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ABSTRACT 

Hybrid TiO2-WO3 nanostructures has been synthesized by electrochemical anodization 

under controlled hydrodynamic conditions followed by electrodeposition in the presence 

of different contents of Na2WO4 (5, 15 and 25 mM) and H2O2 (20, 30 and 40 mM). The 

influence of the electrolyte used for electrodeposition on the morphology, crystalline 

structure and photoelectrochemical response for water splitting has been evaluated 

through Field Emission Electronic Microscopy, High-Resolution Transmission Electron 

Microscopy, Confocal Raman Spectroscopy, Grazing Incidence X Ray Diffraction, X-

Ray Photoelectron Spectroscopy, Atomic Force microscopy and photocurrent versus 

potential measurements. Additionally, a statistical multi-factor categorical analysis was 

performed to determine the most significant influential parameters. Results show that 

hybrid TiO2-WO3 nanostructures formed by simple anodization and subsequent 

electrodeposition with 30 mM H2O2 and 25 mM Na2WO4 present the highest photocurrent 

response, 60 % higher if compared to TiO2 anodized nanotubes, solving the main 
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problems presented during the usual fabrication of heterostructures, i.e. high 

temperatures, pressures, number of chemicals and time.  

Keywords: TiO2-WO3 nanostructures, anodization, electrodeposition, 

photoelectrocatalysis, water splitting 

 

1. INTRODUCTION  

Global energy demand, mainly based on finite resources, has grown considerably during 

the last decades. This implies, on the one hand, the near depletion of these resources and, 

on the other hand, a significant environmental contamination [1, 2]. For this reason, there 

is a need for developing new environmental friendly sources of energy which also 

guarantee global energy consumption, as well as promote the use of renewable energies, 

such as hydraulic, solar and wind energy [1, 3]. 

Currently, the use of hydrogen as an energy vector has become one of the most promising 

options to mitigate the negative impact produced on the environment by fossil fuels, such 

as climate change and air pollution [1]. The main advantage of hydrogen is that it could 

be generated by means of renewable energy sources and water without the emission of 

any type of pollutant to the environment [4]. In addition it possesses a high capacity for 

energy storage, with an energy content per unit weight of 120 kJ/g [4, 5]. 

One of the most promising and novel methods for hydrogen production is 

photoelectrocatalysis by using sunlight [6]. In this process, water molecules are divided 

into hydrogen and oxygen by applying  direct electrical current [6, 7]. The small amount 

of energy that is needed can be provided by renewable energy sources [8]. To carry out 

the photoelectrochemical reaction it is required the use of a semiconductor electrode that 
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absorbs sunlight. This work proposes hybrid TiO2-WO3 nanostructures as photoanodes to 

increase the efficiency of the process.  

Titanium dioxide (TiO2) is the most encouraging and widely studied photoanode [9] due 

to its excellent properties, such as resistance to corrosion and photocorrosion [10], high 

photochemical stability in acid and basic environments [11], its zero toxicity [12] and low 

cost [13]. In addition, TiO2 has a band-gap position appropriate for water splitting [14] 

and for the elimination of organic pollutants [12]. 

In the last decades, various types of TiO2 nanostructures have been developed for 

photoelectrochemical applications in order to maximize the specific surface area of the 

photoanode [14]. One of the most promising structure is the TiO2 nanotubes, which 

present a unidirectional path to the flow of electrons and reduce possible recombination 

between the electron-hole pairs. Furthermore, they have a higher specific surface area 

compared to other developed structures [15]. 

These TiO2 nanotubes can be developed from several techniques, nevertheless the 

electrochemical anodization, especially, when it is performed under hydrodynamic flow 

conditions is a relatively recent and novel one. This technique allows controlling the 

dimensions of the nanotubes by changing their characteristic parameters such as electrode 

rotation speed, potential and so on [12, 14]. Likewise, the TiO2 nanotubes are formed 

directly on the metallic titanium substrate and have good adhesion resistance [16].  

However, titanium dioxide has the disadvantage of possessing a low overall yield [17] 

due to its wide band-gap (3.2 eV for anatase and 3.0 eV for rutile) that only allows the 

absorption of light in the UV range with wavelength smaller than 380nm [18], which 

represents less than 5% of the solar radiation [19-21].  
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Tungsten trioxide (WO3), like TiO2, is an n-type semiconductor widely studied for 

various photocatalytic applications, such as the photoelectrochemical water splitting [9] 

and the degradation of pollutants [22]. This semiconductor has various favourable 

properties for photocatalysis, that is the absorption of visible light, high resistance to 

photocorrosion and its charge-carrying capacity [23]. Furthermore, it exhibits a band-gap 

value of roughly 2.6 eV, which indicates an absorption of approximately 12% of the solar 

spectrum [9] and also an absorption of the visible spectrum of up to 500 nm [24]. 

To solve the main drawbacks presented by the pure TiO2 nanostructures, i.e. to narrow 

the band gap of TiO2 and modify its energy levels, this study proposes the synthesis of 

hybrid TiO2-WO3 nanostructures as photocatalyst. Since they have adequate 

physicochemical properties such as resistance to photocorrosion [18] and better stability 

and photocurrent efficiency compared to pure TiO2 and WO3 nanostructures [25, 26]. W+6 

possesses an ionic radius close to the Ti+4, in this way, WO3 might couple into the TiO2 

during annealing [21, 27]. The incorporation of WO3 to TiO2 will contribute to reduce the 

band gap value of TiO2 [28, 29]. This is an important advantage for photoelectrolytic 

water splitting since it allows the process to be carried out using visible light [30, 31]. In 

addition, its valence and conduction bands are lower than the ones obtained for TiO2, thus 

avoiding charge recombination [32]. 

