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Photoelectrochemical water splitting using WO3 photoanodes: the 

substrate and temperature roles 

Paula Dias,a Tânia Lopes, a Laura Meda,b Luísa Andradea and Adélio Mendesa,* 

The influence of the substrate on the performance of WO3 photoanodes is assessed as a function of the temperature. Two 

samples were studied: WO3 deposited on a FTO glass and anodized on a tungsten foil. Current-voltage curves and 

electrochemical impedance spectroscopy measurements were used to characterize these samples between 25 °C and 65 °C. 

The photocurrent density increased with temperature for both samples and the onset potential shifted to lower potentials. 

However, for WO3/FTO, a negative shift of the dark current onset was also observed. The intrinsic resistivity of this substrate 

limits the photocurrent plateau potential range. On the other hand, this behavior was not observed for WO3/metal. 

Therefore, the earlier dark current onset observed for WO3/FTO was assigned to the FTO layer. The optimal operating 

temperatures observed were 45 °C and 55 °C for WO3/FTO and WO3/metal, respectively. For higher temperatures, the bulk 

electron-hole recombination phenomenon greatly affects the overall performance of WO3 photoanodes. The stability 

behavior was then studied at these temperatures over 72 h. For WO3/FTO, a crystalline-to-amorphous phase transformation 

occurred during the stability test, which may justify the current decrease observed after the aging period. The WO3/metal 

remained stable, maintaining its morphology and good crystallinity. Interestingly, the preferential orientation of the aged 

crystals was shifted to the (-222) and (222) planes, suggesting that this was responsible for its better and more stable 

performance. These findings provide crucial information for allowing further developments on the preparation of WO3 

photoanodes, envisaging their commercial application in PEC water splitting cells.

1. Introduction 

The world power consumption is presently about 15 terawatts (TW) 

and an extra power demand of 10 - 15 TW is envisaged by 2050.1, 2 

To mitigate the effects of this increasing energy demand, the 

exploitation of renewable energy sources becomes imperative for a 

sustainable future. The efficient conversion of solar energy into a 

storable and transportable form of energy is an urgent goal and solar 

fuels are one viable option.3, 4 Hydrogen is considered a clean and 

storable energy carrier if it is produced from renewable energy 

sources. Photoelectrochemical (PEC) water splitting is a promising 

process for hydrogen generation from another renewable resource, 

water, using sunlight as input energy.5, 6 In fact, PEC cells offer a 

unique combination of an efficient and low-cost device for producing 

high purity hydrogen.7 The first demonstration of solar water 

splitting was reported by Fujishima and Honda, in the early 70’s, with 

a TiO2 semiconductor as photoanode under UV illumination.8 The 

efficiency improvement of solar water splitting based on earth-

abundant materials fabricated by scalable processing techniques has 

continued throughout the years, but only recently attracted 

worldwide attention.6, 9-12 

Photoelectrochemical cells combine the harvesting of solar 

energy and the water electrolysis in a single device, producing 

oxygen and hydrogen at physically separated chambers, respectively 

anode and cathode. The evolved gases can then be collected and 

stored for a future use. A typical PEC cell consists of a light-absorbing 

semiconductor electrode (anode) and a metallic counter electrode 

(cathode), both immersed in an aqueous electrolyte solution; 

however, the cell can be equipped with two or more photoactive 

electrodes.13, 14 Currently, the selection of the semiconductor 

electrodes is of great importance in PEC water splitting cells since 

they have to fulfill several requirements. The electrode materials 

should have a proper band gap energy (at least 1.9 eV) to cover water 

dissociation energy (1.23 eV) plus the thermodynamic losses (ca. 0.4 

eV) and the overpotentials (ca. 0.3 eV – 0.4 eV), strong visible light 

absorption and the band edge positions well positioned to assist 

oxidation and reduction of water.4, 15, 16 Moreover, low-cost, long-

term stability in water and under illumination and high energy 

conversion efficiency are also crucial factors to achieve the required 

efficiency target of 10 % to enable commercialization.17 

For scaling up this technology it is not only necessary to find new 

semiconductor materials and to use a versatile PEC cell reactor, but 

also to understand the behavior of the cell under real outdoor 

conditions.18 The performance of the PEC cells should vary essentially 

as a function of solar irradiance and temperature. Depending on the 

operating environment (indoor/outdoor applications, geographical 

location and specific time of the year), temperatures ranging 

between subzero to near 70 °C can be expected.19 Despite, only few 

works have reported the temperature dependence on the PEC cells 
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performance. Mendes et al. 20 simulated the effect of outdoor 

