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In this paper, four kinds of WO3 films, namely, Pt-loaded hydrogenation WO3, Pt-loaded WO3, hydrogen-

treated and untreated WO3 films were synthesized and their photoelectric properties were investigated at 

room temperature. The quantitative results showed that the gas-sensitized WO3 film in formaldehyde 

exhibited much higher photocurrent than that in air. In addition, the sensitivity of Pt-loaded 

hydrogenation WO3 to formaldehyde reached to 15.8 which was nearly 15 times higher than that of the 10 

others. Moreover, the Pt-loaded hydrogenation WO3 shows excellent electrical response towards the 

formaldehyde in the darkness. The intriguing performance of the Pt-loaded hydrogenation WO3 film 

indicates an efficient coupled effect of the oxygen vacancies and Pt. The results provide the potential for 

improving efficiency of photoelectric sensitive devices by coupling two modification mechanisms. To 

explain the response characteristics of the four kinds of WO3 films, a schematic diagram of the band 15 

bending and spill over model are proposed. 

1 Introduction 

Photocurrent measurement is now considered to be the most 

valuable characterization method in characterizing the charge 

transfer and separation since the photocurrent can be a probe for 20 

straightforward interpretation of the competition between 

photogeneration, recombination, and trapping [1-3]. Nowadays, 

testing the photocurrent to figure out the carrier transport 

mechanism in the photoresponse process has attracted extensive 

attention [4-7]. The overall photoresponse process in a 25 

semiconductor can be summarized as the successive procedure of 

the solar absorption, charge-carriers separation, and charge-

carriers transport. Generally speaking, one kind of material with 

wide absorption wavelength range, effective charge-separation 

and high mobility will exhibit excellent photoelectric response 30 

performance. Therefore, the photoresponse characteristics of 

semiconductors can be modulated by adjusting the above three 

processes. Recently, much effort has been done to modulate the 

photoresponse characteristics of metal oxide semiconductor 

(MOS). For example, to increase the absorption wavelength 35 

range, the semiconductor materials annealed in hydrogen to 

introduce oxygen vacancy have attracted much attention. Chen et 

al. reported that TiO2 could absorb NIR and visible light after 

introducing oxygen vacancy by hydrogenation [8]. Li et al. 

reported a full-spectrum absorption effect of hydrogen treated 40 

WO3 due to the introduction of oxygen vacancy [9]. Zhu et al. 

reported that via annealing in a hydrogen atmosphere, the ZnO 

exhibited an obvious optical absorption in the visible region [10]. 

To enhance the separation efficiency of photoexcited electron-

hole pairs, surface decorations have been used extensively. For 45 

example, Solarska et al. proved that the silver nanoparticle could 

induce photocurrent enhancement at WO3 photoanodes [11]. Lee 

et al. reported Ag grid induced photocurrent enhancement in WO3 

[12]. Furthermore, it is well known that the photocurrent is a 

long-term process which is limited by the carrier mobility 50 

[10,13]. Due to the mobility has the following expression: 
*

0
e x p (- / )kµ µ φ

Β Β
= Τ  [13], where the *µ  and 0

µ are the 

effective mobility over the sample and the intrinsic mobility 

inside the grain and   is the barrier height at the Grain boundary 

(GB). This equation means that, as φΒ   increases, the *µ   55 

decreases. Therefore, when the temperature is constant, adjusting 

the barrier height at the GB resulting from band bending is a good 

method to modulate the carrier mobility. Recently, many 

researchers have also done a lot of work in this field [14-16]. Zou 

et al. reported that the ZnO modified with CdS showed an 60 

enhancement of photocurrent resulting from the decrease of grain 

boundary barrier height [15]. Zangwill and his coworkers 

reported that when the metal and semiconductor were in contact, 

the band bending would be formed near the semiconductor due to 

the difference of work function of metal and semiconductor [17].  65 

It is the above three processes that the photocurrent is influenced, 

therefore we can study the photocurrent to investigate the charge- 

transport process in the semiconductor.        

WO3 is of great interest for various technological applications 

from electrochromic devices to gas sensors [18-20] because of its 70 

distinctive optical, electrical, structural, and defect properties. As 
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an important n-type semiconductor with a relatively narrow gap 

(2.4 -2.8eV), WO3 can theoretically utilize visible-light [21]. 

However, its high recombination rate of e− - h+ pairs and 

relatively low reduction potential limit its application [22-23]. 

Therefore, overcoming the shortcomings in WO3 during the 5 

photoresponse process remains an important subject for 

developing the WO3 photoelectric devices.  

Recently, many efforts have been devoted to developing new 

strategies for further improving the photoelectric property of 

WO3 via the introduction of oxygen vacancy and surface 10 

modification [11, 24-25]. Through the introduction of oxygen 

vacancy, the solar absorption characteristics of WO3 have been 

improved. Our previous work has found that the WO3 with more 

oxygen vacancies shows high photosensitivity to infrared light 

resulting from the formation of the defect band in the band gap 15 

which makes the activation energy of electrons hopping from the 

defect level to the conduction band decrease [5]. Through surface 

modification, the charge- separation and charge carrier mobility 

have been adjusted. Pt loading on the WO3/p-Si can induce 

photocurrent enhancement reported by Yoon and his coworkers 20 

[26]. Although much work has been done to investigate the 

influence of surface decoration and oxygen vacancy introduction 

on the photoelectricity response of WO3 from the processes of 

carrier generation and recombination, respectively, there are only 

few reports concerning the combination of the both methods. So 25 

what the properties of WO3 would happen if we combine surface 

decoration and oxygen vacancy adjustment? What is the 

mechanism of charge-transport in the WO3? Can we achieve the 

synergistic effect of the both?  