Until the present, various techniques have been proposed to synthetize hybrid TiO2-WO3 

nanostructures, such as sol-gel method, hydrothermal, anodization, wet impregnation, 

radiofrequency spraying, etc. [33]. In this study the fabrication of hybrid nanostructures 

will be carried out by electrochemical anodization of TiO2 and subsequent WO3 

electrodeposition.  

The electrodeposition technique is one of the most promising techniques for the 

incorporation of WO3 into TiO2 nanostructures, as well as one of the most economical. 
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This method is based on the cathodic reduction of a peroxide precursor, which is obtained 

by the interaction of tungsten with hydrogen peroxide (H2O2) [34]. The precursor is 

described as a dimer with the formula of W2O112- with a peroxo ligand (O22-), leaving the 

tungsten with an oxidation state +6 [34, 35].  

Some studies [36, 37] have developed structures of TiO2-WO3 adding WO3 by 

electrodeposition, which differ from each other in the concentration of Na2WO4 and H2O2 

in the electrolyte. The present study adds the novelty of synthesizing TiO2 nanotubes 

under hydrodynamic flow conditions by electrochemical anodization, and then performs 

an electrodeposition to form the hybrid nanostructure, varying the concentrations of 

Na2WO4 and H2O2 in the electrolyte, to optimize and evaluate the most significant 

parameters of the photoelectrochemical water splitting. This novel combination of both 

methods could solve most of the problems presented by some of the techniques found in 

literature, such as the high temperature in the sol-gel method [38-40], the low pressures 

required in radiofrequency spraying [15] and the long time required for the hydrothermal 

process [39].  

 

2. EXPERIMENTAL PROCEDURE  

2.1. Hybrid nanostructure synthesis 

To form the hybrid nanostructures a two-step method was followed, i.e.; first 

electrochemical anodization was carried out to create the TiO2 nanotubes, and then WO3 

was electrodeposited on the TiO2. 

First of all, titanium rods (8 mm in diameter) were subjected to a surface treatment, which 

consisted of abrading the surface of the sample with sandpaper type SiC of different 

granulometry (220, 500 and 4000). Then, the titanium rod was cleaned in ethanol in an 



6 
 

ultrasonic bath for 2 min, rinsed with deionized water and dried with nitrogen. Finally, 

for the electrochemical anodization, the titanium rod was coated with teflon (to expose 

an area of 0.5cm2 to the electrolyte) and immersed in the anodization electrolyte. For 

anodization, titanium rods served as the working electrode (anode) and a platinum foil (1 

cm2) was used as the cathode. A potential difference between anode and cathode of 55 V 

was applied during 30 min and the titanium rod was connected to a rotating disk electrode 

(RDE) to establish hydrodynamic conditions of 3000 rpm during anodization. The 

electrolyte used for anodization consisted of an ethylene glycol based (EG) with 1 M of 

water and 0.05 M of ammonium fluoride (NH4F). 

Once the sample was anodized, tungsten trioxide (WO3) was electrodeposited on the 

formed TiO2 nanotubes, in a three-electrode electrochemical cell. A platinum foil was the 

counter electrode, a silver/silver chloride (Ag/AgCl, 3M KCl) the reference electrode and 

the TiO2 samples the working electrode. In order to optimize the electrodeposition 

process, different concentrations of Na2WO4 (5, 15, 25 mM) and H2O2 (20, 30, 40 mM) 

were used. The applied potential was fixed at -0.44VAg/AgCl for 150 seconds. 

After electrodeposition, the hybrid nanostructures were annealed in an oven to transform 

the amorphous structure into a crystalline one. The annealing treatment was carried out 

for 2h at 450°C, using a heating rate of 30 °C/min. 

 

2.2. Characterization of the nanostructures 

To evaluate the crystalline structure of the samples a Confocal Raman Microscope with 

a wavelength (λ) of 488mn (blue laser) was used. Grazing Incidence X Ray 

Diffractometer measurements (GIXRD) were performed with a Bruker D8AVANCE 

diffractometer with Cu radiation operating at 30 mA and 40 kV from 20º to 60º and a 



7 
 

grazing incidence of 2º. The electronic states of the nucleus and of the valence of the 

TiO2-WO3 nanostructures were analyzed through X-ray photoelectron spectroscopy 

(XPS, K-ALPHA, Thermo Scientific). Al-K_radiation (1486.6 eV) monochromatized by 

a twin crystal monochromator providing a focused X-ray spot at 3 mA × 12 kV was used 

to collect the spectra. The alpha hemispherical analyzer operated in the constant energy 

mode by using 200 eV survey scan pass energies. The morphology of the hybrid 

nanostructures was observed by a Field Emission Scanning Electron Microscope (FE-

SEM) with Energy-dispersive X-ray spectroscope (EDX) for identification of elements. 

TEM Analysis of the TiO2-WO3 nanostructures was performed by High Resolution 

Transmission Electron Microscopy (HRTEM) with a field emission gun TECNAI G2 F20 

microscope operated at 200 kV, having the capabilities of selected area electron 

diffraction (SAED) and energy dispersive X-ray spectroscopy (EDX). Samples were 

analyzed by EDX in TEM microscope and the distribution of Ti and W along the 

nanotubes was determined by using EDX-mapping in nanoprobe mode. In order to 

prepare the TEM samples, a piece of the TiO2-WO3 nanostructures was deposited onto a 

holey-carbon film supported on a copper grid. 

