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Abstract

:

The preparation of tungsten oxide (WO3) thin film by direct current (DC) reactive sputtering magnetron method and its photoelectrocatalytic properties for water oxidation reaction are investigated using ultraviolet-visible radiation. The structural, morphological, and compositional properties of WO3 are fine-tuned by controlling thin film deposition time, and post-annealing temperature and environment. The findings suggest that the band gap of WO3 can be controlled by adjusting the post-annealing temperature; the band gap decreased from 3.2 to 2.7 eV by increasing the annealing temperature from 100 to 600 °C. The theoretical calculations of the WO3 bandgap and the density of state are performed by density functional theory (DFT). Following the band gap modification, the photoelectrocatalytic activity increased and the maximum photocurrent (0.9 mA/cm2 at 0.6 VSCE) is recorded with WO3 film heated at 500 °C. The WO3 film heated under air exhibits much better performance in photoelectrochemical water oxidation process than that of annealed under inert atmosphere, due to its structural variation. The change in sputtering time leads to the formation of WO3 with varying film thickness, and the maximum photocurrent is observed when the film thickness is approximately 150 nm. The electrical conductivity and charge transfer resistance are measured and correlated to the properties and the performance of the WO3 photoelectrodes. In addition, the WO3 photoelectrode exhibits excellent photoelectrochemical stability.
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1. Introduction


Hydrogen energy is considered as a potential solution for addressing the world’s energy needs. It represents a promising energy resource that can avert carbon dioxide emissions from fossil fuels [1,2,3]. The photoelectrocatalytic (PEC) technique is an auspicious method for the production of pure oxygen and hydrogen streams from water [4,5,6]. The PEC technique has gained attention mainly due to its advantages represented by positive environmental effect and low energy consumption [7,8,9]. Moreover, PEC uses suitable semiconductors with a bandgap equal to or lower than the solar absorbed photons to harvest solar energy [10,11,12,13,14].



Nowadays, many investigations are dedicated to application of metal oxide semiconductors, such as TiO2, ZnO, CuO, BiVO4, Fe2O4 etc., as photoanodes for photoelectro-chemical water oxidation [15,16,17,18,19]. Among these metal oxide semiconductors, tungsten oxide (WO3) has received much attention due to the wide range of its bandgap (~2.6 to ~2.8 eV for bulk material [20] and up to 3.2 eV for nanostructure forms [21]) that can absorb up to 480 nm, and hence being active in the visible light region.



The WO3 photoanode films can be deposited using various methods, such as hydrothermal, electrodeposition, spray pyrolysis, dip coating, and sputtering [22,23,24,25,26,27]. Among these deposition methods, the sputtering system is an effective deposition technique that can enable the tuning of thin film parameters by controlling the deposition power, gas atmosphere, working pressure, deposition angle, substrate temperature, and deposition time [28,29,30].



The deposition conditions during sputtering have a significant impact on the photoelectrocatalytic activity of WO3 films. For instance, Fendrich et al. [31] deposited WO3 films followed by post annealing at different temperatures. They found that the annealing temperature can affect the crystallinity, morphology, light absorption, and photocatalytic activity of the fabricated films. A similar evolution in morphological and structural properties of the WO3 nano-porous films, prepared by potentiostatic anodization, as a function of post-annealing temperature is reported by Mohamed et al. [32]. Specifically, the film’s crystallinity was improved at elevated annealing temperatures (300 °C and above). In addition, the optical properties, and the photocurrent density of the prepared films were dependent on the annealing temperature. Another crucial factor is the film thickness, which can be controlled by adjusting the deposition time. For example, Han et al. [33] found that the photocurrent density increased significantly by increasing the thickness of WO3 film, which was deposited by pulsed laser deposition (PLD). Similarly, Fang et al. [34] showed that an optimal thickness could give the highest photoelectrocatalytic activity. Exceeding that optimal thickness had negative impact on the PEC performance. Driven by these findings, attempted to perform a comprehensive study to investigate the influence of post-annealing temperature, annealing atmosphere, and deposition time on the photoelectrocatalytic activity of the WO3 sputtered thin films.