In order to make a study on these questions, we developed a Pt-30 

loaded hydrogenation WO3 film and focused on the comparative 

study of different treated WO3 films on their photoelectric 

responses at room temperature under light illumination and dark 

state. The photogenerated carrier transport mechanism in 

different WO3 films and the roles of oxygen vacancies and Pt on 35 

the carrier generation and recombination process were 

emphatically discussed. 

2 Experimental details 

The analytical grade precursor chemicals used were sodium 

tungstate dihydrate (Na2WO4·2H2O, 99% Aldrich), Ammonium 40 

oxalate ((NH4)2C2O4, 99.5% Sinopharm), 3M hydrochloric acid 

(HCl, Sinopharm), absolute ethanol (C2H5OH, Sinopharm), and 

deionized (DI) water. All chemicals were used without further 

purification.  

2.1 Material preparing 45 

In the preparation of the material, a three-step synthesis process 

was involved. Firstly, we prepared the as-grown WO3 nanoplate 

array on the Fluorine doped Tin oxide glass (FTO) by 

hydrothermal method. In order to investigate the photoelectric 

properties of WO3 films, the ablated Fluorine doped Tin oxide 50 

(FTO) glass was used as the electrode in this study and the 

ablated FTO electrode was referred to Zhu and his coworkers 

[27]. Before growing the WO3 nanoplates, the FTO must be 

conducted a precleaned by ultrasonic treatment in detergent, de-

ionized water, acetone and methanol. The WO3 films were coated 55 

onto FTO glass without a seed layer according to the method 

proposed by Yang and his coworkers [28]. Then the FTO glasses 

were immersed into the growth-promoting media and guaranteed 

to be vertical to the wall of the Teflon-vessel. After the autoclave 

was sealed, the hydrothermal synthesis was carried out at 160 oC 60 

for 2 h. After that, the autoclave was allowed to cool down to 

room temperature in the oven, then the FTO glasses were taken 

out and washed with deionized water and methyl alcohol in 

sequence and finally dried at 80 oC in air for 12 hours.  

Secondly, we prepared the hydrogen-treated samples and air-65 

treated samples through annealing the samples synthesized in the 

first step in hydrogen (1 bar, 5% H2, 95% Ar, 135 mL/min flow) 

and in air at 450 oC for 2 h, respectively.  

Thirdly, the hydrogen treated samples were loaded with Pt by an 

impregnation method in which the hydrogen-treated WO3 film 70 

was immersed into the chloroplatinic acid (0.000429 g/mL) for 

10 min. Then, the film was calcined in air at 350 oC for 2 h. For 

the convenience of discussion, the material is denoted as Pt-H-

WO3. The air -treated samples were loaded with Pt using the 

same method which is denoted as Pt-WO3. In this paper, the air-75 

treated WO3 and hydrogen-treated WO3 are denoted as U-WO3 

and the H-WO3, respectively. The preparation procedure of the 

four kinds of WO3 is illustrated in Fig. 1. 

 

 80 

Fig. 1. Schematic illustration for the fabrication of the four kinds of WO3 

films: U-WO3 (untreated WO3) films, H-WO3 (hydrogen-treated WO3) 

film, Pt-WO3 (Pt-loaded WO3) film and Pt-H-WO3 (Pt-loaded 

hydrogenation WO3 film). 

2.2. Structural characterization 85 

XRD analysis was carried out on an X-ray diffractometer (X'Pert 

PRO, PANalytical B.V.) using Cu Kα radiation in the 2θ ranges 

from 20 to 80°. The absorbance of the films was measured with a 

UV/visible spectrophotometer (Lambda35 PerkinElmer) at room 

temperature within the wavelength range of 200 ~ 1100 nm. The 90 

surface morphologies were studied using FESEM (Hitachi S-

4800 FE-SEM). X-ray photoelectron spectroscopy analyses were 

performed in a VG ESCA III spectrometer using the Al Kα 

radiation. The binding energy reference was the C 1s peak at 

285.0 eV. The Photoluminescence (PL) spectra were taken in the 95 

wavelength range 200 ~ 1000 nm by using a Xe lamp as the 

excitation light source (excitation at 325 nm) at room 
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temperature. The Raman spectra were measured from 50 to 1000 

cm-1 using a 50 mW and 532 nm wavelength Ar green laser. 

2.3. Photoelectric response measurement 

The photoelectric properties of WO3 films were measured by a 

test platform developed by our laboratory [29]. The test platform 5 

is mainly composed of, test chamber, light source and signal 

processing system. This platform could evaluate 4 samples every 

time. In this study, a total test process lasted for 3000 s containing 

5 cycles. The details of the test process in air were as follows. 

First, let the dry air continuously flow into the test chamber to 10 

keep the relative humidity constant (< 20%) and then the test gas 

(dry air or 100 ppm formaldehyde) was introduced into the test 

chamber. The bias of 1 v used to separate electron-hole pairs was 

loaded at 15 s and unloaded at 3000 s. In the testing process, we 

turn the light on at 30 s for the first time and turn the light off at 15 

300 s, then 600 s on, 900 s off, by analogy, until the end of the 

fifth cycle. The flow of air stream was controlled as 200 mL/min 

by a mass flow controller. The blue (465 nm) LED array lights 

(Light Emitting Diode, Shenzhen Ti-Times Co.) was used for 

illuminating the samples as light sources at 30 s. The response of 20 

WO3 toward formaldehyde under dark state was tested. The 

testing process was set to a mode that formaldehyde was in at 15 

s and out at 600 s, then 1200 s in, 1800 s out, by analogy, until 

the end of the fourth cycle.   