In addition, the roughness of the nanostructures was characterized using an Atomic Force 

Microscope (AFM), by the calculation of the Sa parameter (arithmetical mean height of 

the surface). The AC mode (an intermittent contact regimen) was used with an oscillating 

cantilever (0.5 V). 

2.3. Photoelectrochemical response tests 

Photoelectrochemical response of the nanostructures was carried out using the samples 

as photoanodes with a solar simulator (AM 1.5 conditions at 100 mW·cm−2) connected 

to a potentiostat. The electrochemical cell consisted of three electrodes, using the TiO2-
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WO3 photocatalyst as the working electrode (with an area of 0.26 cm2 exposed to the 

electrolyte), an Ag/AgCl (3M KCl) as the reference electrode, and a platinum foil as the 

counter electrode, immersed in the electrolyte (H2SO4 0.1M aqueous solution). The tests 

were carried out applying different potential step pulses with and without light (intervals 

of 60 mV in dark conditions and 20 mV with light), from an initial potential of  

-0.24VAg / AgCl until 1VAg/AgCl. 

 

2.4. Statistical analysis 

Finally, a multi-factor categorical analysis was performed with the Statgraphics 

Centurion software in order to determine the most significantly influential parameters. 

The experimental factors to consider were the concentration of Na2WO4 (5, 15, 25 mM) 

and H2O2 (20, 30, 40 mM), with the photocurrent obtained at 0.7 VAg/AgCl as the response 

variable. 

 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical hybrid nanostructure formation 

First of all, electrochemical anodization was carried out under hydrodynamic flow 

conditions to fabricate the TiO2 nanotubes. Fig. 1 shows three different stages during 

anodization when the current density is registered as a function of time.  

In the first stage (I), the current density markedly decreases until it reaches a minimum 

value. This corresponds to the formation of a TiO2 layer that opposes a resistance to the 

pass of electric current as the layer is being formed and therefore, current density 

decreases. During this stage, the oxidation of metallic titanium to Ti+4 occurs at the anode 
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(Eq.1) and this ion reacts with water in the medium to form an oxide layer (TiO2) on the 

surface of the metallic titanium according to the Eq.2 [16]. 

𝑇𝑇𝑇𝑇 → 𝑇𝑇𝑇𝑇+4 + 4𝑒𝑒− Eq.1 

𝑇𝑇𝑇𝑇+4 + 2𝐻𝐻2𝑂𝑂 → 𝑇𝑇𝑇𝑇𝑂𝑂2 + 4𝐻𝐻+ Eq.2 

In the second stage (II), the presence of fluorides in the medium begins to dissolve the 

formed oxide layer, thus increasing the current density until it reaches its maximum value. 

This is due to the formation of titanium hexafluoride [TiF6]-2. This complex can be formed 

by the union of fluoride ions (F-) and Ti+4 ions generated at the electrode-electrolyte 

interface according to Eq.3 [12]; and by the slow but continuous dissolution of the 

deposited TiO2, according to Eq.4  [41]. 

𝑇𝑇𝑇𝑇+4 + 6𝐹𝐹− → [𝑇𝑇𝑇𝑇𝐹𝐹6]−2 Eq.3 

𝑇𝑇𝑇𝑇𝑂𝑂2 + 4𝐻𝐻+ + 6𝐹𝐹− → [𝑇𝑇𝑇𝑇𝐹𝐹6]−2 + 2𝐻𝐻2𝑂𝑂 Eq.4 

Finally, in stage III the current density remains practically constant until the end of the 

test, which indicates the gradual formation of the nanotubes. In addition, a balance 

between the formation and dissolution of the TiO2 occurs. 

Once the TiO2 nanotubes are formed, the WO3 is added. This process is based on the 

cathodic reduction of a peroxide precursor (W2O112- = [(O)W(O2)2(O)(O2)2W(O)]2-) 

formed by mixing hydrogen peroxide (H2O2) with sodium tungstate (Na2WO4) according 

to Eq.5. During the process, the transport of electrons occurs at the electrode/electrolyte 

interface due to the presence of protons (H+) and H2O2 in the electrolyte, and the  

[W2O11]-2 will be gradually dissociated to tungsten trioxide (Eq.6), which will be 

deposited on the previously formed TiO2 nanotubes [42, 43]. Eq. 6 takes place since the 

peroxo (with valence number equal to -1) of the precursor reduces to oxygen present in 
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the WO3 (with valence number -2) and oxidizes to oxygen gas (with valence number 0). 

Thus, forming the hybrid TiO2-WO3 nanostructure. 

2𝐻𝐻+ + 2𝑊𝑊𝑂𝑂42− + 4𝐻𝐻2𝑂𝑂2  → 𝑊𝑊2𝑂𝑂11−2 + 5𝐻𝐻2𝑂𝑂 Eq.5 

𝑊𝑊2𝑂𝑂112− + (2 + 𝑥𝑥)𝐻𝐻+ + 𝑥𝑥𝑒𝑒− → 2𝑊𝑊𝑂𝑂3 + (2 + 𝑥𝑥)/2𝐻𝐻2𝑂𝑂 + (8 − 𝑥𝑥)/4𝑂𝑂2 Eq.6 

According to Eq. 5 and 6, both the presence of higher amounts of Na2WO4 and H2O2 

should produce more [W2O11]-2 complex and, consequently, more WO3. However, higher 

H2O2 contents might cause the dissociation of WO3 back to the intermediate compound 

[W2O11]-2 as indicated by Eq.7 [43]. 