conditions (temperature and solar radiation variations) on the 

energy performance of PEC cells. A linear increase of the 

photocurrent density with the temperature was observed and the 

maximum production of hydrogen occurred between 11:00 AM and 

1:00 PM (solar time) for undoped hematite photoanodes. Recently, 

the same group studied the combined effect of temperature 

variations (from 25 °C to 65 °C) and the aging behavior of a PEC 

system using Si-doped hematite photoanodes. The results showed a 

photocurrent density increase with temperature; however, taking 

into account performance and stability the optimal operation 

temperature of the PEC cell was ca. 45 °C. This study also evidenced 

that the temperature influences the behavior of the bare transparent 

conducting oxide (TCO) layer, which exhibits an earlier dark current 

onset potential for higher temperatures.21 

TCO films have been extensively used as a transparent electrode 

for optoelectronic device applications, e.g. for solar cells.22, 23 Besides 

the conductivity and transparency, the main requirements of TCO 

coatings are the electronic compatibility with adjacent layers in the 

electrodes and the stability under operating conditions. From the 

common TCO materials, fluorine doped tin oxide (FTO), indium tin 

oxide (ITO) and aluminum doped zinc oxide (AZO), only FTO is stable 

in acidic/alkaline environments.24 In PEC devices, the photoelectrode 

materials are mostly deposited onto glasses previously covered with 

a TCO thin layer to assure a transparent photoelectrode. The 

development of a transparent semiconductor will allow to transmit 

the fraction of solar radiation not absorbed by the material and to 

convert it by other photosystems, improving their overall energy 

performance. On the other hand, when the transparency is not 

important, the metal substrate can be a potential alternative for TCO 

glass substrates. Metal has the advantages of cost-effectiveness, 

excellent mechanical flexibility and thermal stability in the industrial 

fabrication processes. Furthermore, metal has high conductivity and 

good dimensional stability during the processing at elevated 

temperature.25  

The present study aims to evaluate the effect of temperature on 

the performance of PEC water splitting cells equipped with tungsten 

trioxide (WO3) n-type semiconductors. In particular, the main goal of 

this work is to understand if the photoelectrode substrate plays a 

critical role on the PEC devices behavior with temperature. 

Nanostructured WO3 semiconductor was selected due to its close to 

optimal bandgap (Eg = 2.5 - 2.7 eV) able to capture ca. 12 % of the 

solar spectrum, moderate hole diffusion length (ca. 150 nm) and 

good chemical stability in acidic aqueous solutions under solar 

illumination, as well as easy and cheap preparation procedures.26, 27 

The morphology (e.g. shape, size and porosity) and crystallinity of 

WO3 nanoparticles depend critically on preparation parameters and 

annealing temperatures, being also limiting factors for PEC cell 

performance.28-30 Herein, the WO3 photoanodes were prepared 

using two types of substrates: glass covered with a FTO layer and 

tungsten metal substrate, i.e. WO3 were deposited by doctor blade 

on the FTO glass substrate and anodized on a tungsten metal foil. 

An experimental setup was developed to control the 

temperature inside the PEC device, allowing its characterization as a 

function of the temperature. Five temperatures were considered, 

equally spaced from 25 °C to 65 °C, and the correspondent current-

voltage (J-V) characteristic curves were obtained in dark and under 1 

sun AM 1.5 G illumination (100 mW cm-2) conditions. Electrochemical 

impedance spectroscopy (EIS) measurements were also performed 

in dark to extract detailed information concerning the charge 

transfer and accumulation processes occurring in the PEC cell and 

how they are related to its performance at different temperatures. 

Aging tests were then conducted for both samples at their best 

operating temperature during several hours for assessing their 

stability. Scanning electron microscopy (SEM) and X-ray diffraction 

(XRD) analysis were carried out to compare the morphology and 

crystallinity of the WO3 films under study with the performance of 

the PEC cell. 

2. Experimental 

The temperature effect on the performance of water splitting cells 

using tungsten trioxide photoanodes was studied. The PEC cell was 

operated from 25 °C to 65 °C with steps of 10 °C. A reference test at 

25 °C was always performed between experiments in order to check 

the photoanode behavior under reference operating conditions. The 

WO3 photoanodes were prepared using two types of substrates, FTO 

glass and tungsten foil; their deposition techniques are described in 

detail hereafter. The experimental test bench with the PEC cell setup 

used to control the temperature and the photoelectrochemical 

measurements are described. Moreover, the stability of these 

photoanodes was assessed at their best operating temperature (45 

°C for WO3/FTO and 55 °C for WO3/metal) and their structural and 

morphological characterization before and after aging tests were 

also studied. 

Photoanode materials preparation 

WO3 photoelectrode on FTO glass substrate (coded hereafter as 

WO3/FTO) The WO3 photoelectrodes were deposited onto FTO (TEC 

8, 8 Ω sq-1) glass substrate by the blade-spreading method at Institute 

ENI Donegani (Novara, Italy), following the procedure named Synt-1, 

as described elsewhere.31 Briefly, tungstic acid was obtained by 

passing 5 mL of an aqueous Na2WO4 solution (10 wt%, Carlo–Erba) 

through a proton exchange resin (Amberlite IR120H) and the eluted 

solution was collected in 5 mL of ethanol to slow down the tungstic 

acid condensation. To the resulting colloidal dispersion, 0.5 g of 

organic dispersing agent was added and stirred until complete 

dissolution. WO3 photoanodes were prepared by blade-spreading 

the resulting H2WO4 colloidal precursor on FTO glass substrates. The 

resulting films were annealed at 550 °C in air for 2 h.31 

WO3 photoelectrode on W metal substrate (coded hereafter as 

WO3/metal) The WO3 photoelectrode on a tungsten foil substrate 

was prepared by the anodization method at Institute ENI Donegani 

(Novara, Italy), as described elsewhere.32 The tungsten foil, prior to 

anodization, was carefully cleaned with acetone and ethanol and 

sonicated in an Alconox/water solution to remove surface 

contaminants and oily or greasy impurities. Then, the WO3 

photoanodes were prepared by applying a potential difference of 40 

V (Aim-TTi EX752M DC power supply) across the two tungsten foils, 

which were kept at a distance of about 3 mm. To avoid electrode 

corrosion, care was taken to reach the final 40 V in about 1 min. This 

way, a passivation compact oxide was formed during the initial 
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stages of anodization. The total duration of anodization was 5 h in a 

thermostatic bath at 40 °C.33 

Experimental Setup 

To study the temperature effect on the PEC cell performance, an 

experimental test bench with a temperature controlling system was 

designed and built, as previously reported by the same group.21 

Briefly, the electrolyte temperature was controlled using a 

thermostatic water bath (Julabo model ME, Germany) and the 

electrolyte pH was monitored using a pH meter (Inolab pH/Cond 740, 

WTW GmbH, Germany). The PEC cell used has a continuous 

electrolyte feeding system, described in detail elsewhere.18 

Moreover, a thermocouple was placed inside the cell and a rubber 

heater was stuck to its back to ensure the desired temperature. Fig. 