3. Results and discussion 25 

3.1. Characterization of the WO3 films 

 
Fig. 2. XRD spectra of the four kinds of WO3 films: U-WO3 (untreated 

WO3) films, H-WO3 (hydrogen-treated WO3) film, Pt-WO3 (Pt-loaded 

WO3) film and Pt-H-WO3 (Pt-loaded hydrogenation WO3 film).The inset 30 

shows the magnified spectra of the red rectangle. 

 

Fig. 2 shows the XRD spectra of the four WO3 films, namely, U-

WO3, Pt-WO3, H-WO3 and Pt-H-WO3. All the diffraction peaks 

in the XRD pattern can be indexed to a monoclinic WO3 phase 35 

(JCPDS No. 83-0950). The surface morphology of the as-

prepared WO3 samples were investigated by SEM. As shown in 

Fig. 3, four WO3 films are all composed of WO3 nanoplates. Fig. 

3(a), 3(b), 3(c) and 3(d) are top-view images of the four WO3 

films. The average length and thickness of the platelets 40 

determined from the SEM images are ~ 500nm and ~100nm, 

respectively. Fig. 3(e) shows the cross-sectional image of WO3. 

From Fig. 3(e), we can see that the thickness of the film is about 

800 nm. Both of the XRD and SEM results prove that the four 

kinds of WO3 films exist the similar phase structures and 45 

morphologies.  

 

 
Fig. 3. SEM images of the four kinds of WO3 films: U-WO3 (untreated 

WO3) films (a); H-WO3 (hydrogen-treated WO3) film (b); Pt-WO3 (Pt-50 

loaded WO3) film (c); Pt-H-WO3 (Pt-loaded hydrogenation WO3) film (d); 

the cross-sectional image of U-WO3 (untreated WO3) thin film (e). 

 

 
Fig. 4. UV -Vis absorption spectra of four kinds of WO3 films: U-WO3 55 

(untreated WO3) film; H-WO3 (hydrogen-treated WO3) film; Pt-WO3 (Pt-

loaded WO3) film and Pt-H-WO3 (Pt-loaded hydrogenation WO3) film. 

The inset shows the color changes of the four kinds of WO3 films. 

 

Fig. 4 shows the UV-vis absorption spectra of the U-WO3, Pt-60 

WO3, H-WO3 and Pt-H-WO3 films. From the UV–vis spectra, it 

can be seen that the four WO3 films show a fairly identical 
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absorbance in the UV region (< 400 nm) and a high optical 

absorbance in the region of 400 - 800 nm. That is to say, in the 

whole spectral range, all WO3 films prepared by us exhibit an 

absorbance to some degree. However, the H-WO3 and Pt-H-WO3 

show higher optical absorbance than that of U-WO3 and Pt-WO3 5 

films in the visible light region. Commonly, the optical 

absorption of nanocrystals is assigned to the electronic transitions 

involving the conduction band, the valence band, and the various 

intrinsic defect levels [27]. The defect energy levels lying within 

the band gap will make the low energy light absorbed by WO3. 10 

For the four kinds of WO3 films, oxygen vacancies are much 

more than other defects. There have been reports that hydrogen 

treatment can effectively extend the visible light absorption of 

MOS, such as ZnO [27], TiO2 [8], WO3 [24] due to the 

introduction of oxygen vacancies. These oxygen vacancies can 15 

form defect levels lying within the band gap [27].This is maybe 

attributed to the higher absorbance of H-WO3 and Pt-H-WO3 in 

the visible light range. As shown in the inset of Fig. 4, the colors 

of H-WO3 and Pt-H-WO3 turn into dark blue from whity-yellow 

U-WO3 and Pt-WO3 films. The same phenomenon of color 20 

change of WO3 has been reported by others [20, 30]. The values 

of the band gaps for U-WO3, Pt-WO3, H-WO3 and Pt-H-WO3 are 

2.57 eV, 2.58 eV, 2.47 eV and 2.47 eV, respectively. The band 

gap energies of the three samples are calculated according to the 

equation ( )
n

hv A hv Egα = −  [31]. Where A is a constant, hv is 25 

the incident photon energy, Eg is the band gap energy, and n is 

equal to 2 for WO3. It is reported that the increasing of oxygen 

vacancies results in a narrowing band gap [32]. Therefore, the 

lower band gaps of H-WO3 and Pt-H-WO3 than that of U-WO3 

and Pt-WO3 films may be assigned to the larger numbers of 30 

oxygen vacancies in the H-WO3 and Pt-H-WO3 films. 

 
Fig. 5. Raman spectra of four WO3 films: U-WO3 (untreated WO3) films; 

H-WO3 (hydrogen-treated WO3) film; Pt-WO3 (Pt-loaded WO3) film and 

Pt-H-WO3 (Pt-loaded hydrogenation WO3 film). 35 

 

The vibration modes of the WO3 samples are investigated by 

Raman spectra, which are shown in Fig. 5. The Raman spectra 

are similar to each other from Fig. 5. Two bands at 713 cm-1 and 

808 cm-1 both result from O-W6+-O stretching modes [33-34]. 40 

The band at 272 cm-1 is assigned to the bending vibrations of W-

O-W [35]. As supported by available literature [33,36], these 

bands are characteristic of monoclinic WO3, confirming the 

results obtained by XRD that the four WO3 films belong to 

monoclinic phases.  45 

 
 

 

Fig. 6. X-ray photoelectron spectroscopy spectra of the W 4f for the 

four kinds of WO3 films: U-WO3 (untreated WO3) films (a); H-WO3 50 

(hydrogen-treated WO3) film (b); Pt-WO3 (Pt-loaded WO3) film (c); Pt-H-

WO3 (Pt-loaded hydrogenation WO3) film (d). 