2𝑊𝑊𝑂𝑂3 + 4𝐻𝐻2𝑂𝑂2  → 𝑊𝑊2𝑂𝑂11−2 + 2𝐻𝐻+ + 3𝐻𝐻2𝑂𝑂 Eq.7 

 

3.2. Confocal Raman Microscopy and GIXRD measurements 

In order to obtain information of the crystalline structure of the hybrid nanostructures, a 

confocal Raman Microscope was used with a wavelength of 488 nm (blue laser). 

Figure 2 shows the peaks of the Raman spectrum corresponding to the characteristic 

spectrum of TiO2 in its anatase phase (156.1, 399.8, 521.7 and 643.5 cm-1) [30], 

confirming the transformation of amorphous TiO2 to its anatase phase after the heat 

treatment. 

Subsequently, in Figure 2, the different spectra obtained at a constant concentration of 

H2O2 and varying the amount of electrodeposited WO3 is analyzed. In relation to this, a 

slightly more pronounced peak in the spectra at approximately 800 cm-1 is observed. 

Several studies relate this Raman shift with the characteristic peak of monoclinic WO3 

[30, 43]. 
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In the samples synthesized with Na2WO4 concentrations of 25 mM, the characteristic 

peak of WO3 is clearly observed, whereas for samples electrodeposited at 15 mM 

Na2WO4 the peak is less pronounced. The presence of WO3 in the samples was 

corroborated by means of Raman spectroscopy when performing the electrodeposition 

with a hydrogen peroxide concentrations of 20 and 30 mM (Fig. 2a) and Fig. 2b)) and a 

Na2WO4 concentration of 15 and 25 mM. 

Samples electrodeposited at 40 mM H2O2 (Fig. 2c)) do not clearly show the characteristic 

WO3 peak for any of the different Na2WO4 concentrations. This may be owing to the fact 

that a higher concentration of hydrogen peroxide is able to dissolve part of the WO3 [43]. 

The same occurs with the samples synthesized with 5 mM Na2WO4 at different 

concentrations of H2O2. This may be due to the fact that the electrodeposited amount of 

WO3 is small, so it is not possible to detect its presence using the Raman spectroscopy.  

It is important to remark that the intensity of the Raman peaks associated with TiO2 

anatase decreases as the Na2WO4 is increased. This might be related to a uniform WO3 

electrodeposition on TiO2 surface.  

XRD measurements confirm the Confocal Raman Spectra results. In this way, Figure 3 

shows the XRD profiles of the TiO2 and TiO2-WO3 nanostructures electrodeposited with 

30 mM H2O2 and different Na2WO4 concentrations (5, 15 and 25 mM). For all the 

samples, anatase and titanium diffraction peaks are observed, being the more intense the 

corresponding to anatase (101) (see Figure 3) [20]. Additionally, crystalline planes of the 

monoclinic phase of WO3 at 2θ = 23.15°, 23.48°, 24.25°, 33.35° and 34.27°, are 

associated to the (002), (200), (020), (022) and (202) [34], which confirm the presence of 

both TiO2 and WO3 in the nanostructures electrodeposited at 15 mM and higher Na2WO4 

contents. XRD did not detect WO3 at Na2WO4 concentrations of 5 mM, according to 

Raman measurements.  
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3.3. XPS measurements 

X-Ray Photoelectron Spectroscopy (XPS) technique has been used to confirm the WO3 

presence in the hybrid nanostructures. Figure 4 shows, as an example, the count spectrum 

of the TiO2-WO3 sample electrodeposited with 25 mM Na2WO4 and 30 H2O2. The 

nanostructure is basically made up of three elements: oxygen (O), titanium (Ti) and 

tungsten (W). The presence of the C 1s peak is related to the surface contamination when 

the sample was exposed to air before the XPS tests. 

The detailed XPS spectra corresponding to O 1s, Ti 2p and W 4f are shown in Figure 5. 

Figure 5a shows the XPS spectra deconvolution for Ti 2p. The peaks observed at 458.52 

eV and 464.52 eV correspond to Ti4+ 2p3/2 and Ti4+ 2p1/2 respectively. After 

deconvolution, the peaks obtained at energy of 457.24 eV and 463.66 eV represent Ti3+ 

2p3/2 and Ti3+ 2p1/2. [44, 45]. 

The Gaussian-Lorentzian fit of the O 1s peak shows (Figure 5b), at energy of 529.68 eV, 

the lattice oxygen (L0).  The peak at this energy is related to the oxygen atoms fully 

coordinated with Ti4+ and W6+. The area of the peak obtained at energy of 531.27 eV is 

related to the oxygen vacancies in the network (V0). Finally, the peak obtained at energy 

of 532.7 eV is due to the oxygen dissociation from H2O or O2 that react on the surface 

[44]. 

Figure 5c shows the high resolution XPS spectrum corresponding to Ti3p/Wf4 of the 

TiO2-WO3 sample. The peak recorded at energy around 37.0 eV corresponds to the peak 

in the 3p region of Ti3p7/2. The peaks that appear at 35.80 eV and 37.90 eV are attributed 

to W4f7/2 and W4f5/2 respectively. Their doublet splitting of 2.1 eV confirms that WO3 has 

been formed [46, 47].  
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3.4. Atomic Force Microscope (AFM) 

With the AFM technique it was possible to determine the roughness of the samples. In all 

cases, Sa values were higher (in almost 5 times) in the hybrid nanostructures (Sa = 244.57 

nm, as an example, of the hybrid TiO2-WO3 nanostructure synthesized at 25 mM Na2WO4 

and 30 mM H2O2) than in the TiO2 nanotubes (Sa = 49.50 nm).  

This increase in roughness can be beneficial in photocatalytic applications as the surface 

area of the sample is increased. However, it must be checked that the electrodeposited 

WO3 particles do not block the mouth of the nanotubes and prevent the absorption of 

light, since the effect can be detrimental. For this reason, the morphology of the samples 

was evaluated by Field Emission Scanning Electron Microscopy (FE-SEM). 