In this work, we fabricated WO3 thin films under different conditions using DC reactive sputtering system and studied their photoelectrocatalytic property by monitoring the water oxidation. The photoelectrocatalytic activity of these films was studied as a function of post-annealing temperature, annealing environment, and deposition time. Accordingly, the consequent changes in film’s characteristics, due to the change in fabrication condition, such as surface morphology, crystallinity, optical property, and resistivity, have been investigated and correlated with the PEC results. In addition, the theoretical bandgap of WO3 film was calculated using DFT calculation and then compared with the experimental value.




2. Results and Discussion


The structural evolution of WO3 as a function of annealing temperature, deposition time, and annealing environment was followed by X-ray diffraction (XRD). All the tested films were deposited on fluorine-doped tin oxide (FTO) substrate. Figure 1a shows the XRD patterns of the WO3 films annealed at different temperatures, starting from room temperature to 600 °C. It is clear that the as-deposited WO3 film as well as those annealed at 100, 200, and 300 °C have an amorphous structure, as they were no presence of any diffraction peak. The diffractions appeared at 26.8°, 34.1°, 38.1°, 51.8°, and 54.8° correspond to FTO [35]. When the annealing temperature is increased to 400 °C, the amorphous phase is discerned to transform into crystalline form. The diffractions recorded at 23.5°, 24.0°, 24.7°, 29.2°, 34.1°, 34.7°, 42.1°, 50.1°, and 56.2° are attributed to the crystalline phase of WO3. These diffractions correspond to (002), (020), (200), (112), (022), (202), (222), (400), and (124) reflections, respectively. The recorded diffractions are in good agreement with those reported for the WO3 monoclinic structure with P21/n space group (JCPDS No: 01-072-1465) [36,37]. A further increase in the calcination temperature from 400 °C to 600 °C did not show noticeable impact on the XRD of the films. The change in XRD patterns as a function of deposition time (or film thickness) is shown in Figure 1b. All the films grew in the same WO3 phase, and preferred orientation along (200) plane. The improvement in the diffraction intensity of the films deposited for 10 min and above, compared with 5 min deposited film, can be attributed to the enhancement in the crystallinity with the increase in film’s thickness. The crystallinity improvement in the thicker films can be related to the availability of favorable medium for the atoms’ thermal motion, which can lead to better alignment of crystallites [38]. A similar behavior was observed and reported for other metal oxides [39,40,41,42]. To investigate the impact of annealing environment, the films were also annealed in vacuum and air. Figure 1c compares the XRD patterns of the films obtained in vacuum and air by annealing at 500 °C. In case of the film annealed in vacuum showed a single, small, and broad diffraction at 23.9°, suggesting the formation of sub-stoichiometric form of WO3−x phase. This diffraction peak might be related to the (010) plane of the monoclinic Magnéli-Phase W18O49 which can be formed in oxygen-deficient annealing environment [43]. The weak crystallinity of WO3−x film might be attributed to the insufficient supply of oxygen atoms that can help in the growth of kinetically preferred orientation [44].



The information about the surface morphologies and the thickness of the WO3 thin films were obtained by field-emission scanning electron microscopy (FESEM). The qualities of the WO3 films collected after post-annealing at different temperatures in air are shown in Figure 2a–g. For comparison, the image of the WO3 films annealed at 500 °C in vacuum is shown in Figure 2h. The surfaces of the as-deposited and the films annealed at 100 °C, 200 °C, and 300 °C were dense, smooth, and crack-free, as shown in Figure 2a–d, respectively. The morphology change started with slight cracking for the film annealed at 400 °C (Figure 2e). These cracks might be due to the phase transition from the amorphous to the crystalline phase, as observed by the XRD. The cracks became more prominent for the film annealed at 500 °C as the tungsten oxide particles began to agglomerate (Figure 2f). With further increase in the heating temperature to 600 °C, the cracks increased significantly. The tungsten oxide particle aggregation increased to form a continuous sheet, as shown in Figure 2g. The surface of the WO3 film post-annealed at 500 °C in vacuum is smooth with fewer cracks as compared to its counterpart film annealed in air at the same temperature (Figure 2h).