 

In order to understand the chemical compositions and the defect 

states of the WO3, XPS analysis was performed on the different 55 

WO3 samples. Fig. 6 shows the spectra of W 4f and the results of 

their decomposition into peaks of the samples. According to the 

reported procedure for fitting the spin orbit doublet of W 4f [37-

38], 2 doublets were used to fit the W 4f core level. For W5+-

states of oxide, the main doublet (W 4f7/2) is centered at 34.8 eV 60 

and for W6+-states of oxide, the maxima of peak couples 

correspond to W 4f7/2 is centered at 35.7 eV. The parameters of 

spin–orbit separation is Ep (4f5/2−4f7/2) = 2.1 eV and the intensity 

ratio is I 4f5/2/I 4f7/2= 0.75. As listed in Table 1, the relative 

integrated intensity ratios of the W5+ and W6+ calculated from W 65 

4f fitted peaks for the four films can be obtained. The percentages 

of W5+ are 11.6%, 11.8%, 18.2% and 22.4% for U-WO3, Pt-WO3, 

H-WO3 and Pt-H-WO3, respectively. Since the reduction of W6+ 

to W5+ relates to the changes of oxygen. Therefore, the 

concentration of W5+ can reveal the content of oxygen vacancies 70 

indirectly. We can deduce that the order of the concentrations of 

oxygen vacancies of the four WO3 films is: Pt-H-WO3 > H-WO3 

> Pt-WO3 > WO3. From Fig. 6, we can find that there are some 

slight peak shifts for W5+ and W6+, especially W5+ peak between 

H-WO3 and Pt-H-WO3. This is attributed to the dual roles of Pt 75 

and hydrogenation which make the electron cloud density on the 

surface of the WO3 decreased. Therefore the peaks for W5+ and 

W6+ shift towards to the high binding energy for Pt-H-WO3. 

To gain more insight into the oxygen vacancies, the O 1s spectra 

of the four WO3 films are shown in Fig. 7. The O 1s spectra are 80 

carefully deconvoluted into 3 peaks (Oa, Ob, Oc) by using 

Gaussian fitting. According to the results reported by other 

researchers [37-39], the Oa peak at 530.2 eV is attributed to the 

inherent O associated with W. The Ob peak at 531.5 eV is 

attributed to the O2− ions in the oxygen-deficient regions and the 85 
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Oc peak at 532.5 eV due to the contaminated O on the surface of 

the thin film. The relative integrated intensity percentages of the 

different oxygen species calculated from O 1s fitting peaks are 

listed in the Table 2. The change in the intensity of Ob peak is in 

connection with the variations in the concentration of the oxygen 5 

vacancy [40]. According to XPS result, it is evident that all of the 

WO3 films contain some VO defects and absorbed oxygen. And 

from Table 2, the absorbed oxygen on the surface of WO3 

increases with oxygen vacancy increasing. Many researchers 

have reported that the presence of oxygen vacancies on the 10 

surface results in increasing adsorption of gas molecules [41-42]. 

Therefore, the H-WO3 and Pt-H-WO3 absorb more oxygen on the 

surface.  

 

 15 

 

Fig. 7. X-ray photoelectron spectroscopy spectra of the O 1s for the 

four kinds of WO3 films: U-WO3 (untreated WO3) films (a); H-WO3 

(hydrogen-treated WO3) film (b); Pt-WO3 (Pt-loaded WO3) film (c); Pt-H-

WO3 (Pt-loaded hydrogenation WO3) film (d). 20 

 

Table 1 The relative integrated intensity percentages for the W5+, W6+ 

calculated from W 4f fitting peaks of the four kinds of WO3 films. 

Sample W
5+

, Ep W 4f7/2  (%) W
6+

, Ep W 4f7/2  (%) 

U-WO3 11.8 88.2 

Pt-WO3 11.6 88.4 

H-WO3 18.2 81.8 

Pt-H-WO3 22.4 77.6 

 

Table 2 The relative integrated intensity percentages for the different 25 

oxygen species calculated from O 1s fitting peaks of the four kinds of 

WO3 films. 

Sample Oa (%)  Ob (%) Oc (%) 

U-WO3 75.14 14.87 9.99 

Pt-WO3 72.96 16.9 12.14 

H-WO3 66.45 19.06 14.49 

Pt-H-WO3 65.23 19.63 15.14 

 

 
Fig. 8. The PL spectra of the four kinds of WO3 films under the 30 

excitation of UV light at 325 nm. U-WO3 (untreated WO3) films; H-WO3 

(hydrogen-treated WO3) film; Pt-WO3 (Pt-loaded WO3) film and Pt-H-

WO3 (Pt-loaded hydrogenation WO3 film). 

 

For better understanding the presence of defects in the samples, 35 

PL spectra of the samples at room temperature were tested, which 

was shown in Fig. 8. It can be obviously seen that the 

photoluminescence intensities of the four kinds of WO3 films are 

different. The main peaks centered at ~ 550 nm in the PL spectra 

for all of the samples originate from the localized states and 40 

defects in the band gap that is verified by our previous work [5]. 

In general, the lower PL intensity indicates the lower 

recombination rate of photogenerated electron-hole pairs [43]. 