1 shows the experimental setup used to analyze the behavior of the 

PEC cell at different temperatures. A standard three-electrode 

configuration was used with the tungsten trioxide as photoanode, a 

99.9 % pure platinum wire (Alfa Aesar, Germany) as counter 

electrode and an Ag/AgCl/Sat. KCl (Metrohm, Switzerland) as 

reference electrode. The cell was filled with an electrolyte aqueous 

solution of 3 M methanesulfonic acid (25 °C, pH 0.42) in which the 

photoanode was immersed. The total immersed area of the 

photoanode was 4 cm2. 

Photoelectrochemical Characterization 

J-V measurements The photocurrent density-voltage (J-V) 

characteristic curves were recorded applying an external potential 

bias to the cell and measuring the generated photocurrent using a 

ZENNIUM (Zahner Elektrik, Germany) workstation controlled by the 

Thales software package (Thales Z 1.0). The potential was reported 

against the reversible hydrogen electrode (RHE).  

The measurements were performed in the dark and under simulated 

sunlight (Oriel class B solar simulator equipped with a 150 W Xe lamp, 

Newport, USA), using an AM 1.5 G filter (Newport, USA), at a scan 

rate of 10 mV s-1 for the potential range between 0.3 VRHE and 2.5 

VRHE. The light beam was calibrated with a single crystal Si 

photodiode (Newport, USA), resulting in a lamp spectrum that is 

adjusted to best match the 1 sun spectrum (ca. 100 mW cm-2). 

EIS measurements Electrochemical impedance spectroscopy (EIS) 

was performed applying a small potential sinusoidal perturbation to 

the system and recording the amplitude and the phase shift of the 

resulting current response using also the ZENNIUM workstation. The 

frequency range used was 1 Hz – 100 kHz and the magnitude of the 

modulation signal was 10 mV. The measurements were carried out 

in dark conditions and at 0.7 VRHE, 1.0 VRHE, 1.3 VRHE and 1.6 VRHE. An 

appropriate electrical analog was then fitted to the obtained EIS 

spectra using the ZView software (Scribner Associates Inc., USA). 

Aging tests A constant potential was applied to the PEC cell over 

several hours and the resulting time-dependent photocurrent 

response was then measured in order to obtain crucial information 

about the stability/corrosion of the semiconductor. In this work, the 

WO3 photoanodes were continuously exposed to 1 sun AM 1.5 G 

illumination (100 mW cm−2) over 72 h and at a constant bias potential 

of 1.23 VRHE. The stability was evaluated at their best operating 

temperature, i.e. WO3/FTO was tested at 45 °C and WO3/metal was 

tested at 55 °C. 

Structural Characterization 

SEM analysis Scanning electron microscopy (SEM) was performed 

to obtain information about morphology, surface topography and 

thickness of the WO3 films in the WO3/FTO and WO3/metal samples. 

Fig. 1 Test bench setup used to characterize the PEC cell at different temperatures. 
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The SEM and EDS analyses were made at CEMUP (Centro de 

Materiais da Universidade do Porto) using a high-resolution scanning 

electron microscope (Quanta 400 FEG, FEI Company, USA). The 

acceleration voltage used was 15 keV while an in-lens detector was 

employed with a working distance of ca. 10 mm. The high resolution 

images were collected from 2500× up to 200000×. The surface of the 

samples was investigated for fresh and aged samples to assess 

modifications in their morphology. 

XRD analysis X-ray diffraction (XRD) analysis was carried out in a 

PANalytical X’Pert MPD (Spectris plc, England) equipped with an 

X’Celerator detector and secondary monochromator (Cu Kα λ = 0.154 

nm, 40 kV and 30 mA). The spectra were collected in the range 15° - 

95° (2 theta) with step size 0.017° and the time acquisition was set 

to 100 s step-1. Rietveld refinement with Powder-Cell software was 

used to identify the crystallographic phases from the XRD diffraction 

patterns. 

3. Results and Discussion 

Temperature effect in PEC cell performance 

J-V and EIS measurements were conducted for the two types of WO3 

photoanodes under study, i.e. for WO3 photoanode deposited on 

FTO glass substrate (WO3/FTO) and for WO3 photoanode anodized 

on a tungsten metal foil substrate (WO3/metal). Five different 

temperatures (25 °C, 35 °C, 45 °C, 55 °C and 65 °C) were considered 

in dark and under 1 sun AM 1.5 G illumination. Before performing 

the analysis at each temperature, the cell was left to stabilize for 

approximately 5 minutes. Fig. 2 a) and b) show the effect of 

temperature in the J-V characteristics obtained for WO3/FTO and 

WO3/metal samples, respectively. 

From Fig. 2 is clear that the generated photocurrent density of 

the PEC cell using WO3 photoanodes increases with temperature; a 

similar behavior was also observed with Si-doped hematite 

photoanodes.21 Moreover, the photocurrent density values obtained 

for WO3/metal sample is significantly higher than the values 

obtained for WO3/FTO sample, being these differences not only due 

to the preparation methods, but also due to the higher charge 

transport resistance of the FTO layer in the glass substrate.18 

Actually, the current values obtained are in straight agreement with 

the ones reported in literature.27, 33 

For WO3/FTO sample, at 25 °C and under dark conditions, the 

current onset is observed for a potential higher than 2.1 VRHE (the 

electrolysis threshold for water oxidation with WO3/FTO 

photoanodes) – cf. Fig. 2 a).31 Under sunlight conditions, the 

photocurrent onset potential begins for 0.5 VRHE and rises steeply up 

to 1.2 VRHE, reaching a plateau for 1.2 – 2.0 VRHE potential range; a 

photocurrent density of ca. 0.38 mA cm-2 was observed at 1.7 VRHE. 

