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UV irradiation on the gasochromic responses of the WO3 films(a), IR spectra of the WO3 films with different 
irradiating times (b) and the ones annealed at 150℃ (c) and 450℃ (d) before and after the UV irradiation.  
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Raman spectra of WO3 films before and after the UV irradiation.  
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SEM images of the WO3 films before (a) and after (b) the UV irradiation, AFM images of the WO3 films (c) 
and the UV illuminated WO3 films(d).  
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W4f spectra and deconvolution curves of amorphous tungsten oxide films: as-deposited (a); irradiated by 
UV lights (b).  
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Comparison of refractive index and porosities of the WO3 annealed at different temperatures, before (a) and 

after (b) the UV irradiation.  
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Single-exponential decay fitting of optical densities of WO3 films before (a) and after (b) the UV irradiation.  
279x389mm (300 x 300 DPI)  
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The mechanism of photochromic coloration  
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Structure changes of WO3 clusters aroused from the UV irradiation.  
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Theoretical model  

 

140x144mm (300 x 300 DPI)  

 

 

Page 10 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Engineering of Coloration Responses of Porous 

WO3 Gasochromic Films by Ultraviolet 

Irradiation  

Guohua Gao* ,  Zenghai Zhang, Guangming Wu*, Xiaobo Jin  

Shanghai Key Laboratory of Special Artificial Microstructure, Key Laboratory of Advanced 

Civil Engineering Materials, Ministry of Education, Tongji University, Shanghai 200092, P. R. 

China
  

 

*Corresponding author: gao@tongji.edu.cn ;wugm@tongji.edu.cn 

Page 11 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Abstract 

The coloration response of gasochromic films is crucial for gas sensors and solar energy cells. 

Based on a comparison of different post-treatments of WO3 gasochromic films, UV irradiation is 

found useful for fast coloration, in which fast exponential optical changes can be detected instead 

of a long activation delay process. Infrared spectroscopy, Raman spectroscopy, and X-ray 

photoelectron spectroscopy studies show that the gasochromic response of WO3 films depends 

on the ion and electron diffusion velocities, which can be engineered by altering the film 

porosities and conductivities. A new gasochromic model is proposed based on an resistors and 

capacitors (RC) circuit and the double-injection theory. According to this model, the slow 

coloration delay and fast exponential coloration should result from thermodynamic and 

electrochemical reactions, respectively. Our new model is also successfully used to build a link 

between two well-identified theoretical models. 
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1. INTRODUCTION 

Gasochromic films that consist of a simple semiconductor layer (such as WO3) and a catalyst 

(such as Pd) are receiving considerable attention in optical hydrogen gas sensor 1-3, and large-

scale solar cell applications 4. Several methods are used to prepare gasochromic films, such as 

sputtering5, evaporation6, sol-gel 7, electrochemical anodization8,9 and electrodeposition 10. 

Among these processes, the sol-gel technology is the most promising method for preparing large 

or irregular films because it is economical and requires minimal equipment. WO3 gasochromic 

films exhibit excellent selective sensitivity 11,12, deep coloration efficiency7, and long-term 

stabilities13,14. However, the slow coloration response of these films is still a limitation 

independent from the preparation method 5,7. An activation process is necessary to achieve rapid, 

stabilized gasochromic responses 7, which largely increases the uncertainty of gasochromic films 

in practical applications.  

The gasochromism of amorphous tungsten oxide films is directly related to the double injection–

extraction of ions and electrons15-17, which can be expressed as: 

xH+ + xe
- + WO3 = HxWO3–-x    (1) 

This concept suggests that the coloring velocity rely on the ion (Ri) and electron (Re) 

conductivities.  
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The electrical conductivity of HxWO3 films has been identified to increase exponentially with 

increased x (when x > 0.2 at 300 K) 18. On the other hand, ion diffusion relies on the porosity 

structure or ion diffusion channels19,20. Hence, the optical response of gasochromic WO3 films 

can be improved by engineering their non-stoichiometry and porosity. Several studies based on 

the modifications of porous structure and non-stoichiometry have been conducted. Georg 

indicated that the coloration velocity largely depends on catalyst poisoning and water 

incorporation in porous WO3 films21. Ranjbar proved the enhancement of the W5+/W6+ ratio by 

vanadium doping, which results in deeper and faster coloration22. Modifying the porous structure 

of WO3, such as nanotextured Pt/WO3 thin films, can improve the sensitivity of its gas sensing 

response toward hydrogen 4,23. 

