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Abstract 

Metal oxide semiconductor materials such as tungsten oxide and metal tungstates are 

promising candidates for use as photoanodes in solar water splitting. In this context 

nanostructured tungsten oxide, copper tungstate and nickel tungstate thin films have 

been prepared, the factors influencing their growth studied, and their PEC properties 

investigated. 

 

Different morphology WO3 films, including one-dimensional (1-D) nanorods, two-

dimensional (2-D) nanosheets, and three-dimensional (3-D) nanotrees and nanoflowers, 

were synthesized using spray chemical vapour deposition (spray CVD), chemical bath 

deposition (CBD) and aerosol-assisted chemical vapour deposition (AACVD). The 

spray CVD and AACVD methods provide simple, single-step and industrially 

applicable ways to fabricate WO3 films with excellent stability, which results from the 

combined effects of sub stoichiometric WO3-x and enriched (0 0 2) crystal facets. The 

effect on film growth of deposition temperature, deposition time, and precursor solution 

concentration and volume were systematically studied and the materials PEC 

performance optimized. The optimal WO3 nanorod film achieved a photocurrent 

density of 0.73 mA/cm2, with a thickness of 4.7 μm and an average nanorod diameter 

of 330 nm. 

 

Nanostructure CuWO4 films were successfully prepared using a facile and single-step 

spray CVD method. The film prepared at 450 ℃ had a bandgap of ~2.3 eV and a 

photocurrent density of ~0.21 mA/cm2 at 1.23 V (vs. RHE), which is the highest 

photocurrent reported for CVD deposited CuWO4, and it had significantly enhanced 

stability in neutral solution compared to WO3. Then, CuWO4/WO3 shell/core films 

were prepared by a single-step spray CVD method. The films had much better 

photocurrent density than either WO3 or CuWO4 film, which was ascribed to the 

heterojunction structure which facilitates photogenerated charge separation and 
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transportation.  

 

Nanostructured NiWO4 films were prepared by AACVD using two different precursors. 

The film prepared using Ni(thd)2 was not uniform and contained both WO3 and NiO 

impurities, whilst the NiWO4 film prepared using Ni(acac)2 contained no impurities. 

The influence of deposition temperature and the Ni/W precursor ratio on phase purity 

was investigated. The PEC performance of the CVD deposited NiWO4 films were 

studied, and showed a comparable photocurrent density to NiWO4 films prepared in 

literature by other methods. 
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Impact Statement 

 

Inside academia: 

(1) The home-built spray chemical vapour deposition (spray CVD) reactor enables an 

alternative method for precursor delivery, which has advantages over aerosol 

assisted chemical vapour deposition (AACVD) and traditional CVD and therefore 

provides a new route to film synthesis. 

(2) The three-dimensional (“nanotrees” and “nanocauliflowers”) WO3 films were 

prepared via AACVD as photoanode materials, which provide the foundation for 

the development of new morphology materials using a potentially scalable method. 

(3) The systematical study of effects of different deposition parameters adds to the body 

of knowledge on film growth mechanisms. 

 

Outside academia: 

(1) CVD is used in industry for thin film coatings, thus developing new CVD routes to 

CuWO4 and NiWO4 may enable industrial uptake of these materials. 

(2) WO3 is a good gas sensing material. The deposition of WO3 films via CVD in our 

group has already attracted interest from gas sensor manufacturing companies, and 

controlling WO3 morphology is of great value in this area. 
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1. Introduction 

1.1 Overview 

Global energy demand is increasing due to rapid population growth and increasing 

industrial development. The use of fossil fuels to meet this demand is coupled with ever 

worsening global warming, which has led to calls for the urgent development of clean 

alternatives. Visible light driven water splitting to produce H2 and O2 offers an obvious 

promising pathway to address the global energy crisis and greenhouse effect.1,2 Since 

the discovery of photocatalytic water splitting by Fujishima and Honda using a TiO2 

electrode,3 much effort has been expended on finding suitable semiconductors. Metal 

oxides, including tungsten oxide and metal tungstates, show several advantages over 

other materials, such as low toxicity, low synthetic cost, high resistance against 

photocorrosion, and compatibility with up-scale.4,5 In this introduction, the basic 

principle of photoelectrochemical water splitting, the background of tungsten oxide and 

metal tungstates, the methods to prepare tungsten oxide and metal tungstate thin films, 

the strategies to improve the performance of metal oxide photoanode thin films, and the 

motivation and aims of this research project will be introduced.  
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1.2 Basic principles of photoelectrochemical water splitting 

 
Fig. 1- 1 Fundamental principle of WO3-based n-type semiconductor photoelectrochemical water 

splitting (Pt as the counter electrode)  

1.2.1 PEC cell 

Thermodynamically the splitting of water into hydrogen and oxygen is an uphill 

process,6 requiring a potential more negative than 0 V (vs. NHE at pH = 0) to reduce 

water (equation 2) and a potential more positive than 1.23 V (vs. NHE at pH = 0) to 

oxidize water (equation 1). As shown in equation 3, the overall water-splitting reaction 

(equation 3) requires a minimum energy of 1.23 eV (or a standard Gibbs free energy 

change ΔGo of 237 kJ mol-1).  

2H2O + 4h+ → 4H+ + O2 (g), Eo
ox = 1.23 V (vs. NHE) (1) 

4H+ + 4e- → 2H2 (g), Eo
red = 0 V (vs. NHE) (2) 

H2O → H2 + 1/2O2, ΔGo = 237 kJ mol-1 (1.23 V at pH = 0) (3) 

Fig. 1- 1 shows a photoelectrochemical device using Pt as the cathode and WO3-based 

n-type semiconductor as photoanode.7 When the photoelectrode is under sufficient 

illumination and the semiconductor absorbs photons with higher energies than its band 

gap, electrons in the valence band are excited to the conduction band, and as a result 

excited electrons and holes are generated in the conduction and valence bands 
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respectively. Then, with the help of an external bias, the electrons are transferred to the 

cathode (Pt), in which electrons will be utilized to reduce water for hydrogen production. 

Meanwhile, the holes in the valence band are transferred from photoanode (WO3) to 

electrolyte to oxidize water for oxygen production. 

1.2.2 Semiconductor physics 

When a semiconductor is brought into contact with an electrolyte which contains a 

redox couple (e.g. H2O/O2), charge will be transferred between the semiconductor and 

the electrolyte until an equilibrium is established if the electrochemical potential (Fermi 

level) is different across the interface.8–11 At the semiconductor-liquid junction (SCLJ), 

an interfacial electric field will be formed to balance the initial difference between the 

semiconductor and the electrolyte, and the electrochemical potential is identical 

everywhere after equilibration. 

 

Fig. 1- 2 The band energetics of an n-type semiconductor-liquid contact in dark condition: (A) before 

equilibration, (B) after equilibration9 

 

For example, when a typical n-type semiconductor photoanode (e.g. WO3) is immersed 

in an electrolyte which contains a redox couple (e.g. H2O/O2), electrons (the majority 

charge carriers) will flow from the semiconductor to the electrolyte until the 

equilibrium is established (Fig. 1- 2).8,9 After equilibration, the semiconductor 

photoanode will have excess positive charge arising from ionized dopant atoms in the 

semiconductor, and the electrolyte solution will have excess negative charge. The 

positive charge is spread out over the depletion width (W) in the semiconductor (the 
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space charge region or the depletion layer) due to the relatively small charge carrier 

densities in the semiconductor (~ 1016- 1020 cm-3), whilst the negative charge is spread 

over a much narrower and compact region (the Helmholtz layer) in the electrolyte 

solution, close to the semiconductor photoanode. The electric field in the 

semiconductor results in band bending due to a drop in the electric field strength in the 

solid. Moreover, the electric field plays a vital role in the separation of charge carriers 

in the semiconductor; holes (h+) will be attracted to the surface where the negative field 

is stronger, whilst electrons (e-) are repelled from the surface to the bulk of the solid. 

This is why an n-type semiconductor is traditionally used as a photoanode, as the 

electric field can direct photogenerated holes to move into the electrolyte solution.  

 

The electric filed strength and the potential energy barrier in the semiconductor depend 

on the initial energy difference between the Fermi lever (EF) of the semiconductor and 

the electrochemical potential (-qE(A/A-), where E is the Nernst potential of the redox 

pair (A/A-)) of the electrolyte solution (Figure 1- 2). The width (W) of space charge 

region depends on the amount of charge transferred to the surface and the density of 

shallow donors in the material (ND). The following equation is the widely used 

expression for calculating the space charge region width:8 

 

Where ND, e, ε0, εr and ΦSC represents the carrier’s density, electron charge, vacuum 

permittivity, relative permittivity and potential drop of the space charge region. 
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Fig. 1- 3 Effect of applying a bias voltage (VA) to an n-type semiconductor photoanode. Left: positive 

bias is applied. Right: negative bias is applied. VH is the potential drop across the Helmholtz layer. 8 

 

In a PEC cell, applying an external bias potential to the semiconductor photoanode can 

significantly influence the band bending.8 The potential difference when the bias is 

applied (with respect to a reference electrode) will be distributed over the space charge 

layer and the Helmholtz layer. As shown in Fig. 1- 3, as VH remains constant, any 

change in applied bias will fall across the space charge layer of the semiconductor. 

When a positive bias is applied to an n-type semiconductor photoanode, the space 

charge layer will be increased and the degree of the band bending will be increased 

(upward band bending), whilst when a negative bias is applied to the semiconductor 

the space charge layer and the band bending will be reduced and even eliminated. 

 

Fig. 1- 4 Band diagram for a PEC cell based on an n-type semiconductor photoanode which is 

electrically connected to a metal counter electrode: (left) in equilibrium in the dark condition; (right) 

under illumination8 
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When a semiconductor photoanode is irradiated with steady-state illumination with 

photons of energy which correspond in energy to at least the band gap minimum, as 

shown in Fig. 1- 4, photogenerated electron-hole pairs are created, the band bending is 

decreased and the Fermi level is increased towards the flat band potential EF with a 

value of ΔVphoto, which is the internal photovoltage.8,9 As the system is no longer in 

equilibrium under illumination, particularly in the space charge region where the 

electrons and holes are generated, the concept of quasi-Fermi levels are more useful 

than a single Fermi level. The quasi-Fermi level is a description of the electrochemical 

potential of one carrier type (electrons or holes) at a time under non-equilibrium 

conditions. The term “quasi” suggests that thermalization of the excited electrons and 

holes is a fast process, leaving the collection of each carriers in quasi-thermal 

equilibrium under illumination. 

As shown in the Fig. 1- 4, when an n-type semiconductor is under illumination, the 

original Fermi levels split into separate quasi-Fermi levels (E*
F,n for electrons and E*

F,p 

for holes), resulting from the excess concentration of photogenerated electron-hole 

pairs over the equilibrium populations. The excess electrons barely affect the majority 

carrier numbers, whilst the excess hole population significantly alters the minority 

carrier distribution with respect to the equilibrium populations. Therefore, the hole 

quasi-Fermi level shifts significantly compared to insignificant change in the electron 

quasi-Fermi level. The degree of splitting between the electron and hole quasi-Fermi 

levels is referred as the open-circuit voltage (VOC) or photovoltage (Vphoto) under zero 

net current flow. 

1.3 Background of tungsten oxide, copper tungstate and 

nickel tungstate 

1.3.1 Tungsten oxide 

1.3.1.1 Crystal structure 
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Fig. 1- 5 Schematic illustrations of the crystal structure of (a) monoclinic WO3 and (b) hexagonal 

WO3
12 

 

Ideally, WO3 is ReO3-type cubic structure13, which is described as the three-

dimensional networks of corner-sharing WO6 octahedra. But in practice, cubic WO3 is 

not observed. The structure of WO3 varies due to distorted WO6 octahedra, with W6+ 

off-center in the WO6 octahedra. The common WO3 phases are classified into the 

following five forms: monoclinic II (ε-WO3)
13, triclinic (δ-WO3),

14,15 monoclinic I (γ-

WO3),
16,17 orthorhombic (β-WO3)

18 and tetragonal (α-WO3)
19. The stable temperature 

domains of the five forms are: monoclinic II (ε-WO3, T< -43 ℃) → triclinic (δ-WO3, -

43 ℃ < T < 17 ℃) → monoclinic I (γ-WO3, 17 ℃ < T < 330 ℃) → orthorhombic (β-

WO3, 330 ℃ < T < 740 ℃) → tetragonal (α-WO3, T ﹥  740 ℃).20 At room 

temperature, the monoclinic I (γ-WO3) is the most stable and most common phase, and 

Fig. 1- 5 (a) shows the structure of monoclinic WO3. Except for the phases referred 

above, Gerand et al. reported a potentially stable WO3 phase, which is hexagonal WO3 

(h-WO3).
21 Fig. 1- 5 (b) shows the structure of hexagonal WO3.

7 The structure of 

hexagonal WO3 is also built from WO6 octahedra sharing their corners, while their 

arrangement results in a hexagonal symmetry. In normal condition, oxygen vacancies 

exist in tungsten oxide, resulting in sub-stoichiometric tungsten oxide, such as W18O49 

(WO2.72), W20O58 (WO2.9) and W24O68 (WO2.83) which occurs due to WO6 octahedra 

sharing their face or edge.20 The existence of oxygen vacancies influences the properties 

and band gap of tungsten oxide greatly. The change of band gap value in sub 
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stoichiometric tungsten oxide can result from a decrease of the W=O/O-W-O ratio, and 

Rougier etc. observed that WO3-x films show different band gap from 3.2 eV to 2.5 eV 

using different preparation temperature.22 In addition, the optimal concentration of 

oxygen vacancies in tungsten oxide films can improve the photocatalytic activity as 

well as the photostability. The oxygen vacancies can serve as shallow electron donors 

and enhance the donor density in the tungsten oxide film, and therefore improves the 

charge transportation in the film. Moreover, the sub stoichiometric WO3-x is highly 

resistive to the re-oxidation and peroxo-species induced dissolution and therefore it can 

enhance the photostability of the film.23 Despite these positive effects, a high 

concentration of oxygen vacancies can cause negative effects and decrease the 

photoelectrochemical ability such as acting as charge recombination centers. Therefore, 

controlling the level of oxygen vacancies is of great importance. 

1.3.1.2 Optoelectronic properties and applications 

 

Fig. 1- 6 Band gap position of WO3 

 

WO3 is n-type material and therefore, its band bending at electrode-electrolyte interface 

favors it be used as photoanode, because the photogenerated holes reaching the surface 

drive photo-oxidation reactions. It has an indirect band gap of around 2.7 eV (2.5 – 2.9 

eV), which allows it to capture around 12% of the solar spectrum and absorb visible 

light up to ~500 nm. The band gap position of WO3 is shown in Fig. 1- 6. The valence 
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band maximum of WO3 is positive enough for water oxidation, while its conduction 

band minimum is not negative enough for water reduction, and thus WO3 is usually 

used as a photoanode in a photoelectrochemical water splitting device. Compared to 

TiO2 which has only 2.2% theoretical solar energy to hydrogen maximum conversion 

efficiency,24 WO3 has an approximately efficiency of 4.8% in a photoelectrochemical 

water splitting device (theoretical maximum photocurrent density of ~4.8 mA/cm2 

under one sun illumination).4,25–27 Monoclinic WO3 has been extensively studied as a 

photoanode as it has many advantages such as relatively low cost, low toxicity, good 

chemical stability in acidic aqueous solution (pH less than 4) and high resistance against 

photocorrosion under solar light irradiation.28–31 In addition, it has a good charge 

transport ability with hole diffusion length of around 150 nm compared to around 2 nm 

hole diffusion length for 𝛼-Fe2O3.
32  

 

In addition to the application in the solar water splitting area, WO3 is also widely used 

in the areas of smart windows,33–35 gas sensing,36–38 photodegradation,39–41 and solar 

cells.42–44 

1.3.2 Copper tungstate 

1.3.2.1 Crystal structure 

 

Fig. 1- 7 (a) Crystal structure of CuWO4, Cu (large balls), O (middle balls), W (small balls)45 

(b) Wolframite structure of CuWO4 indicating the connectivity of W-centered (gray) and Cu-centered 

(yellow) octahedral46 
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The crystal structure of CuWO4 is shown in Fig. 1- 7 (a), which is a triclinic distorted 

wolframite-type (space group P1), and its unit-cell parameters are a = 0.4703 nm, b = 

0.5839 nm, c = 0.4878 nm, α = 91.68°, β = 92.49°, γ = 82.81°.47,48 Gebert et al48 

reported that every tungsten and copper atom is surrounded by six oxygen atoms in the 

CuWO4 structure. The range of six W-O distances are within 0.1760 nm to 0.2208 nm 

in the WO6 octahedra, and the range of six Cu-O distances are within 0.1961 nm to 

0.2450 nm in the CuO6 octahedra. The CuWO4 crystal structure can be depicted within 

a framework of oxygen atoms in an approximately hexagonal close-packing, in which 

tungsten and copper occupy half of the octahedral sites.47,48 In addition, as shown in 

Fig. 1- 7 (b), the WO6 octahedra and CuO6 octahedra share edges and form their own 

chains of one-dimension along the c-axis.46 A structure of three-dimension is formed 

by the connected WO6 octahedra chains and CuO6 octahedra chains which share the 

octahedra corners. 46,47,49 

1.3.2.2 Optoelectronic properties and applications 

 

Fig. 1- 8 Band gap position of CuWO4 

 

CuWO4 is an n-type semiconductor material with indirect band gap of around 2.3 eV 

(2.2 eV- 2.4 eV), which allows it to absorb visible light up to ~560 nm.50–52 CuWO4 is 

considered as a promising photoanode for solar water oxidation mainly because it has 
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cheap and earth abundant composition, reasonably small band gap, and good stability 

in neutral and moderate basic solution.53,54,55 The band gap position of CuWO4 is shown 

in Fig. 1- 8. The valence band maximum of CuWO4 is more negative than that of WO3, 

because of the hybridization of O(2p) orbitals and Cu(3d) orbitals.56 The conduction 

band of CuWO4 is comparable to WO3, which is ~ 0.3 eV vs. NHE, and the composition 

of CuWO4 conduction band is under debate. Earlier literature reported that the 

conduction band of CuWO4 is dominated by W(5d) states,56,57 while more recent 

computational study showed that the Cu(3d) states may also contribute to the 

conduction band minimum of CuWO4.
49,58 These hybridizations lead to a smaller band 

gap and hence more visible light absorption. Despite these advantages, CuWO4 is 

considered to suffer from poor charge separation and hole collection efficiencies, 

limiting its PEC performance in water oxidation.59,60 

 

Except for using CuWO4 as a photoanode, it has other applications such as 

photodegradation of pollutants,61,62 gas sensor,63–66 electrodes for rechargeable 

batteries.67–69 

1.3.3 Nickel tungstate 

1.3.3.1 Crystal structure 

 

Fig. 1- 9 Crystal structure of NiWO4; Ni (green balls), O (red balls), W (blue balls) 
70 
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The crystal structure of NiWO4 is shown in Fig. 1- 9, which is a monoclinic wolframite-

type (space group P2/c), and its unit-cell parameters are a = 0.4600 nm, b = 0.5661 nm, 

c = 0.4907 nm, β = 90.03°.70,71,72 Similar to CuWO4, the three pairs of W-O bonds and 

Ni-O bonds have different lengths, which is attributed to two non-equivalent oxygen 

atoms.70 Every tungsten and nickel atom is surrounded by six oxygen atoms in the 

nickel tungstate structure, which forms a distorted octahedral coordination.73,74 Also, 

the NiO6 octahedra and WO6 octahedra share edges and form their own zigzag along 

the c-axis. 

1.3.3.2 Optoelectronic properties and applications 

 

Fig. 1- 10 Potential band gap position of NiWO4 

 

NiWO4 is a multi-functional material with good catalytic ability, high structural 

stability and quantum size effects,75–77 and can be used in various areas, such as 

supercapacitors78,79,80, biosensors81, hydrodesulfurization82,83,84 etc. Although its crystal 

structure is very similar to CuWO4, there are very few papers reported using NiWO4 as 

photoanode for solar water splitting.  

Most literature considered NiWO4 as an n-type semiconductor with a direct band gap, 

however there are reports claiming that it has both a direct and indirect band gap.85,86 

There are limited papers reporting the size of band gap of NiWO4, and the values vary 

significantly, from 1.8 eV to 3.2 eV. 85,86,87 The potential band gap positions are shown 

in Fig. 1- 1088. Other properties such as charge separation and transportation, hole 
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diffusion length etc. are currently not reported. 

1.4 Methods to prepare tungsten oxide and metal tungstates 

thin films 

1.4.1 Doctor-blade method 

Doctor-blade is a technique for fabricating thin films on large surfaces.89–92 It is a 

widely used method and was originally developed in the 1940’s. Howatt et al. used this 

method to form thin sheets of piezoelectric materials and capacitors. Now, it is a widely 

accepted precision coating method. In the process of doctor-blade a well-mixed 

precursor, which consists of nanopowders and additives such as binders, dispersants or 

plasticizers, is made first. The precursor is then placed on the substrate and spread with 

a constant relative movement established between the blade and substrate to form a gel-

layer, which after drying and annealing results in the formation of a thin film. 

 
Fig. 1- 11 SEM images of WO3 films prepared by doctor-blade method from commercial powders: (a) 

Aldrich, (b) ABCR, (c) SSNano93 

 

Reinhard et al93 prepared nanoporous WO3 films using doctor-blade method from 

commercial WO3 powders (Fig. 1- 11). The precursor was the WO3 powders in mixture 

of additives and binders, such as acetylacetone and hydroxypropyl cellulose. Two layers 

of WO3 film were prepared before annealing in air at 700 ℃ for 15 min. It was revealed 

that the WO3 film prepared using the commercial powders from Aldrich had the highest 

photocurrent density of 3.5 mA/cm2, 3.2 mA/cm2, 2.4 mA/cm2 and 2.0 mA/cm2 at 1.23 

V (vs. RHE), measuring in the 1 M CH3SO3H, 1 M H2SO4, 0.1 M Na2SO4 (pH = 3) and 
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0.1 M Na2SO4 (pH = 5) electrolyte, respectively.94,95 

 

Fig. 1- 12 SEM image of CuWO4 prepared by doctor-blade method96 

 

A CuWO4 thin film was achieved by Chen et al using the doctor blade method96 (Fig. 

1- 12). The CuWO4 powders were first made by a hydrothermal method. Then the 

CuWO4 powders were mixed with poly(vinyl alcohol) in water to form a suspension. 

After the suspension was heated at 95 ℃ under stirring, the mixture was spread onto 

ITO glass via the doctor-blade method, followed by 3 hours annealing at 500 ℃ in air. 

The CuWO4 film possessed a donor carrier density (ND) of 2.98 × 1020 cm-3 under dark 

condition, and a photocurrent density of ~10 μA at 1 V (vs. RHE) with a 420 nm cut-

off, in 0.5 M NaClO4 electrolyte.  

 

Fig. 1- 13 SEM image of NiWO4 film prepared by doctor-blade method97 

 

Kim et al97 reported a “nanoberries” morphology NiWO4 thin film prepared by doctor-

blade method (Fig. 1- 13). The NiWO4 powders were synthesized by a hydrothermal 

method at 120 ℃ using sodium tungstate dihydrate and nickel chloride hexahydrate as 
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W and Ni sources respectively. The NiWO4 powders were then mixed with Nafion and 

ethanol and the slurry spread onto ITO glass, followed by drying at 100 ℃ for 12 h. 

The NiWO4 film had a band gap of ~2.9 eV and achieved a photocurrent density of ~30 

μA/cm2 at 0 V (vs. SCE) in 0.1 M KOH electrolyte. 

1.4.2 Hydrothermal method/Solvothermal method 

Hydrothermal/solvothermal synthesis is a powerful method to fabricate thin films, as it 

enables reactions which only occur at high temperature and high pressure. 98–100 

Generally, a Teflon-lined autoclave is chosen as the ideal container to perform the 

reaction, because it not only can work at high pressure and temperature, but also 

exhibits a strong resistance to an acidic or alkaline solution. In this method, the mixture 

reactants, including selected precursors, solvent and additives, are placed into an 

autoclave to carry out the reaction under high pressure and temperature conditions. 

When water is used as the solvent, it is termed as hydrothermal method. And when a 

non-aqueous solvent is used as the solvent, it is termed as solvothermal method. This 

method can accelerate the reaction among the reactants and promote hydrolysis, 

followed by crystal growth resulting in self-assembly of nanomaterials in the solution. 

Moreover, different structure and morphologies can be achieved by tuning the synthesis 

conditions such as precursor, temperature and synthesis time. 101 

 

Fig. 1- 14 SEM images of unannealed WO3: (a) nanowire, (b) NF1, and (c) NF2 arrays102 

  

Su et al102 reported a solvothermal method to prepare nanowire and nanoflake WO3 

films and their SEM images are shown in Fig. 1- 14. The nanowire film had a 

hexagonal-WO3 structure while the nanoflake film had a monoclinic-WO3 structure. 

They controlled the WO3 film morphologies via changing the composition of the 
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solution. The amount of water, urea and oxalic in the precursor had a significant effect 

on the morphologies of the films. They found that the nanoflake film that was 5.6 μm 

thick had the highest saturation photocurrent density among these films, reaching 1.43 

mA/cm2 in 0.5 M Na2SO4 electrolyte. (˃400 nm, 100 mW/cm2) 

 

Fig. 1- 15 (a) Linear sweep voltammetry of CuWO4 and WO3 photoanodes (b) SEM image of CuWO4 

film103 

 

CuWO4 films can also be synthesized by the hydrothermal method. Kalanur et al103 

used a facile hydrothermal method and prepared CuWO4 film with a “bitter-gourd-

shaped” CuWO4 film (shown in Fig. 1- 15 (b)). This film adopted a triclinic-CuWO4 

structure and had a band gap of 2.26 eV. It achieved the highest photocurrent density 

among recently reported CuWO4 films, reaching 0.6 mA/cm2 at 1.23 V (vs. RHE) in 

0.1 M Na2SO4 electrolyte (Fig. 1- 15 (a)). 

1.4.3 Chemical Bath Deposition (CBD) 

Chemical bath deposition (CBD) is an effective and simple method to deposit thin films, 

especially for metal chalcogenides. 104,105,106 It can be used for large-scale or continuous 

deposition. It is probably the simplest and cheapest method because it does not need 

any complicated or expensive equipment, or carry out under high pressure and 

temperature. The only requirements are a vessel to contain the solution (normally 

aqueous) and a substrate to grow the film. This method includes two steps- nucleation 

and particle growth, which are based on the formation of a solid phase from a solution. 

In this method, a substrate is immersed in a solution containing the mixture reactants 

under relatively low temperature (< 100 ℃). By tuning the deposition temperature, 
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precursor composition and concentration, pH value of the solution or even the stirring 

rate, a uniform film can be obtained and the morphology controlled.101 

 

Fig. 1- 16 AFM micrograph of WO3 thin film with different Ag content (a) (c) pure WO3 (b) (d) Ag 10 

wt % 107 

  

Ramkumar et al107 reported a Ag-doped WO3 film prepared by CBD. Tungstic acid was 

mixed with sodium hydroxide to form a yellow solution. Silver chloride was then added 

and pH value of the resulting solution adjusted to 2 using hydrochloric acid. The Ag-

WO3 film was grown directly onto a glass substrate. The annealed WO3 and Ag-doped 

WO3 films possessed a monoclinic WO3 structure and their AFM images are shown in 

Fig. 1- 16. They also revealed that the photocatalytic ability was improved via Ag-

doping, as the electron-hole recombination was diminished. Zeng et al108 also used the 

CBD method to prepare WO3 films. They used sodium tungstate hydrate as the tungsten 

source and mixed with a capping agent, and then added hydrochloric acid and hydrogen 

peroxide. The films were grown on FTO glass at a temperature of 85 ℃, and had a 

monoclinic WO3 structure after annealing at 500 ℃. The photocurrent of the bare WO3 

film reached 1.42 mA/cm2 at 1.23 V (vs. RHE, 0.1 M Na2SO4, AM 1.5G, 100 mW/cm2). 
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1.4.3 Aerosol assisted chemical vapour deposition (AACVD) 

Chemical vapour deposition (CVD) is a widely used and mature technique to deposit 

high quality and performance thin films with controlled structure at nanometer or 

atomic scale. It can be applied at large scale, and is currently used in industry for films 

deposition.109,110 However, the selection and delivery of precursor is a significant 

problem for conventional CVD due to limited availability of volatile precursors. In 

addition, the difficulty of controlling the stoichiometry of multi-component films limits 

its further application. AACVD is a variant of the traditional CVD process, which uses 

aerosol droplets to transport precursors with the help of carrier gases. Compared to 

conventional CVD, it has the following advantages. 

(1) a wide choice of precursors, as long as it is soluble in a solvent from which an 

aerosol can be generated; 

(2) a relatively high reaction rate; 

(3) ability to control the stoichiometry in multicomponent products.110 

 

The process of AACVD is shown in Fig. 1- 17. First, the liquid precursor is atomized 

to aerosol droplets with a fine and sub-micrometer size using an ultrasonic aerosol 

generator. Then the carrier gas delivers the well distributed aerosol droplets to a pre-

heated zone, where the solvent is evaporated/decomposed rapidly, followed by the 

evaporation of precursor. Finally the decomposition or other chemical reactions of the 

precursor occur near or on the pre-heated substrate and form the desired products. 

Heterogeneous reaction occurs at relatively low temperature forming an adhesive film, 

whilst homogeneous reaction takes place at relatively high temperature and generates 

non-adhered powders.110 
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Fig. 1- 17 Schematic diagram of the AACVD process for the deposition of films and powders109 

 

 

Fig. 1- 18 SEM images of tungsten oxide films deposited from AACVD reactions of (a) 

[nBu4N]3[WO4], and (b) [nBu4N]2[W6O19] (inset at higher magnification showing the needle-like 

agglomerates), and their corresponding size-distributions111 
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There are many papers on the synthesis of WO3 thin film via AACVD. The 

morphologies of the films vary with changing deposition conditions, and they can be 

used in different areas such as gas sensing and PEC water oxidation. Ashraf et al111 used 

a range of precursors and deposited tungsten oxide films with different morphologies 

via AACVD (Fig. 1- 18). They used [nBu4N]2[W6O19] as a precursor and prepared a 

yellow fully oxidized WO3 film with monoclinic structure, which has a nanoparticle 

morphology. When the precursor was changed to [nBu4N]3[WO4], a blue sub-

stoichiometric WO3-x film was deposited, which had a nanoneedle morphology and a 

growth preference in the [0 1 0] direction. 