According to the PL spectra, the Pt-WO3 shows the highest 

emission intensity, while the Pt-H-WO3 exhibits the lowest 45 

intensity among the four samples indicating a much repressed 

recombination rate. It is well known that the oxygen vacancies 

which act as electron traps can prevent photogenerated carriers 

from rapid recombination. And Pt can not only act as an electron 

sink to capture electrons suppressing the recombination of 50 

electrons and holes, but also can discharge electrons to recombine 

with holes or react with reactants [44]. For Pt-WO3, the Pt mainly 

acts as a recombination center resulting in a high recombination 

rate. While for Pt-H-WO3, Pt acts as an electron sink. The 

different roles of Pt in Pt-WO3 and Pt-H-WO3 come from the 55 

different band structures of them. This has an important 

relationship with whether hydrogenation or not. For WO3, the 

hydrogen treatment causes the formation of large amounts of 

oxygen vacancies. That makes more oxygen adsorption on the 

surface of hydrogen-treated WO3 than that of untreated WO3. 60 

Those oxygen molecules acting as strong acceptors to capture the 

free electrons and bend the energy bands upward. The electrons 

will transfer from the WO3 to the lowest unoccupied molecular 

orbital (LUMO) of the molecule until EF decreases to the same 

energy as that of the LUMO level [47]. In this process, the EF of 65 

WO3 decreases. The EF of hydrogen-treated WO3 is lower than 

that of untreated WO3 duo to the larger oxygen vacancies in the 

hydrogen-treated WO3. When Pt loaded, the electrons will 
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transfer from WO3 to the Pt until the Fermi levels of Pt (EF,Pt) and 

WO3 (EF,s) are aligned. The lager ∆EF (EF,s-EF,Pt), the more 

electrons transferring to Pt. From this we can infer that there are 

more electrons transferring to Pt for Pt-WO3 than that of Pt-H-

WO3. Thus for Pt-WO3, a large number of electronic gather on 5 

the Pt and quickly recombine with holes. While for Pt-H-WO3, a 

small amount of electrons transfer to the Pt. These electrons are 

captured in the Pt and can’t quickly recombine with holes. This 

moment, the role of Pt is electron sink. Meanwhile, oxygen 

vacancies acting as electron traps can prevent photogenerated 10 

carriers from rapid recombination. It is the synergistic effect of 

oxygen vacancy and Pt that makes the Pt-H-WO3 show a very 

low recombination rate.  

3.4. Photoelectric response 

Fig. 9 shows the five consecutive cycles of photocurrent-time 15 

curves of the four kinds of WO3 films in air. Take a first look at 

the responses of the four WO3 films, the photocurrents of the four 

WO3 films increase rapidly upon blue light illumination. When 

the light is off, the photocurrents reduce slowly and can’t return 

to its original value. The phenomenon which the photocurrents 20 

reduce slowly suggests that carrier traps exist within the band gap 

[45]. Both the PL and the XPS results demonstrate that there is a 

certain amount of oxygen vacancies which usually act as electron 

traps in the four samples. These electron traps make some 

electrons captured, resulting in an enhancement of the carrier 25 

lifetime [30,45], which make the photocurrents reduce slowly. 

Here, the maximum photocurrent values at each cycle in air are 

extracted and the photo-generated current defined by I= Ioff-Ion 

are calculated, which are depicted in Fig. 10. As shown in Fig. 9 

and Fig. 10, three main results can be obtained. 30 

 

 
Fig. 9. The photoelectric response curves of the four kinds of WO3 films 

in the air under the blue light illumination. U-WO3 (untreated WO3) 

films; H-WO3 (hydrogen-treated WO3) film; Pt-WO3 (Pt-loaded WO3) 35 

film and Pt-H-WO3 (Pt-loaded hydrogenation WO3 film). 

 

Firstly, after scores of cycles, the photocurrent amplitudes 

gradually increase, result in the ladder-like photocurrent-time 

curves. Secondly, the increase extents of the photocurrent 40 

amplitudes among the four kinds of WO3 are different. Thirdly, 

the values of photogenerated current of the next cycle, in 

comparison with the former one, are lower. To illustrate these 

three points more clearly, the photocurrent values of each cycle in 

Fig.9 at the light turning off are extracted and depicted in Fig. 45 

10(a). And the photogenerated current-time curves are shown in 

Fig. 10(b). Evidently, the current amplitudes of the four kinds of 

WO3 films increase with the time increasing and the increasing 

ranges of the four kinds of WO3 films are different. Meanwhile, 

the decreasing photogenerated current with time also can be 50 

found. 

 

 

 
Fig. 10. The extracted photocurrent values of each cycle in Fig. 9 when 55 

turning the light off (a); the photo-generated current values of each 

cycle in Fig. 9 (b). U-WO3 (untreated WO3) films; H-WO3 (hydrogen-

treated WO3) film; Pt-WO3 (Pt-loaded WO3) film and Pt-H-WO3 (Pt-

loaded hydrogenation WO3) film. 