Under UV irradiation (UVI), proton and electrons enter amorphous WO3 films and form HxWO3 

structures24. Thus, inducing the UVI process can enable the adjustment of the conductivity of 

WO3 gasochromic films. The sol-gel method and thermal treatment are widely used to control 

the film porosities 25,26. These processes prompt us to use UVI and annealing approaches to 

identify an easy way of improving the gas-sensing performance of WO3 films. 

In this study, the UVI method is used to improve the optical response of sol-gel WO3 films. 

Suitable irradiation time can remarkably decrease the activation process within 5 s. The 

structural changes caused by UVI are further studied by infrared (IR) spectra, elliptical polarized 

spectrograph, and X-ray photoelectron spectroscopy (XPS). Based on the experimental results, 

the effects of UVI on the improvement of gasochromic films are further discussed and explained. 

2. Experimental 
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2.1. Preparation of gasochromic films  

WO3 sols were prepared according to the method of Kudo27. About 35 g of metallic W powder 

(99.8%) was added to 200 ml of H2O2 (30%) at room temperature in normal atmosphere. After 

the removal of impurities, the solution was evaporated (80 °C) until the sol color became 

transparent orange. PdCl2 was then added to the WO3 sol (0.2 mol/L) as a catalyst in a 

concentration necessary to produce Pd:W molar ratios of 1:50. All films were deposited onto 

glass slides or polished silicon slides by the dip-coating technique. UVI was carried out under a 

high-pressure Hg lamp (1 kW), producing two mercury lines at λ = 254.7 and 352.5 nm for 

different minutes. The samples were kept in air during irradiation, and the distance between the 

film and the light source was 5 cm. 

Two kinds of samples were prepared by the aforementioned method. The first sample was WO3 

films without UVI; the other was irradiated for different minutes. All films (thickness = 250 nm) 

contained only two layers of WO3. The sample used for XPS was annealed at 50 °C for 1 h 

before UVI. Both glass slides for the samples were cleaned with acetone before XPS 

measurements. 

2.2. Instruments and measurements 

The transmission measurements of the films at the colored and bleached states were carried out 

on a UV–vis V-570 (Jasco Inc. series spectrometer) at 700 nm. A double- scan elliptical 

polarized spectrograph (ELLIP-A type, Shanghai FUFAN Positive Network Co., Inc.) was used 

to test the thickness and the refractive index. The spectrograph had a photo energy of 1.5–4.5 eV, 
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wavelength resolution of 0.6 nm, and incidence control accuracy angle of 0.001 °/pulse, where 

the accuracy of film thickness measurement can be controlled in 1 Å increments. The electron 

binding energy of WO3 was determined by XPS (PerkinElmer PHI5000c XPS/UPS) method.     

3. Results and discussion  

3.1. Optical response of the samples before and after UVI 

The optical responses of WO3 films irradiated for 0, 10, 20, 30 min with UV lights are presented 

in Fig. 1(a). The film without UV treatment exhibits a long-term activation process that lasts for 

almost 240 s. This activation time can be largely reduced by UVI; however, UVI does no show a 

linear effect. The response of the sample illuminated for less than 10 min is still nearly 140 s, 

whereas that of the ones irradiated for more than 20 min can reach its saturated coloration within 

only 20 s without a slow activating step. A grating of the WO3 films was also designed to 

compare the UVI phenomena, as shown in the inset in Fig. 1(a), where the deep blue lines 

correspond to the parts irradiated by UV lights. 

The IR spectra of the WO3 films irradiated for different times are shown in Fig. 1(b). WO3 films 

consist of three well-defined vibration groups: stretching modes of terminal (W=O at 975 cm-1), 

corner sharing (W–O–W at 642 cm-1) 7,28, and edge-sharing (W–O–W at 802 cm-1) W–O modes 

29. The bands at 642 cm-1 increase whereas those at 802 cm-1 and 975cm-1 decrease as the 

irradiation process continues. These results indicate the formation of corner-sharing W–O–W 

bonds as well as the collapse of terminal W=O and edge-sharing W–O–W bonds. Thus, the 

peroxo groups decompose and the structure of the edge-sharing WO6 groups, which prevail in 
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sols and fresh xerogels, transform into a more condensed structure with corner-sharing WO6 

units7. These units are the same as the IR spectra of pristine sol-gel WO3 films and after 

completion of the first gasochromic coloring-bleaching cycle 30.  