 

Fig. 1- 19 HR-TEM and size distribution of (a) non-functionalized, and functionalized samples with (b) 

gold, (c) platinum, and (d) gold/platinum 

  

Vallejos et al112 prepared noble metal functionalized WO3 nanoneedle films using a 

facile and single-step AACVD method (Fig. 1- 19). They used a mixture of W(OPh)6 

and HAuCl43H2O/H2PtCl6xH2O in acetone and methanol solution and deposited films 

at 400 ℃.  
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Fig. 1- 20 The predicted photocurrent of a series WO3 films in different thickness with a combination 

of two layers-a nanoneedle layer on the top and a flat seed layer on the bottom. These photocurrents 

were predicted from IPCE measurements conducted at 1.23 VRHE in 0.5 M H2SO4
4 

 

Kafizas et al4 prepared a series of WO3 films with both flat and nanoneedle 

morphologies via AACVD using W(CO)6 as the precursor. They found that the band 

gap and PEC performance changed with changing the film thickness and structure. The 

film of a 300 nm flat layer and a 4.6 μm nanoneedle top layer has the highest 

photocurrent density predicted from IPCE, reaching 1.2 mA/cm2 at 1.23 V (vs. RHE) 

(Fig. 1- 20). In addition, by coupling this WO3 film with a photovoltaic device 

containing a methylammonium lead iodide perovskite absorber, an unassisted water 

spitting device was fabricated, reaching an STH efficiency of around 1%. Importantly, 

this is the first time that WO3 photoanodes have been entirely fabricated using CVD 

method at atmospheric pressure.  

1.4.4 Spray Chemical Vapour Deposition (Spray CVD) 
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Fig. 1- 21 Side-on image of the spray CVD reactor and the reaction chamber 

 

The spray CVD is a home-built reactor, where the reaction chamber is made of stainless 

steel and the substrate bed is composed of graphite. The side-on image of the rig is 

shown in Fig. 1- 21.113 It is composed of several main parts: 

(1) The precursor inlet system: the precursor inlet is on the top of the reactor and driven 

by a gas tight syringe equipped with an adjustable syringe driver 

(2) The carrier gas system: the carrier gas is used to split the precursor into atomized 

droplets. It is controlled by a mass flow controller 

(3) Heating system: the substrate is placed onto the graphite substrate bed, which is 

heated by three heaters and the temperature monitored using thermocouples. 

(4) Cooling system: the spray nozzle is equipped with a cooling jacket to prevent 

precursor from decomposing in the nozzle 

(5) The exhaust outlet system: the exhaust/side products are carried away from the 

outlet at the bottom of the reactor 

The spray CVD is a cold-wall reactor and its deposition principle is very similar to 

AACVD. The precursor selection criteria are even wider than AACVD, as it only 

requires that the precursor is soluble in a solvent (no need to generate an aerosol). 

Unlike AACVD where the precursor is atomized to aerosol droplets using a humidifier, 

in the spray reactor, the precursor solution is broken into very fine droplets with sub-

micrometer size at the pneumatic spray nozzle head by the action of the carrier gas. The 

carrier gas also delivers the fine droplets to the substrate and the reaction occurs on or 
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close to the pre-heated substrate. 

1.5 Strategies to improve the performance of metal oxide 

photoanode thin films 

1.5.1 Morphology 

It is widely considered that nanostructured semiconductor materials, compared to their 

bulk counterpart, offer improved photoelectrochemical properties for the following 

reasons.114–119 

(1) They have considerably larger surface area in comparison to a bulk material, thus 

providing larger interfacial contact area between electrode and electrolyte for redox 

reactions to occur; 

(2) The photogenerated charge carriers’ diffusion length can be shortened hence 

reducing the recombination of photogenerated electrons and holes, especially for 

materials with intrinsically short carrier diffusion length such as 𝛼-Fe2O3120 

(3) The photogenerated charge carrier’s transportation can be facilitated as the 

nanostructured morphology can provide a direct pathway for transportation, such 

as in one-dimensional (1-D) materials102 

(4) The bandgap and visible light absorption ability can be modified by changing the 

nanostructure crystal size121 

 

Despite these advantages, the increased surface area of a nanostructured semiconductor 

could be detrimental to the device performance via reducing the photovoltage (Voc) of 

the photoelectrode. 

The following ideal diode equation is the expression of Voc at zero net current:9 

 

Where n, kB, T, q, Jph, Js and γ is the diode quality factor, Boltzmann’s constant, 

temperature, the charge on an electron, the photocurrent density, the saturation current 

density and the ratio of the actual junction area (solution-semiconductor contact area) 
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to the geometric surface of the electrode (the roughness factor). 

 

The decreased Voc is due to the reduced splitting in the quasi-Fermi levels when the 

photogenerated charge carriers are diluted over a large junction area. According to the 

equation, a 10-fold increase in γ will result in a decrease of 59 mV decrease in Voc at 

room temperature. Therefore, in order to offset the loss from charge carrier dilution and 

achieve the highest performance of a photoelectrode, the light absorption of the 

nanostructured semiconductor should be significantly enhanced, and the junction area 

should be enhanced greatly to collect all the carriers (e.g. the radius of the nanorods 

equals to the carrier diffusion length). 

 

Moreover, nanosized semiconductors can result in the absence of band bending.8 As the 

number of ionized carriers (donors or acceptors) in nanosized particles is very small so 

that they cannot sustain a large built-in electric field. For example, the band bending in 

an α-Fe2O3 nanoparticle (radius of 10 nm) with 1018 cm-3 donor density is only ~ 3 mV. 

Therefore, the electric field in space charge cannot play a significant role in charge 

separation. Fortunately, most carriers can reach the interface via diffusion as usually 

the carriers’ diffusion length is much larger than the radius of the nanoparticle. 

In addition, the increased surface defect concentration owing to the increased number 

of particle interfaces can negatively affect the charge transport, and thus a 

semiconductor with fewer defects is preferred.9 

1.5.1.1 One-dimensional (1-D) nanostructure 

One-dimensional (1-D) nanostructure (nanorod, nanowire, nanotube etc.) are very 

attractive, because of favorable charge carriers transportation, as described above.122–

127 
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Fig. 1- 22 TEM images of WO3 nanorod 

 

Kalanur et al128 prepared a WO3 nanorod film via hydrothermal method (Fig. 1- 22). 

The optimized WO3 nanorods film shows a IPCE value of 35% at 400 nm and an 

enhanced photocurrent of 2.26 mA/cm2 at 1.23 V (vs. RHE). This high PEC 

performance of the WO3 film was attributed to the nanorod structure, which provided 

a direct pathway for photogenerated carriers. Ahn et al129 reported a sputtering method 

to deposit ZnO films, where the morphology changed with varying gas ambient. They 

achieved a nanorod ZnO thin film under the mixed Ar/N2 gas ambient, and the 

photocurrent density of the nanorod film was almost two times higher than that of a 

polycrystalline ZnO thin film at 0.6 V (vs. Ag/AgCl). 

 

Fig. 1- 23 SEM images of (a) low magnification, (b) high magnification of WO3 film, and (c) low 

magnification, (d) high magnification of CuWO4 films130 
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1.5.1.2 Two-dimensional (2-D) nanostructure 

Two-dimensional (2-D) nanostructure (nanoplates, nanosheets etc.) can also provide a 

large surface area, as well as a direct transport path for charge carrers.131,132 A nano-

plate like WO3 thin film was achieved by Amono et al133 using hydrothermal method. 

They prepared WO3 thin films with different thickness and found that the PEC 

performance was highly dependent on film thickness. Hu et al130 prepared a 2-D 

nanoflake CuWO4 film (Fig. 1- 23). They first prepared a WO3 nanoflake film, followed 

by drop-cast Cu(NO3)2 in acetic acid solution onto the WO3 film, and then annealing at 

high temperature (450 - 650 ℃). The photocurrent of nanoflake films annealed at 550 ℃ 

was three times higher than nanoparticle films, reaching 0.32 mA/cm2. They argued 

this high PEC performance was attributed to the 2-D structure, which had a higher 

surface area, low density of gran boundaries and short hole diffusion length.130 Also, a 

2-D nano-leaflet 𝛼-Fe2O3 was synthesized by Duret et al134 by an ultrasonic spray 

pyrolysis method. Compared to planar 𝛼-Fe2O3 film, this 2-D structure film not only 

had better visible light absorption, but also provided a short distance for photogenerated 

holes to reach the interface to oxide water, and hence had higher photocurrent density. 

 

Fig. 1- 24 (a) WO31/3H2O nanoflowers fabricated on FTO substrates without (top) and with (bottom) 

a seed layer. (b) Schematic illustration of the two-step synthesis of WO31/3H2O arrays on FTO 

substrates 
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1.5.1.3 Three-dimensional (3-D) nanostructure 

Three-dimensional (3-D) nanostructure can also facilitate the PEC performance of the 

film like 1-D and 2-D nanostructure, but due to more complicated reasons depending 

on its structure.135,136 Wang etc.137 prepared 3-D hexagonal nanoflower WO3 arrays 

using microwave-assisted hydrothermal mothed with RCOO- as the structure directing 

agent. (Fig. 1- 24). In order to obtain the 3-D nanoflower structure, a WO3 seed layer 

was firstly prepared using spin coating method, and they found that WO3 arrays were 

randomly grown on the bare FTO substrate without a seed layer as shown in Fig. 1- 24. 

Also, the use of capping agent (RCOO-) is very important. When the RCOO- group was 

absent in the solution, the WO3 film show an irregular block-like morphology. 

Moreover, the PEC performance of the WO3 film with nanoflower morphology was 

greatly enhanced compared to the film with block-like morphology. The photocurrent 

density of flower-like morphology film is 1.3 mA/cm2 at 1.4 V (vs. SCE), which is 

nearly 3 times higher than that of block-like morphology film (0.5 mA/cm2 at 1.4 V (vs. 

SCE)). The author attributed the improved activity to the special 3-D nanoflower 

morphology. A 3-D cauliflower-like 𝛼-Fe2O3 film was deposited via atmospheric 

pressure chemical vapour deposition (APCVD) by Gratzel et al.138 The optimized thin 

film with 3-D cauliflower structure could reach a photocurrent density as high as 2.2 

mA/cm2 at 1.23 V (vs. RHE) without co-catalyst. And the film with co-catalyst had a 

photocurrent of 3.0 mA/cm2 at 1.23 V (vs. RHE), which was a benchmark.  

1.5.2 Heterojunction 

Apart from preparing a nanostructured film, combining two (or multi) metal oxides to 

build a heterojunction structure is also an effective way to enhance the PEC 

performance.139–145 To better understand heterojunctions, three types of heterojunction 

structure will be introduced first.6146 
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Fig. 1- 25 Three types of heterojunction structure6 

  

As shown in Fig. 1- 25, A and B represent semiconductor A and semiconductor B, 

respectively. It is worth noting that the semiconductor- can be either a p-type or an n-

type. In the Type I heterojunction structure, the conduction band (CB) of B is higher 

(more negative) than that of A, while the valance band (VB) of B is lower (more 

positive) than that of A, and hence both photogenerated electrons and holes will flow 

from B to A. This means, the photogenerated electrons and holes will be accumulated 

on A, resulting in no improvement in charge separation.147 The Type II, is the ideal and 

most common heterojunction reported in literature. As both the CB and VB of B is 

higher than that of A, the photogenerated electrons will flow from the CB (B) to CB 

(A), whilst the photogenerated holes will flow from the VB (A) to VB (B), leading to 

better charge separation, hence improving the PEC performance. The Type III is similar 

to Type II except the band position difference is much bigger than Type II. Thus, a 

typical Type II heterojunction has the following advantage compared to a single 

semiconductor. 

(1) The charge separation will be enhanced, leading to reduced charge recombination 

and better charge transfer ability; 

(2) When a large band gap semiconductor is combined with a small band gap 

semiconductor, the visible light absorption ability will be improved; 

(3) The coupled semiconductor can act as a protection layer and hence enhance the 

stability in some cases. 
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Fig. 1- 26 Structural schematic and energy band diagram of WO3/BiVO4 heterojuction148 

  

Su et al148 prepared a WO3/BiVO4 heterojunction film with WO3 as the bottom layer 

and BiVO4 as the top layer (Fig. 1- 26). They used a solvothermal method to prepare 

WO3 nanorods first, followed by a spin-coating method to prepare BiVO4, and then 

annealed the film at 400 ℃ for 24 h. Compared to bare WO3, the PEC performance of 

the WO3/BiVO4 heterojunction film was greatly enhanced and they attributed this to 

better visible light absorption, improved photogenerated charge separation and charge 

transfer. 

 

Fig. 1- 27 Schematic representation of self-assembled NiWO4-WO3 heteroepitaxy (left, NW represents 

NiWO4 and W represents WO3), and its energy band alignment (right)149 

 

Do et al149 prepared WO3, NiWO4 and NiWO4-WO3 film by a pulsed laser deposition 

method (Fig. 1- 27). The WO3 and NiWO4 films showed a photocurrent density of 35 

μA/cm2 and 150 μA/cm2 at 0 V (vs. Ag/AgCl, 0.5 M Na2SO4, 400 mW/cm2 Xenon 

light), while the NiWO4-WO3 film (with 50% W volume ratio) exhibited an enhanced 

photocurrent density of 240 μA/cm2 at 0 V (vs. Ag/AgCl), owing to its heterojunction 

structure. The photoluminescence and electrochemical impedance spectroscopy results 
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showed that the enhanced PEC performance was from improved photogenerated charge 

separation. A NiWO4/WO3 heterojunction film was also prepared by Zhu et al.88 They 

used a simple deposition-annealed method and prepared a heterojunction film with 

nanoparticle NiWO4 on the surface of a nanoporous WO3 film. A 70% photocurrent 

density enhancement was achieved by this heterojunction structure at 1.4 V (vs. 

Ag/AgCl, 0.2 M Na2SO4, 100 mW/cm2 light source with 420 nm cutoff) compared to 

a bare WO3 film, because of better photogenerated charge separation and reduced 

charge recombination, as well as better electron transportation at the interface. 

 

Fig. 1- 28 SEM images of (a) WO3 film and (b) CuWO4/WO3 film150 

 

WO3 and CuWO4 can also be coupled to form a Type II heterojunction structure. Zhan 

et al150 prepared a CuWO4/WO3 heterojunction film by dip-annealing Cu(NO3)2 onto a 

WO3 nanosheet film, which was synthesized by a hydrothermal method (Fig. 1- 28). It 

was claimed that these two materials form a Type II heterojunction as both the CB and 

VB of CuWO4 are more negative than that of WO3. A 2-fold higher photocurrent 

density was achieved by this heterojunction structure compared to bare WO3 film, 

attributed to its optimized photogenerated charge separation. 

1.5.3 Doping 

Doping, via either creating intrinsic defects or adding extrinsic dopants or impurities, 

is a widely used strategy to improve the PEC performance of metal oxide thin films.151–

155 The electronic and optical properties of the semiconductor film can be modified via 

doping,119 resulting in better conductivity, higher carrier density, longer carrier 

diffusion length156, narrower band gap and intra-band gap state etc., and hence the PEC 
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performance can be improved. 

 

Fig. 1- 29 (a) Energy band structure of WO3 and Gd-WO3 (b) LSV curves of WO3 and Gd-WO3 thin 

film157 

  

Liu et al157 reported a Gd-WO3 thin film with enhanced PEC performance compared to 

bare WO3 (Fig. 1- 29). They prepared the Gd-WO3 film via a one-pot hydrothermal 

method by adding Gd2O3 into the WO3 precursor. The valence band XPS, Mott-

Schottky and UV-vis confirmed that the both the valence band and conduction band of 

Gd-doped WO3 moved negative at the equivalent positions for WO3. The Mott-

Schottky, EIS and IMPS data also showed the Gd-doped WO3 film had a higher charge 

carriers density, smaller interfacial charge transfer resistance and longer electron 

lifetime compared to bare WO3 film. They also claimed that the surface distributed Gd-

dopants can act as a passivation layer, which leads to a longer electron life time by 

inhibiting charge recombination. The photocurrent density of the optimized Gd-doped 

WO3 film was 1.53 times higher than that of bare WO3 film at 1.0 V (vs. Ag/AgCl, 0.2 

M Na2SO4).  
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Fig. 1- 30 J-V scans collected from hematite nanowire photoanodes sintered at different temperatures 

 

Doping with cations such as Sn4+, Ti4+ and Si4+ can considerably enhance the PEC 

performance of 𝛼-Fe2O3 thin films and hence attracts great interests. For example, in a 

Sn-doped hematite film, Sn4+ substitutes Fe3+, giving one positive charge at each 

substituted site. One electron is added to balance the overall charge. By doping with Sn 

in the hematite film, higher charge carrier density and better conductivity can be 

attained. The enhanced PEC performance of Sn-doped hematite film is due to both the 

improvement of charge transport in the bulk, and the suppression of recombination at 

the surface because of the stronger electric field which results from higher charge 

carrier density. Ling et al.158 reported Sn-doped 𝛼-Fe2O3 nanowire films for PEC water 

splitting (Fig. 1- 30). The nanowire 𝛼-Fe2O3 film was first prepared by a hydrothermal 

method, followed by sintering at 550 ℃ for 2 hours. The Sn doping was via further 

sintering the film in air at high temperature (from 600 to 850 ℃) to diffuse the Sn from 

the FTO glass into the film. The XPS data confirmed Sn4+ substitution at Fe3+ sites in 

the nanowires 𝛼-Fe2O3 film, with the content of Sn increased with increasing the 

annealing temperature. The photocurrent of the Sn-doped 𝛼-Fe2O3 films were greatly 

enhanced compared to the bare 𝛼-Fe2O3 film, except for the film sintered at 850 ℃, 

due to the increased resistivity of the FTO substrate when annealed at this very high 

temperature. They attributed the enhanced photocurrent of increased charge carriers 

because of Sn dopant, which served as an electron donor. 
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1.5.4 Co-catalyst 

Coupling co-catalyst with a metal oxide thin film is also an effective way to boost the 

performance of a photoanode. By surface decoration of oxygen evolution reaction 

(OER) co-catalyst, the water oxidation energy barrier can be lowered and the kinetics 

for photoanode water oxidation can be improved, and the transfer of photogenerated 

holes from electrode/electrolyte interface to electrolyte can be enhanced. 119,159 Co-

catalysts like Co-Pi, IrO2, Ni-Fe oxides, RuO2 and NiOx have been developed and 

widely used for coupling with a metal oxide photoanode. 

 

Fig. 1- 31 Linear sweep voltammetry of Co-Pi/ BiV0.98Mo0.02O4 (blue) and BiV0.98Mo0.02O4 (red)160 

 

 

Fig. 1- 32 Linear sweep voltammetry (chopped light) of (a) Co-Pi/ BiV0.98Mo0.02O4 and (b) 

BiV0.98Mo0.02O4 performed at 1 h (black-above) and 24 h (red-below) of continuous illumination160 

  

Liu etc.161 reported WO3 films decorated Mn based catalysts for PEC water splitting. 

Firstly, they used ALD method to grow WO3 films on ITO glass using 

(tBuN)2(Me2N)2W as tungsten precursor and H2O as oxygen precursor. This was the 

first time that the ALD deposited WO3 films without production of any corrosive 
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byproducts. Then they coated an Mn based catalyst on the WO3 film by thermally 

decomposing [(H2O)(terpy)Mn(O)2Mn(H2O)(terpy)](NO3)3. This Mn based material 

needs further study to understand the exact structure, but it is not manganese dioxide 

according to the authors’ analysis. Compared to the bare WO3 film, the Mn based 

catalysts coated film showed better photocatalytic abilities. The presence of the Mn 

based catalyst improved charge transfer from the film to the electrolyte. After coating 

with the Mn catalysts, the photocurrent of the WO3 films enhanced but not very 

significantly, whilst the amount of O2 evolution increased dramatically. With the Mn 

catalyst, the amount of O2 measured was almost doubled compared to bare WO3 after 

3 hours. The authors contributed this to the presence of Mn catalysts which not only 

improved charge transfer from the film to the electrolyte but also enhanced the stability. 

It is worth noting that this was the first time that WO3 film showed good stability in a 

neutral electrolyte. Pilli et al.160 prepared BiV0.98Mo0.02O4 films via a surfactant assisted 

metal-organic decomposition method, and the Co-Pi co-catalyst layer was synthesized 

on the photoanode films surface by photo-assisted electrodeposition method. The 

photocurrent-potential curve (Fig. 1- 31) demonstrated that the Co-Pi co-catalyst film 

had a much higher photocurrent density than its counterpart, as well as a cathodic shift 

(~150 mV) for the onset potential, suggesting that the Co-Pi co-catalyst film improved 

the OER kinetics. Also, the stability of the photoanode with Co-Pi co-catalyst layer was 

better than the film without the co-catalyst layer after 24 h of continuous illumination 

(Fig. 1- 32). The authors claimed that the Co-Pi layer also acted as a protection layer 

thus preventing the photoanode from photocorrosion. 

1.5.5 Surface passivation layer 

Growing an ultra-thin passivation layer at the photoanode materials surface is also a 

common strategy to enhance the PEC performance of photoanodes.162 The surface 

passivation layer was originally used as a protective layer for narrow band gap 

semiconductor materials against photo corrosion to improve stability. Recent studies 

revealed that it can also enhance the photocurrent and lower the onset potential of even 
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a robust material, like 𝛼-Fe2O3,
163,164 by reducing the negative influence of surface 

states. Usually, the surface passivation layer can be very thin (often only several 

nanometers) wide band gap semiconductor materials, such as TiO2, Al2O3, Ta2O5 etc. 

The surface passivation layer permits tunneling thus no band alignment is needed for 

charge transfer. The most common way to prepare is through atomic layer deposition 

(ALD), while other methods like spin-coating, electrochemical deposition etc. can also 

be used.160 

 

Fig. 1- 33 Voltammetric response of transparent Al2O3/WO3 electrode. The alumina overlayer was 

deposited ALD, by 0 cycles (black), 3 cycles (green), 30 cycles (red) and 300 cycles (blue). Inset: 

normalized photocurrent values taken at 0.97V as a function of ALD cycles165 

 

 

Fig. 1- 34 Current-voltage curves of BiVO4 photoanodes coated with ultra-thin Al2O3 (different cycles 

via ALD), measured under a 365 nm LED (~ 5 mW/cm2); Inset is the SEM image of BiVO4
166 
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Kim etc.165 reported an alumina overlayer coated transparent WO3 film with enhanced 

PEC performance (Fig. 1- 33). An electrodeposition method was used to prepare the 

transparent WO3 thin film and an atomic layer deposition (ALD) method was used to 

deposit the alumina overlayer. They found that the films with a 5 nm (30 ALD cycles) 

Al2O3 overlayer exhibited an optimum PEC performance. As shown in the figure, the 

photocurrent of Al2O3/WO3 is almost three times higher than that of bare WO3 film at 

0.97 V vs. Ag/AgCl. Moreover, the Faradaic efficiency of Al2O3/WO3 film also had a 

three times enhancement compared to bare WO3 at 1.3 V vs. Ag/AgCl. The authors 

suggested that the ultrathin Al2O3 overlayer both suppressed the surface peroxo-species 

formation and affected the surface defect sites. According to the laser flash 

measurements, the electron trapping was decreased whilst the hole trapping was 

relatively increased in the presence of the Al2O3 overlayer. This facilitated water 

photooxidation and hampered the charge recombination process. A hematite 

photoanode with ultrathin alumina overlayer was prepared by Formal etc.167 The 

hematite film was grown by an atmospheric pressure chemical vapour deposition 

(APCVD) and the alumina overlayer was deposited by an atomic layer deposition (ALD) 

technique. After coating with Al2O3 layers, the photocurrent onset was shift catholically 

(as much as 100 mV) and the photocurrent density was increased significantly (from 

0.24 mA/cm2 to 0.85 mA/cm2 at 1.0 V vs. RHE). In order to investigate the role of the 

alumina overlayer, photocurrent transient measurements, electrochemical impedance 

spectroscopy (EIS) and photoluminescence spectroscopy were performed and 

investigated. The EIS results showed a significant change in the surface capacitance 

(the capacitance of the space charge region increased and the Helmholtz capacitance 

decreased) and the photoluminescence spectroscopy revealed a significant change in 

the radiative recombination. This confirmed the overpotential reduction results from 

the passivation of surface states but not from a catalytic effect. A BiVO4 photoanode 

with ultrathin Al2O3 surface passivation layer was prepared by Kafizas et al166 (Fig. 1- 

34). First, a metal organic decomposition method was used to prepare BiVO4 thin film 

on FTO glass, then atomic layer deposition (ALD) was used to prepare an ultrathin 
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Al2O3 overlayer. The thickness of the Al2O3 layer was controlled by using different 

ALD cycles. By coating this ultrathin Al2O3 overlayer, the PEC performance of the 

BiVO4 film was dramatically enhanced. The theoretical photocurrent density 

(according to IPCE, 1 sun) at 1.23 V (vs. RHE) increased from ~0.47 mA/cm2 of 

uncoated film to ~3.0 mA/cm2 of Al2O3 coated film (0.33 nm, 3 cycles). Also, the onset 

potential was ~200 mV cathodic shift with the Al2O3 coated film. The enhancement of 

PEC performance was attributed to a reduction in surface charge recombination. The 

authors claimed that the Al2O3 overlayer increased the yield of long-lived holes that 

oxidize water and decreased bi-molecular recombination, but did not improve the water 

oxidation reaction kinetics, compared to bare BiVO4. 

1.6 Motivations and Aims 

Solar light driven water splitting into H2 and O2 is of great importance, as H2 is an 

energy vector that meets the requirement for solving both the energy shortage and 

environmental problems. The purpose of this PhD project was to explore and synthesize 

suitable nanostructured photoanode materials as photoanodes for photoelectrochemical 

water splitting, using scalable and industrially applicable methods like CVD. 

 

WO3 is a promising candidate as it can absorb more visible light than TiO2. 

Nanostructured WO3 has many advantages including larger interfacial surface area, 

better light absorption, and better charge separation and transport compared to bulk or 

nanocrystalline films. Numerous methods such as hydrothermal, doctor-blade, sol-gel, 

chemical vapour deposition, flame vapour deposition etc. have been used to prepare 

nanostructured WO3 films but many of them are complex, time consuming and less 

scalable and industrially applicable. In addition, WO3 photoanodes suffer from 

photocorrosion due to the formation of peroxo-species during solar water splitting, 

which reduces the stability of WO3 photoanodes in water splitting. To address these 

problems, the development of a simple, single-step and industrially applicable method 

to fabricate WO3 films with high stability is of great interest. In this chapter, we 
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prepared highly stable 1-D (nanorod) and 3-D (nanocauliflower and nanotree) 

nanostructured WO3 photoanodes with enriched (0 0 2) facets using relatively simple, 

single step and industrially applicable spray CVD and AACVD methods. The synthesis 

parameters including deposition temperature, precursor solution concentration, 

deposition time and precursor solution volume of spray CVD were systematically 

investigated, in order to optimize the PEC performance of WO3 films. In addition, 2-D 

nanostructured (nanosheet) WO3 films were also prepared by a simple, single step and 

scalable CBD method as a reference. 

 

As WO3 is not stable in neutral solution and its band gap is relatively high compared to 

BiVO4 (2.4 eV) and α-Fe2O3 (2.1 – 2.3 eV), a new material (CuWO4) was then explored. 

CuWO4 has a band gap of ~2.3 eV, which is comparable to BiVO4 and α-Fe2O3. In 

addition, it is stable in neutral and slightly basic solution, making it a promising 

candidate for a photoanode material. Nanostructured CuWO4 films were successfully 

prepared by spray CVD, and the effect of deposition temperature and precursor on film 

growth studied. In order to achieve better PEC performance, a CuWO4/WO3 shell/core 

heterojunction was then prepared. 

 

Since CuWO4 is considered as a promising material for PEC water splitting, a new 

material (NiWO4), which has similar structure with CuWO4, was then explored. NiWO4 

was reported as a photoanode only very recently, and there are very limited 

reports97,149,168 regarding using NiWO4 as a photoanode. We successfully prepared 

NiWO4 films via AACVD method and investigated their PEC performance. 

 

In summary, the aims of this research project are to explore and synthesize suitable 

nanostructured semiconductor thin films for PEC water oxidation using scalable and 

industrially applicable methods. The first part (Chapter 2) focuses on synthesis of 

nanostructured WO3 films with high stability. The second part (Chapter 3) focuses on 

synthesis of nanostructured CuWO4 and its heterojunction. The third part (Chapter 4) 
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focuses on synthesis of NiWO4 thin films. 
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2. Nanostructured Tungsten Oxide Films: 

Synthesis, Characterization and 

Photoelectrochemical Properties 

2.1 Introduction 

WO3 has received extensive attention as a photoanode material for solar water splitting 

due to its relatively small band gap (~2.7 eV, compared to ~3.0 eV of TiO2), moderate 

hole diffusion length (~150 nm, compared to ~2 nm of 𝛼-Fe2O3 and ~100 nm of TiO2), 

and inherently good electron transport properties (~12 cm2 V-1 s-1, compared to 0.3 cm2 

V-1 s-1 of TiO2).
169,128 WO3 is an indirect band gap semiconductor material and therefore 

a relatively thicker film is preferred to absorb adequate light.170 However, a thicker 

polycrystalline film would usually cause significant recombination of photogenerated 

electron-hole pairs, negatively affecting the photoelectrochemical performance.171 A 

promising way to address this problem is to fabricate nanostructured WO3 films, which 

can provide large interfacial surface area, better light absorption, charge separation and 

transportation compared to bulk or polycrystalline films.128 For example, a one-

dimensional (1-D) nanorod WO3 film can provide direct pathways for electron transport 

along the long axis, for instance to the collector electrode, and hole diffusion across the 

short axis, for instance to the semiconductor-liquid interface. In addition, light 

scattering between the nanorods can result in enhanced light absorption compared to a 

planar film.122–127 Other nanostructure morphologies such as 2-D or 3-D can also 

promote charge separation and transportation etc. as discussed in the last chapter. 

Nanostructured WO3 films can be fabricated by numerous methods such as 

hydrothermal,102 doctor-blade,93 sol-gel,171 chemical vapour deposition,172 flame 

vapour deposition173 etc. However, many of them involve more than one step synthesis 

(usually the need to pre-deposit a seed layer, particularly for the hydrothermal method 

which a common method used in literature) and hence time-consuming, or are not easily 
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scalable and hence less industrially applicable.4,128 For example, Su et al 172 prepared 

nanowire and nanoflake arrays via a solvothermal method, but a 200 nm thick WO3 

seed layer was pre-deposited on the FTO substrate using a spin-coating method, whilst. 

Also, solvothermal/hydrothermal growth is self-limiting because of a finite supply of 

reactants. Rao et al.174 used a scalable flame-CVD method to prepare WO3 nanotube 

and nanowire film in which a WO3 seed layer was also necessary. Thangala etc.175 used 

a one-step CVD method to prepare WO3 nanowire without the requirement of a seed 

layer, but with the requirement to be carried out at low pressure, which introduces 

additional complication into industrial processing. 