 60 

For the first one, as all of the samples contain some oxygen 

vacancies which can trap electrons. The  electrons  trapped  in  

the  oxygen vacancies  cannot  contribute  to  the  current,  but  

the  electrons photoexcited from the oxygen vacancies into the 

conduction band can raise the photocurrent [46]. During 65 

illumination, the electrons and holes are generated by absorbing 

the photon energy. Among them, some electrons are trapped by 

the oxygen vacancies. Removing the illumination, the trapped 

electrons cannot be completely released from the oxygen 
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vacancy. It means that some electrons are stored in the prior 

cycle. When the samples are exposed to the illumination again, 

electrons are excited from the valence band to the conduction 

band, meanwhile the electrons  trapped  in  the  oxygen  vacancy  

levels can also be photoexcited  into  the  conduction  band  5 

contributing to the current. With the increase of test time, the 

number of electrons stored in the oxygen vacancies increases 

gradually until the oxygen vacancies existing in the WO3 have 

been filled. Therefore, after being illuminated several times, the 

photocurrent curve of the samples presents the ladder-like 10 

increase. 

For the second one, due to the different treatment processes, the 

four kinds of WO3 films show different photocurrent response 

characteristics. In this section, we focus on the band bending 

effect between the WO3 and its influence on the photoresponse 15 

processes. The characterization results verify that the four kinds 

of WO3 surfaces are oxygen-deficient and, thus, n-type because 

of the excess electrons in the lattice-oxygen vacancies on the 

surface, which increase the electronic potential energy near the 

surface, causing the bands to bend upward. Meanwhile, when the 20 

metal and semiconductor are in contact, the band bending also 

happens. This is because that the free electrons will transfer 

between metal and semiconductor due to the work function 

difference [47]. Here, Pt with low lying Fermi level is a good 

acceptor of electrons from WO3, which contributes to upward 25 

band bending [30]. In this way, a space charge region forms, 

resulting in the free charge carrier concentration near the 

semiconductor surface to be depleted compared with the bulk. It 

is widely accepted that the electron depletion region plays an 

important role in the producing of the photocurrent [13]. In the 30 

depletion region, the carrier mobility is suppressed due to the 

existence of the potential barrier. Only these electrons pass over 

the grain boundary, they can contribute to the current. The 

potential barrier dependence of the conductivity is given by 

*

0 0exp( ) exp( )B

B B

qV
ne ne ne

k T k T

φ
σ µ µ µ

−
= = = −                (1) 35 

where n is the number of free carries, and  *µ and 0µ are the 

effective mobility over the sample and the intrinsic mobility 

inside the grain,  Bφ  is the potential barrier, Bk  is the Boltzmann 

constant, V is the energy band bending degree and T is the 

temperature. This equation means that theσ   decreases with the 40 

V increasing. To understand the photoconductivity mechanism 

and explain the distinctive difference of the photocurrent 

responses among the four kinds of WO3 films, the double 

Schottky barrier models of the two films are depicted in Fig. 11. 

As shown in the Fig. 11, upon blue irradiation, photogenerated 45 

holes and electrons are produced, and then they are separated 

under the effect of the built-in electric fields. In this process, 

some electrons are stored in the oxygen vacancies and transport 

from WO3 to Pt that make the number of electrons in the 

conduction band lower than that of holes in the valence band. 50 

Combining the roles of the oxygen vacancies and Pt, the degrees 

of the band bending of the four samples are different. The order 

of the V is: Pt-H-WO3 > Pt-WO3 > H-WO3 > U-WO3. Therefore, 

the order of photocurrent amplitudes of the four kinds of WO3 

films is: U-WO3 > H-WO3 > Pt-WO3 >Pt-H-WO3. 55 

For the third one, as the oxygen vacancy capturer is not 

occupied by photogenerated electrons before the reproducible 

photocurrent response tests, the number of the unoccupied 

oxygen vacancies is the largest, but as the testing proceeds, the 

oxygen vacancies are filled up by the electrons gradually. And 60 

the captured electrons cannot be completely released from the 

trap level during the period of turning the light off and before 

turning the light on. That is, some oxygen vacancies are still 

occupied by electrons. These electrons don’t recombine with the 

holes in the valence band, therefore some holes still exist in the 65 

valence band. It means that in the next cycle when the light is on, 

the number of electrons excited from the valence band to the 

conduction band decreases. Therefore, the photo-generated 

current decreases with the time. Here, we use the first cycle and 

the second cycle as an example to illustrate these processes that 70 

are depicted in the Fig. 12. In these processes a range of reactions 

happen [5]. 

Under light irradiation, electron–hole pairs are generated 

[reaction (2)]. In this process, electrons are continually ejected 

into the conduction band (CB) and holes are generated in the 75 

valence band (VB). For these photogenerated electrons, some are 

captured by oxygen vacancies [reaction (3)]; some recombine 

with the holes; some contribute to the conductivity. When the 

light is off, the recombination of electrons and holes dominates, 

which makes the photocurrent decay. Considering some electrons 80 

are captured by the oxygen vacancies, they must first be excited 

into the conduction band and then recombine with holes. 

Therefore, the recombination process contains two processes, 

including reaction (4) and reaction (5). 
*

3 3WO h WO e hν − ++ → + +
                                   (2) 

85 

( )e trap e Trap− −+ →                                             (3) 

( )e h recombination Heat− ++ →
                         (4) 

( ) ( )e Trap h recombination Heat− ++ →
              (5) 

In the first cycle, some electrons are stored in the oxygen 

vacancy and can’t be totally released from the trap level. Thus 90 

some holes must exist in the valence band. When the second 

cycle starting, the number of electrons exciting from valence 

band to conduction band decreases under the same light 

illumination. Therefore, the photo-generated current decreases 

with the time. 95 
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Fig. 11. The scheme of double Schottky barrier models of the four 

kinds of the films under blue light irradiation. Ec is the bottom of the 

conduction band, Ev is the top of the valence band, q is the electron 

charge, and Vi (i =1, 2, 3, 4) is the height of grain boundary barrier, W is 5 

the width of depletion layer. U-WO3 (untreated WO3) films (a); H-WO3 

(hydrogen-treated WO3) film (b); Pt-WO3 (Pt-loaded WO3) film (c); and 

Pt-H-WO3 (Pt-loaded hydrogenation WO3) film (d). 