The IR spectral changes of the WO3 films annealed at 150 and 450 °C before and after UVI 

treatment were also examined, and the results are shown in Figs. 1(c) and 1(d). The films 

annealed at 150 °C exhibit similar structural changes, where the bands between 642 and 975 cm-1 

both increase, and the band at 802cm-1 disappears. This phenomenon has also been reported in 

the IR study of the coloring state of WO3 films in a previous study 30. Based on the analysis of 

Orel 7, the increased intensity of the bands between 642 and 802 cm-1 can both be assigned to the 

hydrogen-inserted WO3 films (W–OH). Therefore, the structural changes in Fig. 1(c) indicate the 

formation of corner-sharing W–O–W and W–OH bonds, as well as the collapse of edge-sharing 

W–O–W bonds. The orthorhombic phase of WO3 annealed at 450 °C can be clearly 

distinguished from the two strongest peaks at 728 and 807 cm-1, and no H2O characteristic can be 

detected. This result agrees with our XRD patterns, which show that the WO3 films exhibit an 

amorphous structure when annealed below 400 °C and a crystal structure when annealed at 

450 °C 31. However, changes in the IR peaks caused by the UVI treatment are not obvious when 

the film is annealed at 450 °C. 

The Raman spectra of WO3 before and after UVI are also examined (Fig. 2). The as-deposited 

WO3 films exhibit a single main peak at 802 cm-1 and a broad shoulder around 701 cm-1, 

assigned to a complex structure that consists of edge-sharing and corner-sharing W–O–W bonds 

32-34. The structural transition of WO3 can be clearly distinguished after UVI from the two 

strongest peaks at 708 and 803 cm-135,36, where the edge-sharing W–O–W bonds largely decrease. 
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3.2. Surface morphology 

Scanning electron microscopy (SEM) and atomic force microscopy investigations were 

performed on both unirradiated and UV-irradiated WO3 films (Fig. 3). Typical images of the 

amorphous film surface with extensive homogeneity and without pore occlusions are observed. 

Our separated-roughness study shows that the clusters in the WO3 films are nearly spherical, 

with typical dimensions of 10–25 nm. Similar images are acquired for the UV-irradiated WO3 

films, confirming that the macroporous structure is not affected by UVI. Hence, the microporous 

structures that cannot be easily detected by SEM spectra should be investigated. 

3.3. W4f/O1s XPS for UV-irradiated WO3 films 

The electronic structure of the WO3 film surface is explored by XPS, as shown in Fig. 4 and 

Table 1. Fig. 4(a) shows the W4f spectra of the WO3 film before UVI. The band can be resolved 

into two bands at 37.85 and 35.75 eV for W4f5/2 and W 4f7/2, respectively. The spin separation is 

2.1 eV. This binding energy is assigned to the W(VI) O3 states 37. Four bands resolved from XPS 

spectra of the UV-treated films are observed, as shown in Fig. 4(b). The higher binding energies 

at 38.1 and 36.0 eV are attributed to the electrons of the WO3 without H+ insertion. The lower 

binding energy belongs to HxWO3
38. The x value is obtained by calculating the area ratio of the 

W5+ in W6+ states. The result indicates that the W5+ content is 14.6%; thus, x is equal to 0.17.  

3.4. Refractive index 
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The SEM results show that UVI is not effective against macroporous structures. Hence, 

microporous structures must be considered. The effect of UVI is further estimated by comparing 

the refractive indices of the annealed WO3 films before and after irradiation. Fig. 5 shows the 

refractive indices (n) of the investigated films as a function of the thermal treating temperature. 

The details are shown in Table 2. The values of n change over a wide range, i.e., from 1.90 (for 

the films annealed at 50 °C) to 2.17 (for those annealed at 450 °C). Characteristically, the 

refractive index of the WO3 films irradiated by UV is lower by 0.05 than that without UVI, 

whereas the gap of n between the WO3 samples annealed at other temperatures are close and 

become almost similar at 450 °C.  