After increasing the temperature of the system to 35 °C, a 

photocurrent density increase of 5 % was achieved at 1.7 VRHE and no 

significant differences exist between the dark current onset potential 

at 25 °C and 35 °C. Experiments at higher temperatures were then 

performed (45 °C, 55 °C and 65 °C) and the same behavior was 

observed: an improvement of the photocurrent with temperature. In 

particular, the experiment at 65 °C originated a 64 % photocurrent 

enhancement at 1.7 VRHE (Jphoto = 0.60 mA cm-2) compared with the 

experiment performed at 25 °C. However, at this high temperature 

the dark current onset started at an earlier potential (ca. 1.8 VRHE). 

Reference tests at 25 °C performed among runs showed only changes 

in the J-V curves after running the PEC cell at 55 °C and 65 °C; the 

dark current onset potential was at lower potentials, i.e. at 1.9 VRHE 

and 1.8 VRHE, respectively - see Fig. S1 a) presented in the electronic 

supplementary information (ESI†). 

Regarding the WO3/metal sample, the highest photocurrent 

density was also achieved at 65 °C, reaching around 2.01 mA cm-2 at 

1.23 VRHE and 2.31 mA cm-2 at 1.7 VRHE, as shown in Fig. 2 b). 

Considering 25 °C as the reference temperature, improvements of 

114 % and 81%, respectively at 1.23 VRHE and at 1.7 VRHE, were 

observed. As temperature increases, the onset potential is also 

shifted to lower potentials, i.e. it passed from 0.52 VRHE to 0.40 VRHE, 

respectively at 25 °C and 65 °C. However, at 65 °C a small current 

under dark conditions is observed, a behavior that was not observed 

for temperatures up to 55 °C. Herein, reference tests performed at 

25 °C between experiments were also performed and no major 

changes were observed - see Fig. S1 b) (ESI†). 

Analyzing the results presented in Fig. 2, it can be concluded that 

the photocurrent density increases with temperature and the onset 

potential shifts to lower potentials, allowing to improve the 

Fig. 2 Temperature effect in the photocurrent density-voltage (J-V) 

characteristics of the WO3 photoanodes: a) WO3/FTO sample and b) 

WO3/metal sample; for a range of temperatures from 25 °C to 65 °C, 

in the dark (dashed lines) and under 1 sun AM 1.5 G illumination 

(solid lines) conditions. (□) T = 25 °C, (○) T = 35 °C, (△) T = 45 °C, (◇) 

T = 55 °C, (⤫) T = 65 °C. 
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efficiency of the cell and to reduce the external potential needed to 

promote the water splitting reaction (bias). Thus, improvements in 

the PEC cell performance are observed at higher temperatures since 

temperature contributes to thermal bandgap narrowing of the 

photoanode (broadening the spectrum range absorption) and also 

decrease the potential required for the water electrolysis (described 

by the Nernst equation). Then, a semiconductor operating at higher 

temperatures will have more available free electrons and holes for 

charge transport, an increased intrinsic carrier population and 

electrolyte conductivity. Finally, mass transport and electroreaction 

kinetics are also favored by temperature increase, as stated by the 

Einstein relation and by the Butler-Volmer equation, respectively, 

outlining a photocurrent improvement with temperature.20, 21 

To assess the substrate contribution for the dark current onset 

potential, J-V characteristic curves for the water hydrolysis were 

obtained for naked substrates of FTO glass and tungsten foil, as 

shown in Fig. 3. The hydrogen evolution reaction (HER) is made at a 

platinum wire cathode and the oxygen evolution reaction (OER) 

takes place at a FTO glass electrode or at a tungsten foil electrode. 

For the bare FTO substrate, the dark current onset begins at lower 

potential values as temperature increases, e.g. it begins at 1.9 VRHE 

and 1.4 VRHE for temperatures of 25 °C and 65 °C, respectively. This 

behavior is similar to the one obtained for the WO3/FTO photoanode 

(Fig. 2).  

In typical photoelectrochemical systems the dark current 

appears at the potential bias when the oxidation/reduction of water 

occurs. When in contact with an electrolyte in the dark, charge 

equilibration occurs at the interface, favoring electron-hole 

recombination. Increasing the temperature, the kinetics is favored 

due to an increased concentration of free holes in the valence band 

and so the oxidation of water starts at lower potentials (as outlined 

by the Nernst equation). For the tungsten foil (metal) substrate this 

phenomenon is not observed and only a very small anodic dark 

current density (< 0.02 mA cm-2) was observed as a response to the 

applied potential bias – Fig. 3.21  

The inset plot of Fig. 3 shows a detail of the J-V curves for the 

water hydrolysis at 25 °C. It is clearly apparent the difference in the 

electrochemical activity of both electrodes, being tungsten electrode 

much less active for OER. For FTO glass substrate the electrocatalytic 

oxygen evolution starts at ca. 1.9 VRHE, when the dark current sharply 

increased; for the W substrate a small anodic photocurrent density 

of ca. 0.01 mA cm-2 is measured up to ca. 4.0 VRHE, when the dark 

current started to slowly increase. So, the negative shift on the dark 

current onset as a function of the temperature should be related to 

the FTO layer and not to the photoanode material. 

EIS technique was used to extract detailed information about the 

group of resistances and capacitances that describe the behavior of 

the electrochemical reaction kinetics, ohmic conduction processes 

and mass transport limitations on the PEC cell performance. After 

obtaining the J-V characteristic curves at the selected temperatures 

(25 °C, 35 °C, 45 °C, 55 °C and 65 °C), EIS measurements were 

conducted under dark conditions in a three-electrode configuration. 