 

In addition, WO3 photoanodes are found to suffer from photocorrosion due to the 

formation of peroxo-species during solar water splitting.169,23 Although the oxygen 

evolution process (Eo = 1.23 V) is more favorable than the formation of peroxo-species 

(Eo = 1.78 V), it needs to overcome a large overpotential, making the two processes 

kinetically competitive.23,171 Therefore, the instability has become one of the major 

concerns for PEC water splitting using WO3 as photoanodes. To address this problem, 

one solution is to coat WO3 films with oxygen-evolving catalysts. Liu et al 161 decorated 

a WO3 film with an oxygen-evolving catalyst layer using ALD method to stabilize the 

WO3 film, where the catalyst reduces the oxygen evolution overpotential and hence 

suppresses the formation of peroxo species. However, a co-catalyst layer (especially a 

thick one) can potentially block the light penetration and reduce the photoactivity of 

the film. It is therefore preferable to enhance the stability of the WO3 films without 

sacrificing photoactivity. G. Wang et al23 improved the stability of WO3 nanoflake film, 

which is prepared by a seed mediated solvothermal method, without loss of 

photoactivity via post hydrogen treatment, where the post hydrogen-treatment process 

controls the introduction of oxygen vacancies, generating sub-stoichiometric WO3-x 

which is highly resistive to peroxo-species induced dissolution. More recently, S. Wang 

et al169 prepared WO3 nanoplate films with enriched highly active (0 0 2) facets using 

a two-step hydrothermal method (the two-step does not involve the spin-coating 
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process of a seed layer), which enhanced both the photocurrent density and the material 

stability. The photocurrent density reached 3.7 mA/cm2 at 1.23 V (vs. RHE) under AM 

1.5 G illumination, which is state-of-the-art for a WO3 photoanode in the absence of 

any co-catalysts or sacrificial reagents. The authors attributed the enhancement of the 

stability to the preferentially exposed (0 0 2) facets on which the formation of peroxo-

species is required to overcome free energy of 0.90 eV, compared to the (2 0 0) facet 

which only needs 0.51 eV, and for which, the conversion of peroxo-species into O* is 

more difficult compared to the (0 0 2) facet. In addition, the (0 0 2) facet only requires 

the whole energy change of 1.49 eV to drive the water oxidation forward, whilst the (2 

0 0) facet needs 1.62 eV, which contributes to the photocurrent density enhancement. 

However, these two methods are still complex, involving more than one step (both of 

them are three steps). Therefore, the development of a simple, single-step and 

industrially applicable method to fabricate nanostructured WO3 films with high stability 

under irradiation is of great interest. 

 

In this chapter, we prepared highly stable 1-D (nanorod) and 3-D (nanocauliflower and 

nanotree) nanostructured WO3 photoanodes with enriched (0 0 2) facets using a simple, 

single-step, rapid and industrially applicable spray CVD and AACVD method 

respectively, with sub stoichiometric WO3-x and enriched (0 0 2) facets combined 

contributing to the stability. The spray CVD and AACVD methods are simple, rapid 

and industrially applicable because of the following reasons: (1) nanostructured WO3 

films can be grown directly on the substrate without any assistance of seed layers thus 

the methods are simple; (2) the growth rate is rapid and WO3 films can be grown on the 

substrates within only a few minutes; (3) low-cost and scalability because of the 

atmospheric condition and continuous operation. Moreover, using the spray CVD 

method, the thickness and diameter of the nanorod WO3 films can be precisely 

controlled. The synthesis parameters including deposition temperature, precursor 

solution concentration, deposition time and precursor solution volume of spray CVD 

were systematically investigated, in order to optimize the PEC performance of WO3 



67 

 

films. In addition, 2-D nanostructured (nanosheet) WO3 films were also prepared by a 

simple, single-step and scalable CBD method to provide reference performance. This 

work provides new routes which are simple, single step and industrially applicable to 

fabricate high stable nanostructured WO3 photoanodes. 

 

The PEC performance of films in different morphologies are compared and discussed. 

Their morphologies, structures, and optical properties were characterized by field 

emission scanning electron microscopy (FESEM), X-ray diffraction (XRD) and 

ultraviolet-visible (UV-vis) spectroscopy. Their photoelectrochemical (PEC) properties 

were investigated by linear sweep voltammetry (LSV), electrochemical impedance 

spectroscopy (EIS) and chronoamperometry scan.  

2.2 Experimental 

2.2.1 Materials synthesis 

All the FTO glass (TEC-15, Pilkington) for deposition were first ultrasonically cleaned 

by acetone, isopropanol, methanol and distilled water in this order for 15 min 

respectively, and then dried in a compressed air stream. All regents used in the 

experiments were bought from Sigma-Aldrich and used as received. 

2.2.1.1 Preparation of WO3 films using doctor-blade method 

The films prepared by doctor-blade method were according to the reported literature 

with some minor modification. The WO3 powder was bought from Alfa Aesar. First, 

0.35 g WO3 was added to a ball mill jar with 0.4 mL acetylacetone and 1.6 mL terpineol 

as solvent, 0.05 g ethylcellulose and 0.1 g PEG (4000) as binder, and 0.4 mL triton as 

additive. Then the ball mill jar was put in the Ball Mill machine (8000D MIXER/MILL) 

for 4 h at a clamp speed of 500 cycles/min. The FTO glass were cut to 2 cm × 3 cm, 

while the deposition area was 2 cm × 1 cm which in the middle of the film. Finally, the 

as-prepared film was placed on the bench overnight, and then annealed in air for 1 h. 

2.2.1.2 Preparation of WO3 films using hydrothermal method 
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The films were prepared by the hydrothermal method were according to reported 

literature with some modifications. 0.23 g sodium tungsten dihydrate was dissolved in 

30 mL deionized water and stirred at room temperature for 10 min. Then 6 mL of 3 M 

hydrochloric acid was added to the solvent drop by drop and stirred for 15 min. Next, 

0.20 g ammonium oxalate and 34 mL deionized water were added to the suspension 

and stirred for 0.5 h. Then two pieces of FTO glass were vertically placed into the 

autoclave and leaned against the inner wall with the FTO layer side facing downwards. 

Finally, the precursor was transferred to the autoclave which was then transferred to an 

oven, and kept at 120 ℃ for 12 h. The as prepared films were then annealed for 1 h at 

450 ℃ in air. 

2.2.1.3 Preparation of WO3 films using AACVD  

The diagram of the AACVD reactor is shown below (Fig. 2- 1). First, 0.05 g W(CO)6 

(97%, Sigma-Aldrich) was dissolved to a mixture solution of 20 mL acetone and 5 mL 

methanol to form a precursor. The size of the AACVD substrate is 3 cm × 6 cm, and a 

FTO glass of 2.5 cm × 6 cm was placed on the centre of the substrate with the FTO side 

upwards. Additionally, a 1 cm × 6 cm microscope glass mask was placed on one side 

of the FTO glass to cover it. The AACVD substrate was pre-heated at 375 ℃. The 

precursor was then transferred to a glass flask, and an aerosol was generated using an 

ultrasonic humidifier (2 MHz, Johnson Matthey Liquifog). A N2 gas flow (99.99%, 

BOC), controlled by a mass flow controller, was used to carry the aerosol into the 

reactor with a flowrate of 250 standard cubic centimeter per minute (sccm). After 

deposition of all the precursor at a deposition temperature of 375 ℃, the films were 

allowed to cool down to room temperature slowly in the chamber under nitrogen 

atmosphere. Then the as prepared films were annealed at 500 ℃ for 2 h in air. 
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Fig. 2- 1 Diagram of AACVD 

 

2.2.1.4 Preparation of WO3 films using chemical bath deposition (CBD) method 

First, 0.02 g sodium tungsten dihydrate was dissolved into 10 mL deionized water. Then, 

1 mL 2 M hydrochloric acid and 0.02 g ammonium oxalate was added into the solvent 

and stirred for 10 min. A 1.5 cm × 2.5 cm FTO glass was placed into a 15 mL glass 

specimen bottle with FTO side facing down. The solvent was then transferred to the 

glass specimen bottle and kept the bottle in an oven at 70 ℃ with different deposition 

time (0.5 h, 2 h, 5 h, 6 h, 12 h and 24 h). The as prepared films were then rinsed with 

deionized water and annealed at 450 ℃ for 1 h. Fig. 2- 2 is the as prepared samples in 

the glass specimen bottle. 
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Fig. 2- 2 The as prepared WO3 films in the glass specimen bottles 

 

2.2.1.5 Preparation of WO3 films using spray CVD method 

The WO3 films were prepared by a home-built spray CVD reactor and the diagram of 

the reactor is shown in Fig. 2- 3. The W(CO)6 (97%) was dissolved in the solvent and 

transferred to a 50 mL gas tight syringe (SGE Analytical Science), which was driven 

by a syringe driver (RAZEL) to control the deposition time. A 2.5 cm × 2.5 cm FTO 

glass was put onto the centre of the graphite substrate which diameter is 9.5 cm. The 

distance between the nozzle (Nisco) and the substrate is 15 cm. N2 (99%, BOC) was 

used as the carrier gas and kept at a constant flowrate of 1.2 L/min which was controlled 

by a mass flow controller (MFC, Brooks). A water-cooling jacket was used around the 

nozzle to prevent premature precursor decomposition. The films were allowed to cool 

down to room temperature naturally in the chamber under N2 atmosphere after 

deposition, and then annealed at 500 ℃ for 4 h in air. The deposition conditions of films 

are shown in the table below (Table 2- 1). In this table, we define the solvent of a 

mixture of acetone and methanol as “A+M”, and the ratio for acetone: methanol is 4:1 

in volume. 
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Fig. 2- 3 Diagram of spray CVD 

 

Table 2- 1 Deposition conditions of WO3 films prepared by spray CVD 

Section No. 
Precursor 

W(CO)6 (g) 
Solvent (mL) 

Temperature 

(℃) 

Time 

(min) 

2.3.4.1 

1 

0.05 25 (A+M) 

350 

15 

2 375 

3 400 

4 425 

5 450 

6 475 

7 500 

8 525 

9 550 

2.3.4.2 10 0.05 25 (A+M) 500 15 
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11 0.075 

12 0.1 

13 0.125 

14 0.15 

2.3.4.3 

15 

0.05 25 (A+M) 500 

100 

16 50 

17 25 

18 17 

19 13 

20 10 

2.3.4.4 

21 

0.1 

5 (A+M) 

500 17 

22 10 (A+M) 

23 15 (A+M) 

24 20 (A+M) 

25 25 (A+M) 

26 30 (A+M) 

27 35 (A+M) 

28 40 (A+M) 

29 45 (A+M) 

30 50 (A+M) 

2.2.2 Physical characterization 

X-ray diffraction (XRD) radiation was measured using Bruker D8 discovery X-ray 

diffractometer equipped with Cu Kα (λ = 1.541 Å) radiation, operated in 2θ scan mode 

from 10° to 66°, tube at 1°, 0.05° step size, and 0.5 s per step. The surface morphologies 

were investigated by field emission scanning electron microscope (FESEM, JEOL, 

JSM-6701F) using a current of 10 mA, an acceleration voltage of 5 kV. UV-vis 

absorption spectra were obtained using a UV-vis Spectrometer (PerkinElmer Lambda 

950) with an integrating sphere. 
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2.2.3 Photoelectrochemical measurements 

All the photoelectrochemical tests were performed by a typical three-electrode system 

in a quartz cell using a potentiostat (Interface 1000, Gamry). The electrolyte was 0.5 M 

H2SO4 (pH = 0.56), the counter electrode was a Pt mesh, and the reference electrode 

was a Ag/AgCl electrode (CHI111). The light source was a Xenon Lamp (75W, USHIO) 

equipped with an AM 1.5 G filter (Newport) and the light intensity was adjusted to one 

sun by a photodiode (CPC). VAg/AgCl is converted to VRHE using the following equation, 

which makes use the Nernst equation, where VAg/AgCl and VRHE represent the potential 

vs. Ag/AgCl electrode and reversible hydrogen electrode respectively. 

VRHE = VAg/AgCl +0.0591pH + 0.1976 

The linear sweep voltammetry (LSV) tests were carried out at a can speed of 20 mV/s. 

The majority of films were subject to multiple measurements and the reproducibility 

between measurements on the same film was within ~5% for all samples. The 

electrochemical impedance spectroscopy (EIS) were performed at 1.0 V (vs. Ag/AgCl) 

with a 10 mV amplitude from 100 kHz to 0.1 Hz under one sun illumination. The Mott-

Schottky measurements were performed from 0.9 V to -0.1 V (vs. Ag/AgCl) at the 

speed of 20 mV/s under dark condition. The chronoamperometry measurements were 

carried out at 1.23 V (vs. RHE) under one sun illumination. The incident photo to 

current efficiency (IPCE) was measured using a Xenon lamp (75 W, USHIO) coupled 

with bandpass filter with different length (365 nm, 400 nm, 420 nm, 450 nm and 500 

nm, Newport). The below equation was used to calculate the IPCE value: 

IPCE (%) =  
1239.8 × 𝐼𝑝ℎ

𝑃𝑚𝑜𝑛𝑜 × 𝜆
 × 100 
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2.3 Results and discussion 

2.3.1 Nanostructured WO3 films prepared by doctor-blade and hydrothermal 

method 

In this part, the methods used to prepare WO3 films were from literature and the 

synthesis parameters were similar. 12,88 

2.3.1.1 Doctor-blade method 

 

Fig. 2- 4 (a) Optical photo of WO3 film prepared by doctor-blade method and  

(b) XRD patterns of WO3 film prepared by doctor-blade method 

 

In this part, a doctor-blade method was used to prepare WO3 thin films on FTO. 88 As 

shown in Fig. 2- 4 (a), the colour of the film is yellow and it is not transparent (it is hard 

to see the UCL logo through the film). Fig. 2- 4 (b) displays the XRD pattern of WO3 

made by the doctor-blade method. It shows diffraction peaks at 23.1°, 23.6°, 24.4°, 

26.6°, 28.6°, 28.9°, 33.3°, 33.6° and 34.2°, which can be indexed to (0 0 2), (0 2 0), (2 

0 0), (1 2 0), (-1 1 2), (1 1 2), (0 2 2), (-2 0 2) and (2 0 2) plane of monoclinic phase 

WO3 (JCPDS data card NO. 43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å). 
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Fig. 2- 5 SEM images of WO3 prepared by doctor-blade method (a) top view (b) cross-section view 

 

Fig. 2- 5 shows the SEM images of WO3 prepared by doctor-blade method. As shown 

in the top view of the image, the film is porous due to the adding of PEG, ethyecellulose, 

and solvents in the precursor. The diameters of the WO3 nanoparticles are between 50 

nm to 500 nm. From the cross-section view it can be seen that the WO3 film has good 

adhesion with the FTO layer and the thickness of the film is about 2.3 μm. 
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Fig. 2- 6 (a) UV-vis absorption spectra (inset: Tauc plot spectra) and (b) I-V curve of WO3 prepared by 

doctor-blade method 

 

Fig. 2- 6 (a) shows the UV-vis absorption spectra of the WO3 film made by the doctor-

blade method. As shown in Fig. 2- 6 (a), the absorption edge of the WO3 film is about 

470 nm and the band gap is around 2.6 eV. Linear sweep voltammetry was used to 

investigate photocurrent density of WO3 prepared by the doctor-blade method. As 

shown in Fig. 2- 6 (b), the WO3 film has a good visible light response and has nearly 

no photocurrent in dark conditions. The onset potential of the film is about 0.58 V and 
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the photocurrent density is around 0.16 mA/cm2 at 1.23 V (vs. RHE).  

2.3.1.2 Hydrothermal method 

 

Fig. 2- 7 Optical photos of WO3 films synthesized by hydrothermal method (a) as-deposited (b) 

annealed 

 

In this part, WO3 films were synthesized according to a reported literature method with 

some modifications.12 Fig. 2- 7 shows the WO3 films prepared by hydrothermal method 

on FTO glass. The colour of the as-deposited film were yellow and partially transparent, 

as the UCL logo is visible underneath. After annealing at 450 ℃ for 1 h, the colour of 

the film became light chartreuse. 
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Fig. 2- 8 XRD patterns of as-deposited (black curve) and annealed WO3 films (red curve) 
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Fig. 2- 8 shows the X-ray diffraction (XRD) patterns of as-deposited and annealed WO3 

thin films grown on FTO glass. According to the XRD patterns of as-deposited film, 

the diffraction peaks at 16.5°, 19.2°, 23.7°, 25.6°, 30.5°, 34.1°, 34.9°, 37.7°, 38.2°, 38.9° 

and 42.7° can be indexed to (0 2 0), (0 1 1), (1 2 0), (1 1 1), (0 3 1), (2 0 0), (0 0 2), (1 

4 0), (2 2 0), (0 2 2) and (1 2 2) crystal planes of crystalline orthorhombic WO3•H2O 

(JCPDS data card NO. 84-0886, a = 5.249 Å, b = 10.711 Å, c = 5.133 Å). From the 

XRD pattern of the annealed film, the peaks at 23.1°, 23.6°, 24.4° and 26.6° correspond 

to (0 0 2), (0 2 0), (2 0 0) and (1 2 0) plane of monoclinic WO3 (JCPDS data card NO. 

43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å), and the peaks at 37.9° and 61.8° index 

to F-doped SnO2. After annealing at 450 ℃ for 1 h, the orthorhombic phase WO3•H2O 

is converted to monoclinic phase WO3 completely, which is in good agreement with the 

colour change.  

 

 

Fig. 2- 9 SEM images of as-prepared films (a) top view (b) cross-section view and annealed films (c) 

top view (d) cross-section view 

 

Fig. 2- 9 shows the SEM images of as-prepared and annealed films. As shown in the 

images, the films consist of a large number of nanoplates, with thickness around 200 

nm to 300 nm and length of around 1 μm. The nanoplate arrays have good adhesion 

with the F-doped SnO2 layer. From the cross-section view, the thickness of the film is 
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measured at around 1.3 μm. The nanoplates of the as-deposited films are very smooth, 

while after annealing at 450 ℃ for 1 h, although the nanoplate structures were 

maintained the surface of the nanoplates became very rough with some cracks visible 

on the nanoplates. This is because the orthorhombic phase WO3•H2O converted to 

monoclinic phase WO3, and the H2O molecules were eliminated from the tungstite 

layers.176 This phase-change process corresponds to the XRD pattern shown in Fig. 2- 

8. 
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Fig. 2- 10 (a) UV-vis absorption spectra of as-deposited and annealed film (inset: Tauc plot spectra) 

(b) I-V curve of as-deposited and annealed films 

 

Fig. 2- 10 (a) shows the UV-vis absorption spectra of as-deposited and annealed films. 

Compared to as-deposited WO3•H2O film the visible light absorption of annealed WO3 

films decreases. The absorption edge of the WO3•H2O films is about 520 nm (band gap 

of around 2.3 eV), while the absorption edge of the WO3 film is around 460 nm (band 

gap of around 2.7 eV), showing a blue shift, which explains the colour change between 

the two films. Linear sweep voltammetry was used to investigate the 

photoelectrochemical performance under visible illumination. As shown in Fig. 2- 10 

(b), the dark current of both WO3•H2O film and WO3 film are very low. The 

photocurrent density of WO3•H2O films is only ~0.05 mA/cm-2 at 1.23 V (vs. RHE), 

while after annealing, the photocurrent of WO3 films reaches ~0.6 mA/cm-2 at 1.23 V 

(vs. RHE), with the onset potential of WO3•H2O film at about 0.71 V (vs. RHE), whilst 

onset potential of annealed WO3 films was 0.55 V (vs. RHE). The UV-vis spectrum 

showed as-deposited WO3•H2O films had better visible light absorption than WO3 
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films, therefore, the enhancement of photocurrent density for annealed WO3 is not 

attributed to visible light absorption but to the change in crystal phase from 

orthorhombic to monoclinic. This is probably because the orthorhombic phase tungsten 

oxide hydrate is a less photoactive crystal phase for solar water splitting. This 

phenomenon was also found by Kalanur et al.,128 in which WO3 nanorod films were 

prepared via a hydrothermal method. The as prepared films were orthorhombic WO3•

0.33H2O and showed very low photocurrent density (less than 0.01 mA/cm2). When 

the films were annealed ≤ 400 ℃, the crystal phase was either orthorhombic (hydrate) 

or hexagonal and the films showed very low photocurrent values. When the films were 

annealed around 500 ℃ they converted to a monoclinic phase, with a dramatic increase 

in photocurrent density. In our case, as shown from the SEM images (Fig. 2- 9), the 

surface of the post annealed films became rough and therefore the interfacial surface 

area increased compared to the as prepared film, which may result in higher 

photocurrent density, but it is likely the enhanced photocurrent density is principally 

due to the formation of the photoactive monoclinic WO3 phase. 

2.3.2 Nanostructured WO3 films prepared by AACVD 

 

 

Fig. 2- 11 Optical photos of WO3 films prepared by AACVD 

 

In this part, aerosol assisted chemical vapour deposition (AACVD) was used to 

synthesize WO3 thin films on FTO glass. As-deposited films were annealed in air for 

2h at 500 ℃, and then uniformly cut to 6 pieces and of width 1 cm, labeled P1, P2, P3, 

P4, P5 and P6 moving from the position near the inlet to the outlet of the chamber of 
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the AACVD reactor respectively. From Fig. 2- 11, it is apparent that the colours of the 

films are green or chartreuse, and the color of the films become visibly lighter going 

from P1 to P6. 
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Fig. 2- 12 XRD patterns of WO3 films prepared by AACVD at different position on substrate 

 

Fig. 2- 12 shows the XRD patterns of WO3 films prepared by AACVD and then 

annealed at 500 ℃ for 2 h at different positions on the substrate. As shown in the figure, 

the XRD patterns of P1 to P6 are similar, all of them show diffraction peaks at 23.1°, 

23.6°, 24.4°, 26.6°, 28.6°, 28.9°, 33.3°, 33.6° and 34.2°, which can be indexed to (0 0 

2), (0 2 0), (2 0 0), (1 2 0), (-1 1 2), (1 1 2), (0 2 2), (-2 0 2) and (2 0 2) planes of 

monoclinic phase WO3 (JCPDS data card NO. 43-1035, a = 7.297 Å, b = 7.539 Å, c = 

7.688 Å). As the deposition position changed from P1 to P6 (from the inlet to outlet of 

the chamber), the diffraction peaks at 23.6° and 24.4° become weaker, whilst the 

diffraction peak at 23.1° become relatively stronger. This means that the crystallinity in 

the (0 2 0) and (2 0 0) planes becomes weaker, whilst in the [0 0 2] direction it becomes 

relatively stronger, hence there is a growth preference in the [0 0 2] direction and the 

(0 0 2) facet becomes dominant. 
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Fig. 2- 13 SEM images (top view) of WO3 films prepared by AACVD at different position on substrate 

 

 

Fig. 2- 14 SEM images (cross-section view) of WO3 films prepared by AACVD at different position on 

substrate 

  

Table 2- 2 Thickness of films prepared by AACVD at different position on substrate 

Sample P1 P2 P3 P4 P5 P6 

Thickness 

(μm) 

Top layer 2.1 2.2 1.0 - - - 

Bottom layer 1.5 1.4 2.0 - - - 
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Total 3.6 3.6 3.0 3.6 4.9 3.5 

 

Fig. 2- 13 and Fig. 2- 14 show the surface and cross-section SEM images of the WO3 

films prepared by AACVD, which vary with the change of position on the FTO 

substrate. Fig. 2- 13 (P1) shows the surface morphology nearest to the inlet of the 

chamber. The WO3 at P1 consists of many cauliflower-like WO3 structures, which are 

vertically aligned to the FTO substrate, and the diameter of these WO3 cauliflowers are 

around 0.4 ~ 1.6 μm. From the cross-section view of WO3 at P1, it can be observed that 

the WO3 film is composed of two layers: a planar layer on the bottom and an island 

layer (WO3 cauliflower) on the top, and the thickness of the planar and island layers 

are approximately 1.5 μm and 2.1 μm respectively. As shown in the figure, the 

morphology of WO3 at P2 is similar to that of P1, but the density of WO3 cauliflowers 

is lower, and from the top view, the bottom layer of WO3 is readily observed. The 

thickness of the bottom layer and top layer of WO3 at P2 are around 1.5 μm and 2.1 μm 

respectively. From the top view of WO3 at P3, only a few cauliflower-like WO3 features 

can be seen, and the bottom layer is porous. From the cross-section view the thickness 

of the bottom and top layers are about 2.0 μm and 1.0 μm respectively. The bottom 

layer is a combination of a planar WO3 layer and a nanorod layer. The planar layer is 

on the bottom and the nanorods grow perpendicular to the FTO substrate, thus, it is hard 

to tell the nanorod structure from the top view. Also, this nanorod structure shows 

growth preference, which corresponds to the XRD pattern of P3. As shown in Fig. 2- 

13, three-dimensional (3D) branched WO3 nanotrees were obtained at P4. The 

diameters of the WO3 nanotrees are around 2 ~ 2.5 μm and the diameters of the WO3 

branches are about 100 ~ 200 nm. From the cross-section view (Fig. 2- 14), the 

nanotrees grow perpendicular to the substrate and have a good adhesion with the FTO 

layer. The film at P4 is only composed of one layer which is the nanotree layer (no 

planar layer can be seen from the SEM images) with film thickness ~3.6 μm. The 

morphology of WO3 at P5 and P6 is similar to that at P4, while the density of the 

nanotrees becomes less dense and the diameter of a single nanotree becomes bigger as 
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the position moves further from the inlet of the reactor. From the cross-section view the 

thickness of the film increased to 4.9 μm at P5 and then decreases to 3.5 μm at P6 (Fig. 

2- 14). Min et al177 also used W(CO)6 as precursor and prepared tungsten oxide films 

via AACVD. However, they obtained nanoparticle films near the inlet and nanorod 

films away from the inlet of the chamber, which is probably because they used different 

solvent from this work, which plays a vital role in film morphology.178,179 
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Fig. 2- 15 UV-vis absorption spectra of WO3 films prepared by AACVD at different position on 

substrate 

 

Fig. 2- 15 shows the UV-vis absorption spectra of WO3 films prepared by AACVD at 

different positions on substrate. As shown in the figure, the film P6 has the weakest 

visible light absorption whilst the films P2/P3/P4 have the strongest. The absorption 

spectra of the films P2, P3 and P4 are quite similar and hard to differentiate. From P4 

onwards, the visible light absorption of the films decreased. The visible light absorption 

of the films increased from the inlet of the reactor to the middle of the chamber, then 

decreased towards the outlet of the chamber. Apart from the film near the inlet (P1) and 

the outlet (P6), the films’ visible light absorption is quite similar. This can be attributed 

to two reasons (1) the films deposited in the middle of the chamber are denser than that 
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deposited near the inlet/outlet, and the denser films have stronger visible light 

absorption; (2) all the films are nanostructured and have light scattering effect, but the 

particle size of nanocauliflowers is bigger than that of nanotrees which actually consist 

of branched nanorods with much smaller size. Therefore, the light penetration depth of 

long wavelength light in nanocauliflower films is larger than that of nanotree films, and 

thus the nanocauliflower films have stronger visible light absorption at long wavelength 

(the films have similar thickness apart from P5). These two factors make a balance and 

result in the UV-vis absorption spectra in the above figure. The tail absorption from 600 

nm to 800 nm can be attributed to the existence of W5+ and oxygen vacancies, which 

has been reported in literature.180,181 
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Fig. 2- 16 (a) I-V curve, (b) Current-Position curve at 1.23 V (vs. RHE), and (c) EIS Nyquist plots of 

WO3 films prepared by AACVD at different position on substrate 

 

Fig. 2- 16 shows the I-V curve (a), Current-Position curve (b) and EIS Nyquist plots of 
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WO3 films. The inset of Fig. 2- 16 (c) shows the equivalent Randle circuit used to fit 

the impedance data and will be used all the EIS Nyquist plots in this chapter, in which 

Rs is the solution resistance, the Rct is interface charge transfer resistance between the 

WO3 electrode and the electrolyte and the CPE represents the constant phase element 

for the electrode/electrolyte interface. It should be noted that the Randles circuit was 

developed for metal electrodes with a well-defined electrode/electrolyte interface. 

Therefore it may have some limitations in this case (FTO-WO3 was considered as a 

whole). As shown in Fig. 2- 16 (a) and (b), apart from the film (P6), the photocurrent 

density of the films (P1 to P5) is similar, which is around 0.25 mA/cm2 at 1.23 V (vs. 

RHE). The film (P2) has the highest photocurrent density (~0.28 mA/cm2) whilst the 

film (P6) has the lowest one (~0.14 mA/cm2) at 1.23 V (vs. RHE). Since all the films 

are pure WO3 with the same crystal phase, and the most extensive facet for all the films 

are therefore the (0 0 2) facet, the difference of the photocurrent between films may be 

not be attributable to surface kinetics or change in exposed facet. The different 

photocurrent density between P2 and P6 may be attributed to the fact that the film (P6) 

not only has very weak visible light absorption (Fig. 2- 15), but also has poor interfacial 

charge transfer (Fig. 2- 16 c). In contrast, the film (P2) has relatively high visible light 

absorption and good charge transfer properties, resulting in its high photocurrent 

density. In addition, the charge transfer between FTO and WO3 may partially results in 

the charge transfer between the electrode and electrolyte of the films. In the experiment, 

it was found that the films deposited close to the inlet of the chamber were well-adhered 

to the FTO substrate whilst the films deposited close to the outlet of the chamber, 

especially P6, were easier to abrade. This weak contact between WO3 and FTO of the 

film P6 may result in the poor interfacial charge transfer as shown in the figure. 

2.3.3 Nanostructured WO3 films prepared by Chemical Bath Deposition 
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Fig. 2- 17 Optical photos of WO3 films prepared by CBD in different time 

 

In this part, a novel facile chemical bath deposition (CBD) method was used to 

synthesize WO3 films on FTO glass, which were then annealed in air for 1 h at 450 ℃. 

Fig. 2- 17 is the optical photo of the WO3 films prepared by the CBD method for 

different times (from 0.5 h to 24 h). As shown in the figure, the film prepared for 0.5 h 

is transparent. With increasing deposition time the colour of the films gets darker, and 

it is hard to identify any visual difference after 5 h deposition. 
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Fig. 2- 18 XRD patterns of WO3 films prepared by CBD in different time 

 

Fig. 2- 18 shows the XRD patterns of WO3 films prepared by CBD method for different 

deposition times and then subsequently annealed at 450 ℃ for 1 h. As shown in the 

figure, all patterns of the films match the monoclinic WO3 phase (JCPDS data card NO. 

43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å). The SnO2 peaks (37.8° and 51.8°) are 
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very strong in the pattern of the 0.5 h film likely because the film (0.5 h) is very thin. 

With increasing deposition time the WO3 peaks get more intense and the SnO2 peaks 

less intense. Unlike the WO3 films prepared by CVD as we discussed in the above parts 

(e.g. Fig. 2-20), the WO3 peaks at 23.6°, 24.4° and 34.2° are the three strongest peaks, 

meaning that the films have the growth preference at [0 2 0], [2 0 0] and [2 0 2] 

directions, therefore, we can speculate that the morphology of the films prepared by the 

CBD method would be different from the CVD method. 