The porosity of the nanofilms is significantly related to the refractive index, as shown by the 

following equation 39:  

( )
( )12

22

−

−
=

n

nn ρρ
    (2) 

where nρ and n are the refractive indices of the films and WO3 crystal (2.18 is selected), 

respectively, and ρ is the porosity of the films. Thus, the porosities of the films heated at 

different temperatures are obtained, as shown in Fig. 5(b) and Table 2. WO3 films lost nearly 

30% of their porosity during thermal treatment, resulting in a condensed structure. About 2.35% 

of the total porosity of the film annealed at 50 °C diminishes upon UV irradiation; this porosity 

lost further decreases with increased annealing temperatures. These results agree with the 

aforementioned IR spectra, where the photochromic effect induces the reaction of WO3 with H2O. 

Therefore, the UVI effect is weaker with decreased H2O content.  
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4. Discussion 

The structural changes resulting from UVI can be explained by the following photochromic 

mechanism 40,41: 

WO3 + hν → WO3
* + h+ + e-      (3) 

2H2O + 4h
+ → O2 + 4H+      (4) 

WO3 + xH+ + xe- → HxW
(VI)

1–xW
(V)

xO3   (5) 

The reaction can be briefly described as follows. When WO3 films are irradiated by UV light, a 

special energy h creates holes and electrons pairs (Eq. (3)). The created holes that exhibit high 

oxidizability react with the absorbed water on the surface or interior to produce protons (H+) (Eq. 

(4)). The generated electrons are injected into the WO3 conduction band and then react with WO3 

and H+ to form HxWx
VW1−x

VIO3 (Eq. (5)), as shown in Scheme 1. Therefore, the changes in the 

W–O bonds from edge-sharing into corner-sharing, as well as the formation of W–OH are 

probably triggered by this photochromic process. The unchanged IR spectra of the film annealed 

at 450 °C can be explained by the absence of water resulting from the thermal treatment. 

As aforementioned, the low valence of W in HxWO3 (x ≈ 0.17) is detected by XPS. The 

formation of corner-sharing W–O–W bonds and the collapsed edge-sharing of W3O13 clusters are 

also observed in the IR spectra. These structural transitions are illustrated in Scheme 2. A 

polyhedron structure of edge-sharing W3O13 that connects with one another by corner-sharing 
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W–O–W bonds is formed in the as prepared films. The W3O13 cluster reacts with H2O molecule 

and forms a H–W3O13 unit when illuminated by UV light. Simultaneously, the edge-sharing W–

O–W bonds break and transform into a cross-linked structure with only corner-sharing bonds 

remaining. The increase in porosity created by UVI may be due to the collapse of the W3O13 

clusters during the reaction between the absorbed water and WO3 films. UVI also does not exert 

much effect on the WO3 film annealed at 450 °C. This finding agrees with the photochromic 

phenomena, indicating that hydrogen cannot be directly photoinjected into polycrystalline WO3 

films because of the small specific surface area and weak absorptivity 24.  

An electrochemical model is assumed based on electrical conductivity and ion diffusion to 

understand the complicated mechanism of gasochromic response (Scheme 3). According to the 

double-injection theory, the injection current depends on the ion (Ri) and electron (Re) resistant 

values in the series circuit, especially the larger ones. That means the double injection needs low 

ions and e- resistances. Before UVI, the WO3 film exhibits low Ri and high Re. At high Re values, 

the electrical conductivity is too small to form a return circuit. Thus, the insertion of hydrogen 

atom into HxWO3 can only be achieved by chemical reaction, which is mainly based on the 

Arrhenius equation (e-Ea/RT) and exhibits a slow reaction process. When films are irradiated by 

UV, the new formed HxWO3 gives low resistance for e- . So there is low Ri from WO3 and low Re 

from HxWO3 in the films and fast double injection is achieved. The insertion of hydrogen atom 

then performs in the electrochemical route and is exhibited as a RC circuit. The dissociated 

hydrogen atom is adsorbed onto the WO3 film surface and acts as the power source of the RC 

circuit. The WO3 films can serve as a Faraday capacitor. A hydrogen ion and an electron of the 

dissociated H atom are inserted into the WO3 lattice through Ri, which depends on the structural 

porosities from the anode, and through Re, which depends on the electrical conductivity from the 
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cathode. Accordingly, the color center x exhibits the characteristic response of an RC circuit in 

exponential modes (e-t/RC), where R is the sum of Re and Ri.  