This configuration allows understanding the phenomena occurring at 

the semiconductor/electrolyte interface, since the potential is 

measured with respect to a fixed reference potential, short-circuited 

with the counter electrode.34 For each operating temperature, a 

suitable electrical analogue was fitted to the EIS data, as described 

elsewhere.21 The proposed electrical analogue comprises a series 

resistance (Rseries) and two RC elements in series representing the 

semiconductor bulk (RSC and CSC) and the semiconductor/electrolyte 

interface (RCT and CH) – Fig. 4. The double layer capacitor does not 

behave ideally, since the semiconductors are nanostructured and so 

a constant phase element (CPE) was used instead.34 The impedance 

tests of the two samples were carried out in the potential range of 

0.7 VRHE to 1.6 VRHE, with steps of 0.3 VRHE; the correspondent Nyquist 

plots are given in the electronic supplementary information (ESI†), 

see Fig. S2 [left plots] and [right plots] for WO3/FTO and WO3/metal 

samples, respectively.  

Fig. 3 Temperature effect in the photocurrent density-voltage (J-V) 

characteristics of a bare FTO-glass and a metal (tungsten foil) 

substrates for a range of temperatures from 25 °C to 65 °C in the 

dark conditions. (□) T = 25 °C, (○) T = 35 °C, (△) T = 45 °C, (◇) T = 55 

°C, (⤫) T = 65 °C. 

Fig. 4 Electrical circuit analog used to fit the EIS data. 
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Fig. 5 shows the Nyquist diagrams obtained at 1.6 VRHE for different 

temperatures; both WO3 samples exhibit a photocurrent plateau at 

this potential. The overall resistance (Rseries + RSC + RCT) decreases with 

temperature for both WO3 samples, in line with the photocurrent 

density evolution; however, the overall PEC cell resistance is higher 

for the WO3/FTO sample. By zooming the Nyquist diagram at the high 

frequency range, it is observed that a temperature independent 

small semicircle appears for the WO3/FTO sample [inset plot in Fig. 5 

a)], which is imperceptible in the WO3/metal sample [inset plot in Fig. 

5 b)]. The latter is assigned to FTO exposure to the electrolyte; this 

new interface (FTO/electrolyte interface) imposes an extra 

resistance to the system (not considered in the proposed model). 

Fitting the electrical circuit analogue shown in Fig. 4 to experimental 

EIS data, the impedance parameters such as Rseries, RSC, CSC, RCT and CH 

were then obtained. The EIS spectra obtained at the high frequency 

range, assigned to the faster electronic processes occurring in the 

semiconductor bulk, was fitted to the RC element composed of RSC 

and CSC, whereas the low frequency range spectra, assigned to the 

phenomena occurring at the semiconductor/ electrolyte interface, 

was fitted to RCT and CH. In fact, the temperature increase strongly 

affects the phenomena occurring at the semiconductor/electrolyte 

interface, since the low frequencies range semicircle decreases 

considerably with temperature, being this decrease even more 

obvious at higher temperatures (65 °C). The obtained parameters are 

plotted in Fig. 6 as a function of the temperature for 1.6 VRHE.  

Fig. 6 shows the differences between the impedance parameter 

values for the two photoanodes under study. The series resistances, 

Rseries, for the WO3/FTO sample are considerable higher than the ones 

for the WO3/metal sample, as shown in Fig. 6 a). Additionally, Rseries 

for the WO3/FTO sample decreases from 8.0 Ω to 5.1 Ω when the 

temperature increases from 25 °C to 65 °C. This behavior is not 

observed for the WO3/metal sample, remaining the Rseries values 

almost constant (ca. 0.4 Ω) for the studied temperatures. The series 

resistance comprehends the substrate resistance, the resistance 

related to the electrolyte ion conductivity and the resistance of the 

external contacts (e.g. wire connections).35 It can then be concluded 

that the main contribution to the Rseries is the substrate resistance to 

the transport of charges, since the other series resistances are equal 

for both electrodes. FTO layer imposes a higher resistance and, 

consequently, decreases the charge collection efficiency in the 

external circuit. 

The electrical resistance related to the bulk semiconductor, RSC, 

should decrease with temperature, associated to a faster electron 

transport through the WO3 photoactive material.21 For the 

WO3/metal sample, RSC decreases from 6.9 × 102 Ω to 1.3 × 102 Ω 

when temperature increases from 25 °C to 65 °C and a more 

pronounced decrease is observed at 55 °C  - cf. Fig. 6 b). Fig. 6 c) 

shows the behavior of the charge transfer resistance, RCT, and a 

decrease with temperature is observed for both samples; so no 

differences related to the temperature effect in the resistance 

contribution on the substrate material are noticed. The major 

differences are related to the electrocatalytic activity of the WO3 

semiconductor material 36; in the temperature range studied, RCT 

decreased from 3.4 × 103 Ω to 3.9 × 102 Ω and 7.5 × 104 Ω to 1.2 × 104 

Ω for the WO3/metal and WO3/FTO samples, respectively. Moreover, 

the RCT decrease with temperature is responsible by an enhanced 

charge transfer phenomena. If the overall resistance in the system 

favors the photocurrent increase with temperature, this means that 

the RCT decrease has a more pronounced effect than the RSC On the 

other hand, the space charge capacitance (CSC) and the Helmholtz 

capacitance (CH) are almost temperature independent – cf. Fig. 6 d) 

and e), respectively. The CH values are higher than the CSC values, 

since the Helmholtz double layer width is generally smaller than the 

width of the depletion layer in photo-assisted water splitting 

systems.21 

Fig. 5 Temperature effect in the Nyquist diagrams of the WO3

photoanodes: a) WO3/FTO sample and b) WO3/metal sample; for a 

range of temperatures from 25 °C to 65 °C, obtained in dark by 

applying a potential of 1.6 VRHE. Z ': real impedance, Z '': imaginary 

impedance; (□) T = 25 °C, (○) T = 35 °C, (△) T = 45 °C, (◇) T = 55 °C, 

(⤫) T = 65 °C. On the right corner of each plot is a zoom-out of the 

plots. 
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Fig. 6 f) shows the evolution of the rate constant (kr) of the bulk 

