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Abstract: Tungsten oxide (WO3) and zinc oxide (ZnO) are n-type semiconductor with numerous 

applications in photocatalysis. The objective of this study was to synthesize and characterize differ-

ent types of nanostructures (WO3, WO3-Mo, TiO2 and TiO2-ZnO) for a comparison of hybrid and 

pure nanostructures to use them as a photoanodes for hydrogen production. With the aim of com-

paring the properties of both samples, Field Emission Scanning Electron Microscopy (FE-SEM) and 

Confocal Laser-Raman Spectroscopy have been used to study the morphology and composition and 

crystallinity, respectively. Finally, water splitting measurements were performed to compare the 

photoelectrochemical properties of the photoanodes. 
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1. Introduction 

The high severity of environmental problems caused by the increase of CO2 in the 

atmosphere has increased the scientific research into new and renewable energy sources. 

Hydrogen is considered one of the most promising energy sources to replace fossils fuels. 

Photoelectrochemical (PEC) water splitting using solar light is a novel method to produce 

clean and sustainable hydrogen from water and sunlight. For an efficient PEC process, it 

is necessary to find a suitable semiconductor photoelectrode. Oxide semiconductors are 

the most common materials, in particular, those with a high visible-light absorption, effi-

cient charge carrier separation and chemical stability, which could be TiO2 or WO3 [1]. 

On one hand, WO3 is claimed to be a proper material for PEC water splitting appli-

cation due to its high resistance to photocorrosion, stability in acidic media, good electron 

transport properties and its band gap (Eg = 2.6-eV). As its band gaps is capable of only 

capturing 12% of the incident light of the solar spectrum, several approaches have been 

tried to enhance PEC of WO3 by band-gap modifications [2]. Doping of WO3 with Mo can 

narrow the band gap of WO3 and consequently, improve the photocatalytic properties [3]. 

Therefore, a simple method for the synthesis of hybrid WO3-MoO3 nanostructures is pro-

posed. 

On the other hand, TiO2 is one of the most extensively studied material for PEC [4]. 

This is because it is a non-toxic semiconductor, has high chemical stability, excellent pho-

tocatalytic activity, cost effectiveness, and capacity to generate electron/hole pairs [5]. 
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However, its photocatalytic applications is limited to ultraviolet irradiation due to its wide 

value of bandgap (3.2 eV) [6]. In order to reduce its bandgap, different elements could be 

added to TiO2 nanostructures. In this study, hybrid nanostructures of TiO2 with ZnO are 

synthesized to increase the TiO2 efficiency in water splitting PEC. 

Thus, the objective of this work is to synthesize and characterize different types of 

nanostructures (WO3, hybrid WO3-MoO3, TiO2 and TiO2-ZnO) for a comparison of hybrid 

and pure nanostructures. Then, they will be used as a photoanodes for PEC water splitting 

to produce hydrogen. 

2. Materials and Methods 

2.1. Synthesis of Nanostructures 

The procedure to synthesize nanostructures was conducted by electrochemical ano-

dization under hydrodynamic conditions using a rotatory disk electrode. The process was 

optimized by the authors in previous works [7,8]. 

For the WO3 nanostructures, anodization of W was carried out at a velocity of 375 

rpm, applying 20 V for 4 h. The electrolyte consisted of 1.5 M methanosulfonic acid and 

0.01 M citric acid at 50 °C. The tungsten bar was placed on a rotating disk electrode, and 

it was rotated at a speed of 375 rpm. After anodization, WO3 nanostructures were an-

nealed at 600 °C in an air atmosphere for 4 h. 

For synthesizing hybrid nanostructures of WO3-MoO3, the same anodization was car-

ried out but different concentrations of Na2MoO4·2H2O (Mob) were added to the electro-

lyte. 

For the TiO2, the electrochemical anodization of Ti was carried out at room tempera-

ture under 3000 rpm applying 30 V during 3 h in a glycerol/water (60:40 vol %) electrolyte 

with a concentration of 0.27 M NH4F. Finally, the samples were annealed at 450 °C for 1 h 

in air atmosphere to transform TiO2 nanostructures to the anatase phase. 