According to this model, the electric potential of the HxWO3 (x) capacitor is equal to the power 

voltage of H2 (µ(PH2)) at equilibrium. 

( )
2Hx Pμμ =

      (6) 

According to the ideal gas law 5, 

( ) 









=

atm1
ln

2

1
( 2

2 0

H

H

P
TRPµ    (7) 

where R0 is the gas constant and T is the temperature. Based on the theory and measurement of 

the chemical potential of amorphous HxWO3 by Crandall 42, the chemical potential is expressed 

as: 










−







+=

x

x

f

nRT
bxax

1
ln- µ

  (8) 

where a, b, and n are constants, and f is Faraday’s constant. If the minimal interaction 42 (bx) of 

the tungsten ions with their neighboring oxygen atoms is neglected, and Eqs. (6) to (8) are 

combined, the color center x of HxWO3 can be written as: 
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n
H

n
H

P

kP
x

−

−

+
=

1
    (9) 

where k and n are constants and determined by the constants in Eqs. (6) to (8). Eq. (9) is the 

same as the experimental results of Chan15. Hence, the two different theoretical modes are linked 

based on our new assumption, which is also supported by a previous electrochemical study on 

gasochromism43. 

The complicated gasochromic response caused by the thermal and UVI treatments based on this 

model are next considered. The transmittances of the WO3 coloration are determined by color 

centers, which can be measured from optical density (OD) changes. The optical density is 

obtained from the following equation. 









=

0

log
T

T
OD

    (10) 

where T and T0 are the transmitted light transmittance at the colored and bleach states, 

respectively. The optical density decay is obtained and presented in Fig. 6. The optical response s 

of each WO3 films annealed at different temperatures exhibit an activation process, except for 

the films annealed at 50 ℃ and further irradiated by UV. Higher heating temperatures result in a 

more obvious activation process. UV treatment cannot overcome this activation process for the 

films annealed below 450 °C.  
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Based on our gasochromic response model, the OD decay for all samples before and after UVI is 

properly fitted by a single-exponential decay function as follows: 








 −
+=

RC

t
AI exp0υ

    (11) 

where υ0 is the initial coloration velocity and A is a constant determined by capacity C and 

electric potential Ε. The fitting results are shown in Table 3. Two kinds of exponential process 

can be observed. One is a long-term exponential delay with a negative RC, and the other is a fast 

exponential coloration with a positive RC.  

Orel 43 indicated that the proton conductivity of the WO3 film is always higher than the 

electronic conductivity. HxWO3 is also a semiconductor when x is less than the metal-insulator 

transition point (x0), and a metal when x is larger than x0
42. Hence, Re of the semiconductor 

before UVI is too large to build a return circuit, and a slow chemical reaction process can be 

observed. After UVI, the XPS results show that x in HxWO3 is 0.17, which is similar to the 

studies of Crandall 18. With this value, HxWO3 exhibits low resistance by which the series circuit 

in Scheme 3 is formed and a fast coloration response can be observed. The coloration process of 

deep coloration films without UVI can also be divided into an exponential delay in the beginning 

and exponential coloration in the subsequence process, such as the WO3 film annealed at 50 °C 

shown in Fig. 6(a). This result is attributed to the changes in electron density of state caused by 

the insertion of H. The WO3 films annealed at 450 °C show crystalline structures, which do not 

exhibit photochromism 44. Hence, the coloration activation process is still long even after UVI in 

Fig. 6(b). 
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The optical response significantly depends on the heating temperature regardless of UVI, as 

shown in Fig. 6 and Table 3, because ion diffusion relies on the structure porosity 19,20. For 

amorphous, the main interaction is at the defects and surfaces. For crystalline, the intercalation 

sites are mainly located inside of the bulks. Different intercalation sites arouse different diffusion 

barriers. Thermal treatment can largely influence the porosities and crystalline phase of WO3 

films, resulting in large Ri value changes. Moreover, the HxWO3 can be decomposed into WO3-x 

and H2O
45. This RC model we proposed here mainly focused on the fast H intercalation process. 