 

3.5. FE-SEM and EDX analysis 

In order to analyze the morphology of the hybrid TiO2-WO3 nanostructures, Field 

Emission Scanning Electron Microscopy (FE-SEM) was used Fig. 6a) shows an image of 

a TiO2 nanostructure obtained by electrochemical anodization without electrodeposition. 

There the presence of a thin initiation layer on the TiO2 nanotubes is observed in some 

areas, while in other areas this layer has been removed due to hydrodynamic flow 

conditions during anodization. This corroborates that hydrodynamic flow conditions 

minimize, at least, in some areas the initiation layer formed on the nanostructure [48]. 

Fig. 6b) shows a cross section of the TiO2 nanotubes where it can be observed their 

ordered and vertical arrangement with an average length of 6.6 ± 0.1 μm. This length, 

together with their ordered vertical arrangement allow a direct path of the incident 

electrons, thus favouring the absorption of sunlight in photoelectrochemical water 

splitting applications [49]. 
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In Figs. 7 to 9, FESEM images of the different hybrid nanostructures are shown.  Note 

that all the synthesized TiO2-WO3 nanostructures maintain the ordered and nanotubular 

structure possessed by pure TiO2 nanotubes. 

The sample electrodeposited at a concentration of 20 mM H2O2 and 5 mM Na2WO4 (Fig. 

7a) shows a slight aggregation of WO3 on the surface of the mouths of the nanotubes, in 

addition to tiny WO3 particles arranged on the surface. As the concentration of Na2WO4 

increases (Figs. 7b and 7c), the deposition of WO3 on the nanotubes becomes more 

apparent. 

It is important to highlight that the sample with an amount of 25 mM Na2WO4 and 20 

mM H2O2 (Fig. 7c) shows a high electrodeposition of WO3, covering practically the entire 

surface of the nanotubes. This will be a disadvantage in the subsequent 

photoelectrochemical water splitting since it may prevent the absorption of sunlight. 

Regarding the nanostructures electrodeposited at 30 mM H2O2 (Fig. 8), the aggregation 

of WO3 on the mouths of the nanotubes can also be observed, in addition to the presence 

of small particles of WO3 deposited on the surface, especially in the samples synthesized 

at concentrations of 15 and 25 mM Na2WO4 (Figs. 8b and 8c). But, unlike the morphology 

presented when electrodeposition was performed at a concentration of 20 mM H2O2 (Fig. 

7), in this case the WO3 particles have not plugged the mouths of the nanotubes, in 

addition to having a slightly smaller size. 

In the FESEM images obtained at a concentration of 40 mM H2O2 (Fig. 9), the presence 

of WO3 on the surface is not so clearly appreciated, in addition to have fewer WO3 

particles than in the rest of the images. This is because if the H2O2 concentration is higher 

(40 mM), the WO3 electrodeposition may be dissolved again [43]. 
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All this can be justified based on the formation reactions of WO3 (Eqs.5 to 7) since a 

higher concentration of H2O2 is able to dissolve Na2WO4 to a greater extent, transforming 

it to [W2O11]-2 than in turn, dissociates to form WO3, thus allowing a greater 

electrodeposition of this compound on the nanostructure. But at high concentrations of 

H2O2 (40 mM), once the WO3 has been formed on the nanotubes, there is still the presence 

of H2O2 in the medium. This causes the complexation of WO3 back to the intermediate 

compound [W2O11]-2 (Eq.7). 

For this reason, in Fig. 7 a greater electrodeposition of particles is observed when 

electrodeposition is carried out with 20 mM of H2O2, since this concentration is high 

enough to transform the intermediate compound [W2O11]-2 to WO3, but not as high as to 

complex back the formed WO3. However, a slightly higher concentration such as 30 mM 

H2O2 is sufficient to dissolve some of the formed WO3 and cause it to complex back to 

the intermediate compound, but it is not as high as 40 mM that occasionates that most of 

the deposited WO3 converts again to [W2O11]-2. 

It is important to note that the nanostructures synthesized at a concentration of 5 mM of 

Na2WO4 and with a concentration of 30 and 40 mM of H2O2 (Figs. 7a and 8a) present a 

similar appearance. This is due to the fact that a low concentration of Na2WO4 provides 

a lower electrodeposition of WO3, and despite the difference in the amount of H2O2, it 

can be assumed that the complexation of the WO3 deposited with the intermediate 

compound will be similar under these conditions. 

Therefore, despite the formation effect that H2O2 has on the electrodeposition process, it 

also presents the decomposition effect of WO3 when its concentration in the medium is 

high. 
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To confirm the presence of WO3 in each of the samples, especially in the nanostructures 

formed when electrodeposition was carried out at 40 mM of H2O2, an EDX analysis has 

been performed (Fig. 10). Figs. 10a and 10b shows, as an example, the EDX data of one 

of the spectra obtained for the sample electrodeposited in 5 mM Na2WO4 and 20 mM 

H2O2 and in 5 mM Na2WO4 and 40 mM H2O2, respectively. Additionally, Table 1 shows 

the data of different spectra taken in several areas of the hybrid nanostructures 

electrodeposited in the aforementioned conditions. 

According to Fig. 10, the main elements detected in the samples are titanium, tungsten 

and oxygen, which confirms the presence of WO3 in the nanostructures. 

Spectrum 1 shows the concentration of a W particle (86.35 wt. %), which may block TiO2 

nanotubes. Table 1 shows that for the same amount of Na2WO4, the samples 

electrodeposited at a lower concentration of H2O2 present higher tungsten content in wt. 