The surface and the thickness of the WO3 films obtained after different disposition time, annealed at 500 °C in air, are obtained by top-view and cross-section of FESEM images, as shown in Figure 3. The WO3 film deposited for 5 min shows a dense, rough texture and void-free morphology with a thickness of ~87 nm (Figure 3a,e). When the deposition time was increased to 10 min, a few cracks appeared on the film’s surface as a result of thermal aggregation [35], and the film thickness was calculated to be ~156 nm (Figure 3b,f). More cracks and voids appeared with increasing the deposition time to 15 and 20 min (Figure 3c,d). The WO3 film thickness increased to ~294 and ~370 nm (Figure 3g,h), respectively. The obtained results suggest that the evolution of the surface morphology of the WO3 films was dependent on its deposition time or thickness. A similar conclusion was mentioned in previous studies [45,46,47]. It is worth noting that the evolution of the film’s thickness was almost linear with the deposition time.



The optical properties of the WO3 thin films were investigated by ultraviolet-visible (UV-Vis) absorption spectroscopy in the wavelength range from 800 to 200 nm. The recorded spectra are shown in Figure 4. Figure 4a shows the UV-Vis absorption spectra of WO3 films annealed at different temperatures between 100 and 600 °C in air. The absorption spectra can be seen shifting to the shorter wavelength region as the post-annealing temperature increased to 600 °C. The increase in the absorption spectra in the visible region for the films that annealed at elevated temperature (400–600 °C) might be due to the increase in the scattered light caused by the increase in the grain size and surface roughness, as confirmed by the FESEM findings [48,49]. The shift in the fundamental absorption edge toward a longer wavelength can be explained by investigating the features of the optical bandgap of the fabricated films using Tauc’s relation [50,51]:


(αhν)n = A(hν − Eg)



(1)




where (α) is the absorption coefficient, (h) is the Planck’s constant, (ν) is the frequency, (A) is constant, (Eg) is the optical bandgap, (n) is constant (= 2 for direct bandgap, = 1⁄2 for indirect bandgap).



Figure 4b shows the functional dependence of (αhν)(1/2) versus the absorbed photon energy. The optical bandgap of WO3 films can be estimated by extrapolating the liner part of (αhν)(1/2) curves to zero [51]. The optical bandgap of WO3 films decreased, from 3.2 eV for the as-deposited film to 2.7 eV for 600 °C annealed film, with the increase in the post-annealing temperature. This behavior can be attributed to the presence of thermal-induced defects [52]. Annealing at a high temperature can affect the nanostructure of WO3 by introducing oxygen vacancies. These vacancies create sublevels between the conduction and valance band of the WO3 band structure, and hence decreasing its bandgap [53]. The influence of WO3 film’s thickness on UV-Vis light absorption was also investigated, as shown in Figure 4c. The absorption spectra, below 600 nm, was significantly increased by the increase of the deposition time, presumably due to particle size growth caused by the rise in the WO3 mass thickness. The bandgap of the WO3 films was found to be decreased with increasing the deposition time. The WO3 film deposited for 5 min showed the highest bandgap (2.9 eV) due to the quantum size confinement [47]. The bandgap decreased gradually to reach the lowest value (2.7 eV) for the film deposited for 20 min due to the size change from one dimension to the bulk material. The annealing atmosphere was also found to have an impact on the UV-Vis absorbance spectra and optical bandgap of the films, Figure 4e,f, respectively. The film annealed in air exhibited a smaller light absorption at a higher wavelength (visible range) due to the formation of fully stoichiometric WO3−x film (Figure 4e) [47,54]. The vacuum-annealed film showed a higher bandgap (3.05 eV) compared to air-annealed film (2.8 eV) (Figure 4f); this might be due to the formation of non-stoichiometric tungsten oxide phase (WO3−x). The formation of WO3−x is discussed in the X-ray photoelectron spectroscopy (XPS) results.