Slow decomposition and oxygen diffusion are assigned to the high R situation, where the 

activation energy and the diffusion constant should be further studied.  

5. Conclusions 

UVI can largely improve the gasochromic response of WO3 films prepared by sol-gel methods. 

Under irradiation, the porosities of WO3 films largely increase, and the formation of HxWO3 

(where x = 0.17) can be detected. The optical response of WO3 gasochromic films exhibits two 

coloration responses: exponential delay and exponential coloration. Further investigation on the 

thermal treatments reveals that the porosity can only increase the coloration velocity but cannot 

overcome the activation in exponential delay. A new gasochromic model based on RC circuits is 

proposed according to the double-injection concepts, which very well agrees with the single-

exponential decay fitting of the optical density. This model is also successfully used to build a 

link between the chemical potential µx and hydrogen insertion coefficient x in two separate 

theories. 
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Table 1 Peak synthesis for W4f-level XPS-spectrum of tungsten atoms 

Table 2 Refraction index and porosities of films annealed at various temperatures before and 

after the UV irradiation.  

Table 3 Exponential decay fitting parameters of optical density of WO3 films before (a) and after 

(b)the UV irradiation. 
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Fig. 1 UV irradiation on the gasochromic responses of the WO3 films(a), IR spectra of the WO3 

films with different irradiating times (b) and the ones annealed at 150℃ (c) and 450℃ (d) before 

and after the UV irradiation. 

Fig. 2 Raman spectra of WO3 films before and after the UV irradiation. 

Fig. 3 SEM images of the WO3 films before (a) and after (b) the UV irradiation, AFM images of 

the WO3 films (c) and the UV illuminated WO3 films(d).  

Fig. 4 W4f spectra and deconvolution curves of amorphous tungsten oxide films: as-deposited (a); 

irradiated by UV lights (b). 

Fig. 5 Comparison of refractive index and porosities of the WO3 annealed at different 

temperatures, before (a) and after (b) the UV irradiation. 

Fig. 6 Single-exponential decay fitting of optical densities of WO3 films before (a) and after (b) 

the UV irradiation.  

Scheme 1 The mechanism of photochromic coloration 

Scheme 2 Structure changes of WO3 clusters aroused from the UV irradiation. 

Scheme 3 Theoretical model  
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Table 1 

 

 valence and 

 spin separation 

position (eV) ∆E (4f5/2 -4f7/2) (eV) width (eV) area (%) 

 

before 

UV 

irradiation 

 

W6+ 

W4f5/2 37.85  

2.10 

2.61 57.14 

W4f7/2 35.75 2.17 

42.86 

 

 

after 

UV 

irradiation 

 

W6+ 

W4f5/2 38.10  

2.10 

2.93 49.28 

W4f7/2 36.00 1.87 36.14 

 

W5+ 

W4f5/2 36.97  

2.10 

1.39 7.90 

W4f7/2 34.87 1.46 6.69 
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Table 2 

 refraction index porosity 

temperature 

(℃) 

before 

UVI 

after 

UVI 

∆I (Ib -Ia) 

before 

UVI (%) 

after 

UVI (%) 

∆P (Pb -Pa) 

(%) 

50 1.930 1.907 0.023 27.38 29.73 2.35 

150 2.058 2.026 0.032 13.77 17.26 3.48 

250 2.100 2.090 0.010 9.12 10.24 1.12 

350 2.136 2.128 0.008 5.06 5.97 0.91 

450 2.180 2.175 0.005 0 0.58 0.58 
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Table 3 

 

annealing 

Temperature 

(℃) 

before UV irradiation after UV irradiation 

υ01 A1 RC1 R
2
 υ02 A2 RC2 R

2
 

50 77.13 

(42.84) 

-15.39 

(27.77) 

-451.25 

(208.01) 

0.997 

(0.999) 

38.83 26.46 23.69 0.967 

150 68.56 -6.67 -558.82 0.995 44.99 16.50 230.76 0.996 

350 63.79 -2.22 -558.77 0.995 52.81 8.25 230.78 0.996 

450 - - -  62.90 -2.21 -558.60 0.995 
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