electrons recombination with holes in the space charge layer as a 

function of the operating temperature. It corresponds to the inverse 

of the time constant of the bulk semiconductor RC element (obtained 

by multiplying the semiconductor resistance, RSC, with the 

correspondent capacitance, CSC). The recombination rate constant is 

in the range of 100 – 1 s-1 and a faster electron-hole recombination 

(higher kr) is observed with temperature for both samples. This 

process is ascribed to an increased back electron reaction promoted 

by accumulated charges on the surface of the photoanode, resulting 

in higher surface recombination. The recombination loss pathway 

has to be taken into account for the performance of PEC cells, since 

it is potentially in direct kinetic competition with water oxidation. In 

particular, the recombination rate constant strongly increases at 55 

°C and 65 °C for the WO3/FTO sample and at 65 °C for the WO3/metal 

sample. 

The intrinsic power characteristics of the WO3 photoelectrodes 

were obtained from the J-V curves (Fig. 2) as a function of the 

temperature: power conversion (P) efficiency, fill factor (FF), intrinsic 

solar to chemical (ISTC) conversion efficiency of the photoanode, 

photocurrent density (Jphoto) and correspondent photopotential 

(Vphoto). These parameters were determined following the work 

reported by Rothschild et al. 37. The intrinsic photovoltaic power of 

the photoanodes is the product of photocurrent by photopotential; 

by plotting it vs. photopotential, the maximum power point (MMP) 

can be obtained and the respective potential (VMPP) and current 

(JMPP). The ISTC efficiency was determined from the following 

equation: 

( )
( )

( )photo photophoto photo RHE
el

light dark RHEAM  G

mA cm

mW cm

J V
ISTC

P U

2

2

1.5

 ×1.23
 = ≅

100 ( )  

J V×
η

(V)V

V
 1 

where ηel is the electrolysis efficiency and Udark is the potential that 

must be applied to the photoanode to reach the correspondent 

current in the dark. The temperature effect in the intrinsic power 

characteristics of WO3/FTO and WO3/metal samples is shown in Fig. 

7; the summary of the parameters at the maximum power point is 

also presented in Table S1 (ESI†).  

Fig. 7 shows that maximum power (P) and intrinsic solar to 

chemical conversion (ISTC) efficiencies increase with temperature for 

both types of WO3 photoanodes, being the obtained values higher 

for the WO3/metal sample, as expected from the J-V characteristics. 

However, the fill factor parameter for the WO3/FTO sample increases 

only until 45 °C (see Table S1 - ESI†). This can be explained by the 

enhanced charge recombination loss for temperatures higher than 

45 °C, since a reduction of FF is normally reached when the 

recombination rate is significantly higher than the extraction rate.38 

Actually this was validated by EIS measurements (Fig. 6), where the 

recombination rate constant of the bulk electrons with holes strongly 

increases for the two higher temperatures. The results indicated that 

the trend of each intrinsic power parameters depends on the 

recombination rate constant, which is also affected by the 

temperature and the semiconductor interfaces present in the solar 

cell.39 Therefore, a PEC device equipped with the WO3/FTO 

photoanode showed the optimal performance conditions when 

operating at 45 °C, ensuring simultaneously the highest fill factor, FF 

= 72.69 %, a power conversion, P, value of ca. 0.57 mW·cm-2 and an 

intrinsic solar to chemical conversion, ISTC, efficiency value of ca. 

0.28 %. Regarding the cell using the WO3/metal sample, even if the 

best performance was observed at 65 °C (FF = 50.84 %, P = 2.20 

mW·cm-2 and ISTC = 2.38 %) the improvement in terms of FF is only 

ca. 0.55 % due to a noticeable increase of the kr value – cf. Fig. 6 f). 

Balancing this behavior with an increased dark current at 65 °C (Fig. 

2), the best operating temperature should be considered at 55 °C. 

Fig. 6 Temperature effect in the impedance parameters for WO3/FTO sample (empty symbols) and WO3/metal sample (filled symbols) 

obtained at 1.6 VRHE: a) series resistance - RS (□), b) bulk semiconductor resistance – RSC (○), c) charge transfer resistance – RCT (△), d) space 

charge capacitance - CSC (◇), e) Helmholtz capacitance - CH (⤫), f) rate constant of the electron-hole recombination - kr (▽). 
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Stability behavior of PEC cell at high temperatures 

The performance histories of the WO3/FTO and WO3/metal samples 

were evaluated at the best operating temperature abovementioned, 

i.e. 45 °C for WO3/FTO and 55 °C for WO3/metal sample. A reference 

stability test was also performed at room temperature (25 °C) with a 

fresh WO3/FTO sample. Fig. 8  plots the photocurrent histories over 

72 hours under continuous 1 sun AM 1.5 G illumination for both 

samples.  