%, since an increase in the concentration of hydrogen peroxide dissolves most of the 

electrodeposited WO3 to intermediate [W2O11]-2 (Eq. 7). 

Besides, another spectrum was performed on the sample electrodeposited at 25 mM 

Na2WO4 and 30 mM H2O2 in order to determine the amount of tungsten electrodeposited 

at the highest amount of Na2WO4 (Fig. 10c). The titanium and tungsten wt. % obtained 

from this analysis were 79.83% and 20.17% respectively. Therefore, a higher 

concentration of Na2WO4 increases the amount of W present in the nanostructure (Table 

1). Additionally, Fig. S1 shows, as an example, an EDX mapping of the nanostructure 

electrodeposited at 25 mM Na2WO4 and 30 mM H2O2, where an homogeneous Ti and W 

wt. % distribution can be observed.    
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3.6. TEM Analysis 

Figure 11 shows HR-TEM images of the TiO2-WO3 sample electrodeposited at 25 mM 

Na2WO4 and 30 mM H2O2. It can be observed that WO3 homogenously distributed along 

the nanotubes. Additionally, and according to the XRD patterns (Fig. 3), monoclinic (200) 

and (020) phases for WO3 were found. On the other hand, for TiO2, anatase (101) was 

also detected. Figure S2 reveals the presence of W for the samples electrodeposited with 

5 and 15 mM of Na2WO4 and 30 mM H2O2. 

 

3.7. Photoelectrochemical response tests 

Photoelectrochemical response tests were carried out for each of the hybrid 

nanostructures, as well as an anodized TiO2 nanostructure (without electrodeposition), 

that serves as a reference sample (Fig. 12) 

During the test, photocurrent densities (i) are recorded as potential applied shift towards 

more positive values. At the same time, light pulses are applied: 60 mV in the dark and 

20 mV with light. Fig. 12 shows that during the interval in which the light falls on the 

photocatalyst a significant increase in current density is observed. Regardless of the 

amounts of Na2WO4 and H2O2 electrodeposited, in most of the samples the current 

density improves compared to the sample of the pure TiO2 (just anodized TiO2 

nanotubes). This is due to the incorporation of WO3 to the nanostructure, which provides 

a narrowing of the bandgap induced by WO3 [42], and might reduce the recombination of 

electron-hole (e- - h+) pairs and a more effective charge separation. In the hybrid 

nanostructures, the electrons photogenerated in TiO2 are transferred to the conduction 

band (BC) of WO3, while the holes pass from the valence band of WO3 to the TiO2 [50]. 

Furthermore, the reduction in the recombination of the e- - h+ pairs implies a greater 
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number of existing electrons for photoelectrochemical applications, such as, the 

photoelectrochemical water splitting. 

Fig. 12 also shows that photocurrent densities increase as the potential shift towards more 

positive values, showing some stability at potential values of approximately 0.7 VAg/AgCl 

in most of the samples. Besides, when light was switched off (dark conditions), the 

photocurrent density drops to values close to 0 mA/cm2, which indicates a stability of the 

hybrid nanostructures. However, as the photoelectrode is illuminated again, the 

photocurrent densities increase rapidly to a constant value, which may be related to a 

rapid transport of the charges inside the photoelectrode [30]. 

Another aspect to consider is the peak that the different nanostructures present at the 

beginning of each pulse, which is mainly appreciated at potentials between 0.4-0.7 

VAg/AgCl. This peak is related to recombination process of the electrons and holes 

generated. This process continues until a constant photocurrent density value is reached 

[51]. 

 

3.7.1. Influence of H2O2 and Na2WO4 content used for electrodeposition on the 

photoelectrochemical response 

Figure 12 shows the photocurrents obtained for the different hybrid nanostructures. In 

particular, Figure 12a shows that nanostructures electrodeposited at the lowest H2O2 

concentration (20mM) present the lowest photocurrent densities. This is because this 

concentration of H2O2 in the electrolyte is high enough as to dissolve the Na2WO4 

molecule, especially at concentrations of 15 and 25mM Na2WO4, but it is also low enough 

as to redissolve part of the WO3 formed back to the reaction intermediate [W2O11]-2 

(Eq.7), which causes the electrodeposition of a high amount of large WO3 particles on the 
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surface of TiO2 nanostructures, which can even plug the top of TiO2 nanotubes and hinder 

the light absorption towards the photocatalyst surface. This effect is unfavourable for 

photoelectrochemical applications. 

On the other hand, Figure 12b shows that the photocurrents obtained when 

electrodeposition was carried out at a concentration of 30 mM of H2O2 present the highest 

values and are considerably higher than the obtained for pure TiO2 nanostructure 

(anodized without electrodeposition). 

Besides, Figure 12c shows the photocurrent densities for the nanostructures 

electrodeposited with 40 mM H2O2. In this figure it can be observed how photocurrents 

decrease when the concentration of Na2WO4 is increased. This might be explained due to 

an excessive amount of H2O2 for the electrodeposition. That is, higher H2O2 contents 

together with higher Na2WO4 concentrations electrodeposited a higher amount of WO3 

on the nanostructure. But the higher concentration of H2O2 also exhibits the dissolution 

effect of the WO3 formed, converting back to [W2O11]-2. Therefore, under these 

conditions, a large amount of WO3 is electrodeposited, which in turn decomposes the 

reaction intermediate again due to the fact that there is an excess of H2O2 in the medium, 

thus providing less WO3 particles on the nanostructure.  