 

Fig. 2- 19 SEM images (top view) of WO3 films prepared by CBD in different time 
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Fig. 2- 20 SEM images (cross-section view) of WO3 films prepared by CBD in different time 

  

Table 2- 3 Thickness of WO3 films prepared by CBD in different time 

Time (h) 0.5 2 5 6 12 24 

Thickness (μm) 0.4 0.7 1.3 1.3 1.3 1.3 

 

Fig. 2- 19 and Fig. 2- 20 show the surface and cross-section SEM images of the WO3 

films prepared by CBD method in different deposition time. All the films are composed 

of interconnected nanosheet arrays which grow vertically on the FTO substrate. When 

the deposition temperature is 0.5 h, the FTO substrate is not fully covered by the WO3 

nanosheets, and space is observed between the nanosheets. This could explain why the 

film (0.5 h) is transparent in Fig. 2- 17. The nanosheet is around 0.4 μm in length and 

around 30 nm in thickness after 0.5 h growth. When the deposition time increased to 2 

h, the FTO substrate has been fully covered by the WO3 nanosheets, and the nanosheets 

became bigger, being around 1.0 μm in length and around 70 nm in thickness. With a 

further increase of deposition time, the thickness of the nanosheet increases slightly 

(~1.2 μm in length and ~90 nm in thickness after 12 h and 24 h deposition), and the 

difference between samples in hard to observe. The thickness of the films also varies 

with the change of the deposition time (Fig. 2- 20 and Table 2- 3): the film deposited 

after 0.5 h is around 0.4 μm thick, increasing to around 0.7 μm thick after 1 h deposition. 

When the deposition time increased to 5 h and above, the thickness of the films 

remained consisted at around 1.3 μm. 
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Fig. 2- 21 UV-vis absorption spectra of WO3 films prepared by CBD in different time 

 

Fig. 2- 21 shows the UV-vis absorption spectra of WO3 films prepared by CBD method 

under different deposition time. As shown in the figure, the film deposited for 0.5 h has 

the weakest light absorption whilst the film deposited 6 h has the strongest visible light 

absorption. The visible light absorption ability increases when the deposition time 

increases from 0.5 h to 6 h, then it has a slight decrease after 6 h, and the visible light 

absorption abilities are similar for films deposited 5 h and above. Since the films have 

the same crystal phase and morphology, the thickness of the films influences the 

absorption ability of the films dramatically. It is known that short wavelength photons 

have a small penetration depth whilst longer wavelength photons have a larger 

penetration depth. For example, it is reported that for WO3 films the penetration depth 

for a wavelength of 440 nm photon is around 7 μm and for a wavelength in the UV 

region is less than 1 μm.11,182 Therefore, with increasing the film thickness, more visible 

light at the long wavelength region can be absorbed. This is why the UV-vis absorption 

of the films becomes stronger from 0.5 h to 6 h deposition (the films thickness increased 

from 0.4 μm to 1.3 μm), and remains relatively similar after 6 h deposition (the films 

thickness remained at 1.3 μm), towards the long wavelength region. The tail absorption 

from 600 nm to 800 nm can be attributed to the existence of W5+ and oxygen 
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vacancies.180,181 
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Fig. 2- 22 (a) I-V curve, (b) Current-Time curve at 1.23 V (vs. RHE), and (c) EIS Nyquist plots of WO3 

films prepared by CBD in different time 

 

Linear sweep voltammetry (Fig. 2- 22 a) was used to investigate the PEC performance 

of WO3 films prepared for different deposition time. The film prepared for 0.5 h has the 

lowest photocurrent density, which is only ~0.12 mA/cm2 at 1.23 V (vs. RHE). When 

the deposition time increases from 0.5 h to 6 h, the PEC performance of the films 

increases, and the photocurrent density of the film (6 h) reaches the highest, which is 

~0.72 mA/cm2 at 1.23 V (vs. RHE). This trend agrees with the trend in visible light 

absorption. Further increasing the deposition temperature results in a decrease of the 

photocurrent density. It is worth noting that the difference of the visible light absorption 

among these films, especially from deposition time of 5 h onwards, are very small, 

whilst the difference of photocurrent density is obviously bigger. Therefore, the 

contribution of the photocurrent density may be not only from the visible light 
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absorption. Usually, it is a balance of factors (UV-vis absorption, charge transfer, 

surface kinetics etc.) controlling the activity. In Fig. 2- 22 (c), we can see that the semi 

circles get smaller when the deposition time increases from 0.5 h to 6 h, which means 

the charge transfer ability decreases from the film prepared in 0.5 h to 6 h. The semi-

circle of the film (0.5 h) is much bigger than that of other films, indicating its resistance 

and charge transfer ability is much worse than the other films. Combined with the 

morphology and structure we discussed above, it may be because the short deposition 

time (0.5 h) result in low crystallinity and more lattice imperfections, which served as 

recombination centres for photo-generated electrons and holes, and increased resistance 

due to poor particle connectivity and hence decreased the charge transfer ability. 

Overall, it is a balance between the UV-vis absorption and the charge transfer ability 

(and maybe other factors) resulting in the as shown photocurrent density. 

2.3.4 Nanostructured WO3 films prepared by spray CVD 

Spray CVD was used to prepare WO3 films. In order to study the effects of different 

synthetic factors on WO3 films and their photoelectrochemical properties, WO3 films 

were synthesized at different deposition temperature, precursor solution concentration, 

deposition time, and precursor solution volume  

2.3.4.1 Effect of deposition temperature 

 

Fig. 2- 23 Optical photo of WO3 thin films prepared by spray CVD at different temperatures 
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To investigate the effect of deposition temperature, WO3 films were prepared at 

different temperatures (from 350 ℃ to 550 ℃) on FTO glass via spray CVD. Fig. 2- 

23 is the optical photo of WO3 films synthesized at different temperatures. As shown in 

Fig. 2- 23, the films deposited under 400 ℃ are transparent and the UCL logo can be 

seen through the films. With the increasing of deposition temperature, the colour of the 

films are getting darker, which shows a chartreuse colour. The colour of films deposited 

over 450 ℃ are similar and hard to differentiate visually. 
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Fig. 2- 24 XRD patterns of WO3 films prepared by spray CVD at different temperatures 

 

Fig. 2- 24 shows the X-ray diffraction patterns of WO3 thin films deposited on FTO 

glass by spray CVD at different temperatures. The film deposited at 350 ℃ showed 

diffraction peaks at 26.6°, 33.8°, 37.9°, 51.8°, 54.7° and 61.8°, which can be indexed 

to (1 1 0), (1 0 1), (2 0 0), (2 1 1), (2 2 0) and (3 1 0) planes of tetragonal SnO2 (JCPDS 

data card NO. 46-1088, a = 4.750 Å, b = 4.750 Å, c = 3.198 Å) from the FTO layer. 

Also, very weak peaks at 23.1° and 24.4° can be detected, corresponding to the (0 0 2) 

and (2 0 0) planes of monoclinic WO3 (JCPDS data card NO. 43-1035, a = 7.297 Å, b 

= 7.539 Å, c = 7.688 Å). The very weak diffraction peaks are probably attributable to 

the extremely thin film of WO3 deposited at 350 ℃. When the deposition temperature 
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increased from 375 ℃ to 550 ℃, diffraction peaks can be seen at 23.1°, 23.6°, 24.4°, 

28.6°, 41.4° and 47.3°, which are related to (0 0 2), (0 2 0), (2 0 0), (-1 1 2), (-2 2 2) 

and (0 0 4) planes of monoclinic WO3 (JCPDS data card NO. 43-1035, a = 7.297 Å, b 

= 7.539 Å, c = 7.688 Å). When the deposition temperature increases from 375 ℃ to 

550 ℃, the peaks of monoclinic WO3 at 23.1° and 47.3° increase in intensity, while the 

intensity of the peak from SnO2 at 37.9° decreases. This suggests the WO3 films have 

a better crystallinity or increased thickness as the deposition temperature increases. 

Also, the relatively high intensity of the peak at 23.1° of WO3 indicates growth 

preference in the [0 0 2] direction and the extensive (0 0 2) facet of WO3 films. 

 

Fig. 2- 25 SEM images (top view) of WO3 films prepared by spray CVD at different temperatures 
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Fig. 2- 26 SEM images (cross-section view) of WO3 films prepared by spray CVD at different 

temperatures 

   

Table 2- 4 Film thickness of WO3 films prepared by spray CVD deposition temperature 

Temperature/℃ 350 375 400 425 450 475 500 525 550 

Thickness/μm - 1.1 1.5 1.5 2.3 2.6 3.5 3.9 6.2 

 

SEM was used to investigate the morphologies of WO3 films. Fig. 2- 25 (top-view) and 

Fig. 2- 26 (cross-section view) show SEM images of WO3 films deposited at different 

temperatures, while Table 2-1 depicts the thickness of WO3 films according to the cross-

section images. From Fig. 2- 25 we can see that there are only few particles and one 

nanorod when the deposition temperature is 350 ℃, and most of the FTO substrate is 

not covered by WO3. This is probably because the deposition temperature is too low 
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and hence deposition is extremely limited,177 which would explain the very weak XRD 

patterns shown in Fig. 2- 24 and the transparent film shown in Fig. 2- 23. When the 

temperature increased to 375 ℃, both WO3 particles and nanorods were formed on the 

FTO substrate. With increasing deposition temperature only nanorods were formed 

growing vertically from the substrate, with the nanorod morphology matching the high 

intensity of the peak at 23.1° in the XRD pattern which indicates the growth preference 

at [0 0 2] direction. The diameter of nanorods also changed with the increasing of 

deposition temperature. It is around 80 nm when the deposition temperature is 400 ℃, 

and becomes bigger (around 100 nm for the films deposited at 450 ℃ and 200 nm for 

the films deposited at 500 ℃) when temperature increases. It stops growing and 

becomes slightly smaller after 500 ℃. In addition, the thickness of films keeps 

increasing with increasing deposition temperature (Fig. 2- 26 and Table 2- 4), from 

around 1.1 μm at 400 ℃ to around 6.2 μm at 550 ℃, due to an increase in nanorod 

length. The increase of thickness and length of films and nanorods, respectively, explain 

the stronger WO3 peak and weaker SnO2 peak with increasing temperature in XRD 

pattern (Fig. 2- 24), as well as the transparency and colour change of films (Fig. 2- 23). 

The thickness of the film deposited at 350 ℃ is very hard to tell and only a FTO layer 

can be seen from the cross-section image as little WO3 was deposited on the substrate.  
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Fig. 2- 27 UV-vis absorption spectra of WO3 films prepared by spray CVD at different temperatures 
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Fig. 2- 27 shows the UV-vis absorption spectra of WO3 films deposited at different 

temperatures. As shown in the figure, the film deposited at 350 ℃ has the weakest light 

absorption. With the temperature increasing the visible light absorption of the films 

increases, except for a very slight decrease from 525 ℃ to 550 ℃. The UV-vis 

absorption spectra of the films deposited at 475 ℃ onwards are very similar and hard 

to differentiate. As discussed previously, longer wavelength photons can penetrate to a 

larger depth in the films. The enhanced UV-vis absorption towards the long wavelength 

region of the films is due to the increased of film thickness when deposition temperature 

increasing. The very slight decrease from 525 ℃ to 550 ℃ is possibly due to the 

decreased diameter of nanorods. The tail absorption from 600 nm to 800 nm can be 

attributed to the existence of W5+ and oxygen vacancies.180,181 
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Fig. 2- 28 (a) I-V curve, (b) Current-Temperature curve at 1.23 V (vs. RHE), and (c) EIS Nyquist plots 

of WO3 films prepared by spray CVD at different temperatures 
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Linear sweep voltammetry was used to investigate the photocurrent density of WO3 

films. As shown in Fig. 2- 28 (a), WO3 films prepared by spray CVD show near zero 

current density under dark condition. The film prepared at 350 ℃ has the lowest 

photocurrent density under illumination, which is around 0.03 mA/cm2 at 1.23 V (vs. 

RHE) (Fig. 2- 28 b), likely due to the small amount of WO3 deposited on the substrate 

at 350 ℃. The photocurrent density increases with increasing temperature from 375 ℃ 

to 500 ℃. The film prepared at 500 ℃ has the highest photocurrent density, achieving 

around 0.50 mA/cm2 at 1.23 V (vs. RHE). When the deposition temperature continues 

to increase, the photocurrent drops, to around 0.28 mA/cm2 at 525 ℃ and 0.05 mA/cm2 

at 550 ℃ at 1.23 V (vs. RHE). The trend of photocurrent density variation matches the 

trend of UV-vis light absorption from the films deposited at 350 ℃ to 500 ℃. However, 

the photocurrent density of the films deposited at 525 ℃ and 550 ℃ drops dramatically 

compared to the film deposited at 500 ℃, although they have very similar UV-vis 

absorption ability. This suggests that the change of photocurrent density is only partially 

attributes to the light absorption, with other factors also making a contribution. One 

possible reason is the contact between WO3 and FTO glass. During the experiment, it 

was found that the films deposited at 500 ℃ onwards had relatively poor adhesion 

compared to the films deposited at low temperature, especially the film deposited at 

550 ℃, which was fragile and easy to abrade. This is likely because high temperature 

leads to a fast nanorod growth rate, resulting in a longer nanorod length and thicker 

films but relatively worse adhesion to the substrate, particularly at 500 ℃ onwards. 

Poor contact between WO3 and FTO would lead to bad charge transfer between the film 

and the substrate, negatively affecting the photocurrent density. Another possible reason 

is the longer nanorods have relatively worse conditions for electron transfer. It is worth 

noting that the hole diffusion length of WO3 is around 150 nm. In this part, the diameter 

of all the films is less than 300 nm, and therefore, holes can easily diffuse to the 

electrolyte through the short nanorod radius direction. In the nanorod structure, 

electrons would transfer through the long nanorod axis direction to the substrate then 

to the counter electrode. Kafizas et al.4 prepared a set of WO3 nanoneedle films via 
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AACVD. They also found that the photocurrent density decreased when the film 

thickness was over 4 μm (when the electrode is under front light irradiation), which 

they attributed to a limited electron diffusion length. Coby et al.183 recently found that 

the WO3 films with long nanoneedles (around 4 μm) had higher IPCE under back light 

illumination than that under front light illumination (with FTO covered). While the 

WO3 films with short nanoneedles (around 2 μm) had a much small disparity between 

the back and front illumination. This suggests that electron transport is more limiting 

than hole transport in these 1-D WO3 structure. Therefore, the change of photocurrent 

density could be attributed to a combination of these factors. 

Electrochemical impedance spectroscopy (EIS) measurements were used to investigate 

the interfacial resistance and charge transfer ability of WO3 films (Fig. 2- 28 c). 

Normally, a smaller semi-circle in the EIS Nyquist plots indicates lower resistance and 

better interfacial charge transfer ability. As shown in Fig. 2- 28 (c), the diameter of the 

semi-circles decreases, which means the interfacial charge transfer ability increases, 

when deposition temperature increases from 350 ℃ to 475 ℃. Then the interfacial 

charge transfer ability decreases when the deposition temperature increases further. 

Particularly, the semi-circle of the film deposited at 550 ℃ is much bigger than that of 

the film deposited at 525 ℃, suggesting the interfacial charge transfer in films deposited 

at 550 ℃ is much worse than that deposited at 525 ℃, resulting in much lower 

photocurrent. This is possibly due to poor contact between WO3 and FTO, and limited 

electron diffusion in the film deposited at 550 ℃ (6.2 μm) as discussed above. Though 

the film deposited at 500 ℃ does not display the best interfacial charge transfer in EIS, 

it is still one of the best in this series of films. Its very high visible light absorption and 

interfacial charge transfer ability combine to provide the best photoelectrochemical 

performance among all the films deposited at different temperature. 

2.3.4.2 Effect of precursor solution concentration 

To investigate the influence of precursor concentration on WO3 films and their 

photoelectrochemical properties, different concentrations of precursor solution was 

used to prepare the WO3 films. Other experimental parameters remained the same in 
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2.3.4.1, with a deposition temperature of 500 ℃. To make it easier to read, unit ‘g/L’ 

instead of ‘mM’ will be used in this section (e.g. 0.05 g precursor in 25 mL will be 

written as 2 g/L instead of 5.7 mM). 

 

Fig. 2- 29 Optical photo of WO3 thin films prepared by spray CVD using different precursor solution 

concentration 

 

Different concentrations of precursor solution (2 g/L, 3 g/L, 4 g/L, 5 g/L and 6 g/L) 

were used to prepare the WO3 films. As shown in Fig. 2- 29, all the films have similar 

chartreuse colour, and with increasing precursor concentration, the colour of the films 

gets darker. 
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Fig. 2- 30 XRD patterns of WO3 films prepared by spray CVD using different precursor solution 

concentration 

 

Fig. 2- 30 shows the XRD patterns (XRD data were collected under identical instrument 
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conditions) of WO3 films prepared by spray CVD using different precursor solution 

concentration. The XRD patterns of all the films are similar. They show diffraction 

peaks at 23.1°, 23.6° and 24.4°, which can be indexed to (0 0 2), (0 2 0) and (2 0 0) 

planes of monoclinic phase WO3 (JCPDS data card No. 43-1035, a = 7.297 Å, b = 7.539 

Å, c = 7.688 Å). The SnO2 peaks from FTO substrate are too weak to be observed from 

Fig. 2- 30. With increasing precursor solution concentration, the intensity of the peak 

at 23.1° strengthens before a slight drop is observed from 5 g/L to 6 g/L. The very strong 

peak at 23.1° shows growth preference in the [0 0 2] direction and extensive (0 0 2) 

facet as seen in the earlier experiments. 

 

Fig. 2- 31 SEM images (top view) of WO3 films prepared by spray CVD using different precursor 

solution concentration 
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Fig. 2- 32 SEM images (cross-section view) of WO3 films prepared by spray CVD using different 

precursor solution concentration 

 

Table 2- 5 Film thickness and average diameter of nanorods of WO3 films prepared by spray CVD 

using different precursor solution concentration 

Concentration 

(g/L) 
2 3 4 5 6 

Average diameter 

(nm) 
220 240 280 290 300 

Thickness (μm) 3.5 3.4 3.7 3.6 3.8 

 

As shown in the Fig. 2- 31 and Fig. 2- 32, the change of precursor solution concentration 

did not change the gross surface morphology of WO3 films. All the WO3 films consist 

of nanorods arrays which grow vertically on the substrate. The nanorods arrays get 

denser and the average diameter of nanorods increases with increasing precursor 

solution concentration (Fig. 2- 31).  The average diameter of nanorods increases from 

~220 nm (2 g/L) to ~300 nm (6 g/L) (Table 2- 5). From the SEM cross-section images 

(Fig. 2- 32) the thickness of the WO3 films does not obviously change with increasing 

precursor solution concentration, with all of them around 3.6 μm. 
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Fig. 2- 33 UV-vis absorption spectra of WO3 films prepared by spray CVD using different precursor 

solution concentration 

  

Fig. 2- 33 shows the UV-vis absorption of WO3 films prepared at different 

concentration of precursor solution. The visible light absorption increases with 

increasing precursor solution concentration, but the difference is much smaller 

compared to the effect of increasing temperature described in the last section. This 

increase may be due to increased film density with more absorption materials, as well 

as formation of nanorods with a larger diameter, which can absorb increased amounts 

of longer wavelength light. The tail absorption from 600 nm to 800 nm can be attributed 

to the existence of W5+ and oxygen vacancies180,181 as discussed before, although the 

absorption is more obvious in these samples. The tail absorption also increased with 

increasing precursor solution concentration. This is probably because the annealing 

process was not complete and therefore left some oxygen vacancies. With increasing 

the precursor solution concentration, the deposited film has more tungsten oxide 

amount, and therefore more oxygen vacancies can be left in the film. 
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Fig. 2- 34 (a) I-V curve, (b) Current-Concentration curve at 1.23 V (vs. RHE), and (c) EIS Nyquist 

plots of WO3 films prepared by spray CVD at different precursor solution concentration 

  

To study the PEC properties of WO3 films prepared at different precursor solution 

concentration, Linear sweep voltammetry (Fig. 2- 34 a) and electrochemical impedance 

spectroscopy measurements (Fig. 2- 34 c) were used. As shown in Fig. 2- 34 a, the film 

using 4 g/L precursor solution concentration has the highest photocurrent density, 

reaching ~0.60 mA/cm2 at 1.23 V (vs. RHE) (Fig. 2- 34 b), followed by the film using 

6 g/L, 2 g/L and 5 g/L precursor solution concentration, achieving ~0.53 mA/cm2, ~0.50 

mA/cm2 and ~0.43 mA/cm2 at 1.23 V (vs. RHE) respectively. The film using 3 g/L 

precursor solution concentration had the lowest photocurrent density (~0.38 mA/cm2) 

at 1.23 V (vs. RHE). These results do not have the same trend of the UV-vis absorption 

results, where higher concentration leads to better visible light absorption. This is 

probably because the difference between the light absorption of the films is too small, 

and it does not play a major role in the PEC performance among these films. The 
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diameters of these films are less than 300 nm and the thickness of these films are similar, 

therefore, the hole and electron diffusion ability possibly affects the PEC performance. 

However another reason may be due to a difference in the concentration of oxygen 

vacancies; an optimal concentration of oxygen vacancies in WO3 can improve the PEC 

performance by increasing the charge density and therefore improve the charge 

transportation, however high concentrations of oxygen vacancies can act as 

recombination centres. In this case, the oxygen vacancies possibly increase with 

increasing precursor solution concentration, but what the roles they play and how they 

influence the PEC performance still need future study. A further possibility that may 

affect the PEC performance is the charge transfer ability. According to the EIS Nyquist 

plots (Fig. 2- 34 c), the film using 4 g/L precursor solution concentration displays the 

smallest semi-circle whilst the film using 3 g/L precursor solution concentration has the 

biggest, suggesting the former film has the best interfacial charge transfer ability and 

the latter has the worst interfacial charge transfer abilities among all these films. The 

trend of the EIS Nyquist plots is very similar to the trend of photocurrent density among 

these films. Therefore, the difference of photocurrent density in these films is a balance 

between many factors as mentioned above, but the charge transfer ability appears to 

play a major role.  

2.3.4.3 Effect of deposition time 

To investigate the influence of deposition time, WO3 films were prepared with different 

deposition times, controlled through controlling the rate of injection via the syringe 

driver. Other experimental parameters remained the same as 2.3.4.1, and a temperature 

of 500 ℃ was used. 
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Fig. 2- 35 Optical photo of WO3 thin films prepared by spray CVD at different deposition time 

  

Different deposition times (100 min, 50 min, 25 min, 17 min, 13 min and 10 min) were 

used to prepare the WO3 films. As shown in Fig. 2- 35, the colour of the films became 

darker when the deposition time decreased. In addition, the film prepared of 100 min 

was very easy to abrade and some scratches can been see from this picture. 
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Fig. 2- 36 XRD patterns of WO3 films prepared by spray CVD at different deposition time 

 

Fig. 2- 36 shows the XRD patterns of WO3 films prepared by spray CVD at different 

deposition time. As shown in the figure, all the patterns correspond to monoclinic WO3 

structure (JCPDS data card NO. 43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å). With 

decreasing deposition time, the intensity of the peak at 23.1° increases, except a slight 

drop from 13 min to 10 min.  
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Fig. 2- 37 SEM images (top view) of WO3 films prepared by spray CVD at different deposition time 

 

 

Fig. 2- 38 SEM images (cross-section view) of WO3 films prepared by spray CVD at different 

deposition time 

 

Table 2- 6 Film thickness and average diameter of nanorods of WO3 films prepared by spray CVD at 

different deposition time 

Deposition Time 

(min) 
100 50 25 17 13 10 
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Average diameter 

(nm) 
190 220 240 220 230 220 

Thickness (μm) 8.1 6.0 4.9 4.3 3.7 2.6 

 

Fig. 2- 37 and Fig. 2- 38 are SEM images of WO3 films prepared in different deposition 

time. As shown in Fig. 2- 37, the average diameter of WO3 film prepared in 100 min is 

around 190 nm, and there is wide variance in the nanorods diameter, with the diameter 

of the smallest nanorod being around 50 nm and the biggest one being around 450 nm. 

When the deposition time decreases to 50 min, the average diameter of nanorods 

increases to ~220 nm. With further decrease in deposition time, the average diameter 

of nanorods in the film does not obviously change (all of them are around 230 nm). The 

density of nanorods arrays increases with decreasing deposition time, as shortening 

deposition time would increase the precursor injection rate, thus more precursor 

solution would be injected into the reactor in the same time, i.e. more precursor would 

be decomposed, resulting in a denser film. As shown in Fig. 2- 38, the thickness of the 

film prepared at 100 min is around 8.1 μm, and the length of the nanorods is also around 

8 μm. With the decrease of the deposition time, the thickness of the films also decreases, 

drop to around 2.6 μm (10 min). Also, there are a large number of tiny particles that can 

be seen on the nanorods of the film prepared for 100 min. With the decrease of 

deposition time, the number of particles reduces and cannot be seen on films for 17 min 

or less. 
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Fig. 2- 39 UV-vis absorption spectra of WO3 films prepared by spray CVD at different deposition time 

 

Fig. 2- 39 shows the UV-vis absorption of WO3 films prepared at different deposition 

times. Except for the film prepared at 100 min, the films prepared for different times 

have similar UV-vis light absorption, and only a very slight difference is seen in the 

figure. The variance is from the different thickness of the films, with longer deposition 

times giving thicker films, and therefore the films deposited for longer times have a 

slightly stronger light absorption, as discussed previously. The films prepared for 100 

min were very fragile and easy to abrade, likely because both the thickness and nanorod 

length are very large. As a result, in the process of UV-vis measurement part of the film 

was damaged (Fig. 2- 35) and this may be why the UV-vis spectrum differs compared 

to other films. The tail absorption from 600 nm to 800 nm again can be attributed to the 

existence of W5+ and oxygen vacancies.180,181 
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Fig. 2- 40 (a) I-V curve, (b) Current-Time curve at 1.23 V (vs. RHE), and (c) EIS Nyquist plots of WO3 

films prepared by spray CVD at different deposition time 

 

Linear sweep voltammetry (Fig. 2- 40 a) was used to investigate the PEC performance 

of WO3 films prepared at different deposition times. The film prepared for 100 min had 

the lowest photocurrent density, which was only ~0.03 mA/cm2 at 1.23 V (vs. RHE) 

(Fig. 2- 40 b). With decreasing deposition time the photocurrent density increases, with 

the film deposited for 17 min having the highest photocurrent density, reaching ~0.58 

mA/cm2 at 1.23 V (vs. RHE). Further decreasing the deposition time leads to a decrease 

in photocurrent density, achieving 0.35 mA/cm2
 and 0.45 mA/cm2 at 1.23 V (vs. RHE) 

for the film deposited in 13 min and 10 min respectively. As shown in Fig. 2- 39, the 

UV-vis light absorption of all the films are quite similar, so the variance of photocurrent 

density of the films is likely not from the light absorption but from other factors. 

Electrochemical impedance spectroscopy (EIS) measurements were used to investigate 
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the interfacial resistance and charge transfer ability of WO3 films (Fig. 2- 40 c). As 

shown in the figure, the semi-circle decreases with decreasing deposition temperature. 

In other words, the film prepared for 100 min has the largest resistance and worst charge 

transfer ability whilst the film prepared for 10 min has the smallest resistance and the 

best charge transfer ability. This is probably due to the following reasons: (1) As 

discussed in section 2.3.4.1 (Effects of deposition temperature), the electron transport 

is more limiting in thick nanorod films when the diameter of the nanorod is less than 

300 nm. The films deposited from 10 min to 100 min have a thickness from 2.6 μm to 

8.1 μm, with the film deposited in longer time having thicker film. In thicker films with 

longer nanorods, the electrons are harder to transport to the substrate and easier to 

recombine with holes, thus negatively affecting the charge transfer ability. (2) There are 

a large number of tiny WO3 particles on the surface of nanorods of the film prepared at 

25 min and above. The nanorod structure should provide a direct path for charge 

transfer through the rod, whilst the particles on the nanorod surface would retard the 

charge transfer as photogenerated electrons (holes) need to transfer through the 

particles from the particle (nanorod) to the nanorod (particle), and electrons and holes 

combine readily at the surface and at grain boundaries; (3) The film prepared for longer 

times is thicker but is not well adhered to the substrate and consequently holes may not 

transfer easily from the bulk to the electrode. The film prepared for 17 min has the third 

best charge transfer ability and the second best visible light absorption, which combine 

to give the highest photocurrent density among all these films. Therefore, the variance 

of the photocurrent density of all the films is attributed to the above reasons. 

2.3.4.4 Effect of precursor solution volume 

To investigate the influence of precursor solution volume, WO3 films were prepared 

using different precursor solution volumes. The deposition temperature was 500 ℃, the 

deposition time was 17 min and the precursor concentration were 4 g/L. 
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Fig. 2- 41 Optical photo of WO3 thin films prepared by spray CVD using different precursor solution 

volume 

 

Different precursor volume (5 mL, 10 mL, 15 mL, 20 mL, 25 mL, 30 mL, 35 mL, 40 

mL, 45 mL and 50 mL) was used to prepare the WO3 films. As shown in Fig. 2- 41, the 

film prepared using 5 mL of solvent was translucent and the UCL logo can be easily 

seen through the film. With increasing precursor volume the film becomes opaque and 

the colour becomes darker from white to yellow-green. 
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Fig. 2- 42 XRD patterns of WO3 films prepared by spray CVD using different precursor solution 

volume 

 

Fig. 2- 42 shows the XRD patterns of WO3 films prepared by spray CVD using different 

precursor solution volumes. As shown in the figure, all patterns agree with monoclinic 

WO3 phase (JCPDS data card NO. 43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å). In 

films prepared using 5 mL or 10 mL precursor, a very weak peak of tetragonal SnO2 

(JCPDS data card NO. 46-1088, a = 4.750 Å, b = 4.750 Å, c = 3.198 Å) can be seen at 

37.9°. All the films have a growth preference in the [0 0 2] direction and an extensive 

(0 0 2) facet. 
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Fig. 2- 43 SEM images (top view) of WO3 films prepared by spray CVD using different precursor 

solution volume 
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Fig. 2- 44 SEM images (cross-section view) of WO3 films prepared by spray CVD using different 

precursor solution volume 

 

Table 2- 7 Film thickness and average diameter of nanorods of WO3 films prepared by spray CVD 

using different precursor solution volume 

Precursor 

volume (mL) 
5 10 15 20 25 30 35 40 45 50 

Average 

diameter (nm) 
- 130 160 190 230 230 260 330 330 350 

Thickness (μm) 0.7 1.5 2.3 3.2 4.0 4.2 4.2 4.7 6.6 7.8 

 

Fig. 2- 43 and Fig. 2- 44 are SEM images of WO3 films prepared by spray CVD using 

different precursor solution volume. As can be seen from Fig. 2- 43, the WO3 film used 

5 mL precursor solution consists of many nano-needle-bulks. Each nano-needle-bulk is 

made up of two parts- a nano-needle which diameter is around 20 nm, and a nano-bulk 

which wraps the head of nano-needle. The FTO substrate is not fully covered and still 

can be seen from the space between the nano-needle-bulks. This explains why the film 

is translucent (Fig. 2- 41). The film using 10 mL precursor solution is made up of 

nanorods arrays which grow vertically from the substrate. The diameter of the nanorods 
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is around 130 nm. With increasing precursor solution volume, the morphology of the 

films does not change, while the average diameter of nanorods increases from ~130 nm 

(10 mL) to ~350 nm (50 mL). From the cross-section view of the films, the thickness 

of the films increases with increasing precursor solution volume, from ~0.7 μm (5 mL) 

to ~7.8 μm (50 mL). 
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Fig. 2- 45 UV-vis absorption spectra of WO3 films prepared by spray CVD using different precursor 

solution volume 

 

Fig. 2- 45 shows the UV-vis absorption of WO3 films prepared with different precursor 

solution volumes. The visible light absorption increases with increasing precursor 

solution volume, with the film deposited using 50 mL precursor solution having the 

strongest and the film deposited using 5 mL precursor solution having the weakest UV-

vis light absorption. This is due to the film deposited using high precursor solution 

volume having a thicker film and hence more absorbing materials, which can absorb 

more light in a long wavelength region as discussed previously. From the film deposited 

using 25 mL precursor onwards, the light absorption variance of the films is very small, 

as the films are sufficiently thick to absorb most of the light in the near visible range 

which can be absorbed by WO3 (i.e. the light at this wavelength is hard to penetrate 

deeper), and the light absorption of the films become almost saturated. The tail 
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absorption from 600 nm to 800 nm can be attributed to the existence of W5+ and oxygen 

vacancies180,181 and generally increased with increasing the precursor solution volume. 