The compositional analysis of WO3 films was performed using X-ray photoelectron spectroscopy (XPS), and the data is presented in Figure 5. Figure 5a–c show the XPS survey spectra of as-deposited, air-annealed, and vacuum-annealed (at 500 °C) WO3 films. All the survey scan spectra confirm the presence of W and O without any impurities. Figure 5d–f demonstrate the deconvoluted peaks of W 4f spectra for the as-deposited WO3 and WO3 films annealed at 500 °C in air and vacuum, respectively. The deconvolution of high resolution XPS spectra of W 4f in as-deposited film shows two chemical binding energies of two different oxidation state; W+5 (at 33.9 eV (W 4f7/2) and 36.2 eV (W 4f5/2), and W+6 (at 35.7 eV (W 4f7/2) and 37.9 eV (W 4f5/2) [55,56] (Figure 4d). The presence of W+5 oxidation state reflects the existence of crystal defects in the form of oxygen vacancies [57]. On the other side, the high-resolution XPS spectrum of air-annealed WO3 film shows only one binding energy spectrum, at 35.6 eV (W 4f7/2) and 37.8 eV (W 4f5/2), which is related to W+6 oxidation state (Figure 5e). This confirms the formation of fully oxidized WO3 film as a result of post-annealing treatment in the air. For the vacuum-annealed film (Figure 5f), both binding energy spectra (oxidation states) of W+5 and W+6 were found at 33.8 eV (W 4f7/2), 36.2 eV (W 4f5/2), 35.8 eV (W 4f7/2) and 37.9 eV (W 4f5/2), respectively. This was caused by the absence of oxygen in the ambient annealing atmosphere. Figure 5g–i show the deconvoluted peaks of O 1s spectra for the as-deposited WO3 and WO3 films annealed at 500 °C in air and vacuum, respectively. The high-resolution XPS spectrum of the O 1s for the as-deposited film was deconvoluted into two binding energies; one at 530.4 eV, which corresponds to lattice oxygen (OL), and the other at 532.1 eV, which is due to the oxygen vacancy (Ov) (Figure 5g) [58,59]. After the air-annealing treatment (Figure 5h), it was observed that the number of oxygen vacancies reduced compared to the as-deposited film as a result of filling the vacancies by the absorbed oxygen from the ambient atmosphere [57]. The amount of oxygen vacancy in the vacuum-annealed film had not significantly changed due to the lack of oxygen molecules in this annealing atmosphere (Figure 5i).



DFT calculations were performed to evaluate the theoretical bandgap and density of state (DOS) of the WO3 photoanode using a similar phase structure. Figure 6a shows the optimized geometry of the monoclinic WO3 structure. The electronic band structure and its projected density of state of WO3, calculated by using the generalized gradient approximation GGA-PBE exchange-correlation function, are shown in Figure 6b. The bandgap of WO3 was calculated to be around 1.14 eV, which is very small compared to the experimental value. This is a common problem with the GGA functional, which strictly underestimates the bandgap calculations [60]. The DOS shows that the conduction band (CB) of WO3 is mainly associated with W_5d orbitals, while O_2p orbitals dominate the valance band (VB). The bandgap calculation was improved by introducing the hybrid DFT calculation using B3YLP functional as presented in Figure 6c. It was found that the calculated bandgap was improved to 2.61 eV (indirect bandgap), which is closed to the experimental value estimated in this article.