Nevertheless, when samples are electrodeposited with the lowest concentration of 

Na2WO4 (5 mM), higher photocurrents are obtained, especially for the 20 and 40 mM 

H2O2 concentrations (Figure 12a and 12b). In this way, a lower Na2WO4 concentration 

allows the deposition of a less amount of WO3, which prevents the clogging of the mouths 

of the nanotubes and may allow absorption of light by the samples.   

Note that for the hybrid nanostructures electrodeposited 30 mM H2O2 concentrations 

(Figure 12b), photocurrents are very similar, regardless the Na2WO4 concentration, 
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showing all of them favourable photoelectrochemical behavior for water splitting 

applications. This could be explained since a concentration of 30 mM H2O2 is high 

enough to dissolve the Na2WO4 necessary for WO3 electrodeposition, but it is not so high 

as to complex again the WO3 electrodeposited particles. For the photoelectrochemical 

response of the hybrid nanostructures at this particular concentration (which presented 

the best photocurrent densities for water splitting), other authors [52-54] obtained similar 

or lower photocurrent densities at ~0.55 VAg/AgCl (which was the potential at which the 

highest photocurrents were obtained in the present study). Even in these studies, the 

hybrid TiO2-WO3 nanostructures were prepared by hydrothermal methods (with the 

disadvantages of: long time, use of different reagents, temperature, use of an autoclave…) 

and on an FTO conductive glass, which may increase the obtained photocurrents. 

Additionally, some of these studies tested the heterostructures with an incident light 

intensity of 320 mW/cm2 (three times higher than the one used in the present paper).  

In summary, according to photoelectrochemical response tests, an excess of WO3 in the 

nanostructures provides lower photocurrents for water splitting, since the area of the 

photoanode is covered of particles which hinder light absorption [34].  

Stability tests performed to the samples under illumination and at 1 VAg/AgCl for 1h 

revealed that photocatalyst were stable. Moreover, E-i curves both with light and under 

dark conditions after the tests revealed that samples were stable. Besides, the morphology 

and the crystalline structure of the samples was maintained after the tests (see Fig. S3). 

3.7.2. Statistical analysis 

Table 2 shows the analysis of the Variance for the photocurrents obtained from the 

statistical design. None of the effects result statistically significant for 

photoelectrochemical water splitting, since their p-values were higher than 0.05. 
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However, the p-value for the interaction between Na2WO4 and H2O2 was almost 

significant (p-value = 0.0516). Besides the quadratic effect of Na2WO4 have a p-value 

considerably higher than 0.05 (0.4809), therefore, it was excluded from the analysis (see 

Figures 13a and 13b). It is noticeable that the simple effect of Na2WO4 concentration was 

not excluded from the analysis since the interaction between Na2WO4 and H2O2 was 

almost statistically significant. The new analysis (excluding the quadratic effect of 

Na2WO4 concentration) is shown in Table 3 and Figure 13b. Table 3 shows that when the 

quadratic effect of Na2WO4 concentration was excluded the interaction between Na2WO4 

and H2O2 concentration results statistically significant (p-value of 0.0459). As a 

consequence of this, in order to fabricate the most suitable hybrid nanostructures (higher 

photocurrent densities), it is not only important to fix the Na2WO4 concentration, but also 

the H2O2 amount. This is because higher Na2WO4 concentrations are appropriate for 

photoelectrochemical applications when 30 mM of H2O2 concentration is used for 

electrodeposition. However, low photocurrent responses are obtained at higher Na2WO4 

when electrodeposition is performed at 20 and 40 mM. This explains the statistical 

significance of the interaction between Na2WO4 and H2O2 concentrations.  

 

4. CONCLUSIONS  

Hybrid TiO2-WO3 nanostructures were synthesized by electrochemical anodization under 

hydrodynamic conditions followed by electrodeposition at different H2O2 and Na2WO4 

concentrations. 

FESEM revealed the formation of ordered nanotubes with different morphologies 

depending on the H2O2 and Na2WO4 content. XPS, HR-TEM, XRD, Raman spectroscopy 

and EDX confirm the presence of WO3 in the nanostructures. Additionally, AFM 
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demonstrates the increase in roughness in the hybrid samples if compared to the TiO2 

one. 

Statistical analysis reveals that the interaction between Na2WO4 and H2O2 concentrations 

is statistically significant since high Na2WO4 contents are appropriated when 

electrodeposition is performed at 30 mM H2O2. On the contrary, with 20 and 40 mM H2O2 

contents and high Na2WO4 concentrations low photocurrents are obtained. This is 

because a concentration of 30 mM of H2O2 allows the electrodeposition of a certain WO3 

amount which makes it possible to enhance the photoelectrochemical water splitting. In 

fact, nanostructures synthesized under these conditions (30 mM H2O2) were the best 

photocatalysts in terms of higher photocurrent densities for water splitting, with an 

increase in the photocurrent of 50-60 % with respect to the TiO2 nanotubes. 
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Figure 1. Current densities vs time during anodization of titanium at 55 V for 30 min and 

stirring the electrode at 3000 rpm. 
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a) 20 mM H2O2 

 
b) 30 mM H2O2 

 
c) 40 mM H2O2 
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Figure 2. Raman spectra for the TiO2 nanostructure and the different hybrid 

nanostructures electrodeposited with a) 20 mM H2O2 at 5, 15 and 25 mM of Na2WO4, b) 

30 mM H2O2 at 5, 15 and 25 mM of Na2WO4 and c) 40 mM H2O2 at 5, 15 and 25 mM of 

Na2WO4. 
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Figure 3. XRD patterns of a: TiO2 and b: TiO2-WO3 5 mM Na2WO4-30 mM H2O2, c: 