From Fig. 8  significant photocurrent density decrease is 

observed during the initial period of 4 hours for both samples, which 

is typical for the WO3 photoanodes, as reported elsewhere.26, 27 

Photocurrent density remains mostly stable over 60 hours (after the 

initial period) for the WO3/FTO photoanode with average values of 

0.51 mA cm-2 and 0.57 mA cm-2 for samples aged at 25 °C and 45 °C, 

respectively. The test was stopped after 72 hours, when the 

photocurrent of both samples lost ca. 10 %. Since the reference 

stability test at 25 °C and the test at 45 °C showed similar behaviors, 

it can be concluded that temperature increase up to 45 °C allows to 

improve the efficiency of the PEC cell with no significant influence on 

the stability performance. The J-V characteristics of both samples 

before and after running the stability tests at 25 °C and 45 °C are 

shown in Fig. S3 (ESI†). Under simulated sunlight conditions and at 

25 °C, the photocurrent at 1.23 VRHE decreased after the stability test 

from ca. 0.56 mA cm-2 to 0.47 mA cm-2; likewise, at 45 °C it decreased 

from ca. 0.66 mA cm-2 to 0.53 mA cm-2. In dark conditions, the onset 

potential for both samples tends to appear at lower potentials after 

aging, i.e. moved from 2.1 VRHE to 2.0 VRHE. The dark current onset at 

lower potentials may be related to semiconductor detachment from 

the substrate, allowing FTO areas to contact directly with the 

electrolyte. The morphology of the WO3/FTO film was then 

investigated by SEM and EDS before and after performing the 

stability tests to assess the surface integrity of the samples - Fig. 

9.Before the aging test, SEM images of the WO3/FTO sample show a 

network of plate-like particles with diameters of a few tens of 

nanometers (ranging from 20 to 50 nm) partly fused together, 

forming a WO3 nanocrystalline film of ca. 1.1 μm thick – cf. Fig. 9 a).28 

The EDS analysis of area Z1 in Fig. 9 a) (3) displays just the presence 

of tungsten (W) and oxygen (O) elements. Fig. 9 b) (4) and c) (7) show 

similar film morphology for WO3/FTO samples after performing the 

stability tests at 25 °C and 45 °C, respectively. The aged WO3 surfaces 

seem to present higher porosity assigned to material detachment 

from the FTO glass substrate. Fig. 9 b) (5) shows two distinct areas in 

the sample aged at 25 °C: area Z1 that apparently was unaffected by 

corrosion and area Z2 affected by film degradation. In the sample 

aged at 45 °C it can be detected three different areas: an intact area 

(Z1) and two degraded areas (Z2 and Z3) – cf. Fig. 9 c) (8). For both 

aged samples, the EDS analysis confirmed the presence of tin (Sn) in 

the areas potentially affected by corrosion; these results are in 

agreement with other studies.21, 35 Since the samples aged at 25 °C 

and 45 °C show similar morphologic degradation, it can be concluded 

that the photocurrent loss should not be ascribed to the temperature 

effect.  

 

  

Fig. 7 Temperature effect in the intrinsic power characteristics, i.e. the power (P) and intrinsic solar to chemical (ISTC) conversion efficiencies, 

of the WO3 photoanodes: a) and c) WO3/FTO sample; and b) and d) WO3/metal sample. (□) T = 25 °C, (○) T = 35 °C, (△) T = 45 °C, (◇) T = 55 

°C, (⤫) T = 65 °C. 
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Concerning the stability performance of the WO3/metal sample 

evaluated at 55 °C, after a photocurrent decrease of ca. 9 % during 

the initial 4 hours, the generated photocurrent density remained 

almost stable for whole period of 72 hours, as shown in Fig. 8 b). 

Thus, a current value of ca. 1.47 mA cm-2 was reached at the end, 

corresponding to ca. 2 % decrease after the initial period. From the 

J-V characteristics, no significant differences in the dark current were 

observed before and after running the aged tests, as shown in Fig. S3 

(ESI†). Fig. 10 shows SEM images of the fresh and aged WO3/metal 

sample. The fresh sample presents the typical “crispy” surface 

composed of nanoparticles (ca. 50 - 100 nm) interconnected by a 

nanoscopic structure with an average layer thickness of ca. 3.5 μm.33 

This consists of a two-layers nanostructure: a compact oxide layer of 

ca. 1.3 μm originated by the first anodization of the starting tungsten 

foil, followed by a porous nanoparticle oxide layer of ca. 2.2 μm – cf. 

Fig. 10  a) (2). No morphologic changes were observed on the aged 

sample. Moreover, EDS analysis of both samples only detected W 

and O elements – cf. Fig. 10  (3) and (6).  

The crystallinity of the WO3 films also influences the efficiency 

and stability of the PEC water splitting cells, since the number of grain 

boundaries and recombination centers associated with the degree of 

photoelectrode crystallinity control the photoelectrochemical 

properties of the films.28, 40 In this regard, XRD patterns of the WO3 

films before and after aging tests were obtained and are presented 

in Fig. 11.  

 

For WO3/FTO samples, the reflection peaks of the fresh sample 

(blue line) completely matches with WO3 monoclinic phase (JCPDS 

01-083-0950) - cf. Fig. 11  a); a series of peaks (labeled with asterisk) 

originated from the dense F:SnO2 layer (FTO) (cassiterite), 

underneath the semiconductor layer, are also detected. The XRD 

spectrum of a preferentially orientated monoclinic WO3 film exhibits 

the characteristic triplet for peaks at 23.1°, 23.6° and 24.4°, 

corresponding to (002), (020) and (200) planes; peaks at range 33° - 

35° and 41° - 42° are also presented but with less intensity. This 

sample shows a high intensity peak at 2 theta = 24.4°, indicating a 

(200) preferential orientation of the WO3 crystallites parallel to the 

FTO glass substrate. However, the aged WO3/FTO sample (red line) 

showed an amorphous structure. This should contribute to the 

photocurrent decrease after 60 h, since it is known that improved 

crystallinity is advantageous to the photoelectrode performance, 

ascribed to the decreased number of recombination sites.40 

Fig. 8 Photocurrent histories of the WO3 photoanodes tested over 72 

h at a constant potential of ca. 1.23 VRHE, under continuous 1 sun AM 

1.5 G illumination and at different temperatures: a) WO3/FTO 

samples aged at 25 °C (red line) and 45 °C (blue line), and b) 

WO3/metal sample aged at 55 °C (green line). Inset plot for the first 

4 hours of stability tests. 