The PEC performance of the WO3 films obtained under different conditions was evaluated under illumination using chronoamperometry and linear sweep voltammetry tests. All the PEC measurements were carried out in 0.1 M Na2SO4 aqueous electrolyte. The generation of photocurrent density as a function of time was investigated using a light on/off chronoamperometry test. The results for the WO3 films obtained after annealing at different temperatures are shown in Figure 7a. The measurement was performed at 600 mV vs saturated calomel electrode (SCE). The electrodes did not show any noticeable photocurrent when the light source was switched-off (~zero dark current). Meanwhile, an instantaneous current density was generated under illumination, indicating the photocatalytic behavior of the electrodes. It can be seen that the generated photocurrent density produced by these electrodes were dependent on their post-annealing temperature. For example, as-deposited film and films annealed at 100–300 °C showed a weak photocurrent (less than 0.2 mA/cm2). However, a dramatic improvement in the photocurrent was observed for the films annealed at 400–600 °C. The films obtained after heat treatment at 400, 500, and 600 °C produced 0.6, 0.9, and 0.7 mA/cm2, respectively. This improvement can be rationalized in terms of electrical conductivity, which is likely to increase with the phase transition of WO3 from amorphous to crystalline, as confirmed by the XRD [61]. In addition, it can be correlated to the films’ bandgap; a smaller bandgap can absorb more light, and hence more electron/hole pairs can be generated. Although WO3 film annealed at 600 °C has a smaller bandgap than the film obtained at 500 °C, the large number of cracks present in the former film can affect its surface continuity, which in turn can decrease its conductivity. Linear sweep voltammetry (I–V) curves of WO3 films, annealed at a different temperature, were obtained in the range of 0–800 mV vs SCE (Figure 7b). The I–V curves showed that the photocurrent of these electrodes increases with the increase in forward potentials under illumination, which agrees with the n-type semiconductor [62,63]. Besides, all the electrode films did not generate any dark current at higher potential (800 mV), indicating a complete photo-responsive behavior. The effect of deposition time on the PEC performance was also investigated, and the results are shown in Figure 7c). The maximum photocurrent (0.9 mA/cm2) was recorded with the film deposited for 10 min, followed by the films deposited for 5 min (0.7 mA/cm2) 15 min (0.6 mA/cm2), and 20 min (0.4 mA/cm2). As determined by the FESEM, the respective thickness of the films deposited for 5, 10, 15, and 20 min are 87 nm, 156 nm, 294 nm, and 2370 nm. The film’s thickness can have significant impact on electrical conductivity and charge transfer resistance [38]. Therefore, a thinner film might have many grain boundaries that can increase the scattered charge carriers [38]. On the other hand, the thicker film’s resistance can also be increased due to the increase in the charge’s diffusion path [64]. Similar photocatalytic behavior was observed in the current-potential (I–V) curves for all thicknesses (Figure 7d). The annealing atmosphere found to have a substantial effect on the PEC activity of the WO3 films (Figure 7e). A smaller photocurrent (0.1 mA/cm2) was generated from the vacuum-annealed film; this might be due to its high resistivity (low crystallinity), or due to the formation of non-photo-active phase (WO3−x). The PEC activity of the vacuum-annealed film remains low even at high potential; 0.2 mA/cm2 at 800 mV vs SCE (Figure 7f). The stability of the photoanodes is important metric. The WO3 film prepared after 10 min deposition time followed by annealing at 500 °C in air was selected to evaluate the photoelectrochemical stability. The current-time curve recorded at a potential of 600 mV for 120 min is shown in Figure 7g. The photoelectrode showed an instantaneous generation of photocurrent when the light was turned on, followed by a slight decrease during the first 20 min, presumably as a result of electrical double layer capacitance i.e., accumulation of charge carriers at the electrolyte/film interface. After 20 min, the photoelectrode exhibited highly stable photocurrent generation, and the photocurrent remains stable at ~0.75 mA/cm2 for 100 min. After 100 min, the photocurrent decreased sharply when the light was turned off. This suggests that the recorded photocurrent was the result of photoexcitation of the WO3 and water oxidation reaction in the presence of light.