TiO2-WO3 15 mM Na2WO4-30 mM H2O2 and d: TiO2-WO3 25 mM Na2WO4-30 mM 

H2O2. 
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Figure 4. XPS Spectra of the TiO2-WO3 nanostructure electrodeposited with 25 mM 

Na2WO4 and 30 mM H2O2. 
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Figure 5. XPS Spectra of the TiO2-WO3 nanostructure electrodeposited with 25 mM 

Na2WO4 and 30 mM H2O2: Ti 2p (a), O 1s (b) and W 4f (c) 
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Figure 6. a) FE-SEM image of the surface of the TiO2 nanotubes at 30,000X. b) FE-SEM 

image of the cross section of the TiO2 nanotubes at 5,000X. 
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a) 5 mM Na2WO4 

     
b) 15 mM Na2WO4 

     
c) 25 mM Na2WO4 

     
 

 

Figure 7. FE-SEM images of the nanotubes electrodeposited at 20mM H2O2 with 

different amounts of Na2WO4. 
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a) 5 mM Na2WO4 

     
b) 15 mM Na2WO4 

     
c) 25 mM Na2WO4 

     
 

 

Figure 8. FE-SEM images of the nanotubes electrodeposited at 30mM H2O2 with 

different amounts of Na2WO4. 
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a) 5 mM Na2WO4 

     
b) 15 mM Na2WO4 

     
c) 25 mM Na2WO4 

     
 

Figure 9. FE-SEM images of the nanotubes electrodeposited at 40mM H2O2 with 

different amounts of Na2WO4. 
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Figure 10. Image and EDX spectrum of the nanostructures electrodeposited with 5mM 

Na2WO4 and a) 20mM H2O2, b) 40mM H2O2. And c) EDX spectrum of the nanostructures 

electrodeposited with 25mM Na2WO4 and 30mM H2O2. 
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Figure 11. HR-TEM images of the TiO2-WO3 nanostructure electrodeposited at 25 mM 

Na2WO4 and 30mM H2O2. a) Vertical view of the nanotubes. b) Horizontal view of the 

nanotubes. 
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a) 20 mM H2O2 

 
 

b) 30 mM H2O2 
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c) 40 mM H2O2 

 

 

Figure 12. Current density vs. applied potential curves under dark and illumination 

conditions (AM 1.5) for the TiO2 nanostructures together with the different hybrid 

nanostructures electrodeposited with 20 mM H2O2 at 5, 15 and 25 mM of Na2WO4 a) 30 

mM H2O2 at 5, 15 and 25 mM of Na2WO4 b) and 40 mM H2O2 at 5, 15 and 25 mM of 

Na2WO4 c). 
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a) Pareto Chart 

 

 

b) Pareto chart excluding AA effect 

 

Figure 13. Pareto chart. Influence of the different parameters and their interactions a) 

and Pareto chart excluding the quadratic effect of Na2WO4. 
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Table 1. Weight percentages of the elements detected in the EDX spectra for the samples 

electrodeposited in 5mM Na2WO4 and 20 and 40 mM H2O2. 

 

Sample Ti (wt%) W (wt%) O (wt%) 

5mM Na2WO4 - 20mM H2O2 
Spectrum 1 9.04 86.35 4.61 

Spectrum 2 62.42 3.01 34.57 

5mM Na2WO4 - 40mM H2O2 

Spectrum 3 57.72 1.60 40.68 

Spectrum 4 62.94 1.47 35.59 

Spectrum 5 54.93 1.87 43.20 
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Table 2. Analysis of variance for the photocurrent density taking into account the factors 

Na2WO4 concentration, H2O2 concentration, the quadratic individual effects and the 

interaction between factors. 

 

 Sum of Squares Gl Mean Square Fratio p-value 
Na2WO4 0,00000208333 1 0,00000208333 0,03 0,8584 
H2O2 0,0000795675 1 0,0000795675 1,27 0,2831 
Na2WO4

2 0,0000332544 1 0,0000332544 0,53 0,4809 
Na2WO4· H2O2 0,00029768 1 0,00029768 4,76 0,0516 
H2O2

2 0,000127314 1 0,000127314 7,36 0,1812 
Residual error 0,00068721 11 0,0000624736   
Total  0,00168716 17    
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Table 3. Analysis of variance for the photocurrent density taking into account the factors 

Na2WO4 concentration, H2O2 concentration, the quadratic individual effect of H2O2 and 

the interaction between factors. 

 Sum of Squares Gl Mean Square Fratio p-value 
Na2WO4 0,00000208333 1 0,00000208333 0,03 0,8553 
H2O2 0,0000795675 1 0,0000795675 1,33 0,2721 
Na2WO4· H2O2 0,00029768 1 0,00029768 4,96 0,0459 
H2O2

2 0,000127314 1 0,000127314 2,12 0,1710 
Residual error 0,000720464 11 0,0000600387   
Total  0,00168716 17    

 



 

 

 

 
 

   

Fig. S1. EDX Mapping of the TiO2-WO3 nanostructures electrodeposited 25 mM Na2WO4 and 
30 mM H2O2. 
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Fig. S2. HR-TEM images and EDX mapping of the TiO2-WO3 nanostructures electrodeposited 
at a) 5 mM Na2WO4 and 30 mM H2O2 and b) 15 mM Na2WO4 and 30 mM H2O2. 
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Fig. S3. Stability of the samples synthesized at 25 mM Na2WO4 and 30 mM H2O2 a) i-t curve 
(at 1VAg/AgCl under illumination), b) E-i curve (under illumination and dark conditions), FE-SEM 
image and Raman Spectra after stability tests c) and d), respectively. 