Fig. 9 SEM images of the WO3/FTO photoanodes. a) Before testing: 

(1) surface top view; (2) cross sectional view; (3) EDS analysis of the 

surface with the identification of the tungsten and oxygen peaks; b) 

After aging tests at 25 °C: (4) surface view; (5) surface with an intact 

area (Z1) and an area affected by film degradation (Z2); (6) EDS 

analysis on the two delimited areas with the identification of the 

tungsten, oxygen and tin peaks; b) After aging tests at 45 °C: (7) 

surface view; (8) surface with an intact area (Z1) and areas affected 

by film degradation (Z2 and Z3); (9) EDS analysis on the three 

delimited zones with the identification of the tungsten, oxygen and 

tin peaks. 
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On the other hand, for fresh and aged WO3/metal sample, the 

diffraction patterns indicate the presence of a crystalline monolithic 

phase – cf. Fig. 11 b). Again, the WO3 patterns are superimposed on 

the metallic tungsten substrate pattern. Before testing (blue line), 

the WO3/metal film presented a (020) preferential orientation, 

although the double peak around 41.6°, representing the (-222) and 

(222) planes, is also strong. Despite the WO3 films for WO3/FTO and 

WO3/metal samples were both monoclinic phase, they had different 

preferential orientation of crystal faces. This can be related to 

different fabrication methods as well as different film adhesion to 

the substrate that should be accounted for the photocurrent and 

stability performance of the semiconductor materials. After aging 

tests (red line), the double peak at 41.6° was the mainly detected, 

indicating the preferential orientation of the aged WO3 crystal faces 

to the (-222) and (222) planes. Interestingly, the presence of this 

double peak with an intensity order similar to the fresh sample can 

justify the high stability performance of the WO3 photoanodes 

anodized on tungsten foil substrates. Hence, the relatively good 

crystallinity of this sample and the preservation of morphology 

contributed to its highest PEC performance for oxygen evolution 

reaction. The optimal operation temperature for WO3/metal 

photoanode is then ca. 55 °C, since it ensures simultaneously the 

highest photocurrent density and stable performance. 

4. Conclusions 

The temperature influence on the PEC cell performance using WO3 

photoanodes for water splitting was studied. The WO3 photoanodes 

were prepared on different substrates by using two techniques: 

deposition by blade spreading method on a FTO glass substrate and 

anodization of a tungsten foil substrate. Herein, the main goal was 

the assessment of the substrate type role on the photoelectrode 

performance as a function of the temperature. J-V characteristic 

curves, EIS measurements and aging tests were used, as well as SEM 

and XRD analysis, to assess the morphology and crystallography of 

the prepared WO3 samples.  

 

The PEC device was characterized from 25 °C to 65 °C, with steps 

of 10 °C. At 25 °C, the highest photocurrent density was reached for 

the WO3/metal photoanode, ca. 0.94 mA cm-2 at 1.23 VRHE, whereas 

a photocurrent of ca. 0.36 mA cm-2 was obtained for the WO3/FTO 

sample. These differences are not only due to the semiconductor 

preparation method but also to the much higher charge transport 

resistance imposed by the FTO substrate. When the temperature is 

further increased to 45 °C, the generated photocurrent increased ca. 

20 % in the case of the WO3/FTO sample and ca. 29 % for the 

WO3/metal sample, both at 1.23 VRHE. At the maximum tested 

temperature (65 °C) both samples generated higher photocurrents 

at 1.23 VRHE, i.e. 2.02 mA cm-2 and 0.62 mA cm-2 for the WO3 

photoanodes on FTO and metal substrates, respectively. However, 

the WO3/metal showed a small current under dark conditions, while 

the WO3/FTO exhibited already a quite high dark current onset 

potential at ca. 1.80 VRHE. The negative shift on the dark current onset 

potential of the WO3/FTO was mainly attributed to temperature 

effect on FTO glass substrate and not to the photoanode material. 

The J-V and impedance measurements allowed concluding about 

the optimal operating temperature for each type of tungsten trioxide 

photoelectrodes under study: 45 °C for the WO3/FTO sample and 55 

°C for the WO3/metal sample. For higher temperatures, an increased 

recombination rate of the bulk electrons with holes was observed, 

which is in direct kinetic competition with water oxidation and, 

consequently, should affect the overall performance of the 

photoanodes. The aging tests performed at these temperatures 

showed that WO3/metal has simultaneously the best stability and 

performance for the oxygen evolution reaction. No degradation was 

observed for aged WO3/metal film; this behavior might be related to 

the preferential orientation of the crystal faces – (-222) and (222) 

Fig. 11 XRD spectra of the WO3 photoanodes: a) WO3/FTO sample 

aged at 45 °C and b) WO3/metal sample aged at 55 °C. Blue and red 

lines correspond to signs of the samples before testing and after 

aging tests, respectively. Main peaks from the FTO-glass and 

tungsten substrates are also labeled with “*”. 

Fig. 10 SEM images of the WO3/metal photoanodes: (1) and (4) 

surface top view; (2) and (5) cross sectional view; (3) and (6) EDS 

analysis with the identification of the tungsten and oxygen peaks; a) 

before testing and b) after aging tests at 55 °C, respectively. 
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planes. WO3/FTO photoanode exhibited a slight photocurrent 

decrease after aging for both temperatures tested (25 °C and 45 °C). 

The performance loss was attributed to changes in the monoclinic 

crystalline structure of the WO3/FTO film, i.e. the semiconductor 

layer became amorphous. Therefore, the substrate and application 

method have a significant role on the photoelectrode energy 

performance and stability. 
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