The PEC activity of the as-prepared WO3 photoelectrode, which was prepared with 10 min deposition followed by annealing at 500 °C, was compared with those recently reported in the literature. The photocurrent and important conditions are presented in the Table 1. As can be seen, the as-prepared WO3 photoelectrode compares favorably with other photoelectrodes.



Electrochemical impedance spectroscopy (EIS) measurements were performed to study the resistivity and charge transfer process of the WO3 films. The measurements were performed in the frequency range of 10−2–1 mHz. The Nyquist plots (imaginary vs real impedance) of as-deposited and annealed (100–600 °C) WO3 films are shown in Figure 8a. The results were obtained in presence of light. All the impedance data was fitted with a randle circuit, which consists of a charge transfer resistance (Rct) that is connected with a capacitor in parallel and solution resistance (Rs) in series [75]. It can be observed that the charge transfer resistance of the films annealed at 400 °C and above are significantly smaller (Rct = 147, 166, and 289 Ω for 500, 400, and 600 °C, respectively) as compared to the films annealed at 300 °C and below (Rct = 4.7, 7.1, 28.6, and 77.5 KΩ for 300, 200, 100 °C, and room temperature). These findings are in good agreement with XRD and PEC results; the crystalline WO3 films showed lower resistance and higher photocatalytic activity than amorphous films. The Nyquist plots of the WO3 films, annealed at 500 °C in air, obtained with different deposition time (or film thickness) are shown in Figure 8b. The Rct of the films deposited for 5, 10, 15, and 20 min are calculated to ~250, ~147, ~348, and ~433 Ω, respectively. An optimal film’s thickness is required to avoid electron scattering at the grain boundaries in thinner films and electron/hole pair recombination in the thicker films. To highlight the effect of light on conductivity, the Nyquist plots of the WO3 film (deposition time = 10 min, annealing temperature = 500 °C) were recorded under light and dark conditions. The results are compared in the Figure 8c. As evident, a huge charge transfer resistance (Rct = 250 kΩ) is registered in the absence of light, explaining the negligible dark current noticed during on/off chronoamperometry measurements.




3. Experimental Details


3.1. Synthesis of WO3 Thin Films


The preparation of the WO3 thin films was carried out using a DC reactive sputtering system (model NSC-4000, Nanomaster, Austin, TX, USA). A circular disk made from 99.995% of W (purchased from ACI alloys INC, San Jose, CA, USA) was used as the sputtering target. A conductive coated glass (FTO) was utilized as a substrate for the deposition of WO3 films. In order to study the effect of post-annealing temperature on the PEC performance, FTO substrates were cleaned, dried, and placed inside the sputtering chamber. The sputtering chamber was evacuated to an initial pressure of 8 × 10−6 torr. The deposition process was performed at 100 watts in a 70 sccm mixture of argon and oxygen (1:1) atmosphere with a working pressure of 3 × 10−3 torr. The deposited films were then post-annealed in air or vacuum at different temperature for 2 h, and the substrate heater was sealed in an evacuated chamber. The thickness of the WO3 films was controlled by changing the deposition time (5, 10, 15, 20 min) while keeping the other deposition parameters constant.




3.2. WO3 Films Characterization


Various techniques were used to characterize the fabricated WO3 films. X-ray diffraction (XRD, Rigaku Miniflex 600 X-ray Diffraction, Tokyo, Japan, with Cu K irradiation at λ = 1.5406 Å) was used to obtain the phase and structure information of the photoanode films. Felid emission scanning microscopy (FESEM Tescan Lyra-3, Brno-Kohoutovice, Czech Republic) was used to study the surface morphology (top view image) and film’s thickness (cross-section image) of the deposited films. A double-beam UV-Vis spectrometer (Jasco V-570, Tokyo, Japan) was used to observe the optical absorption spectra. X-ray photoelectron spectroscopy (XPS, Model: ESCALAB250Xi, Thermo Fisher, Waltham, MA, USA) was used to examine the films’ surface composition.