 

 10 

 

Fig. 12. Schematic illustrating the production process of the photo-

generated electrons. 

 

It is well known that photocurrent has been regarded as the most 15 

efficient method to evaluate the photocatalytic activity of 

composite photocatalyst [3,48]. But we should note that there is 

no direct relation between photocatalytic activity and 

photocurrent which is verified by Liu and his coworkers [15]. 

Inspired by the work of Liu et al., the formaldehyde is introduced 20 

into the test chamber to study the coupled effect of oxygen 

vacancy and Pt on the photoelectric responses of the four samples 

in formaldehyde. And the photocurrent- time curves are shown in 

the Fig. 13 (a). First, from an overall perspective, no matter in the 

air or in the formaldehyde, they have the same response shapes. 25 

Nevertheless the response amplitudes are different. Comparative 

analysis of the photocurrent responses in air and in formaldehyde, 

it is clearly found that the four samples all exhibits much higher 

photocurrent in formaldehyde than that in air. Zhang et al. 

reported that the adsorption of donor molecules on the 30 

semiconductor surface would bend the energy bands downward 

[46].When the four samples are tested in formaldehyde, the 

formaldehyde molecules donate electrons to the WO3 causing 

downward band bending, which decreases the potential barrier. 

Meanwhile, we should also note that a series of reactions occur in 35 

formaldehyde. In addition to reactions (2) – (5), the reactions (6) 

– (9) also occur in formaldehyde as follows.   

2
( )h H O ads OH H

+ +
+ •+ →                                     (6)  

2 2 2
2 2

Pt
O H e H O

+ −
+ + →                                       (7)    

2 2
H OHO e OH

− −
+ → •+                                           (8)   40 

2 2
2 2 2HCHO OH CO H O H e

+ −
+ • → + + +               (9)                       

As shown in the reaction (9), some electrons can be released. 

Therefore, the number of free carries of the four samples in 

formaldehyde is all more than that in air. According to the 

equation (1), the photocurrent increases with the decreasing of 45 

potential barrier and the increasing of electron. Therefore, the 

photocurrent in the formaldehyde is higher than that in the air. 

Secondly, to illustrate the coupled effect of oxygen vacancy and 

Pt, the photocurrent amplitudes at each cycle in Fig. 9 and Fig. 

13(a) are extracted, and their ratios defined as sensitivity are 50 

calculated. The ration is shown in the Fig. 13(b). From Fig. 13(b), 

it is obviously found that the sensitivity of Pt-H-WO3 reached to 

15.8 which is nearly 15 times higher than that of others at the first 

300 s. We attribute it to the synthetic action of oxygen vacancies 

and Pt. 55 

As we all know, the CB level of WO3 (+0.5 V vs NHE) is more 

positive than the potentials for the single-electron reduction of 

oxygen (
2 2 ( ), 0.284 ;O e O aq VvsNHE− −+ = −  

2 2 ( ), 0.046O e H HO aq VvsNHE− ++ + = −  ) [35], the WO3 

films can’t be allowed to efficiently consume photoexcited 60 

electrons. However, Pt can act as cocatalyst promoting the 

multielectron reduction of O2. Therefore, reactions (2)-(9) all 

occur for Pt-WO3 and Pt-H-WO3. Although the electrons 

captured by Pt could recombine with the holes in air, the 

electrons can react with formaldehyde adsorbed on the surface of 65 

the Pt. This implies that Pt-loading can enhance the 

photocatalytic activity of WO3 and H-WO3 through facilitating 

both OH• and holes decomposition of organic compounds by 

promoting multielectron O2 reduction. At the same time, we must 

pay attention to the fact that there are more oxygen vacancies in 70 

the Pt-H-WO3.The presence of oxygen vacancies on the surface 

will facilitate formaldehyde adsorption [41]. This can not only  

reduce  the  energy  barrier  to  increase  the  electron  transport 

mobility,  but  also  can  promote  the  reaction  (9)  to  increase  

the electron concentration. Meanwhile, as a result of the existence 75 

of Pt, the formaldehyde gases will spill over and replace the 

positions of •OH and react with the •OH in the same 

neighborhood. This is the same process of releasing electrons 

which can contribute to the photocurrent in the formaldehyde. 

And, From Fig. 13(a) and Fig. 9, the change rate of Pt-H-WO3 is 80 
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obvious better than that of Pt-WO3. This shows that the 

hydrogenation has an irreplaceable role on the gas sensing 

properties of the materials. Thus, we think it is the spill over 

model and oxygen vacancy theory that activate the sensitization 

in formaldehyde. The ratio of photocurrent in air to that in 5 

pollutant ambience can be used as an index to evaluate the 

photocatalytic activity [21]. Therefore, we can deduce that the 

photocatalytic activity of the Pt-H-WO3 is the highest among the 

four kinds of WO3 films. It also once again verifies that there is 

no direct relationship between photocurrent and photocatalytic 10 

activity.  

At the same time, it’s worth noting that the ration of 

Iformaldehyde/Iair of the four samples increases with time increasing. 