For the TiO2-ZnO hybrid nanostructures, after forming TiO2 nanosponges, the ZnO 

electrodeposition process was performed from a Zn(NO3)2 solution at 75 °C using a po-

tential of −0.86 VAg/AgCl for 15 min in an Autolab PGSTAT302N potentiostat. A three-elec-

trode electrochemical cell was used, where TiO2 nanosponges were used as working elec-

trode, an Ag/AgCl (3 M KCl) electrode was used as reference electrode, and a platinum 

tip was used as counter electrode. The influence of Zn(NO3)2 concentration (1–10 mM was 

studied to analyse how affects the photoelectrochemical activity of the photoelectrodes 

2.2. Morphological and Crystalline Characterization 

The morphology of the samples was characterized using Field Emission Scaning Elec-

tron Microscopy (FE-SEM) with Energy-Dispersive X-ray spectroscopy (EDX), which was 

used to identify the elements that formed the nanostructures. The equipment used was a 

Zeiss Ultra-55 Scanning Electron Microscope applying 20 kV. In addition, the crystallinity 

of the samples was analysed using a Raman Confocal Laser Spectroscopy (Witec al-

pha300R) with a neon laser (488 nm) and a power of 420 μW. 

2.3. Photoelectrochemical Properties—Water Splitting Tests 

Photoelectrochemical experiments were performed using an Autolab PGSTAT302N 

potentiostat and a solar simulator (AM 1.5, 100 mW·cm−2). A three-electrode cell configu-

ration was used, consisting of an Ag/AgCl (3 M KCl) reference electrode, a platinum tip 

as a counter electrode, and the nanostructures as a working electrode. A potential sweep 

was performed with a scan rate of 2 mV·s−1 by chopped light irradiation (60 mV (30 s) in 

the dark and 20 mV (10 s) with light). 
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3. Results and Discussion 

3.1. FE-SEM 

Figure 1 shows the FE-SEM images of the synthesized nanostructures. Observing the 

images of Figure 1a,b the effect of doping the WO3 nanostructures with MoO3 can be ob-

served. In both cases, defined small-sized nanoparticles with a mountain-shape were ob-

tained. In contrast, Figure 1c,d allows to compare the effect of adding ZnO into the TiO2 

nanostructures. Figure 1c shows nanostructures with a rough surface and high specific 

area, typical from a nanosponge-like morphology [9]. Figure 1d shows the general appear-

ance of the hybrid nanostructures TiO2-ZnO, where it can be also observed a nanosponge-

shaped nanostructure without the presence of anomalous particles on its surface. Conse-

quently, the morphology is the same for the pure nanostructure than for the hybrid. This 

indicates that no MoO3 or ZnO agglomerations occurred during the doping process [5]. 

  

(a) (b) 

  

(c) (d) 

Figure 1. FE-SEM images of the different nanostructures (a) WO3 (b) WO3 + 0.01 M Mob (c) TiO2 and 

(d) TiO2 + 0.01 M ZnO. 

EDX analysis has been carried out to prove the presence of MoO3 and ZnO in the 

nanostructures and to quantify the elements. Table 1 shows the results of the EDX analysis 

for both hybrid nanostructures. In the case of MoO3 addition, the percentage of MoO3 in-

creases when increasing the concentration in the electrolyte. Similarly, for the ZnO depo-

sition, the quantity of Zn in the samples increases by increasing the concentration of ZnO 

in the electrodeposition. Consequently, it can be affirmed that MoO3 and ZnO are depos-

ited over the pure nanostructure. 
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Table 1. Results of the EDX analysis shown as percentage, in weight and atomic, for the different 

elements present in the samples. 