This is probably because the annealing process was not complete and therefore left 

some oxygen vacancies. With increasing the precursor solution volume, the deposited 

film has more tungsten oxide amount, and therefore more oxygen vacancies can be left 

in the film. 
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Fig. 2- 46 (a) I-V curve, (b) Current-Volume curve at 1.23 V (vs. RHE), and (c) EIS Nyquist plots of 

WO3 films prepared by spray CVD using different precursor solution volume 

  

To investigate the PEC properties of WO3 films prepared by spray CVD using different 

precursor solution volume, linear sweep voltammetry (Fig. 2- 46 a) and EIS 

measurements (Fig. 2- 46 b) were conducted. As shown in Fig. 2- 46 (a), the film 

deposited from 5 mL precursor solution has the lowest photocurrent density whilst the 

film deposited from 40 mL precursor solution has the highest photocurrent density, 
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reaching 0.11 mA/cm2 and 0.73 mA/cm2 at 1.23 V (vs. RHE) respectively. With 

increasing precursor solution volume, the photocurrent density generally increases 

from 5 mL to 40 mL. After 40 mL, the photocurrent density decreases to 0.58 mA/cm2 

at 1.23 V (vs. RHE) and 0.62 mA/cm2 at 1.23 V (vs. RHE). The increased photocurrent 

density for films deposited from 5 mL to 40 mL can be partially attributed to the 

increase of the visible light absorption, but cannot be completely attributed to it, as the 

visible light absorption of the films deposited using 25 mL onwards are very similar yet 

the photocurrent density from the film (25 mL) to the film (40 mL) still has an obvious 

increase. Therefore, there must be other factors contributing to the increase in 

photocurrent density. The EIS Nyquist plots (Fig. 2-24 c) have a similar trend as the I-

V curve. The semicircle gets smaller, indicating the interfacial charge transfer generally 

improves as the precursor solution volume increases from 5 mL to 40 mL. It is 

noteworthy that the semicircle of the film deposited using 5 mL precursor is much larger 

than that of other films, likely because the film (5 mL) has a different morphology 

(nano-needle-bulk, Fig. 2- 43) compared to other films. Therefore, the charge transfer 

ability also has an influence the photocurrent density. Actually, the charge transfer of 

the films is also a complex balance between several factors: (a) as seen from the UV-

vis spectra (Fig. 2- 45), the oxygen vacancies generally increased with increasing the 

precursor solution volume. The oxygen vacancies can positively or negatively affect 

the charge transfer abilities depending on the amount as discussed previously, although 

the full role of oxygen vacancies still needs further study; (b) increasing of the nanorod 

length or cross-section may negatively influence the electron and hole transport 

respectively, particularly for  films with length greater than 4 μm and/or nanorod 

diameter larger than 300 nm; (c) conversely, increasing the nanorod size can enhance 

the space charge layer in the nanorod, which can effectively reduce electron-hole 

recombination and promote charge transfer, although the space charge layer is very 

small in nanostructured materials. A complete picture of how these factors affect the 

charge transfer requires future study. In addition, with increasing the precursor solution 

volume, the deposited films have more photoactive materials and large interfacial 
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contact area, which will also positively affect the PEC performance of the films. Overall, 

the variance of the photocurrent density of all the films is from a balance of these factors. 

The WO3 film with the highest photocurrent density (0.73 mA/cm2 at 1.23 V vs. RHE) 

among all the nanorod films has a thickness of 4.7 μm, which is very similar to the 

value of optimized thickness (300 nm seed layer and 4.6 μm nanoneedles) in the 

literature.4 

2.3.5 Comparison of WO3 films with different nanostructured morphologies 
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Fig. 2- 47 SEM images of WO3 films in different morphologies 

 Table 2- 8 Parameters of WO3 films in different morphologies 

Sample Method Part in thesis Characteristic parameter 

Nanorods film Spray CVD 2.3.4.4 Precursor volume: 40 mL 

Nanotrees film AACVD 2.3.2 Position 4 on substrate 

Nanocauliflowers film AACVD 2.3.2 Position 2 on substrate 

Nanoplates film Hydrothermal 2.3.1.2 - 

Nanosheets film CBD 2.3.3 Deposition time: 6 h 

Nanoparticles film Doctor-blade 2.3.1.1 - 

 

In this part, nanostructured WO3 films with different morphologies made by different 

methods were selected and the influence of morphologies, structure and crystal facet 

on their photoelectrochemical performance is discussed. Here, we chose the film with 

the best performance in the same morphologies. As shown in Table 2- 8, the nanorods 

film is from 2.3.4.4 which used 40 mL precursor prepared by spray CVD. The nanotrees 

film and nanocauliflowers film are from 2.3.2 prepared by AACVD at position 4 (P4) 

and position 2 (P2) respectively. The nanoplates film is from 2.3.1.2 prepared by 

hydrothermal method. The nanosheets film is from 2.3.3 prepared by CBD method in 

6 h. And the nanoparticles film is from 2.3.1.1 prepared by doctor-blade method. Fig. 

2- 47 is the SEM images of the WO3 films in different morphologies. 
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Fig. 2- 48 XRD patterns of WO3 films in different morphologies 

 

As shown in Fig. 2- 48, all the WO3 films adopt monoclinic structure (JCPDS data card 

NO. 43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å), as all the as-deposited films were 

annealed in air at 450 ~ 500 ℃ for 1 ~ 4 h (depends on the samples), and WO3 tend to 

adopt the monoclinic structure in this temperature range. The nanorod, the ‘nanotree’ 

and ‘nanocauliflower’ films have the growth preference at [0 0 2] direction and enriched 

(0 0 2) crystal facets, and the nanoplates and the nanosheets film have the enriched (2 

0 0) crystal facets. 
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Fig. 2- 49 UV-vis absorption spectra of WO3 films in different morphologies 
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Fig. 2- 49 is the UV-vis absorption spectra of WO3 films with different morphologies. 

As shown in the figure, the nanorods film has the strongest visible light absorption and 

the nanoplates film has the weakest amongst all the films. The visible light absorption 

intensity is in this order: nanorods film (thickness: 4.7 μm) ˃ nanoparticles film 

(thickness: 2.3 μm) ≈ nanotrees film (thickness: 3.6 μm) ≈ nanocauliflowers film 

(thickness: 3.6 μm) ˃ nanosheets film (thickness: 1.3 μm) ˃ nanoplates film (thickness: 

1.3 μm), generally with thicker films having stronger UV-vis absorption. Because 

thicker films can absorb more photons of long wavelength as we discussed previously. 

The extra absorption region from 470 nm to 580 nm of the nanoparticles film may be 

due to some impurities from the preparation process using doctor-blade method 

(possibly in the ball-milling process). 
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Fig. 2- 50 (a) I-V curve and (b) Incident photon-to-current efficiencies of WO3 films in different 

morphologies 

 

Linear sweep voltammetry was used to study the photoelectrochemical performance of 

WO3 films with different morphologies. As shown in Fig. 2- 50 (a), the nanoparticles 

film has the lowest photocurrent density, which is around 0.2 mA/cm2 at 1.23 V (vs. 

RHE). The photocurrent density of the nanotrees film and the nanocauliflowers film is 

slightly increased, reaching ~0.25 mA/cm2 and ~0.28 mA/cm2 at 1.23 V (vs. RHE), but 
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their saturated photocurrent densities are both around twice of the nanoparticles film. 

The photocurrent current density of the nanorods film, nanosheets film and nanoplates 

film is over three times higher than that of the nanoparticles film, reaching 0.73 mA/cm2, 

0.72 mA/cm2 and 0.62 mA/cm2 at 1.23 V (vs. RHE) respectively. As the light absorption 

of these films does not vary significantly, the difference in photocurrent density may 

result from different charge transfer abilities. The photocurrent density of nanorods, 

nanoplates and nanosheets films are significantly higher than that of other films, 

therefore it is likely that the 1-D (nanorod) and 2-D (nanoplate and nanosheet) 

morphologies benefit the charge transfer. They can provide electrons with a direct 

pathway to transport to the FTO substrate, and the holes diffuse from the short radius 

(for nanorod)/thickness (for nanoplate and nanosheet) direction to the electrolyte, 

therefore promoting the charge transportation and reducing recombination. The 3-D 

morphology can also promote charge transfer but less efficiently because the 

connections between particles/nanorods hinder electron transfer, and consequently the 

photocurrent density of nanotree and nanocauliflower films are smaller than the 

nanorod, nanoplate and nanosheet films. The nanoparticle film has the worst charge 

transfer ability as the nanoparticles are not well connected and hencethe interparticle 

resistance is high. Electrons can also be trapped by the surface when transferring from 

one particle to another. Therefore, the nanoparticles film has the lowest photocurrent 

density. 

The photocurrent density of the films in our work is comparable to WO3 films in 

literature, but it is still relatively low compared to the reported highest photocurrent 

density (3.7 mA/cm2)169 (Table 2- 9).  

Table 2- 9 Photoelectrochemical performance of WO3 films prepared by various methods 

Synthesis 

method 
Morphology 

Photocurrent 

density 
Electrolyte Light source Ref 

Hydrothermal Nanoplate 

3.7 mA/cm2 

at 1.23 V vs. 

RHE  

0.1 M 

H2SO4 

AM 1.5 G, 100 

mW/cm2 

169 
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Hydrothermal 
Nanoflakes 

(Hierarchical) 

1.42 mA/cm2 

at 1.0 V vs. 

Ag/AgCl 

1 M 

H2SO4 

AM 1.5 G, 100 

mW/cm2 

184 

Hydrothermal 
Nanoflakes 

(Prinstine) 

0.61 mA/cm2 

at 1.0 V vs. 

Ag/AgCl 

1 M 

H2SO4 

AM 1.5 G, 100 

mW/cm2 

184 

Hydrothermal 
Nanoflakes 

(Prinstine) 

0.62 mA/cm2 

at 1.23 V vs. 

RHE 

1 M 

H2SO4 

AM 1.5 G, 

simulated 

sunlight 

185 

AACVD 
Nanoneedles 

+ flat 

1.2 mA/cm2 

at 1.23 V vs. 

RHE 

(predicted 

from IPCE) 

0.5 M 

H2SO4 

75 W Xe lamp 

with a 

monochromator 

4 

Blade-

spreading 
Nanoparticles 

0.36 mA/cm2 

at 1.23 V vs. 

RHE (25 ℃, 

FTO) 

3 M 

CH3SO3H 

AM 1.5 G, 

simulated 

sunlight 

186 

Doctor-blade Nanoparticles 

0.26 mA/cm2 

at 1.4 V vs. 

Ag/AgCl 

0.2 M 

Na2SO4 

500 W Xe lamp 

with 420 nm 

cutoff, 100 

mW/cm2 

88 

Spray CVD 

(this work) 
Nanorods 

0.73 mA/cm2 

at 1.23 V vs. 

RHE 

0.5 M 

H2SO4 

75 W Xenon 

lamp with AM 

1.5 G filter, one 

sun 

- 
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Fig. 2- 51 EIS Nyquist plots of WO3 films in different morphologies 

 

To further investigate the above reasons, EIS measurements were conducted to study 

the kinetics of charge transfer for the WO3 films in different morphologies. Fig. 2- 51 

is EIS Nyquist plots of WO3 and the inset shows the equivalent Randle circuit used to 

fit the impedance data, in which Rs is the solution resistance, the Rct is interface charge 

transfer resistance between the WO3 electrode and the electrolyte and the CPE 

represents the constant phase element for the electrode/electrolyte interface. The fitted 

resistance values are listed in the following table (Table 2- 10). 

Table 2- 10 Quantitatively fitted Rs and Rct values from the EIS Nyquist plots 

Films Nanorods Nanotrees Nanocauliflowers Nanoplates Nanosheets Nanoparticles 

Rs (Ω) 26 24 31 20 21 22 

Rct (Ω) 1270 3010 2490 1190 930 8640 

Normally, a smaller Rct indicate a better charge transfer performance at the 

electrode/electrolyte interface (the diameter of the semicircle also represents the Rct). 

Thus, the interface charge transfer ability is in this order: nanosheets film ˃ nanoplates 

film ˃ nanorods film ˃ nanocauliflowers film ˃ nanotrees film ˃ nanoparticles film.  

This trend matches the hypothesis we discussed above. 
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Fig. 2- 52 I-T curve of WO3 films in different morphologies at 1.23 V (vs. RHE) 

 

Table 2- 11 Photocurrent density of WO3 films in different morphologies at initial and after 12 h at 1.23 

V (vs. RHE) 

 IInitial (mA/cm2) I12h η = I12h/IInitial × 100% 

Nanorods film 0.73 0.75 103% 

Nanotrees film 0.31 0.36 115% 

Nanocauliflowers film 0.40 0.55 137% 

Nanoplates film 0.70 0.20 29% 

Nanosheets film 0.72 0.09 13% 

Nanoparticles film 0.25 0.02 8% 

 

To investigate the stability of WO3 films in different morphologies, the current-time (I-

T) curve (Fig. 2- 52) was measured at 1.23 V (vs. RHE). As shown in the figure, at the 

first 30 s and last 30 s, the light was turned off. There was no photocurrent when the 

light was off at the beginning and the end, showing no dark current and good photo-

response before and after long time light irradiation for all the films. Photocurrent 

density remaining after 12 h test is defined as η, and η = I12h / IInitial × 100%, with the 
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values shown in Table 2- 11. It is apparent that the photocurrent of nanoplates film, 

nanosheets film and nanoparticles film keeps dropping within the 12 h light 

illumination. After 12 h, the η of these films was only 29%, 13% and 8% respectively, 

which means 71%, 88% and 92% loss of their initial photoactivity. In contrast, the 

photocurrent of nanorods, nanotrees and nanocauliflowers film increased slightly in the 

first 8 h and then remain relatively stable. After 12 h, η was 103%, 115% and 137% 

respectively, which means no photocurrent loss during the 12 h light irradiation. 

Moreover, the three films remained stable and had no photocurrent loss for at least 15 

h. It is well known that WO3 photoanodes could produce peroxide intermediates as well 

as O2 during photooxidation reactions, and the accumulation of peroxo species on the 

film surface poisons the film and cause a gradual loss of photoactivity.187,188 This 

explains the photocurrent decay for nanoplates, nanosheets and nanoparticles film. 

However, it cannot explain the undecayed and even increased photocurrent of nanorods, 

nanotrees and nanocauliflowers films. S. Wang et al169 recently reported that the 

enriched (0 0 2) crystal facets can significantly improve the stability of WO3 films. 

Because the formation of peroxo-species for the (0 0 2) facet needs to overcome a free 

energy of 0.90 eV, whilst the (2 0 0) facet only needs 0.51 eV. Meanwhile, the 

conversion of peroxo-species into O* on the (2 0 0) facet is more difficult than that on 

the (0 0 2) facet. Therefore, less peroxo species will be accumulated on the (0 0 2) facet, 

resulting in enhanced stability. This can partially explain the enhanced stability of 

nanorod, nanotree and nanocauliflower films as all of them have enriched (0 0 2) crystal 

facets whilst the nanoplate, nanosheet and nanoparticle films do not (Fig. 2- 48). 

However, there are several phenomena which cannot be fully explained. Firstly, 

compared to nanorod and nanotree films, the enriched (0 0 2) facets of nanocauliflower 

films are much less obvious, but the stability is not reduced. Secondly, although in 

literature,169 the stability of WO3 films with enriched (0 0 2) facets was enhanced, there 

was still obvious photocurrent loss at the end of stability measurement, whilst in our 

case, no decay was observed for nanorod, nanotree and nanocauliflower films. Thirdly, 

the reason for increased photocurrent after several hours for nanorod, nanotree and 
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nanocauliflower films cannot be explained. Therefore, other factors must contribute to 

improving the stability. G. Wang et al.23 improved the stability of WO3 nanoflake film 

via post hydrogen treatment, as the post hydrogen-treated process can control the 

introduction of oxygen vacancies and generate sub stoichiometric WO3-x, which is 

highly resistive to peroxo-species-induced dissolution. In our experiment, the nanorod, 

nanotree and nanocauliflower films were prepared by CVD methods (spray CVD and 

AACVD), and the as-prepared films were dark blue films which are sub-stoichiometric 

WO3-x and they turned to WO3 after the annealing process4. However, there may still 

be oxygen vacancies in the films as the sub-stoichiometric WO3-x may not completely 

turn to WO3. These oxygen vacancies were also observed in our UV-vis spectra (the tail 

absorption from 600 nm to 800 nm). According to G. Wang et al., the sub-stoichiometric 

WO3-x is highly resistive to the re-oxidation and peroxo-species induced dissolution, 

therefore the existence of sub-stoichiometric WO3-x on the surface could act as a 

protection layer for the WO3 films. In addition, they also observed a slight increase of 

photocurrent in the stability measurement, and this may be due to self-activation and 

increased trap filling of the sub-stoichiometric WO3-x. These I-T data proved that the 

enhanced stability of WO3 films (nanorod, nanotree and nanocauliflower) results from 

the enriched concentration of (0 0 2) facets as well as oxygen vacancies in the films. 

Overall, in our case, it could be combined effects of enriched (0 0 2) crystal facets and 

sub stoichiometric WO3-x contributing to the excellent stability of WO3 films. 
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2.4 Conclusion 

Different morphology WO3 films, including one-dimensional (1-D) nanorods, two-

dimensional (2-D) nanosheets, and three-dimensional (3-D) nanotrees and nanoflowers, 

were synthesized using spray chemical vapour deposition (spray CVD), chemical bath 

deposition (CBD) and aerosol-assisted chemical vapour deposition (AACVD). The 

spray CVD and AACVD methods provide simple, single-step and industrially 

applicable ways to fabricate WO3 films with excellent stability. 

 

3-D nanotrees and nanoflowers WO3 films were achieved via AACVD, and the PEC 

performance of the films deposited at different position were discussed, with the films 

deposited in the middle of the chamber having stronger UV-vis light absorption and 

higher photocurrent density. 1-D nanorods WO3 films were fabricated by the spray 

CVD method, with monoclinic structure and enriched (0 0 2) crystal facets. Through 

adjusting the synthesis condition, the thickness and diameter of the nanorod WO3 films 

can be precisely controlled. The effect of deposition temperature, precursor solution 

concentration, deposition time and precursor solution volume on film growth and PEC 

performance was systematically investigated. The deposition temperature had a 

significant influence on the thickness of the films, while the precursor solution 

concentration affected the average diameter of nanorods and the film density. 

Prolonging the deposition time achieved thicker films, but the diameter of nanorods 

decreased. The precursor solution volume positively influenced both the film thickness 

and diameter of nanorods, with more precursor solution obtaining a thicker film of 

larger nanorods. The PEC performance of the WO3 films greatly influenced by the UV-

vis absorption and charge transfer abilities, whilst it usually results from combined 

effects from a balance of many factors including the light absorption, charge transfer 

ability, back contact between WO3/FTO and surface defects etc. The optimal WO3 

nanorod film achieved a photocurrent density of 0.73 mA/cm2, with a thickness of 4.7 

μm and an average nanorod diameter of 330 nm.  
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The nanorod, nanotree and nanocauliflower films showed excellent stability compared 

to nanoplate, nanosheet and nanoparticle films. This is attributed to (1) the enriched (0 

0 2) crystal facets, which require higher energy to form deleterious peroxo-species and 

lower energy to transfer holes and hence drive water oxidation forward compared to (2 

0 0) facets; (2) the presence of sub-stoichiometric WO3-x which is inert to destruction 

by peroxo-species. The CVD methods provide a single-step and simple way to fabricate 

WO3 films of high stability without reducing the photoactivity or blocking the light 

penetration of the films. The CVD methods may open up new opportunities for the 

synthesis of scalable and stable WO3 photoanodes. 
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3. Nanostructured Copper Tungstate and 

Heterojunction Films: Synthesis, 

Characterization and Photoelectrochemical 

Properties 

3.1 Introduction 

Although WO3 is non-toxic, cheap and chemically stable (in acid solution), and widely 

used for solar water splitting, its band gap is relatively high (~ 2.7 eV) limiting 

utilization of visible light, and it suffers from photocorrosion in neutral solution.28–31 In 

contrast, copper tungstate has a smaller band gap of ~ 2.3 eV and is stable in neutral 

solutions,53 making it a promising material for solar water splitting. However, CuWO4 

suffer from poor charge transportation and separation.189 It is possibly because the 

midgap states introduced by the empty Cu (3dx2-y2) are detrimental to the carrier 

mobility.190 In order to solve this problem, different strategies such as modifying 

nanostructure, fabricating a heterojunction or doping can be used. Modifying the 

nanostructure is particularly attractive because nanostructured films can provide large 

interfacial surface area, better light absorption, charge separation and transportation 

compared to bulk. Kalanur et al103 fabricated bitter-gourd-shaped CuWO4 films with 

enhanced PEC performance via hydrothermal method. The photocurrent density of the 

films reached 0.6 mA/cm2 at 1.23 V (vs. RHE, in 0.1 M Na2SO4 electrolyte, AM 1.5 

G), which is the state of the art. CuWO4 films have been synthesized by many methods 

such as hydrothermal,103 spin casting,54 electrochemical deposition,46 CVD189 etc. 

Among these methods, CVD is very appealing as it can deposit materials with well-

defined composition, morphology and crystallinity. Also, it is industrially applicable 

and easy to upscale. Recently, Peeters et al189 prepared CuWO4 films using a low 

pressure metal-organic CVD (low pressure MOCVD), whilst its photocurrent density 
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remained low (0.06 mA/cm2 at 1.23 V vs. RHE) probably because of its planar 

morphology.  

 

In this chapter, we report a facile and single-step spray CVD method to prepare 

nanostructured CuWO4 films with enhanced PEC performance. To further improve the 

PEC performance, CuWO4/WO3 shell/core heterojunction films were prepared using a 

facile and single-step CVD. To the author’s knowledge, this is the first time a 

CuWO4/WO3 shell/core heterojunction film was prepared by a single-step CVD 

method. In addition, the PEC performance and the factors influencing the film growth 

were studied.  

 

The structures, morphologies and optical properties were characterized by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), high resolution transmission 

electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and energy-

dispersive X-ray spectroscopy (EDS), scanning transmission electron microscopy 

(STEM) and ultraviolet-visible (UV-vis) spectroscopy. Their photoelectrochemical 

(PEC) properties were investigated by linear scan voltammetry (LSV), electrochemical 

impedance spectroscopy (EIS) and chronoamperometry scan. 

3.2 Experimental 

3.2.1 Materials synthesis 

All the FTO glass (TEC-15, Pilkington) for deposition were first ultrasonically cleaned 

by acetone, isopropanol, methanol and distilled water in order for 15 min respectively, 

and then dried in a compressed air stream. All regents used in the experiments were 

bought from Sigma-Aldrich and used as received. 

 

The films, including copper tungsten oxide and tungsten oxide films, were prepared 

using a home-built spray CVD. The details of this reactor were described in 2.2.1.5 

(chapter 2). First, copper bis(2,2,6,6-tetramethyl-3,5-heptanedionate) (Cu(thd)2) (99%) 
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and W(CO)6 were dissolved into a mixed solution of acetone and methanol with volume 

ratio 4:1, then the precursor solution was transferred to the syringe and ready for 

deposition. A 2.5 cm × 2.5 cm FTO glass was placed onto the centre of graphite 

substrate. The detailed parameters of synthesis were shown in the table below (Table 3- 

1), and the carrier gas (N2) flowrate for all samples was 1.2 L/min. (* Noted that the 

Cu/W molar ratio is the Cu/W molar ratio in precursor) 

Table 3- 1 Deposition conditions of tungsten oxide and copper tungsten oxide films prepared by spray 

CVD  

Section No. Sample name 
W(CO)6 

(g) 

Cu(thd)2 

(g) 

Cu/W 

molar 

ratio* 

Solvent 

(mL) 

Temperature 

(℃) 

Time 

(min) 

3.3.1 A WO3 0.05 0 0 25 500 17 

3.3.2 B WO3-0.1 0.10 0 0 25 500 17 

3.3.2 C WO3-0.05 0.05 0 0 25 500 17 

3.3.1 

1 
CuWO4-

500 ℃ 
0.05 0.12 2 25 500 17 

2 
CuWO4-

450 ℃ 
0.05 0.06 1 25 450 17 

3.3.2 

3 
CuWO4/WO3-

0.1-A 
0.10 0.09 0.75 25 500 17 

4 
CuWO4/WO3-

0.05-B 
0.05 0.03 0.5 25 450 17 

5 
CuWO4/WO3-

0.05-C 
0.05 0.06 1 25 500 17 

3.3.3.1 

6 550 ℃ 0.05 0.06 1 25 550 17 

5 500 ℃ 0.05 0.06 1 25 500 17 

2 450 ℃ 0.05 0.06 1 25 450 17 

7 400 ℃ 0.05 0.06 1 25 400 17 

3.3.3.2 8 CWO-2.5 0.05 0.15 2.5 25 500 17 
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1 CWO-2 0.05 0.12 2 25 500 17 

9 CWO-1.5 0.05 0.09 1.5 25 500 17 

5 CWO-1 0.05 0.06 1 25 500 17 

3.2.2 Physical characterization 

The structure was investigated by X-ray diffraction (XRD) using a Bruker D8 discovery 

X-ray diffractometer equipped with Cu Kα (λ = 1.541 Å) radiation, operated in 2θ scan 

mode from 10° to 66°, tube at 1°, 0.05° step size, and 0.5 s per step. The surface 

morphologies were investigated by field emission scanning electron microscope 

(FESEM, JEOL, JSM-6701F) and a high-resolution transmission electron microscopy 

(HRTEM, JEOL, JEM-2100). The film composition was investigated by energy-

dispersive X-ray spectroscopy (EDS, Oxford Instruments), scanning transmission 

electron microscopy (STEM, Oxford Instruments) and X-ray photoelectron 

spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific). UV-vis absorption spectra 

were obtained using a UV-vis Spectrometer (PerkinElmer Lambda 950) with an 

integrating sphere.  

3.2.3 Photoelectrochemical measurements 

All the photoelectrochemical tests were performed by a typical three-electrode system 

in a quartz cell using a potentiostat (Interface 1000, Gamry). The electrolyte was 0.1 M 

potassium phosphate (KPi, 61.5% K2HPO4 and 38.5% KH2PO4, pH = 7), the counter 

electrode was a Pt mesh, and the reference electrode was a Ag/AgCl electrode (CHI111). 

The light source was a Xenon Lamp (75W, USHIO) equipped with a AM 1.5 G filter 

(Newport) and the light intensity was adjusted to one sun by a photodiode (CPC). 

VAg/AgCl is converted to VRHE using the following equation, which makes use the Nernst 

equation, where VAg/AgCl and VRHE represent the potential vs. Ag/AgCl electrode and 

reversible hydrogen electrode respectively. 

VRHE = VAg/AgCl +0.0591pH + 0.1976 

The linear sweep voltammetry (LSV) tests were carried out at a can speed of 20 mV/s. 

The electrochemical impedance spectroscopy (EIS) were performed at 1.23 V (vs. RHE) 



134 

 

with a 10 mV amplitude from 100 kHz to 0.1 Hz under one sun illumination. The 

chronoamperometry measurements were carried out at 1.23 V (vs. RHE) under one sun 

illumination. 
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3.3 Results and discussion 

3.3.1 Nanostructured CuWO4 films prepared by spray CVD 

A facile and single-step spray CVD method was developed to grow nanostructured 

CuWO4 films on FTO substrate. Two different CuWO4 films were prepared under 

different conditions (Table 3- 1), with the film deposited at 500 ℃ named CuWO4-500 ℃ 

and the film deposited at 450 ℃ named CuWO4-450 ℃. The synthesis parameters are 

shown in Table 3- 1. Different deposition temperature and Cu precursor concentration 

were used in order to achieve uniform and different morphologies of CuWO4 films. 

 

Fig. 3- 1 Optical photo of WO3 and CuWO4 films prepared by spray CVD 

 

Fig. 3- 1 is the optical photo of WO3 and CuWO4 films. As shown in Fig. 3- 1, the 

colour of the CuWO4 films are yellow and it is very easy to differentiate them from the 

WO3 film. Also, the visual appearance of the CuWO4 films was homogeneous. 

 

Fig. 3- 2 Diagram of EDS positions on the CuWO4/WO3 films 

 

Table 3- 2 Cu:W ratio (Atomic%) of CuWO4 films according to EDS results 

 Cu:W (Atomic%) 

Sample Position 1 Position 2 Position 3 Position 4 Position 5 Mean 

CuWO4-

500 ℃ 
51.3:48.7 50.7:49.3 50.8:49.2 50.9:49.1 50.9:49.1 50.9:49.1 
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CuWO4-

450 ℃ 
43.5:56.5 46.8:53.2 49.2:50.8 55.8:44.2 49.6:50.4 48.8:51.2 

 

EDS was used to investigate the composition and uniformity of the CuWO4 films, and 

the EDS data were acquired on five positions evenly distributed across the film (Fig. 3- 

2). The results are summarized in Table 3- 2. With Cu:W atomic ratio at each position 

being around 50:50, indicating the films had a uniform composition. This uniformity is 

better than the CuWO4 films fabricated by other methods (e.g. electrochemical 

deposition, hydrothermal et al.) reported in the literature.53,103,189 
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Fig. 3- 3 XRD patterns of CuWO4 films prepared by spray CVD 

 

The X-ray diffraction pattern of the films are shown in Fig. 3- 3. As a comparison, the 

XRD pattern of WO3 is also included in the figure. Both films deposited under different 

temperatures correspond to triclinic CuWO4.
53,103,191 Specifically, the diffraction peaks 

at 15.3°, 19.0°, 22.9°, 23.6°, 24.1°, 26.0°, 27.0°, 28.7°, 30.1°, 30.9°, 31.7° and 32.1° 

can be indexed to (0 1 0), (1 0 0), (1 1 0), (0 -1 1), (0 1 1), (-1 0 1), (1 0 1), (-1 -1 1), (1 
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1 1), (0 2 0), (-1 1 1) and (1 -1 1) planes of triclinic CuWO4 (JCPDS data card NO. 72-

0616 a = 4.703 Å, b = 5.839 Å, c = 4.878 Å, α = 91.68°, β = 92.47°, γ = 82.81°). No 

other peaks were found except those that could be attributed to SnO2 peaks from the 

FTO substrate for the film deposited at lower temperature (likely due to reduced 

thickness). It is worth noting that the diffraction patterns of WO3 and CuWO4 are very 

similar, especially from 20° to 28° (2θ), as both crystallize with a similar structure.192 

 

 

 

Fig. 3- 4 SEM images of CuWO4 films and WO3 film prepared by spray CVD (left: top view, right: 

cross-section view) 
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Table 3- 3 Film thickness of CuWO4 films and WO3 film 

 CuWO4-500 ℃ CuWO4-450 ℃ WO3 

Thickness (μm) 1.8 0.6 4.3 

Fig. 3- 4 shows the SEM images of CuWO4 films. As shown in the figure, both films 

deposited at different temperatures have good coverage with a porous morphology, 

which are expected to provide a relatively large surface area for photocatalysis.193 From 

the cross-section view, the thickness of film CuWO4-500 ℃ is ~1.8 μm, which is less 

than half of the WO3 film prepared under identical condition (without the Cu source). 