We discuss this issue from the following two aspects. The first is 

the adsorption capacities of formaldehyde. With the time 15 

growing, the absorbed formaldehyde molecules increase 

gradually until the adsorption sites are filled up. The second is the 

electrons stored in the oxygen vacancies and Pt increase with the 

time growing and these electrons can be released to involve in 

reaction (9), which makes the ration of Iformaldehyde/Iair increase 20 

with time. Among them, the Pt-H-WO3 exhibits the most obvious 

increasing trend. 

This is attributed to the synergistic effect of oxygen vacancy and 

Pt. For Pt-H-WO3, the oxygen vacancies are abundant, therefore 

it can trap the most electrons and absorb the most formaldehyde 25 

molecules. Meanwhile Pt can promote the reaction (9) and 

facilitate the stored electrons to participate in the reaction (6)-(9). 

Therefore, the Pt-H-WO3 exhibits the most obvious increasing 

trend. 

Li et al. have reported that Pt-H-WO3 still has some catalytic 30 

properties to formaldehyde under dark condition [9]. Inspired 

from this, we want to know whether there is a current response 

existing in the four kinds of WO3 films under dark condition in 

air and in formaldehyde, respectively. Therefore, the dark 

responses of the four kinds of WO3 films were investigated. For 35 

the four samples, no response was found in air, which was not 

shown in the paper, while the obvious response in the 

formaldehyde was found, which is shown in Fig. 14. From Fig. 

14, it can be seen that the U-WO3 and H-WO3 exhibit the same 

response models. Meanwhile, the Pt-WO3 and Pt-H-WO3 show 40 

the same response models. 

 

 
Fig. 13. Photocurrent-time curves of the four samples in formaldehyde 

under blue light illumination (a); the Sensitivity (Iformaldehyde/ Iair) versus 45 

time (b). U-WO3 (untreated WO3) films; H-WO3 (hydrogen-treated WO3) 

film; Pt-WO3 (Pt-loaded WO3) film and Pt-H-WO3 (Pt-loaded 

hydrogenation WO3) film. 

 

 50 

Fig. 14. Current-time curves of the four of WO3 films to formaldehyde in 

the darkness. U-WO3 (untreated WO3) films; H-WO3 (hydrogen-treated 

WO3) film; Pt-WO3 (Pt-loaded WO3) film and Pt-H-WO3 (Pt-loaded 

hydrogenation WO3) film. 

 55 

For U-WO3 and H-WO3 films, the current decreases once the 

formaldehyde is in and the current increases once the 

formaldehyde is out. However, the contrary is the case for Pt-

WO3 and Pt-H-WO3 films. The current comes from the 

transportation of electrons stored in the WO3. Because the 60 

formaldehyde molecules are polar molecules and WO3 is the 

polar semiconductor, a dipole-dipole interaction will form in the 

interface when the formaldehyde molecules are absorbed on the 

surface of WO3 films. When the electrons transfer between the 

WO3 nanoparticles to form current, they must overcome the 65 

dipole-dipole interaction [49]. Therefore, the current values of U-

WO3 and H-WO3 shown in Fig. 14 decrease immediately once 

the formaldehyde gas is bubbled into the test chamber. While 

when the formaldehyde gas is out, the dipole-dipole interaction is 

weakened, thus the current of U-WO3 and H-WO3 increases. For 70 
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Pt-WO3 and Pt-H-WO3, the situations are different. Although the 

dipole-dipole interactions still exist between WO3 and 

formaldehyde molecules, chemical reactions with the help of Pt 

play major roles. It means that the effect of the dipole-dipole 

interactions can be ignored in the Pt-WO3 and the Pt-H-WO3. 5 

Recently, it has been reported that the presence of Pt on WO3 is 

known to facilitate the multielectron reduction of O2 resulting in 

producing OH radicals [40]. In our work, although no 

photogenerated electrons and holes are generated under dark 

condition, the energy stored in the WO3 with the help of Pt can be 10 

released, which provide a support for the reaction (7)-(9). 

Therefore, we can see the current responses of the Pt-WO3 and 

the Pt-H-WO3 in dark. As more energy stored and more active 

sites existing in the Pt-H-WO3 compared with Pt-WO3, thus the 

response of Pt-H-WO3 is higher than that of Pt-WO3. 15 

4 Conclusions 

In this work, the microstructures of the four WO3 films were 

characterized systematically and the photoelectric response 

characteristics of the four WO3 films were tested centrally. We 

focus on the influences of Pt and oxygen vacancies on the 20 

photoelectric responses of WO3 films in dark and light conditions 

at room temperature. The Pt-loaded hydrogenation WO3 shows 

the highest sensitivity to the formaldehyde under radiation and 

the most obvious response in dark. The results demonstrated that 

coupling of oxygen vacancy and Pt has a certain research value. 25 

In this work, the oxygen vacancies can provide trapping sites to 

trap electrons to be stored, prolonging the life of the carriers, 

which can suppress recombination of electrons with holes and 

provide active sites to absorb formaldehyde enhancing the gas 

sensitive values. Meanwhile, Pt can act as an electron sink to 30 

capture, store electrons transferring from excited semiconductors 

and act as a recombination center to facilitate the recombination 

of the electrons and holes. The coupled effect of oxygen vacancy 

and Pt cannot change the photoelectric response shapes, but can 

change the response amplitude and sensitivity through 35 

modulating the band bending and chemical reactions. This work 

may be of great value in developing new sensitive material for 

detection of pollution gases without energy consumption and new 

method for modulation of the material properties.   
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The coupled effect of oxygen vacancy and Pt on the 

photoelectric response of tungsten trioxide films 

 

 

The coupled of Pt and oxygen vacancy make the Pt-H-WO3 show excellent sensitivity 

to formaldehyde in light or in dark.  
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