𝐸𝐸(𝐾𝐾)𝜆𝜆𝑏𝑏
𝜆𝜆𝑎𝑎

   (4) 

 
     ∆%𝑇𝑇 = %𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏 −  %𝑇𝑇𝑎𝑎𝑎𝑎𝑐𝑐  (5) 

 
where %Tav is the average transmittance, T(λ) is the transmittance 

that depends on the wavelength, Relative energy is ∑ 𝐸𝐸(𝜆𝜆)𝐾𝐾𝑏𝑏
𝐾𝐾𝑎𝑎 =100, 

%𝑇𝑇𝑎𝑎𝑎𝑎𝑏𝑏  is the average transmittance at the bleached state, and %𝑇𝑇𝑎𝑎𝑎𝑎𝑐𝑐 
is the average transmittance at the colored state. The maximum 
transmittance changes for Q-0.5 and Cd-1.5 equal 26.75% and 48.20%, 
respectively. The results showed good consistency with the largest 
area in the CV loop. 

WO3 films obtained by improving the W films structure with 
annealing before anodization shows better structural properties and 
coloration efficiency compared with previous work [9]. Meanwhile, 
electrochromic properties under various conditions were compared 
with other research, as shown in Table 5. It was found that the WO3 
films prepared by anodization in this work showed relatively good 
electrochromic properties.

 

     

     

  

Figure 3. CV of WO3 films of quenching (a-d), and cool-down (e-h) in 0.1 M H2SO4 solution with scan rate of 100 mV∙s‒1. 
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Table 3. The anodic/cathodic current peak and diffusion coefficient values of WO3 films for quenching conditions.  
 
Time (h) Anodic peak current 

(10‒3) A∙cm‒2 
Anodic diffusion coefficient  
(10‒7) cm2∙s‒1 

Cathodic peak current 
(10‒3) A∙cm‒2 

Cathodic diffusion coefficient 
(10‒8) cm2∙s‒1 

0.5 5.956 4.795 2.116 6.052 
1 5.918 4.734 2.423 7.935 
1.5 6.283 5.336 2.532 8.665 
2 5.132 3.56 2.066 5.769 
 
Table 4. The anodic/cathodic current peak and diffusion coefficient values of WO3 films for cool-down conditions. 
 
Time (h) Anodic peak current 

(10‒3) A∙cm‒2 
Anodic diffusion coefficient  
(10‒7) cm2∙s‒1 

Cathodic peak current 
(10‒3) A∙cm‒2 

Cathodic diffusion coefficient 
(10‒8) cm2∙s‒1 

0.5 3.036 1.246 1 1.352 
1 3.250 1.428 0.851 0.979 
1.5 2.639 0.941 0.407 0.224 
2 2.602 0.915 0.439 0.26 
 

 

Figure 4. Transmission spectra of WO3 films in the wavelength range of 200 nm to 1,000 nm of quenching (a-d), and cool-down (e-h). 
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Table 5. Comparison of the electrochromic performances of WO3 films. 
 
Method Electrolyte Δ%T (%) Diffusion coefficient (Di)  

(cm2∙s‒1) 
Reference 

Kinetic spray technique 1 M LiClO4 44 2.32 × 10–13 [24] 
Galvanostatic electrodeposition 1 M LiClO4/PC 45.7 - [32] 
Electrodeposition 0.5 M LiClO4/PC 89.81 2.04 × 10− 10 [33] 
Anodization 0.1 M H2SO4 48.20 5.336 × 10−7 This work 
 
4.  Conclusion 

 
The W films were annealed at different times and treated with 

quenching and cool-down. After the anodization, WO₃ films exhibited 
different morphology, crystallinity, and electrochromic properties. 
The different treatment annealing times directly affected the morphology 
of WO3. The morphology of WO3 films for the cool-down condition 
showed a smaller grain size and was more porous than the quenching 
condition. These results enhanced the electrochromic properties of films 
with a maximum transmittance change of 48.20%. However, the film 
stability of the quenching condition showed better results than the 
cool-down condition. Improving films with good electrochromic 
properties and durability is an important future research issue. 
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