Concentration  

of Mob (M)  

% (Weight)  % (Atomic) Concentration  

of Zn(NO3)2 (M) 

% Weight  % Atomic  

O W M O W M O Ti Zn O Ti Zn 

0 18.02 81.98 0.00 71.66 28.33 0.00 0 34.51 65.49 0.00 61.21 38.79 0.00 

0.001 28.77 70.32 0.92 82.10 17.46 0.44 0.001 M 38.11 57.56 4.33 65.26 32.92 1.82 

0.005 19.40 78.88 1.71 73.07 25.85 1.08 0.005 M 36.07 58.08 5.85 63.39 34.10 2.51 

0.01  18.01 80.02 1.97 71.18 27.53 1.30 0.01 M 35.04 57.81 7.15 62.45 34.43 3.12 

3.2. Raman 

The Raman spectra of the different nanostructures are presented in Figure 2. Figure 

2a shows the Raman spectra of the WO3 nanostructure and the hybrid WO3-MoO3 

nanostructures after a heat treatment of 600 °C for 4 h, where it can be appreciated the 

peaks located at 135, 270, 714, 805 and 955 cm−1, which are those corresponding to mono-

clinic WO3. As seen in the spectra, the relative intensity of the bands diminishes as increas-

ing the percentage of Mob in the electrolyte. In addition, the Raman spectra show the 

principal bands of MoO3: 190, 647, 867 955 cm−1 [10]. Figure 2b shows the spectra of the 

TiO2 nanostructures after a heat treatment of 450 °C for 1 h. For the pure nanostructure, 

the peaks associated with the anatase phase of TiO2 are observed (145, 397, 520 and 635 

cm−1). However, for the hybrid nanostructure with ZnO, the peaks are not observed due 

to the high fluorescence of ZnO. Therefore, this allows us to reaffirm that ZnO is indeed 

deposited on the TiO2 nanostructure. 

 

(a) 

 

(b) 

Figure 2. Raman spectra of the nanostructures (a) WO3 + different Mob concentrations (b) TiO2 and 

TiO2 + ZnO. 
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3.3. Water Splitting Tests 

The influence of the doping element concentration in the electrolyte on the photoe-

lectrochemical (PEC) behavior of the nanostructures was also tested by water splitting 

tests, shown in Figure 3. For Mob, it can be seen from Figure 3a, that the sample with 

higher photoresponse is that one without Mob. Furthermore, as the concentration of Mob 

increases the photocurrent decreases, indicating worse photoelectrochemical properties. 

The worsening of the nanostructure after the addition of MoO3 could be explained by the 

fact that MoO3 is deposited on the surface of the nanostructure and prevents electron 

transfer. 

On the other hand, from Figure 3b it can be seen that the sample with higher photo-

current is that one with 0.01 M ZnO. Furthermore, by increasing the ZnO concentration, 

the photoelectrochemical performance of the nanostructures improves. This is ought to 

the fact that ZnO crystals increases the photocatalytic activity of the nanostructures and 

the useful life of the excited electrons, reducing recombination processes. 

  

(a) (b) 

Figure 3. Water splitting curves of the (a) WO3 nanostructures synthesized with different Mob con-

centrations and (b) TiO2 nanostructures synthesized with different ZnO concentrations. 

4. Conclusions 

In this research, different types of nanostructures (WO3 and TiO2) have been synthe-

sized by anodization of W and Ti, respectively, under hydrodynamic conditions. Next, 

hybrid nanostructures have been also synthesized with WO3-MoO3 and TiO2-ZnO to im-

prove the original nanostructures. For the case of WO3-MoO3, the photocatalytic activity 

of the nanostructures could not be increased by electrodeposition of MoO3 in the surface 

of the WO3 nanostructures. In contrast, the photocatalytic activity of the TiO2-ZnO was 

significantly enhanced compared to TiO2 nanosponges. The optimum nanostructure was 

achieved when performing the ZnO electrodeposition with a 0.01 M Zn(NO3)2 concentra-

tion, obtaining a photoelectrochemical response 141% higher compared to the crystalline 

TiO2 nanosponges. 
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