3.3. Theoretical Calculation


Density functional theory (DFT) and pseudopotential methods were carried out to obtain the first principle band structure and density of state (DOS) calculations of WO3 using Vienna ab initio simulation (VASP) package. Generalized gradient approximation (GGA) along with the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional was used to find the standard band structure and DOS of WO3. 630 eV was set as an energy cut-off for a basis set. The   6 × 4 × 5   k-mesh of Monkhorst−Pack scheme was used to simplify the Brillouin zone for bulk WO3. A value of 10−6 eV per atom was used as self-consistent field (SCF) tolerance. Hybrid functional DFT calculation using B3YLP correction functional was used to get an accurate band gap value.




3.4. Photoelectrochemical (PEC) Study


The photoelectrocatalytic performance measurements; chronoamperometry, liner sweep voltammetry, and electrochemical impedance spectroscopy of the WO3 photoanodes was studied in a quartz cell attached to a potentiostat (Voltalab, model: PGZ 402, Colorado, USA) with a three-electrode measurement system. WO3 films, saturated calomel electrode (SCE), and platinum coil were used as working electrodes, reference electrode, and counter electrode, respectively. A 0.1 M aqueous sodium sulfate (Na2SO4) solution was used as an electrolyte. A 300 watt Xenon lamp (Model: Max-303, Tokyo, Japan) was used as an illumination source with a wavelength (  λ  ) range of 300 to 600 nm and 100 mW cm−2 light intensity. The charge transfer resistance (Rct) of the deposited films was evaluated under dark and light using electrochemical impedance spectroscopy (EIS).





4. Conclusions


In conclusion, this study demonstrated that the important properties of WO3 thin films can be fine-tuned by controlling deposition time, and post-annealing temperature and environment. The band gap of WO3 can be controlled between 3.2 and 2.7 eV by adjusting the post-annealing temperature between 100 and 600 °C. It is discerned that the photoelectrocatalytic activity of WO3 photoelectrodes increased with decreasing bandgap, and the maximum photocurrent (0.9 mA/cm2 at 0.6 VSCE) was recorded with WO3 thin film heated at 500 °C with a bandgap of 2.85 eV. The annealing environment is also found to have significant impact on the performance—the WO3 film heated under air exhibited much better photoelectrochemical water oxidation than that of annealed under inert (argon) atmosphere. In addition to the annealing temperature and environment, the film thickness is another crucial feature that dictated the performance of WO3. The thickness of WO3 film can be easily controlled between ~85 and ~370 nm within a short deposition time ranging from 5 to 20 min, and the maximum photocurrent was observed when the film thickness was approximately 150 nm. The charge transfer resistance of the films annealed at 400 °C and above was significantly smaller as compared to the films annealed at 300 °C and below, which was in good agreement with the PEC trend where the crystalline WO3 films showed higher photoelectrocatalytic activity than the amorphous films. In addition, the WO3 photoelectrode exhibited excellent photoelectrochemical stability—the electrode was stable for the entire measurement time (120 min).
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Figure 1. XRD patterns of WO3 films: (a) annealed at different temperatures in air, the deposition time was 10 min, (b) prepared with different deposition times, annealed at 500 °C in air, and (c) annealed in vacuum and air, deposition time = 10 min and annealing temperature = 500 °C. 
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Figure 2. Field-emission scanning electron microscopy (FESEM) images of WO3 films: (a) as-deposited, and annealed at (b) 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 600 °C in air, and (h) the film annealed at 500 °C in vacuum. All samples are deposited for 10 min. 
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Figure 3. FESEM images of WO3 films deposited for (a) 5, (b) 10, (c) 15, (d) 20 min, and their corresponding cross-section images (e) 5, (f) 10, (g) 15, (h) 20 min. All the films were annealed at 500 °C in air. 
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Figure 4. UV-Vis absorption spectra of WO3 films as a function of (a) air annealing temperature, (c) deposition time and (e) annealing atmosphere. Tauc’s plots of WO3 films as (b) air annealing temperature, (d) deposition time, and (f) annealing atmosphere. 
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Figure 5. XPS spectra of (a–c) survey scan, (d–f) W 4f, and (g–i) O 1s of the as-deposited, air-annealed (500 °C), and vacuum-annealed (500 °C) of WO3 films, respectively. 
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Figure 6. (a) WO3 optimized structure, (b) WO3 band structure and DOS calculations using GGA-PBE functional, and (c) WO3 band structure calculation corrected by hybrid functional DFT. 
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Figure 7. Photoelectrocatalytic (PEC) performance measurements; light on/off chronoamperometry and liner sweep voltammetry (LSV) measurements for WO3 films (a,b) annealed at different temperatures in air, (c,d) different deposition time, and (e,f) in air and vacuum, annealed at 500 °C. (g) Stability test of WO3 films deposited for 10 min and annealed at 500 °C under light for 120 min. 
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Figure 8. Nyquist plots of the WO3 films: (a) annealed in air at different temperature, (b) deposited for different time, (c) comparison under dark and light conditions. Nyquist plots of WO3 films deposited for 10 min and annealed in air at 500 °C under dark and light. 
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Table 1. Comparison of the as-prepared WO3 photoanodes with other WO3 photoelectrodes.
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	Preparation Method
	Photocurrent mA/cm2
	Potential (V)
	Electrolyte
	Light Source
	Reference