The film consists of a large number of particles with diameter around 200 nm, similar 

to the diameter of the nanorods in a WO3 film. The particles are connected to each other 

and some have a rod-like morphology. As the film thickness is relatively high compared 

to the particle size, the film was not very robust and relatively easy to abrade. The film 

CuWO4-450 ℃ has a thickness of around 0.6 μm and a diameter of around 150 nm in 

particle size, both of which are smaller than that found at 500 ℃. This confirms why 

the SnO2 peak could be seen in the XRD patterns (Fig. 3- 3). In addition, the film 

CuWO4-450 ℃ appeared more dense than the film CuWO4-500 ℃, with the particles 

connected to each other with a tendency to form a rod-like morphology. The particles 

were also well adhered to the substrate, making it very hard to scratch off. 
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Fig. 3- 5 HRTEM images of CuWO4 

 

To further confirm the particle size and the structure of CuWO4, high-resolution 

transmission electron microscopy (HRTEM) images of CuWO4 were investigated (Fig. 

3- 5). As shown in the figure, the particle size of CuWO4-500 ℃ and CuWO4-450 ℃ 

is around ~200 nm and ~ 150 nm, and the particles are connected on one direction and 

form a rod-like morphology, which agrees with the SEM results (Fig. 3- 4). The lattice 

fringes are easy to observe in the HRTEM images, indicating the good crystallinity of 

the CuWO4. The lattice spacing values of 0.368 nm, 0.378 nm and 0.283 nm of CuWO4-

500 ℃ and the lattice spacing value of 0.243 nm for CuWO4-450 ℃ correspond to (0 

1 1), (0 -1 1), (-1 1 1) and (0 0 2) facets of triclinic CuWO4 respectively, and these 

values are in agreement to the previously reported CuWO4 lattice spacing values.103,194  
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Fig. 3- 6 Elemental mapping images of CuWO4 by STEM 

 

To confirm the elements present and their distribution in the CuWO4 particles, 

elemental (Cu, W and O) mapping images (Fig. 3- 6) were employed by scanning 

transmission electron microscopy (STEM). As shown in the figure, both CuWO4 

particles in CuWO4-500 ℃ and CuWO4-450 ℃ films were made up of Cu, W and O 

elements, and these elements are uniformly distributed throughout the particles. 

Together with the EDS results shown in Table 3- 2, we conclude that the CuWO4 films 

fabricated by spray CVD are homogeneous.  
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Fig. 3- 7 XPS spectra of CuWO4 film prepared by spray CVD 

  

Fig. 3- 7 shows the XPS spectra of CuWO4-500 ℃ film prepared by spray CVD. In the 

Cu spectra, there is a Cu 2p3/2 peak at 933.9 eV and Cu 2p1/2 peak at 953.9 eV, as well 

as three satellite peaks at 961.4 eV, 943.0 eV and 940.7 eV. These correspond to Cu2+ 

and are in good agreement with reported literature.53,150 The W 4f7/2 peak and W 4f5/2 

peak were located at 35.5 eV and 37.7 eV and are consistent with W6+.195 The O 1s peak 

can be deconvoluted into three Gaussian peaks. The one at 530.2 eV is attributed to the 

standard W-O bond and the two at the shoulder (531.8 eV and 533.0 eV) can relate to 

the surface hydroxyl group (O-H),196,197 which is a typical feature observed in metal 

oxide films.53  
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Fig. 3- 8 UV-vis absorption spectra of CuWO4 films prepared by spray CVD (inset: Tauc plot spectra) 

 

Visible light absorption is a key factor for solar light water splitting. Fig. 3- 8 shows 

the UV-vis spectra of the CuWO4 films. As shown in the figure, the UV-vis absorption 

spectra of CuWO4 films have a significant red shift compared to a WO3 film. 

Specifically, the UV-vis absorption edge of WO3 film is ~460 nm while the UV-vis 

absorption edge of CuWO4 films has shifted to ~540 nm. This is in good agreement 

with the colour change shown in Fig. 3- 2. Although the film CuWO4-500 ℃ has the 

same absorption edge as film CuWO4-450 ℃, it has better visible light absorption from 

400 nm to 540 nm, because the CuWO4-500 ℃ film is around three times thicker than 

the film CuWO4-450 ℃ (Table 3- 3). The literature shows that CuWO4 is an indirect 

bandgap material,190 thus its bandgap energy (Eg) can be calculated by the following 

Tauc equation:150 

(αh𝜈)1/2 = 𝐴(h𝜈 − 𝐸𝑔) 

Where 𝛼, h, 𝜈 and A represent the absorption coefficient of the film, the Plank’s 

constant, the frequency of the radiation and a constant of proportionality. Depicted in 

the Tauc-plot figure, we can see that the band gap of WO3 film is ~2.7 eV and the band 

gap of CuWO4 films is ~2.3 eV, which in good agreement with literature.195,198 The 

CuWO4 film has a narrower band gap compared to a bare WO3 film because of an 
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increase in the valence band maximum, which is attributed to the interaction of Cu (3d) 

and O (2p) orbitals.103 
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Fig. 3- 9 I-V curve of CuWO4 films prepared by spray CVD 

 

Linear sweep voltammetry was performed to study the photoelectrochemical property 

of the CuWO4 films (Fig. 3- 9). The films were measured under one sun illumination 

in a neutral electrolyte (pH = 7, KPi buffered solution). As shown in the figure, both 

WO3 and CuWO4 films show no current under dark conditions, indicating both films 

have no electrochemical activity in the absence of illumination. Under light irradiation, 

photocurrents were observed in all the films, resulting from photoelectrochemical water 

oxidation.130 The WO3 film has the highest photocurrent density among all the films, 

reaching ~ 0.32 mA/cm2
 at 1.23 V (vs. RHE). This value is lower than the value (~ 0.50 

mA/cm2) obtained when measured in acid electrolyte (pH = 0.56, H2SO4 solution), 

because the pH and anions in the electrolyte significantly influence the photoactivity of 

WO3 films.199 The film CuWO4-500 ℃ has a photocurrent of ~ 0.09 mA/cm2 at 1.23 V 

(vs. RHE), while the photocurrent of the film CuWO4-450 ℃ is around two times 

higher than that, reaching ~ 0.21 mA/cm2, although its visible light absorption is not as 

good as the film CuWO4-500 ℃. This may be because the film CuWO4-450 ℃ had a 

better contact of the FTO substrate, as demonstrated by the film adhesion, than the film 
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CuWO4-500 ℃, which benefits the transfer of photogenerated electrons from the 

material to the FTO electrode. The smaller thickness (~0.6 μm) of the film CuWO4-

450 ℃ also ensures a short length for photogenerated electrons to transfer from the 

CuWO4 to the FTO and since the films consist of a large number of nanoparticles it is 

expected that the defects and boundaries of the nanoparticles would act as 

recombination centers for photogenerated charge carriers, and hence a longer transport 

pathway is expected to be detrimental to photoactivity. In addition, it has been 

suggested that Cu (3d) state contributes to the bottom of the conduction band in 

CuWO4,
54 and these more localized orbitals would hinder charge transport and increase 

charge recombination of CuWO4, therefore, a thinner film would have better charge 

transfer ability and hence better PEC performance. 

Though the photocurrent density of the CuWO4 films are not as good as the WO3 film, 

it still has the highest photocurrent among the CuWO4 films prepared by CVD,189 and 

is also comparable to the CuWO4 films prepared by other methods (Table 3- 4). 

Table 3- 4 Photoelectrochemical performance of CuWO4 films prepared by various methods 

Synthesis 

method 

Film 

thickness 

(μm) 

Photocurrent 

density (mA/cm2, 

at 1.23 V vs RHE) 

Electrolyte Ref 

Spray CVD 

(this work) 
0.6 0.21 0.1 M KPi, pH = 7 - 

Spray CVD 

(this work) 
2 0.09 0.1 M KPi, pH = 7 - 

Low pressure 

MOCVD 
0.1-0.15 0.06 

0.1 M Sodium borate solution, pH = 

7 

189 

Electrochemical 

deposition 
2-3 0.2 0.1 M KPi, pH = 7 53 

Electrochemical 

deposition 
0.25 0.1 0.1 M KPi, pH = 7 46 

Spin casting 0.2 0.15 0.1 M KPi, pH = 7 54 
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Spin casting 0.2 0.3 0.1 M KPi, pH =7.4, 0.14 M NaCl 200 

RF magnetron 

sputtering 
2 0.19 0.33 M H3PO4 201 

Spray pyrolysis 2 0.15 Hydrion buffer, pH = 10 50 

Spray pyrolysis 1.5-2 0.19 0.1 M KPi, pH = 7 202 

Hydrothermal 1.886 0.6 0.1 M Na2SO4 103 

 

 

Fig. 3- 10 I-T curve of CuWO4 and WO3 films prepared by spray CVD 

 

The stability during photoelectrochemical water splitting is another important factor for 

photoanode materials. To investigate the stability of CuWO4 film, chronoamperometry 

measurement was conducted at 1.23 V vs. RHE (Fig. 3- 10). Unlike the measurement 

in acid electrolyte (Fig. 2-53), a WO3 film lost around 80% photoactivity in the first 2 

hours in the neutral electrolyte and showed nearly no photocurrent after 8 hours 

measurement. It has previously been reported that WO3 is only stable in acid solution 

(pH < 4) and degrades in neutral and weak alkaline solution203 as WO3 is an Arrhenius 

acid and would decompose under neutral or alkaline solutions and the reaction is shown 

below:53 

WO3 (s) + H2O (l) → WO4
2- (aq) + 2H+ (aq) 
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In contrast, the CuWO4 films were stable under illumination in neutral pH. 60,204 After 

12 hours irradiation, the film CuWO4-450 ℃ retained ~72% photocurrent density and 

the film CuWO4-500 ℃ retained ~42%. The film CuWO4-500 ℃ is thought to have 

lost more photoactivity than the CuWO4-450 ℃ as the film had poor adhesion and 

particles were observed suspended in the electrolyte after several hours irradiation. 

Apart from physical loss another photoactivity loss could be attributed to the influence 

of phosphate anions in the electrolyte, with Yourey et al54 finding that the phosphate 

anion negatively affects the stability of CuWO4 in aqueous electrolyte. For their sol-gel 

prepared CuWO4 films, the photocurrent dropped ~50% after 4 h with only 15% 

photocurrent remaining after 12 h irradiation when measured in KPi buffered solution 

(pH = 7), however, they found the photocurrent of CuWO4 film maintained 93% of its 

initial value after 12 h illumination in KBi buffered solution (pH = 7).  

To study the relative band positions of WO3 and CuWO4, XPS valence band edge 

analysis together with Tauc plots results (Fig. 3- 8) were investigated. Fig. 3- 11 is the 

valence band edge of WO3 and CuWO4-500 ℃. 
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Fig. 3- 11 Valence band edge spectra of WO3 and CuWO4 

 

According to the figure, the XPS valence band edge of WO3 is ~2.45 eV, while the XPS 

valence band edge of CuWO4 has shifted to ~2.00 eV (a 0.45 eV difference). This means 

the valence band top of CuWO4 is 0.45 eV positive than that of WO3, which 

corresponds to the reported literature.53,103,150,190 The increase at the top of the valence 

band is attributed to the mixing of Cu (3d) and O (2p) states in the valence band of 
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CuWO4, while the valance band of WO3 is predominately formed of O (2p) states.190 

 

 

Fig. 3- 12 Experimentally determined band diagrams for WO3 and CuWO4 

  

According to the Tauc plot results, the bandgaps of WO3 and CuWO4 are 2.7 eV and 

2.3 eV respectively. Based on this it can be calculated that the bottom of the conduction 

band of CuWO4 is 0.05 eV more negative than that of WO3, which agrees with reported 

literature. 103,150 Thus, a relative band position diagram can be drawn as Fig. 3- 12. The 

contribution to the conduction band of CuWO4 are currently under debate. Early reports 

and first principle calculation suggested that the bottom of conduction band is only 

comprised of W (5d) states45,47, while more recent reports suggested that it could be 

comprised of both W (5d) and Cu (3d) states45. From our experimental results, the 

conduction band of CuWO4 is negatively shifted ~0.05 eV compared to WO3 and hence 

this may be attributed to incorporation of Cu (3d) states into the conduction band. 

 

3.3.2 Nanostructured CuWO4/WO3 heterojunction films prepared by spray CVD 

In this section, nanostructured CuWO4/WO3 heterojunction films were successfully 

prepared by spray CVD. Precursors with lower Cu/W ratio were used in preparation of 

the heterojunction films, with more deposition details showing in the experimental part.  

3.3.2.1 Characterization 

The visible light absorption was greatly enhanced for CuWO4 compared to WO3, 
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however its initial photocurrent was reduced which may be attributed to poor charge 

transfer properties. Therefore, it was considered that formation of a CuWO4/WO3 

heterojunction may provide optimum light absorption and charge transfer properties. 

 

Fig. 3- 13 Optical photo of WO3, CuWO4 and CuWO4/WO3 films prepared by spray CVD 

 

Fig. 3- 13 is the optical photo of WO3, CuWO4 and CuWO4/WO3 films. As shown in 

the figure, the WO3 film shows a chartreuse colour, while both the CuWO4 film and 

CuWO4/WO3 film are yellow, and hard to visually differentiate.  

Table 3- 5 Cu:W ratio (Atomic%) of CuWO4/WO3 film according to EDS results 

Sample 

Cu:W (Atomic%) 

Position 

1 

Position 

2 

Position 

3 

Position 

4 

Position 

5 
Mean 

CuWO4/WO3 21.9:78.1 22.2:77.8 23.0:77.0 21.1:78.9 20.9:79.1 21.8:78.2 

 

To understand the composition and uniformity of CuWO4/WO3 film, EDS data were 

required on five positions across the film as shown in Fig. 3- 2. The EDS data is 

summarized in Table 3- 5. As depicted in the table, the Cu:W ratio at all the positions 

are around 22:78, except the ratio in the centre (P3) which is slightly higher than at the 

edges, although the difference is small. Consequently the film is considered uniform. 
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Fig. 3- 14 XRD patterns of CuWO4/WO3 film prepared by spray CVD (inset: full spectra) 

 

Fig. 3- 14 shows the XRD patterns of a CuWO4/WO3 film and that of WO3 and CuWO4 

films for comparison. The small figure inset is the comparison of the full XRD patterns 

for all films. As shown in the figure, the CuWO4/WO3 film has both monoclinic WO3 

peaks and triclinic CuWO4 peaks. Specifically, the diffraction peaks at 15.3°, 19.0°, 

26.0°, 28.7°, 30.1°, 31.7° and 32.1° can be indexed to (0 1 0), (1 0 0), (-1 0 1), (-1 1 1), 

(1 1 1), (-1 1 1) and (1 -1 1) planes of triclinic CuWO4 (JCPDS data card NO. 72-0616 

a = 4.703 Å, b = 5.839 Å, c = 4.878 Å), while the diffraction peaks at 23.1°, 23.6°, 

24.4°, 33.3°, 34.2°, 42.3° and 53.5° can be indexed to (0 0 2), (0 2 0), (2 0 0), (0 2 2), 

(2 0 2), (0 0 4) and (0 2 4) planes of monoclinic phase WO3 (JCPDS data card NO. 43-

1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å). It is noteworthy that CuWO4 has three 

peaks at 22.9°, 23.6° and 24.1°, which are very similar to the three peaks at 23.1°, 23.6°, 

24.4° of WO3, but this small shift was observable in the three peaks of the CuWO4/WO3 

film indicating the dominant peaks belong to monoclinic WO3. As shown in the inset 
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figure, similar to WO3 pattern, the peak of CuWO4/WO3 oxide at 23.1° is very strong, 

showing that CuWO4/WO3 film also has growth preference in the [0 0 2] direction like 

the WO3 nanorods film which we have seen in the last chapter.  

 

 

Fig. 3- 15 SEM images of CuWO4/WO3 film and WO3 film prepared by spray CVD (left: top view; 

right: cross-section view) 

 

Table 3- 6 Film thickness of CuWO4/WO3 film and WO3 film 

 CuWO4/WO3 WO3 

Thickness (μm) 1.5 4.0 

 

Fig. 3- 15 shows the SEM images of CuWO4/WO3 film and WO3 film. The thickness 

of them are summarized in Table 3- 6 according to the cross-section images. The WO3 

film and CuWO4/WO3 film were prepared in the same condition, and the only 

difference between them is that the solution used to deposit WO3 film is without Cu 

source. From the SEM images, both the CuWO4/WO3 film and the WO3 film have a 

nanorod-like morphology, with the nanorods growing vertically on the FTO glass. As 
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depicted in the top view, the nanorod average size in the CuWO4/WO3 film is slightly 

larger than that of the WO3 film, while the nanorod distribution of the CuWO4/WO3 

film is more dense than that of the WO3 film. The cross-section view shows that the 

thickness of the CuWO4/WO3 (~1.5 μm) is thinner than that of the WO3 film (~4.0 μm). 

On a close observation, the surface of a WO3 nanorod is very smooth, whilst the surface 

of a CuWO4/WO3 nanorod is a little coarse, with the appearance of a thin shell covering 

on it. We speculate this very thin shell is CuWO4 and the core is a WO3 nanorod. As 

the W is the main component in the film (Cu:W = 2: 8, Table 3-5), the WO3 growing 

direction formed the nanorod morphology, which agrees with the strong peak observed 

at 23.1° in the XRD patterns (Fig. 3- 14) showing a growth preference in the [0 0 2] 

direction. The Cu precursor (Cu(thd)2) is not preferred to deposit at this temperature205 

and hence is believed to react with W precursor on the surface of the nanorod only, and 

hence the intensity in the XRD is relatively weak compared to pure WO3 (Fig. 3- 14). 

Also, it appears that by adding the Cu precursor into the solution, the growth of the 

WO3 in the perpendicular direction was inhibited although the film became more dense 

maybe because Cu precursor contributes more in the film growth in the horizontal 

direction, thus resulting in a denser film, which we also observed in last chapter. 

 



152 

 

 

Fig. 3- 16 TEM and HRTEM images of WO3 and CuWO4/WO3 film prepared by spray CVD 

Fig. 3-16  

 

TEM images of WO3 and CuWO4/WO3 and HRTEM images of CuWO4/WO3 were 

obtained (Fig. 3- 16). As the WO3 nanorod film is composed of both long (greater in 

number) and short (fewer in number) nanorods, the WO3 comparison nanorod was 

similar in length to that for a CuWO4/WO3 nanorod. As shown in the TEM images, the 

surface of WO3 nanorod is smooth whilst the surface of CuWO4/WO3 is coarse and 

covered with shell, corresponding to what was observed in SEM images. From the 

HRTEM images, the lattice fringe of this shell was 0.34 nm, which corresponds to the 

(-1 0 1) facet of triclinic CuWO4, confirming shell is principally comprised of CuWO4. 
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Fig. 3- 17 XPS spectra of CuWO4/WO3 film prepared by spray CVD 

 

To investigate the surface state of CuWO4/WO3 film, XPS was conducted and the 

spectra shown in Fig. 3- 17. The Cu spectrum shows 5 peaks. The two peaks at 933.9 

eV and 953.7 eV are the Cu 2p3/2 peak and the Cu 2p1/2 peak respectively, whilst three 

peaks at 961.4 eV, 940.3 eV and 940.9 eV are satellite peaks. These peaks correspond 

to Cu2+ and are in good agreement with literature value53. W 4f5/2 and W 4f7/2 occur at 

binding energies of 37.4 eV and 35.3 eV respectively, which are consistent with W6+.206 

Finally, The O 1s peak can be dissociated into three Gaussian peaks. The one at 530.0 

eV is attributed to the standard W-O bond and the two at the shoulder (531.5 eV and 

532.5 eV) can relate to the surface hydroxyl group (O-H)197, which is a typical feature 

observed in metal oxide films. 

 

Fig. 3- 18 Scanned positions on CuWO4/WO3 film in XPS depth profile 
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Table 3- 7 Film composition of CuWO4/WO3 by XPS depth profile 

 Cu 

(atomic%) 

W 

(atomic%) 

O 

(atomic%) 

C 

(atomic%) 

Sn 

(atomic%) 

Surface 0 4.37 5.13 53.04 36.36 1.11 

Bulk 1 (~ 260 nm) 4.55 34.58 58.43 0 2.44 

Bulk 2 (~ 520 nm) 4.75 36.09 56.74 0 2.41 

Bulk 3 (~ 780 nm) 4.68 36.86 55.99 0 2.48 

Bulk 4 (~ 1040 nm) 4.53 37.11 55.69 0 2.66 

XPS depth profile was used to further prove the presence of a CuWO4/WO3 shell/core 

heterojunction. Five points were scanned from surface to bulk with each step ~260 nm. 

The diagram is shown in Fig. 3- 18 and the composition results are summarized in Table 

3- 7. As shown in the table, the Cu:W ratio (~0.86) on the film surface is close to 1, 

which is in reasonably good agree with the formula of CuWO4. The excess W may be 

because the XPS analysis is also able to detect the WO3 from the underlying bulk WO3 

nanorod. In the bulk, the Cu:W ratio decreased to only ~0.12. There is still some Cu 

observed likely because the diameter of the beam is bigger than that of nanorod, and 

hence Cu still would be detected from the side of a nanorod. It is noteworthy that the 

Sn:W ratio in the bulk is ~0.07, where the Sn is from the FTO layer. As the difference 

between the Cu:W ratio and Sn:W ratio is very small, and Cu could be from the side 

surface of nanorod, we consider there is only WO3 inside the observed structure with 

CuWO4 on the surface. 
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Fig. 3- 19 UV-vis absorption spectra of CuWO4/WO3 film prepared by spray CVD 

 

Fig. 3- 19 shows the UV-vis absorption of a CuWO4/WO3 film. As shown in the figure, 

the absorption edge of WO3 film is around 460 nm, while the absorption edge of 

CuWO4/WO3 has a significant red shift, reaching ~540 nm. Therefore, the 

CuWO4/WO3 structure has a much better visible light absorption ability than a bare 

WO3 film. Though the visible light absorption of CuWO4/WO3 is a little worse than 

that of a pure CuWO4 film, they have the same absorption edge. 

3.3.2.2 Photoelectrochemical measurements 

To better understand the PEC performance of CuWO4/WO3 films, here we discuss three 

films prepared in the different conditions depicted in Table 3- 8, and the full synthesis 

conditions are shown in the experimental section. The film in the characterization part 

is CuWO4/WO3-0.1-A. 

Table 3- 8 CuWO4/WO3 films in different conditions 

No. Sample Name Cu:W ratio (atomic%) W(CO)6 Cu (thd)2 

1 CuWO4/WO3-0.1-A 21.8:71.2 = 0.28 0.1 g 0.09 g 

2 CuWO4/WO3-0.05-B 15.6:84.3 = 0.19 0.05 g 0.03 g 

3 CuWO4/WO3-0.05-C 30.1:69.9 = 0.43 0.05 g 0.06 g 
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Fig. 3- 20 I-V curve of CuWO4/WO3 films (a) prepared by 0.1 g W precursor (b) prepared by 0.05 g W 

precursor 

  

To investigate the PEC performance of water oxidation, the CuWO4/WO3, CuWO4 and 

WO3 films were used as photoanodes by linear sweep voltammetry measurement under 

front-illumination. For better comparison, two figures were drawn according to the W 

precursor amount in the synthesis process. In other words, in Fig. 3- 20 (a) the WO3 

and CuWO4/WO3 films were deposited using 0.1 g W(CO)6, while in Fig. 3- 20 (b) the 

WO3 and CuWO4/WO3 were deposited using 0.05 g W(CO)6. As shown in Fig. 3- 20 

(a), all the films show no current under dark condition. The photocurrent density of a 

CuWO4 film and a WO3 film is ~0.09 mA/cm2 and ~0.42 mA/cm2 at 1.23 V (vs. RHE) 

respectively. The CuWO4/WO3 film shows a photocurrent of ~0.62 mA/cm2 at 1.23 V 

(vs. RHE), which is around 7 times higher than that of a pure CuWO4 film and ~1.5 

times higher than that of a pure WO3 film. The enhancement of photocurrent could be 

attributed to better visible light absorption compared to WO3 film and more efficient 

charge transfer ability compared to both WO3 film and CuWO4 film because of the 

heterojunction structure.207 In the Fig. 3- 20 (b), the films deposited using 0.05 g W 

precursor have a similar trend to the films deposited using 0.1 g W precursor. The film 

CuWO4/WO3-0.05-B shows a photocurrent of 0.56 mA/cm2 at 1.23 V (vs. RHE), which 

is around 6 times higher than that of a pure CuWO4 film (0.09 mA/cm2) and 1.8 times 

higher than that of a pure WO3-0.05 film (0.32 mA/cm2). However, the photocurrent 

density of CuWO4/WO3-0.05-C (0.35 mA/cm2) is only a little higher than that of WO3-
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0.05 film (0.32 mA/cm2) at 1.23 V (vs. RHE). It also has lower photocurrent density at 

low applied potential and higher photocurrent density at high applied potential 

compared to WO3-0.05 film. This is probably because the film CuWO4/WO3-0.05-C 

has the highest Cu:W ratio (0.43) among three heterojunction films: Yourey et al 

reported that surface kinetics limit the photocurrent at low applied potential for water 

oxidation on CuWO4 as holes accumulate at the surface instead of transferring to 

water.54 The high Cu:W ratio in CuWO4/WO3 represents more CuWO4 or in other 

words, a thicker CuWO4 layer, which would therefore be expected to be less efficient 

at facilitating charge transfer in the heterojunction film at low applied potential. The 

photocurrent density of the CuWO4/WO3-0.1-A film, which had the second highest 

Cu:W ratio (0.28), is also slightly lower than that of the WO3-0.1 film at low applied 

potential (0.8-0.9 V) (Fig. 3-20 a). This feature was not observed for CuWO4/WO3-

0.05-B, which had the lowest Cu:W ratio (0.19) among the heterojunction films and 

possessed higher photocurrent density than WO3-0.05 across the entire applied 

potential range. 
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Fig. 3- 21 EIS Nyquist plots of CuWO4/WO3 films (a) prepared by 0.1 g W precursor (b) prepared by 

0.05 g W precursor 

  

To study the kinetics of the water oxidation process and the separation efficiency of the 

photogenerated electrons and holes, EIS Nyquist plots were measured under visible 

light irradiation with a 1.23 V (vs. RHE) bias, from the AC frequency range of 100 kHz 

to 0.1 Hz. Like the I-V curve shown in Fig. 3- 20, the EIS Nyquist plots are also drawn 

as two figures according to the amount of W precursor. As shown in Fig. 3- 21, the 

Nyquist plots for all the films show only one arc, indicating that the limiting step for 

oxidation process in the film surface is the Faradaic charge transfer.208 According to Fig. 

3- 21 (a), the EIS Nyquist plots for CuWO4 has the biggest arc radius among all these 

films, suggesting that it has the highest charge transfer resistance. As previously 

discussed the Cu (3d) states in the conduction band of CuWO4 are thought to hinder the 

charge transfer and hence would increase the photogenerated holes and electrons 

recombination.54,204 The WO3-0.1 film has the second biggest charge transfer resistance, 

and the CuWO4/WO3-0.1-A film has the smallest charge transfer resistance as judged 

by the radius of the arc, suggesting the heterojunction structure significantly facilitates 

the charge transfer abilities of the film. This is in accordance with the LSV results in 

Fig. 3- 20 (a). The films deposited using 0.05g W precursor have the same trend (shown 

in Fig. 3- 21 b), with the film CuWO4/WO3-0.05-B having the smallest charge transfer 

resistance and the film CuWO4/WO3-0.05-C having the second smallest, which is also 

in good agreement with the LSV results (Fig. 3- 20 b). In addition, it can be challenging 

to understand how exactly the charge transfers from one material to the other, but some 
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techniques such as transient absorption spectroscopy (TAS), intensity modulated 

photocurrent spectroscopy (IMPS) and photoluminescence spectroscopy (PL) and 

surface photovoltage spectroscopy (SPV) can be used in future studies to investigate 

the mechanism. More details can be referred to Savio’s review paper.6 

 

 

 

Fig. 3- 22 Diagram of charge separation process of CuWO4/WO3 heterojunction film 

  

Based on the band positions discussed section 3.3.1 (Fig. 3- 12), the conduction band 

of CuWO4 is 0.05 eV more negative than that of WO3, and the valence band of CuWO4 

is 0.45 eV more negative than that of WO3. The diagram of the charge separation 

process of a CuWO4/WO3 heterojunction film is therefore drawn in Fig. 3- 22. When 

the film is under sufficient visible light illumination, electrons in the valence band are 

excited to the conduction band in both WO3 and CuWO4, and as a result, excited 

electrons and holes are generated in the conduction band and valence band respectively. 

As the valence band of CuWO4 is more negative than that of WO3, photogenerated 

holes of WO3 will transfer to the valence band of CuWO4 and then transfer to the 

electrolyte to oxidize water. On the other hand, the photogenerated electrons of CuWO4 

will transfer to the conduction band of WO3 and then transfer to the counter electrode 

to reduce water, with the help of an external bias. Therefore, the photogenerated charge 

separation and transportation is improved because this heterojunction structure, and 

hence resulting in enhanced PEC performance. It is worth noting that the empty orbital 
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of Cu (3d) is detrimental to charge transfer and sufficient charge could accumulate at 

the surface on a pure CuWO4 surface204. The value difference between the conduction 

band of WO3 and CuWO4 is relatively small, indicating a relatively small driving force 

from the CB difference, which may only inhibit a relatively small amount of charge 

recombination on a thin CuWO4 layer. Therefore, a very thin CuWO4 layer is preferred 

and the thick one may suffer from charge accumulation. 

3.3.3 Influence of deposition conditions 

3.3.3.1 Effect of deposition temperature 

To investigate the effect of temperature on film growth, different temperatures (from 

400 ℃ to 550 ℃) were used to deposit the copper tungsten oxide films. The Cu:W 

mole ratio in the precursor remains 1:1 for all the films (0.05 g W(CO)6, 0.06 g 

Cu(thd)2). The film deposited at 450 ℃ is the film CuWO4-450 ℃ in Section 3.3.1 and 

the film deposited at 500 ℃ is the film CuWO4/WO3-0.05-C in Section 3.3.2. 

 

Fig. 3- 23 Optical photos of copper tungsten oxide films deposited at different temperature 

  

As shown in Fig. 3- 23, the films deposited at temperature over 450 ℃ and above are 

yellow, while the film deposited at 400 ℃ shows a brown colour.  

Table 3- 9 Cu:W ratio (atomic%) of copper tungsten films deposited at different temperatures 

according to EDS results 

 Cu:W (Atomic%) 

 550 ℃ 500 ℃ 450 ℃ 400 ℃ 

Position 1 26.0:74.0 28.6:71.4 43.5:56.5 68.0:32.0 

Position 2 26.5:73.5 28.8:71.2 46.8:53.2 69.0:31.0 
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Position 3 25.1:74.9 29.8:70.2 49.2:50.8 71.0:29.0 

Position 4 24.6:75.4 33.6:66.4 55.8:44.2 78.3:21.7 

Position 5 25.3:74.7 29.5:70.5 49.6/50.4 70.4:29.6 

Mean 
25.5:74.5 

=0.34 

30.1:69.9 

=0.43 

48.8/51.2 

=0.95 

71.2:28.8 

=2.47 

 

EDS data of films deposited at different temperatures were required on five positions 

across the film as shown in Fig. 3- 2, and the results are summarized in Table 3- 9. The 

EDS results show that the Cu:W ratio (atomic%) increased with decreasing deposition 

temperature. This may be because the Cu precursor (Cu(thd)2) is preferred to 

decompose and deposit at relatively low temperature compared to the W precursor 

(W(CO)6). As all the films were annealed under 550 ℃ for 4 h, together with the EDS 

results, we speculate the brown layer on the film deposited at 400 ℃ is probably CuO. 
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Fig. 3- 24 XRD patterns of copper tungsten films deposited at different temperatures 

 

Fig. 3- 24 shows the XRD patterns of films deposited at different temperatures. As 
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discussed in the last sections, the film deposited at 450 ℃ is CuWO4 (CuWO4-450 ℃, 

Section 3.3.1), and the film deposited at 500 ℃ is a CuWO4/WO3 composite 

(CuWO4/WO3-0.05-C, Section 3.3.2). As shown in Fig. 3- 24, all the patterns have 

CuWO4 peak at 15.3°, 19.0°, 26.0°, 28.7°, 30.1° and 31.7°, indicating the presence 

triclinic CuWO4 in all films. Peaks for monoclinic WO3 were found for the films 

deposited at 500 ℃ (33.3° and 50.3°) and 550 ℃ (50.3°), but were not observed in the 

films deposited at lower temperature. With increasing deposition temperature, the peaks 

at 22.9°, 24.1° and 46.9° (for the films deposited at 400 ℃ and 450 ℃) which 

correspond to triclinic CuWO4, shifted to 23.1°, 24.4° and 47.3° (respectively) 

corresponding to monoclinic WO3 for the films deposited at 500 ℃ and 550 ℃. The 

peak at ~23° (22.9 ° and 23.1°) becomes stronger with increasing temperature, showing 

that it has growth preference in the [0 0 2] direction as discussed previously. Despite 

the colour of the sample no obvious CuO peaks were detected in the film deposited at 

400 ℃, possibly because CuO peaks and CuWO4 peaks have many overlaps209. Chen 

et al96 prepared a CuO/CuWO4 composite with a Cu:W ratio of 1.86, and they also did 

not observe obvious CuO peaks via XRD, which they attributed to low Cu content or 

small particle size of CuO. Together with the optical photos and EDS results, we 

conclude that the films deposited at 550 ℃ and 500 ℃ are CuWO4/WO3 

heterojunctions, whilst the film deposited at 450 ℃ is pure CuWO4 and the film 

deposited at 400 ℃ is a CuO/CuWO4 heterojunction. 
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Fig. 3- 25 SEM images of the copper tungsten oxide films deposited at different temperatures 

  

Table 3- 10 Film thickness of copper tungsten oxide films deposited at different temperatures 

Temperature 550 ℃ 500 ℃ 450 ℃ 400 ℃ 

Thickness (μm) 4.6 1.6 0.6 0.4 

 

The SEM images of the copper tungsten oxide films deposited at different temperatures 

(Fig. 3- 25) and their thickness are summarized in Table 3-10. As shown in the figure, 
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the films deposited at 400 ℃ and 450 ℃ are nanoparticle films while the films 

deposited at 500 ℃ and 550 ℃ are composed of nanorods. The thickness of the films 

increased with increasing deposition temperature, which is similar to the trend of pure 

WO3 films as seen in last chapter. However, both the density of the film and the average 

diameter of the nanoparticles/nanorods decreased with increasing deposition 

temperature. A greater relative Cu at. % is observed in the film deposited at 400 ℃, 

whilst a greater relative W at. % is observed in films deposited at 500 ℃ and above. In 

the film deposited at 450 ℃, the Cu and W atomic ratios are balanced, resulting in a 

pure CuWO4 film after the final annealing process. It also appears that when tungsten 

rich the products of the W precursor decomposition prefer to grow vertically from the 

substrate, resulting in a thicker film at higher temperature. This is in good agreement 

with the XRD results, in which the films deposited at higher temperature have growth 

preference in the [0 0 2] direction. On the other hand, the products of the Cu precursor 

decomposition prefer to grow in the horizontal direction, in other words, along the 

substrate. This results in a denser film and bigger grain size, and the morphology of the 

film changes from nanorods when W-rich to nanoparticles when Cu-rich. 
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Fig. 3- 26 UV-vis absorbance spectra of copper tungsten oxide films deposited at different temperatures 

  

The UV-vis absorbance spectra of the films deposited at different temperatures are 
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shown in Fig. 3- 26. From the XRD results, the films deposited at 550 ℃, 500 ℃, 450 ℃ 

and 400 ℃ are CuWO4/WO3, CuWO4/WO3, CuWO4 and CuO/CuWO4 respectively. 

As shown in the figure, the thin films deposited at 550 ℃, 500 ℃ and 450 ℃ show 

similar visible light absorption abilities, as CuWO4 act as the main visible light 

absorption material. The film deposited at 400 ℃ shows a broad absorption across the 

visible range which may be attributed to CuO acting as the main absorption material in 

this film. This absorbance spectrum is in good agreement with the reported CuO UV-

vis absorbance spectrum210, which further indicates the presence of CuO in the film 

deposited at 400 ℃. 
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Fig. 3- 27 I-V curve of copper tungsten oxide deposited at different temperatures 

 

Linear sweep voltammetry was carried out to investigate the PEC performance of the 

films deposited at different temperatures. Fig. 3- 27 depicts photocurrent density 

measured in 0.1 M KPi buffered electrolyte under illumination. As shown in the figure, 

the film deposited at 500 ℃ had the highest photocurrent density, reaching 0.35 

mA/cm2 at 1.23 V (vs. RHE), previously attributed to the CuWO4/WO3 heterojunction 

facilitating the photogenerated charge transfer and separation. However, the film 

deposited at 550 ℃ is also expected to have a CuWO4/WO3 heterojunction structure, 

but it only has a photocurrent density of ~0.1 mA/cm2 at 1.23 V (vs. RHE). This may 
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be because of the following reasons: (1) the film deposited at 550 ℃ has a very long 

nanorod and a thick thickness, and electrons transfer will be limited in this long nanorod 

as we discussed in the last chapter; (2) the film deposited at 550 ℃ is relatively easy to 

abrade, which is likely due to the bad contact between the film and the FTO substrate, 

and this bad contact hindered the charge transfer between the film and the FTO substrate. 

The CuO/CuWO4 film deposited at 400 ℃ had the lowest photocurrent density (0.03 

mA/cm2 at 1.23 V vs. RHE), although it has the best visible light absorption ability. 

Theoretically, p-type CuO and n-type CuWO4 could form a p-n junction and improve 

the PEC performance and Chen et al have reported a p-CuO/n-CuWO4 film with 

enhanced PEC performance96. But Kang et al also reported a p-CuO/n-CuWO4 film 

with decreased photocurrent density because the charge transfer resistance of the film 

was increased.209 The different results of the two reports is possibly because they 

prepared different thickness of CuO, where a thick CuO layer could hinder the charge 

transfer: and Chen et al claimed that they prepared a very thin CuO layer and therefore 

the decreased photocurrent density in the CuO/CuWO4 here is likely due to a thick CuO 

layer. 

3.3.3.2 Effect of Cu/W precursor ratio 

To investigate the influence of the Cu/W precursor ratio on the deposited films, different 

Cu/W ratios were used to prepare the copper tungsten oxide films. The name and 

parameters of the films are shown in the table below. The film CWO-2 is the film 

CuWO4-500 ℃ in Section 3.3.1 and the film CWO-1 is the film CuWO4/WO3-0.05-C 

in Section 3.3.2. 

Table 3- 11 Parameters of the copper tungsten oxide films prepared using precursor of different Cu/W 

ratio 

No. Sample 

name 

Cu/W mole ratio 

in precursor 

W(CO)6 (g) Cu(thd)2 (g) Temperature 

(℃) 

8 CWO-2.5 2.5 0.05 0.15 500 

1 CWO-2 2 0.05 0.12 500 

9 CWO-1.5 1.5 0.05 0.09 500 
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5 CWO-1 1 0.05 0.06 500 

 

Fig. 3- 28 Optical photos of copper tungsten oxide films prepared using precursor of different Cu/W 

ratio 

 

As shown in Fig. 3- 28, all the films prepared using precursor of different Cu/W ratio 

are yellow, and it is hard to differentiate between them visually. 

Table 3- 12 Cu:W ratio (atomic%) of copper tungsten films prepared using precursor of different Cu/W 

ratio 

 Cu: W ratio (atomic%) 

 CWO-2.5 CWO-2 CWO-1.5 CWO-1 

Position 1 55.9:44.1 51.3:48.7 44.2:55.8 28.6:71.4 

Position 2 56.7:43.3 50.7:49.3 42.8:57.2 28.8:71.2 

Position 3 56.0:44.0 50.8:49.2 43.9:56.1 29.8:70.2 

Position 4 55.9:44.1 50.9:49.1 45.3:54.7 33.6:66.4 

Position 5 55.1:44.9 50.9:49.1 43.3:56.7 29.5:70.5 

Mean 
55.9:44.1 

=1.27 

50.9:49.1 

=1.04 

43.9:56.1 

=0.78 

30.1:69.9 

=0.43 

EDS data were required on five positions across the film as shown in Fig. 3- 2, and 

results are summarized in Table 3- 12. As shown in the table, the Cu/W ratio in the films 

are not identical to the Cu/W ratio in the precursor. For example, in the film CWO-2, 

the Cu/W in the film is 1.0, which is around half of the Cu/W ratio in the precursor. 

This demonstrates that Cu deposition from the Cu precursor is less atom efficient than 

from the W precursor at relatively high temperature (500 ℃). However increasing the 

Cu/W ratio in the precursor increased the Cu/W ratio accordingly demonstrating control 

of the film composition is possible. 
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Fig. 3- 29 XRD patterns of copper tungsten oxide films prepared using precursor of different Cu/W 

ratio 

 

Fig. 3- 29 shows the XRD patterns of these films. As discussed previously, the film 

CWO-2 is CuWO4 (CuWO4-500 ℃, Section 3.3.1), and the film CWO-1 is a 

CuWO4/WO3 heterojunction (CuWO4/WO3-0.05-C, Section 3.3.2). As shown in the 

figure, all patterns have peaks attributed to triclinic CuWO4, indicating the presence of 

CuWO4 in all the films. The patterns of film CWO-1.5 and CWO-1 have monoclinic 

WO3 peaks at 33.3° and 50.3°, while no WO3 peaks are apparent in the patterns of 

CWO-2 and CWO-2.5. This is most likely that the Cu/W ratio in CWO-1.5 and CWO-

1 films is less than one, therefore, phase-separated WO3 is present in these two films. 

Also, the two peaks observed at 22.9° and 46.9°, corresponding to triclinic CuWO4 in 

the films CWO-2.5 and CWO-2 are appeared at 23.1° and 47.3° (in the films CWO-1.5 

and CWO-1) corresponding to monoclinic WO3. No other peaks were observed on the 

pattern of film CWO-2.5, which together with the optical photo and EDS results, 

suggest that the film CWO-2.5 is Cu-rich copper tungstate.189 In addition, with 

increasing Cu/W ratio in the precursor solution, the peak at ~23° (22.9 ° and 23.1°) gets 
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weaker, while the peak at 19.0° gets stronger, which suggests the growth preference 

changes from the WO3 [0 0 2] direction to the CuWO4 [1 0 0 ] direction. 
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Fig. 3- 30 SEM images of copper tungsten oxide films prepared using precursor of different Cu/W ratio 

 

Table 3- 13 Film thickness of copper tungsten oxide films prepared using precursor of different Cu/W 

ratio 

Sample name CWO-2.5 CWO-2 CWO-1.5 CWO-1 

Thickness (μm) 1.9 1.8 1.8 1.6 

 

Fig. 3- 30 is the SEM images of copper tungsten oxide films prepared using precursor 

of different Cu/W ratio and the thickness of the films are summarized in Table 3- 13. 

As shown in the figure, the samples CWO-1 and CWO-1.5 which are CuWO4/WO3 

heterojunctions nanorod films and the CWO-2 and CWO-2.5 which are CuWO4 

nanoparticle films. The thickness of the films is around 1.8 μm. With increasing the 

Cu/W ratio in the precursor, the film thickness changes little, but the average grain size 

of the films increased slightly, and the morphology changed from nanorods to 

nanoparticles. This corresponds to the XRD results: the growth preference changed 

from the WO3 [0 0 2] direction to the CuWO4 [1 0 0] direction, and it also agrees with 

our previous discussion- the Cu precursor contributes more in the film growth in the 

horizontal direction while the W precursor contributes in the film growth in the vertical 

direction.  

 



171 

 

300 400 500 600 700

0

20

40

60

80

100

 CWO-2.5

 CWO-2

 CWO-1.5

 CWO-1

A
b
s
o
rb

a
n
c
e
 (

%
)

Wavelength (nm)
 

Fig. 3- 31 UV-vis absorbance spectra of copper tungsten oxide films prepared using precursor of 

different Cu/W ratio 

 

Fig. 3- 31 is the UV-vis absorbance spectra of the films. From the XRD results, we 

know that films CWO-1, CWO-1.5, CWO-2 and CWO-2.5 are CuWO4/WO3, 

CuWO4/WO3, CuWO4 and Cu-rich CuWO4 respectively. As shown in the figure, all the 

films have the similar visible light absorption abilities as CuWO4 act as the main 

absorption material in all the films. The film CWO-1 has a lower wavelength absorption 

onset than the other films, probably because the Cu/W ratio in the film CWO-1 is less 

and the CuWO4 dominates the WO3 absorption to a lesser extent. 
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Fig. 3- 32 I-V curve of copper tungsten oxide films prepared using precursor of different Cu/W ratio 

 

Linear sweep voltammetry was carried out to investigate the PEC performance of the 

films prepared using precursor of different Cu/W ratio, and the results are shown in Fig. 

3- 32. As shown in the figure, the film CWO-1 has the highest photocurrent density 

among all the films, reaching 0.35 mA/cm2 at 1.23 V (vs. RHE), followed by the film 

CWO-1.5, reaching ~0.16 mA/cm2 at 1.23 V (vs. RHE). Both of them are higher than 

the photocurrent density of CuWO4 film (~0.09 mA/cm2 at 1.23 V vs. RHE). This is 

because the film CWO-1 and CWO-1.5 are CuWO4/WO3 films and the heterojunction 

structure was previously observed to facilitate the charge separation and transportation. 

The photocurrent density of CWO-1.5 is much lower than that of CWO-1: the Cu/W 

ratio in CWO-1.5 is almost two times higher than that in CWO-1 which would result in 

a thicker CuWO4 layer, and this is less favorable for charge separation and 

transportation as we discussed previously.  
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3.4 Conclusion 

Copper tungstate (CuWO4) porous films were successfully prepared using a facile and 

single-step spray CVD method. The substrates were evenly covered by CuWO4 and the 

Cu:W ratio was very close 50:50, which is more uniform than reported in literature. 

The XRD results indicated the CuWO4 films have the triclinic structure. SEM images 

showed that pure CuWO4 films are comprised of nanoparticles. The UV-vis results 

showed that the CuWO4 films have a band gap of 2.3 eV, indicating it is a promising 

material for PEC water splitting. The LSV results showed that the film CuWO4-450 ℃ 

has a photocurrent density of ~0.21 mA/cm2 at 1.23 V (vs. RHE), which is the highest 

photocurrent reported for CuWO4 films prepared by CVD. In addition CuWO4 films 

showed much better stability than WO3 films in neutral solution. The XPS valence band 

results together with the Tauc plot results showed that the valence band top of CuWO4 

was shifted 0.45 eV negatively compared to WO3, and the conduction band bottom of 

CuWO4 was shifted 0.05 eV negatively compared to WO3. 

 

Heterojunction CuWO4/WO3 shell/core films were prepared by a single-step spray 

CVD method. The XRD results showed that the CuWO4/WO3 films were comprised of 

triclinic structure CuWO4 and monoclinic structure WO3. The SEM images showed that 

the films had a nanorod morphology. The TEM and XPS depth profile results confirmed 

the CuWO4/WO3 shell/core structure. The CuWO4/WO3 films have similar visible light 

absorption ability as CuWO4, but have much better PEC performance than either 

CuWO4 or WO3 films, likely due to efficient photogenerated charge separation and 

transportation. 

 

The deposition temperature greatly influenced the growth and deposition of the copper 

tungsten film. Tungsten containing material is preferentially deposited at higher 

temperature while Cu containing material is preferentially deposited at lower 

temperature. At 450 ℃ the Cu and W reached a balance and deposited CuWO4 film. 
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SEM images showed that W-rich films had a nanorod morphology whilst the Cu-rich 

films had a nanoparticle morphology, i.e. WO3 prefers growth perpendicular to the 

substrate whilst CuWO4 prefers growth horizontal to the substrate. 

 

The Cu/W ratio in the precursor also dramatically affects the growth of the copper 

tungsten films. With the increasing Cu/W ratio, the morphology of the films changed 

from nanorod (WO3) to nanoparticle (CuWO4).  
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4. Nanostructured Nickle Tungstate Films: 

Synthesis, Characterization and 

Photoelectrochemical Properties 

4.1 Introduction 

Nickel tungstate is a potential candidate as a photoanode material for water splitting, 

reported to have excellent catalytic performance, good corrosion resistance and 

appropriate band gap82,211. The crystal structure of NiWO4 is very similar to that of 

CuWO4, which adopts to a distorted wolframite-type.70 There is a debate whether 

NiWO4 is a direct band gap or indirect band gap semiconductor. Most literature 

considered NiWO4 as an n-type semiconductor with a direct band gap, however there 

are reports claiming that it has both a direct and indirect band gap.85,86 There are limited 

papers reporting the size of band gap of NiWO4, and the values vary significantly, from 

1.8 eV to 3.2 eV. 85,86,87 NiWO4 is previously used in the areas such as 

supercapacitors78,79,80, biosensors81, hydrodesulfurization82,83,84 etc. Very recently, it has 

been used in PEC water splitting, and therefore there are very limited reports (only three 

at time of writing) on the subject. Generally, the reported PEC performance of NiWO4 

remained very low. Ahmed et al168 prepared a nanocrystalline mesoporous NiWO4 film 

using a hydrothermal method, and its photocurrent density was only 1.5 μA/cm2 at 0.8 

V (vs. SCE, 0.5 M Na2SO4) under a 300 W Xenon lamp irradiation. Badu et al97 

prepared a nanoberry morphology NiWO4 film using a doctor-blade method and its 

photocurrent density reached 30 μA/cm2 at 0 V (vs. SCE, 0.1 M KOH, AM 1.5 G, 100 

mW/cm2). Do et al149 prepared an epitaxial NiWO4 film by pulsed laser deposition. The 

photocurrent density of the film reached 150 μA/cm2
 at 0 V (vs. Ag/AgCl, 0.5 M 

Na2SO4), but it was measured under 500 W Xenon lamp irradiation, with a light density 

of 400 mW/cm2. To explore a new method to prepare nanostructured NiWO4 films and 

investigate their PEC performance, herein, we report a single-step AACVD method to 



176 

 

prepare NiWO4 films. In addition, different precursors, deposition temperatures and 

flow rates were investigated and the structures, morphologies and optical properties 

were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), 

energy-dispersive X-ray spectroscopy (EDS) and ultraviolet-visible (UV-vis) 

spectroscopy. The photoelectrochemical (PEC) properties were investigated by linear 

scan voltammetry (LSV). 

4.2 Experimental 

4.2.1 Materials synthesis 

All the FTO glass (TEC-15, Pilkington) for deposition were first ultrasonically cleaned 

by acetone, isopropanol, methanol and distilled water in order for 15 min respectively, 

and then dried in a compressed air stream. All regents used in the experiments were 

bought from Sigma-Aldrich and used as received. 

 

The films, including nickel oxide, tungsten oxide and nickel tungsten oxide films, were 

prepared by AACVD. The details of this reactor were described in 2.2.1.3. The details 

of the synthesis conditions are shown in the table below (Table 4- 1 and Table 4- 2). 

Nickel(II) bis(2,2,6,6-tetramethyl-3,5-heptanedionate) (Ni(thd)2) or nickel(II) 

acetylacetonate (Ni(acac)2) was used as the Ni source, and W(CO)6 used as the W 

source. The solvent was a mixed solution of acetone and methanol with volume ratio 

2:1. 

Table 4- 1 Deposition conditions of use Ni(thd)2 as Ni source 

Section No. 
Sample 

name 

W(CO)6 

(g) 

Ni(thd)2 

(g) 

Ni/W 

molar 

ratio in 

precursor 

Solvent 

(mL) 

Temperature 

(℃) 

Flowrate 

(sccm) 

4.3.1.1 

1 

- 0 0.036 - 15 

375 

300 
2 400 
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3 410 

4 425 

5 

- 0 0.036 - 15 425 

600 

6 900 

7 1200 

8 1500 

A WOx 0.060 0 0 15 425 900 

4.3.1.2 

9 
NW-

0.5 

0.060 

0.036 0.5 

30 425 900 

10 NW-1 0.072 1 

11 
NW-

1.5 
0.108 1.5 

12 NW-2 0.144 2 

13 
NW-

2.5 
0.180 2.5 

Table 4- 2 Deposition condition of use Ni(acac)2 as Ni souce 

Section No. 
Sample 

name 

W(CO)6 

(g) 

Ni(acac)2 

(g) 

Ni/W 

molar 

ratio in 

precursor 

Solvent 

(mL) 

Temperature 

(℃) 

Flowrate 

(sccm) 

4.3.2.1 N NiOx 0 0.044 - 15 375 300 

4.3.2.1 B WO3 0.060 0 0 15 375 300 

4.3.2.1 

14 
NWO-

350 

0.060 0.044 1 15 

350 

300 15 
NWO-

375 
375 

16 
NWO-

400 
400 
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4.3.2.2 

17 
NWO-

0.25 

0.060 

0.011 0.25 

15 375 300 

18 
NWO-

1 
0.044 1 

19 
NWO-

1.25 
0.055 1.25 

20 
NWO-

1.5 
0.066 1.5 

4.2.2 Physical characterization 

The structure was investigated by X-ray diffraction (XRD) using Bruker D8 discovery 

X-ray diffractometer equipped with Cu Kα (λ = 1.541 Å) radiation, operated in 2θ scan 

mode from 10° to 66°, tube at 1°, 0.05° step size, and 0.5 s per step. The surface 

morphologies were investigated by field emission scanning electron microscope (FEI 

and JOEL 6701F). The film composition was investigated by energy-dispersive X-ray 

spectroscopy (EDS, Oxford Instruments). UV-vis absorption spectra were obtained 

using a UV-vis Spectrometer (PerkinElmer Lambda 950) with an integrating sphere. 

4.2.3 Photoelectrochemical measurements 

All the photoelectrochemical tests were performed by a typical three-electrode system 

in a quartz cell using a potentiostat (Interface 1000, Gamry). The electrolyte was 0.1 M 

potassium phosphate (KPi, 61.5% K2HPO4 and 38.5% KH2PO4, pH = 7), the counter 

electrode was a Pt mesh, and the reference electrode was a Ag/AgCl electrode (CHI111). 

The light source was a Xenon Lamp (75W, USHIO) equipped with a AM 1.5 G filter 

(Newport) and the light intensity was adjusted to one sun by a photodiode (CPC). The 

Nernst equation was used to covert the VAg/AgCl to VRHE, where VAg/AgCl and VRHE 

represent the potential vs. Ag/AgCl electrode and reversible hydrogen electrode 

respectively. 

VRHE = VAg/AgCl +0.0591pH + 0.1976 

The linear sweep voltammetry (LSV) tests were carried out at a can speed of 20 mV/s. 
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4.3 Results and discussions 

4.3.1 Initial synthesis conditions 

The precursors Ni(thd)2 and W(CO)6 were dissolved together in a mixture of acetone 

and methanol to prepare a solution to deposit nickel tungsten films. Initially Ni(thd)2 

and W(CO)6 were used separately to deposit NiOx and WOx films respectively. The 

film coverage and uniformity were estimated from optical graphs at this stage, simply 

to gauge the coverage and uniformity, as these are an indication of the film thickness 

and morphology. 

Table 4- 3 Appearance of films deposited at different temperatures using Ni(thd)2 as precursor 

No. Precursor Solvent Temperature Flowrate Outlet    Sample    Inlet 

1 

0.036 g 

Ni(thd)2 

10 mL 

acetone 

+ 5mL 

methanol 

375 ℃ 

300 sccm 

 

2 400 ℃ 

 

3 410 ℃ 

 

4 425 ℃ 

 

 

Table 4- 3 shows the appearance of films deposited at different temperatures using 

Ni(thd)2 as the precursor. In the photographs the right side of the film is close to the 

inlet of the AACVD chamber whilst the left side of the film is close to the outlet of the 
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chamber. The photograph of the film deposited at 375 ℃ is nearly transparent, 

indicating there is likely no significant film deposited on the FTO glass, whilst for the 

films deposited at 400 ℃ and 410 ℃, there are some black spots on the films suggesting 

only a very limited film deposition. However, when the deposition temperature 

increased to 425 ℃, the whole FTO substrate was covered by a black film, which is 

consistent with formation of a NiOx film, indicating that 425 ℃ was the optimum 

deposition. 

Table 4- 4 Appearance of films deposited at different flowrate using Ni(thd)2 as precursor 

No. Precursor Solvent Temperature Flowrate Outlet    Sample    Inlet 

4 

0.036 g 

Ni(thd)2 

10 mL 

acetone 

+ 5mL 

methanol 

425 ℃ 

300 

sccm 

 

5 
600 

sccm 

 

6 
900 

sccm 

 

7 
1200 

sccm 

 

8 
1500 

sccm 

 

 

Although a thin film could be deposited at 425 ℃, the film was not completely uniform. 
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On close observation of film No. 4 (300 sccm), it was apparent that the part of the film 

near the inlet had a reflective surface whilst elsewhere on the substrate it was not. In an 

attempt to make the film uniform, the flowrate was increased as flowrates above 300 

sccm are preferred to grow WOx from W(CO)6 at 425 ℃ according to previous work 

in our group.4,121,177 With increasing the flowrate, the area of the film which had a 

reflective surface becomes larger (Table 4- 4). When the flowrate reached 900 sccm, a 

film with a reflective surface covered the whole substrate. Further increasing the 

flowrate lead to a lighter colour area near the inlet, therefore, it was concluded that 900 

sccm was the ideal flowrate to deposit a uniform film using Ni(thd)2 as precursor at 

425 ℃. 

 

Fig. 4- 1 Optical photo of WOx film deposited under 425 ℃, 900 sccm flowrate 

  

To identify whether these conditions (425 ℃, 900 sccm) were appropriate to deposit 

WOx films using W(CO)6 as the precursor, a film was synthesized under this condition. 

The optical photograph of the film is shown in Fig. 4- 1. As shown in the figure, all the 

substrate is covered by a uniform dark blue film, which is typical of sub-stoichiometric 

tungsten oxide prepared by AACVD.177 This indicated this condition was appropriate 

for deposit on WOx using W(CO)6 as a precursor. Therefore, deposition conditions of 

425 ℃ with a 900 sccm flowrate were considered an appropriate starting point for the 

initial synthesis nickel tungstate using Ni(thd)2 and W(CO)6 as precursors. 

4.3.2 Attempted synthesis of nickel tungstate film using Ni(thd)2 as the Ni 

precursor 

From the previous results, it was found that the Ni(thd)2 precursor deposited a uniform 

film at a minimum temperature of 425 ℃, whilst according to previous work in our 

group the W(CO)6 precursor forms uniform films at lower temperatures. This suggested 
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that using a 1:1 mole ratio of Ni(thd)2 and W(CO)6 in the precursor solution may be 

unlikely to reach a film with 1:1 Ni/W ratio. Therefore, different Ni/W precursor ratios 

were used to prepare nickel tungstate films targeting a 1:1 Ni/W ratio (Table 4- 5). The 

FTO substrate (2.5 cm × 2.5 cm) was placed close to the inlet with a cover (2.5 cm × 1 

cm microscope glass), and the as-deposited film was subsequently annealed at 550 ℃ 

for 4 h. 