	Electrochemical deposition
	0.6
	0.6 (SCE)
	0.5 M Na2SO4
	Xenon lamp

100 mW cm−2
	[65]



	Electrochemical deposition
	0.005
	0.6 (Ag/AgCl)
	0.1 M

KH2PO4
	F8W/BLB-lamp (366 nm)

1.8 mW cm−2
	[66]



	Hydrothermal method
	0.6
	1.23 (Reversible hydrogen electrode-RHE)
	0.1 M Na2SO4
	solar simulator AM 1.5G filter

100 mW cm−2
	[67]



	Hydrothermal method
	1.25
	0.6

(Ag/AgCl)
	0.5 M Na2SO4
	300 W Xe arc lamp

AM 1.5G (100 mW cm−2)
	[68]



	Pulsed laser ablation
	3.0
	1.23 (RHE)
	0.5 M phosphate buffer solution
	300 W Xe lamp
	[33]



	Sol-gel
	0.2
	1.6 (Ag/AgCl)
	0.5 M NaCl
	Xenon lamp

AM1.5 100 mW cm−2
	[69]



	Sol-gel
	0.3
	0.8 (Ag/AgCl)
	0.5 M H2SO4
	Xenon lamp

AM1.5 100 mW cm−2
	[70]



	Fixed-Potential Deposition
	0.06
	1

Ag/AgCl
	0.1 M Na2SO4
	60W tungsten lamp irradiation
	[71]



	Doctor blade
	1.4
	0.6

(Hg/HgCl)
	1.0 M HClO4
	500 W xenon lamp
	[72]



	Sputtering
	0.1
	1.0 (Ag/AgCl)
	3 M NaCl
	Xenon lamp AM 1.5 100 mW cm−2
	[73]



	Sputtering
	0.08
	1.4

(RHE)
	0.5 M H2SO4
	Xenon lamp

AM 1.5 100 mW cm−2
	[74]



	Sputtering
	0.9
	0.6 (Hg/HgCl)
	0.1 M Na2SO4
	Xenon lamp

(300–600 nm)

100 mW cm−2
	[This work]
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