Table 4- 5 Parameters of the nickel tungsten oxide films prepared using different Ni/W precursor ratios 

No. Sample 

name 

Ni/W mole 

ratio in 

precursor 

W(CO)6 

(g) 

Ni(thd)2 

(g) 

Temperature 

(℃) 

Flow 

rate 

(sccm) 

9 NW-0.5 0.5 0.060 0.036 425 900 

10 NW-1 1 0.060 0.072 425 900 

11 NW-1.5 1.5 0.060 0.108 425 900 

12 NW-2 2 0.060 0.144 425 900 

13 NW-2.5 2.5 0.060 0.180 425 900 

 

 

Fig. 4- 2 Optical photographs of films prepared using different Ni/W precursor ratios 

  

As shown in Fig. 4- 2, all the films were translucent with a light yellow colour. However, 

apart from film NW-0.5, all films also had black spots on them, with the size of these 

black spots tending to increase with increasing Ni/W precursor ratio. The film NW-2.5 

had the largest area of discolouration which comprised nearly half of the film. The black 

spots suggested the Ni/W ratio in the films were different at different positions on the 

substrate. 
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Fig. 4- 3 Diagram of EDS positions on the nickel tungsten oxide films 

 

Table 4- 6 Ni/W ratio (atomic%) of nickel and tungsten containing films according to EDS results 

 Ni/W ratio (atomic %) 

Sample name 
Position 

1 

Position 

2 

Position 

3 

Position 

4 

Position 

5 
Mean 

NW-0.5 0.18 0.18 0.25 0.31 0.79 0.34 

NW-1 0.40 0.40 0.48 0.61 1.21 0.62 

NW-1.5 0.48 0.56 0.54 0.72 1.48 0.75 

NW-2 0.73 1.00 1.03 1.13 1.64 1.11 

NW-2.5 1.15 1.12 1.15 1.34 2.29 1.41 

 

To understand the composition and uniformity of the films, EDS data were acquired on 

five positions across the film as shown in Fig. 4- 3. The Position 1 (P1) is towards the 

outlet of the chamber whilst Position 5 (P5) is close to the inlet. As depicted in Table 

4- 6, the Ni/W ratio in the film increased with increasing of the Ni/W precursor ratio, 

with film NW-0.5 having the lowest Ni content and film NW-2.5 having the highest, 

with the average ratio of film NW-2 being 1.11. However, the variance of the values 

between each position is large, demonstrating these films were not uniform, although 

the difference between each point decreased when the Ni/W ratio in the precursor 

increased. In addition, the Ni/W ratio at position 5 for all films, which is near the inlet, 

was much higher than that at other points. This may be because the Ni precursor tends 
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to decompose and form a film nearer the inlet of the substrate, and hence when the 

Ni/W precursor ratio is low (ie. there is less Ni precursor in the solution), the Ni 

precursor tends to be depleted near the inlet of the chamber and less is available for 

reaction further away from the inlet. Conversely, when the Ni/W ratio in the precursor 

increases (i.e. there is more Ni(thd)2 in the solution), there may be a greater amount of 

Ni precursor still available further away from inlet, thus when the Ni/W ratio in the 

precursor increases, the value (Ni/W ratio in film) difference decreases. 
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Fig. 4- 4 XRD patterns of nickel tungsten oxide films prepared using different Ni/W precursor ratios 

 

Fig. 4- 4 shows the XRD patterns of nickel tungsten oxide films prepared using different 

Ni/W precursor ratios. All the patterns show NiWO4 and WO3 peaks, demonstrating 

that NiWO4 and WO3 are present in all films. Specifically, the peaks at 15.6°, 19.3°, 

24.0°, 24.9°, 30.9°, 31.5°, 36.5°, 39.1°,41.7° and 54.6° correspond to (0 1 0), (1 0 0), 

(0 1 1), (1 1 0), (-1 1 1), (0 2 0), (0 0 2), (2 0 0), (-1 0 2) and (-2 0 2) planes of monoclinic 

NiWO4 (JCPDS data card No. 15-0755, a = 4.600 Å, b = 5.665 Å, c = 4.912 Å), and 

the peaks at 23.1°, 26.6°, 28.9°, 33.3°, 34.2° and 50.5° can be indexed to (0 0 2), (1 2 
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0), (1 1 2), (0 2 2), (2 0 2) and (-1 1 4) planes of monoclinic phase WO3 (JCPDS data 

card NO. 43-1035, a = 7.297 Å, b = 7.539 Å, c = 7.688 Å). The peaks at 37.2°, 43.3° 

and 62.9°, corresponding to (1 0 1), (0 1 2) and (1 0 4) planes of hexagonal NiO (JCPDS 

data card No. 44-1159, a = 2.955 Å, b = 2.955 Å, c = 7.228 Å), can be found on all the 

films except film NW-0.5, likely because of the relatively low Ni content in the film. 

The NiO peaks get stronger with increasing Ni/W ratio in the precursor.  

 

 

Fig. 4- 5 Low magnification SEM images of nickel tungsten oxide films prepared using precursor of 

different Ni/W ratio 
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Fig. 4- 6 High magnification SEM images of nickel tungsten oxide films prepared using different Ni/W 

precursor ratios 

  

Fig. 4- 5 and Fig. 4- 6 are low magnification and high magnification SEM images of 

nickel tungsten oxide films prepared different Ni/W precursor ratios. As shown in the 

low magnification SEM images (Fig. 4- 5), all films have similar morphologies, which 

are typically dense and flat, whilst in the high magnification SEM images (Fig. 4- 6), 

two microstructures can be observed. The film NW-0.5 and NW-1.5 were comprised of 

particles, with some small particles agglomerating form larger particles. The average 

size of the larger particles in film NW-0.5 is around 0.5 μm, whilst the average size of 

the larger particles in film NW-1.5 is around 0.7 μm. The surface of films NW-1, NW-

2 and NW-2.5 are composed of nanopores with film NW-1 having the smallest average 

pore size and film NW-2.5 having the largest average pore size. Consequently two kinds 

of morphologies were observed in the films, but no obvious trend could be found and 

consequently we assume that each film is composed of (at least) two morphologies with 

SEM images taken at different relative positions.  

 

According to the analysis above, NiWO4 films could be prepared using Ni(thd)2 and 

W(CO)6 dissolved together in a mixture of acetone and methanol (2:1), deposited at 

425 ℃ with a flowrate of 900 sccm, but the films were not uniform and contain 

significant WO3 and NiO impurities. Fine tuning the Ni/W ratio further was considered 

likely to be difficult because of the low solubility of Ni(thd)2 in the mixture of acetone 

and methanol solution which meant it would be difficult to increase Ni(thd)2 

concentration above the one used to prepare film NW-2.5. Together with the relatively 
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high unit price of Ni(thd)2 (£ 55/g, Sigma-Aldrich), it was concluded it was a poor 

candidate for preparation of NiWO4 films via AACVD. 

 

4.3.3 Attempted synthesis of nickel tungstate films using Ni(acac)2 as the Ni 

precursor 

Compared to Ni(thd)2, the solubility of Ni(acac)2 in a mixture of acetone and methanol 

solution was much greater, and the unit price (£ 3.1/g, Sigma-Aldrich) is only 1/18 of 

Ni(thd)2, making it a potential candidate to prepare NiWO4 films via AACVD.  

4.3.3.1 Temperature 

Ni(acac)2 was used by Navarrete et al178 to prepare NiO decorated WO3 film via CVD 

at a deposition temperature of 400 ℃ with a flowrate of 500 sccm. The condition they 

used to prepare NiO is similar to the conditions to prepare WO3 (375 ℃, 300 sccm) in 

our group177. As a deposition temperature of 375 ℃ and a 300 sccm carrier flowrate 

produces WO3 films with good coverage in our reactor these were the initial conditions 

used for deposition of NiO from Ni(acac)2. 

 

Fig. 4- 7 Optical photos of (a) as deposited NiOx film (b) annealed WO3 film 

  

As shown in Fig. 4- 7, both NiOx and WO3 have good film coverage deposited at 375 ℃ 

with a flowrate of 300 sccm, indicating this condition was promising for preparation of 

NiWO4 films. 
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Table 4- 7 Parameters of the nickel tungsten oxide film deposited under different temperatures 

No. 
Sample 

name 

W(CO)6 

(g) 

Ni(acac)2 

（g） 

Solution 

(mL) 

Temperature 

(℃) 

Flow 

rate 

(sccm) 

14 NWO-350 0.060 0.044 15 350 300 

15 NWO-375 0.060 0.044 15 375 300 

16 NWO-400 0.060 0.044 15 400 300 

 

 

Fig. 4- 8 Optical photographs of nickel and tungsten containing films deposited at different 

temperatures 

 

To discover the optimum conditions to prepare NiWO4 films, different temperatures 

were tested (Table 4-5). Fig. 4- 8 shows the optical photographs of the films deposited 

under different temperatures after annealing at 550 ℃ for 4 h. The films deposited at 

350 ℃ and 375 ℃ were semi-transparent and with a yellow colour, whilst the film 

deposited at 400 ℃ is similar to the WO3 deposited at 375 ℃ being opaque with a 

yellow-green colour. Compared to the films prepared using Ni(thd)2 as the Ni precursor 

(Fig. 4- 2), no black spots were observed on the films.  
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Table 4- 8 Ni/W ratio (atomic%) of nickel tungsten oxide films according to EDS results 

 Ni/Cu ratio (atomic %)  

Sample 

name 

Position 

1 

Position 

2 

Position 

3 

Position 

4 

Position 

5 
Mean 

Variance 

(10-3) 

NWO-

350 
0.45 0.53 0.60 0.62 0.74 0.59 11.7 

NWO-

375 
0.70 0.82 0.75 0.79 0.86 0.78 3.8 

NWO-

400 
0.43 0.45 0.41 0.44 0.43 0.43 0.2 

 

EDS data were acquired on five positions across the film as shown in Fig. 4- 3, with 

Position 1 being towards the outlet of the chamber and Position 5 being closest to the 

inlet. 

As shown in Table 4- 8, although the Ni/Cu ratio in the film is not uniform the variance 

is much smaller than that of films prepared using Ni(thd)2 (Table 4- 8). The film 

deposited at 350 ℃ has the largest variance whilst the film deposited at 400 ℃ has the 

smallest variance, indicating film NWO-400 has the best uniformity among the three 

films. The average Ni/W ratio increased from the film deposited from 350 ℃ to 375 ℃, 

and then decreased in the film deposited at 400 ℃.  
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Fig. 4- 9 XRD patterns of nickel tungsten oxide films deposited under different temperatures 

 

Fig. 4- 9 is the XRD patterns of the films deposited under different temperatures. As 

shown in the figure, the patterns of all the films have peaks at 19.3°, 24.0°, 24.9° and 

41.7°, which corresponds to (1 0 0), (0 1 1), (1 1 0) and (-1 0 2) planes of monoclinic 

NiWO4 (JCPDS data card No. 15-0755, a = 4.600 Å, b = 5.665 Å, c = 4.912 Å), 

indicating NiWO4 was successfully prepared in all the films. In the pattern of the film 

deposited at 350 ℃, the peaks at 13.8° and 28.3° correspond to Ni0.19WO4 (JCPDS data 

card No. 40-0311) and the peaks at 23.1°, 28.6°, 33.3° and 34.2° correspond to WO3 

(JCPDS data card No. 43-1035), showing that the film is likely to be a composite of 

NiWO4, Ni0.19WO4 and WO3. This is in good agreement in the EDS results as the Ni/W 

ratio on the film is 0.59 e.g. tungsten-rich. When the deposition temperature increased 

to 375 ℃, the peaks of NiWO4 become dominant and only several weak WO3 peaks 

were observed at 23.1°, 28.6°, 33.3° and 34.2°. In this film the Ni/W ratio (0.78) had 

increased and hence it is likely there is relatively more NiWO4. With further increasing 

deposition temperature, the Ni0.19WO4 peak at 13.8° is observed again and the WO3 

peaks become relatively much stronger, especially the peak at 23.1°, which corresponds 

the (0 0 2) plane of WO3. Compared to the films prepared using Ni(thd)2 as Ni precursor, 
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no peaks of NiO were observed in the patterns. The XRD patterns are in good 

agreement with the EDS results, with higher Ni/W ratio in the film showing stronger 

NiWO4 peaks. 

 

Fig. 4- 10 SEM images of nickel tungsten oxide films deposited under different temperatures; Top row: 

low magnification; Middle row: high magnification; Bottom row: cross-section 

 

Table 4- 9 Film thickness of nickel tungsten oxide films deposited at different temperatures 

Temperature 350 ℃ 375 ℃ 400 ℃ 

Thickness (μm) 1.0 1.4 4.0 

Fig. 4- 10 shows the SEM images of nickel tungsten oxide films deposited at different 

temperatures. The film deposited at 350 ℃ is flat and dense, with thickness around 1 

μm. It is composed of nanoparticles and larger spherical structure, with the average 
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diameter of the larger spheres being around 1 μm. The film deposited at 375 ℃ is also 

flat and dense film with thickness around 1.4 μm, with the larger spherical particles 

becoming less obvious. From the high magnification image, we noticed the surface of 

the film deposited at 375 ℃ is comprised of very short nanorods. When the deposition 

temperature increased further to 400 ℃, there was a significant change in the film 

morphology. It consisted of two layers with thickness around 4 μm in total. The bottom 

layer, whose thickness is around 1.5 μm, is composed of particles with average size 

around 0.5 μm, whilst the top layer, whose thickness is around 2.5 μm, consists of 

nanorods with average diameter of around 80 nm. This nanorods morphology can 

explain the very strong peak at 23.1° in the XRD patterns, which shows growth 

preference in the [0 0 2] direction. We speculate the nanorods layer is mainly composed 

of WO3 as WO3 tends to form a nanorod morphology according to our previous work, 

and the bottom layer is mainly composed of NiWO4.  

 

According to the results above, we concluded that Ni(acac)2 was a promising Ni 

precursor for preparation of NiWO4 compared to Ni(thd)2. Though the Ni/W ratio in 

the film did not reach 1 to form a pure NiWO4, likely related to the Ni/W precursor 

ratio being not high enough, the XRD pattern showed NiWO4 was deposited, in 

particular for the film deposited at 375 ℃, where its XRD pattern showed relatively 

very strong NiWO4 peaks compared to WO3. Therefore, the temperature of 375 ℃ was 

chosen to attempt to deposit pure NiWO4 through adjusting the Ni/W mole ratio in the 

precursor. The temperature of 400 ℃ is also promising due to the Ni/W ratio being 

more consistent, the XRD pattern showed the film was composed of three phases: 

NiWO4, Ni0.19WO4 and WO3, which is less favorable. Moreover, its film morphology 

showed that it was comprised of two layers, which may indicate a preference to make 

a composite film instead of NiWO4. 

4.3.2.2 Ni/W precursor ratio  

Different Ni/W precursor ratios were used to deposit NiWO4 film (Table 4- 10). 
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Table 4- 10 Parameters of nickel tungsten oxide films deposited using different Ni/W precursor ratio 

No. Sample 

name 

Ni/W precursor 

ratio  

W(CO)6 (g) Ni(acac)2 

(g) 

Temperature 

(℃) 

17 NWO-0.25 0.25 0.06 0.011 375 

18 NWO-1 1 0.06 0.044 375 

19 NWO-1.25 1.25 0.06 0.055 375 

20 NWO-1.5 1.5 0.06 0.066 375 

 

Fig. 4- 11 Optical photographs of nickel tungsten oxide films deposited using different Ni/W precursor 

ratios 

Fig. 4- 11 shows the optical photographs of the nickel tungsten oxide films deposited 

using different Ni/W precursor ratios and then subsequently annealed at 550 ℃ for 4 h. 

For comparison, a WO3 film prepared by AACVD using the same conditions without 

Ni precursor is also shown. The WO3 film is an opaque film with a yellow-green colour, 

whilst the nickel tungsten oxide films are semi-transparent with a stronger yellow 

colour. The colour of the nickel tungsten films became darker with increasing Ni/W 

ratio in the precursor, but the colour change is not obvious in the photographs. 

Table 4- 11 Ni/W ratio of nickel tungsten oxide films deposited using different Ni/W precursor ratio 

 Ni/W ratio (atomic %) 

Sample 

name 

Position 

1 

Position 

2 

Position 

3 

Position 

4 

Position 

5 

Mean Variance 

(10-3) 

NWO-0.25 0.21 0.29 0.34 0.32 0.43 0.32 6.4 

NWO-1 0.70 0.82 0.75 0.79 0.86 0.78 3.8 

NWO-1.25 0.95 1.07 1.09 1.06 1.04 1.04 3.0 

NWO-1.5 1.16 1.20 1.18 1.20 1.14 1.18 0.7 

 



194 

 

EDS data were acquired on five positions across the film from top right to bottom left 

as shown in Fig. 4- 3, and the data was summarized in Table 4- 11. As shown in the 

table, the Ni/W ratio (atomic%) in the deposited films increased with increasing Ni/W 

precursor ratio. When the Ni/W precursor ratio was 1.25, the Ni/W ratio in the film 

reached 1.04, with low variance indicating a uniform NiWO4 film was prepared.  

10 20 30 40 50 60

NiWO
4
 JCPDS No. 15-0755



•
•

••

  

NWO-0.25

NWO-1

NWO-1.25

In
te

n
s
it
y
 (

a
.u

.)

2θ (degrees)

WO
3

NiO

NWO-1.5

• NiWO
4

 WO
3

 NiO  SnO
2

 

Fig. 4- 12 XRD patterns of nickel tungsten oxide films deposited using different Ni/W precursor ratios 

 

Fig. 4- 12 shows the XRD patterns of the films deposited using different Ni/W precursor 

ratios. As shown in the figure, all the diffraction peaks observable for the film NWO-

1.25 correspond to monoclinic NiWO4 (JCPDS data card No. 15-0755, a = 4.600 Å, b 

= 5.665 Å, c = 4.912 Å). Together with the EDS results (Ni/W = 1.04), it was concluded 

that a near-pure NiWO4 film was successfully prepared. The pattern of the film NWO-

1.5 is similar to NWO-1.25, with all the peaks belonging to NiWO4, although here the 

Ni/W ratio of the film is 1.18. This may indicate Ni-rich NiWO4 was prepared. When 

the Ni/W ratio in the precursor decreased, diffraction peaks associated with WO3were 

apparent and the peaks for NiWO4 became relatively weaker. In the film NWO-0.25, 

no other peaks (like Ni0.19WO4) apart from WO3 and NiWO4 peaks, can be detected, 
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even though the Ni/W precursor ratio is as low as 0.25, indicating 375 ℃ may be a 

better temperature to deposit NiWO4 film compared to 350 ℃ and 400 ℃ (4.3.3.1). 
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Fig. 4- 13 SEM images (left: top view; right: cross-section view) of nickel tungsten oxide films 

deposited using different Ni/W precursor ratio 

 

Table 4- 12 Film thickness of nickel tungsten oxide films deposited using different Ni/W precursor 

ratio 

 WO3 NWO-0.25 NWO-1 NWO-1.25 NWO-1.5 

Thickness 

(μm) 

Top 

layer 
- 0.3 0.3 0.3 0.3 

Bottom 

layer 
- 0.9 1.1 1.1 1.4 

Total 2.2 1.2 1.4 1.4 1.7 

Fig. 4- 13 shows SEM images of nickel tungsten oxide films deposited using different 

Ni/W precursor ratios, with the film thickness summarized in Table 4- 12. As shown in 

the figure, all the nickel tungsten oxide films have a similar morphology, which consists 

of a short nanorod top layer and nanoparticle bottom layer. The thickness of the top 

layer for all the films is around 0.3 μm, which does not change with varying the Ni/W 
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ratio in precursor. The thickness of the bottom layer is around 1.1 μm, but it increases 

slighly with increasing Ni/W precursor ratio. The SEM image of a WO3 film is also 

included in the figure for comparison, prepared under the same conditions without the 

Ni precursor in solution. The morphology of the WO3 film and nickel tungsten films 

are quite different, even for the film NWO-0.25, which had the smallest amount of 

Ni(acac)2 in the precursor solution, indicating that adding Ni(acac)2 into the solution 

likely changes the mechanism of deposition. 
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Fig. 4- 14 UV-vis absorption spectra of nickel tungsten oxide films deposited using different Ni/W 

precursor ratios 

 

Fig. 4- 14 shows the UV-vis absorption spectra of nickel tungsten oxide films deposited 

using different Ni/W precursor ratios. Interference fringes can be seen in the nickel 

tungsten oxide films spectra, but as shown in the figure pure WO3 has only one 

absorption band at ~373 nm, whilst the NiWO4 films show three absorption bands at 

~340 nm, ~446 nm and ~737 nm. This has been attributed to the Ni2+ in octahedral 

coordination.212,213,214,215 In the NiWO4 film NWO-1.25, three absorbance bands were 

observed at 3.65 eV (340 nm), 2.78 eV (446 nm) and 1.68 eV (737 nm) were observed, 

similar to literature.212  

As shown in Fig. 4- 14, the absorbance spectrum of film NWO-0.25 is similar to pure 
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WO3, apart from a red shift in the absorption edge. Likely due to the low Ni/W ratio in 

the film, the absorption band at ~446 nm and ~ 737 nm were not observed.88 With 

increasing Ni/W ratio in the films, the intensity of the absorption bands at ~446 nm and 

~ 737 nm became stronger, and the shape of the spectra changed from that of WO3. The 

film NWO-1, NWO-1.25 and NWO-1.5 have lower UV-vis absorption from 360 nm to 

430 nm compared to a WO3 film, but stronger visible light absorption from 530 nm to 

570 nm. 
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Fig. 4- 15 Band gap of NiWO4 thin film (a) direct (b) indirect 

 

There is a debate whether NiWO4 is a direct band gap or indirect band gap 

semiconductor. Most reports97,168,216 consider it as a direct band gap material, but there 

are also reports88 that consider it as an indirect band gap material. The reported band 

gap of NiWO4 from literature varies from 1.8 eV to 3.2 eV. 85,86,87,88,97,168,213,216 Pandey 

et al.85 claimed that NiWO4 thin films have both direct and indirect band gaps, and they 

obtained a direct band gap of 2.28 eV and an indirect band gap of 2.00 eV.217 Montini 

et al also reported a NiWO4 thin film with direct band gap of 2.95 eV and indirect band 

gap of 1.82 eV.86 In this work, both direct and indirect band gap of NiWO4 were 

calculated via the following Tauc equation86: 

(αh𝜈)𝑛 = 𝐴(h𝜈 − 𝐸𝑔) 

Where 𝛼, h, 𝜈 and A represent the absorption coefficient of the film, the Plank’s constant, 

the frequency of the radiation and a constant of proportionality, and n is 0.5 for indirect 

band gap and n is 2 for direct band. The results are shown in Fig. 4- 15. A direct band 
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gap of 3.1 eV and an indirect band gap of 2.7 eV were obtained from the NiWO4 thin 

film (NWO-1.25) synthesized by AACVD.  
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Fig. 4- 16 I-V curve of nickel tungsten oxide films deposited using different Ni/W ratio in precursor (a) 

film NWO-1, NWO-1.25 and NWO-1.5; (b) WO3 and NWO-0.25 

 

Linear sweep voltammetry was used to investigate the nickel tungsten oxide films 

deposited using different Ni/W ratio in precursor and the results are depicted in Fig. 4- 

16. As the difference between some of the films is too big, two figures were used to 

better compare the results. To date, there are only three reports97,149,168 on the use of 

NiWO4 thin films for PEC water splitting, and the data from these are listed in the Table 

4-11. It is worth noting that some of the films have relatively high photocurrent density 

due to the use of a very strong light source. Also, the use of a base electrolyte rather 

than the neutral electrolyte used here may also contribute to higher photocurrent. 

Table 4- 13 Photocurrent density of NiWO4 thin films in the reported literatures 

Synthesis 

method 

Photocurrent 

density 
Electrolyte Light source 

Ref 

Hydrothermal 
1.5 μA/cm2 at 0.8 

V vs. SCE 
0.5 M Na2SO4 

300 W Xenon lamp 

with a cut-off filter 

168 

Doctor-blade 
30 μA/cm2 at 0 V 

vs. SCE 
0.1 M KOH 

AM 1.5 G, 100 

mW/cm2 

97 

PLD 
150 μA/cm2

 at 0 V 

vs. Ag/AgCl 
0.5 M Na2SO4 

500 W Xenon lamp, 

400 mW/cm2 

149 
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AACVD (this 

work) 

2 μA/cm2 at 1.23 V 

vs. RHE 

0.1 M KPi, pH 

= 7 

75 W Xenon lamp 

with AM 1.5 G filter, 

one sun 

- 

  

As shown in Fig. 4- 16 (a), the photocurrent density of the film NWO-1.25 is around 2 

μA/cm2 at 1.2 V (vs. RHE), which is comparable with a hydrothermally synthesized 

sample illuminated using a cut-off filter. The film NWO-1.5, which has higher Ni/W 

film ratio than film NWO-1.25, has similar photocurrent density at 1.2 V (vs. RHE) to 

film NWO-1.25. With decreasing Ni/W ratio in the film, the photocurrent density 

increased to ~7 μA/cm2 at 1.2 V (vs. RHE) for film NWO-1 and to ~0.14 mA/cm2 at 

1.2 V (vs. RHE) for film NWO-0.25, which is much higher than that of the higher Ni/W 

ratio films. The pure WO3 film has the highest photocurrent density among all the films, 

reaching ~0.35 mA/cm2 at 1.2 V (vs. RHE). It is reported that WO3 and NiWO4 film 

can form a Type Ⅱ heterojunction and hence enhance the PEC performance.88,149 The 

film NWO-0.25 which has the lowest Ni/W ratio and hence is likely a mixture of WO3 

and NiWO4 as indicated by XRD (Fig. 4- 9), has worse photocurrent density than bare 

WO3. Therefore, the enhanced photocurrent density of the low Ni/W ratio film 

compared to pure NiWO4 is mainly attributed to the presence of WO3 but not formation 

of a heterojunction structure. As the photocurrent density of pure NiWO4 remains low, 

enhancing the Ni/W ratio would generate more NiWO4 and less WO3, thus likely 

decreasing the photocurrent density further. The reason for the very low photocurrent 

density still needs to be investigated but one possible reason is the film morphology. 

The NiWO4 film is mainly composed of particles, and the defects on the particles could 

act as recombination centres for photogenerated electrons and holes and thus hinder the 

charge separation and transportation. 
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4.4 Conclusion 

Ni(thd)2 was used as the Ni precursor to prepare NiWO4 films via AACVD. A NiWO4 

thin film was prepared using a Ni/W ratio of 2 in the precursor solution, at a deposition 

temperature of 425 ℃ with a 900 sccm carrier gas flow rate. However, the film was not 

uniform and contained WO3 and NiO impurities. Ultimately Ni(thd)2 is likely to be a 

poor precursor to prepare NiWO4 because of its low solubility in the preferred precursor 

mixture and its high price. 

 

Ni(acac)2 was used as the Ni precursor to prepare NiWO4 films via AACVD. The 

influence of deposition temperature and the Ni/W precursor ratio was investigated. A 

pure and uniform NiWO4 film was successfully prepared at 375 ℃ with a flow rate of 

300 sccm. It had a monoclinic structure and a double-layer morphology, with the top 

layer consisting of short nanorods and the bottom layer consisting of a dense particulate 

film, with a total thickness of ~1.4 μm. The UV-vis absorption spectra of the NiWO4 

possessed three principle absorbance bands at 340 nm, 446 nm and 737 nm. The direct 

and indirect band gap of the film was calculated as 3.1 eV and 2.7 eV respectively. The 

film gave a photocurrent density of ~2 μA/cm2 at 1.2 V (vs. RHE), which is comparable 

to reported literature. 
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5. Conclusions and Future Work 

5.1 Conclusions 

In summary, nanostructured tungsten oxide (WO3), copper tungstate (CuWO4) and 

nickel tungstate (NiWO4) films were successfully synthesized, the effects of deposition 

parameters on film growth were systematically studied, and their photoelectrochemical 

(PEC) performance investigated. 

 

Different morphology WO3 films, including one-dimensional (1-D) nanorods, two-

dimensional (2-D) nanosheets, and three-dimensional (3-D) nanotrees and nanoflowers, 

were synthesized using spray chemical vapour deposition (spray CVD), chemical bath 

deposition (CBD) and aerosol-assisted chemical vapour deposition (AACVD). The 

spray CVD and AACVD methods provide simple, single-step and industrially 

applicable ways to fabricate WO3 films with excellent stability, which results from the 

combined effects of sub stoichiometric WO3-x and enriched (0 0 2) crystal facets. In 

addition, the effect of deposition temperature, precursor solution concentration, 

deposition time and precursor solution volume on film growth and PEC performance 

was systematically investigated. The deposition temperature had a significant influence 

on the thickness of the films, while the precursor solution concentration affected the 

average diameter of nanorods and the film density. Prolonging the deposition time 

achieved thicker films, but the diameter of nanorods decreased. The precursor solution 

volume positively influenced both the film thickness and diameter of nanorods, with 

more precursor solution obtaining a thicker film of larger nanorods. The PEC 

performance of the WO3 films generally results from a complex balance of many factors, 

such as light absorption, charge transfer ability, contact between WO3/FTO etc. The 

optimal WO3 nanorod film achieved a photocurrent density of 0.73 mA/cm2, with a 

thickness of 4.7 μm and an average nanorod diameter of 330 nm. The spray CVD and 

AACVD methods may open up new opportunities for the synthesis of scalable and 
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stable WO3 photoanodes. 

 

Copper tungstate porous films were successfully deposited using a single-step CVD 

method. The films had a band bap of 2.3 eV, indicating CuWO4 is a potentially 

promising material for PEC water splitting. The CuWO4 films had a comparable 

photocurrent density compared to reported CuWO4 films, with the film prepared at 450 ℃ 

having photocurrent density of ~0.21 mA/cm2 at 1.23 V (vs. RHE), which is the highest 

photocurrent density among reported CuWO4 films prepared by CVD method. 

Heterojunction CuWO4/WO3 shell/core films were deposited by a single-step spray 

CVD method. The films had similar visible light absorption to CuWO4 films, but had 

much higher photocurrent density at 1.23 V (vs. RHE), likely due to efficient 

photogenerated charge separation and transportation. The effects of deposition 

temperature and precursor Cu/W ratio on film growth were also studied. It was found 

that W-containing material was preferentially deposited at higher temperature while 

Cu-containing material was preferentially deposited lower temperature, thus films of 

different morphologies were obtained at different temperatures, as WO3 prefers growth 

perpendicular to the substrate whilst CuWO4 prefers growth horizontal to the substrate. 

In addition, the Cu/W ratio in the precursor also affected the morphology of the films. 

 

NiWO4 films were successfully prepared by AACVD using two different precursors. 

Ni(thd)2 was ultimately considered as a poor precursor to prepare NiWO4, because the 

films prepared by Ni(thd)2 were not uniform and contained impurities like WO3 and 

NiO. Also, it was limited by the high unit price and low solubility in the preferred 

precursor mixture. A pure and uniform NiWO4 was successfully prepared by AACVD 

using Ni(acac)2 as a precursor. The NiWO4 film had a monoclinic structure and a 

double-layer morphology, which had a comparable photocurrent to reported literature. 
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5.2 Future work 

1. WO3 films with different morphologies were prepared, while the photocurrent 

density of them still remained relatively low. The reason should be investigated and 

then the PEC performance should be further optimized. 

2. The stability of nanorods, nanocauliflowers and nanotrees WO3 films were much 

higher than the other WO3 films prepared. We speculate it was because of a sub-

stoichiometric WO3-x layer, which needs further film characterization and other 

photoelectrochemical or electrochemical measurements to characterize, especially 

for nanocauliflower and nanotree films which had an increase in photocurrent 

density after the stability tests. 

3. Future heterojunction films could be prepared based on three-dimensional 

nanostructured WO3 films 

4. Although the photocurrent density of CuWO4 film prepared by spray CVD is 

comparable to reported WO3 films, it still remains very low compared to its 

theoretical photocurrent density. Thus, doping, surface passivation layer and surface 

treatment could be used in the future to improve the PEC performance of CuWO4 

films. 

5. NiWO4 should be prepared at 400 ℃ using Ni(acac)2 as a precursor, to try to 

achieve a pure-phase NiWO4 phase with an optimized morphology (Fig. 4-10 

bottom right)  

6. Doping, surface passivation layer and surface treatment could be used in the future 

to improve the PEC performance of NiWO4 

7. Other tungsten based ternary materials should be prepared via spray CVD 
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