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Abstract 

 

As the global energy demand grows, the development of clean and sustainable 

energy production technique has been regarded as one of the most significant 

issue presently. In this regard, photoelectrochemical (PEC) water splitting, 

which converts solar energy directly to chemical energy, is one of the most 

promising candidates for clean and efficient energy technology that can be an 

alternative of the conventional energy, fossil fuels. There have been numerous 

efforts to obtain the efficient and stable PEC electrodes using semiconductors, 

however, the solar-to-hydrogen (STH) efficiency through PEC water splitting 

is far below the theoretical value. To thoroughly replace the conventional 

energy, more efforts on the development of photoelectrodes should be 

devoted. 

This thesis contains various approaches to obtain efficient water splitting 

semiconductor photoelectrodes. Especially, the development of photoanodes 

would be discussed since the water oxidation rate determines the overall 

water splitting reaction. Firstly, in chapter 1, the principles of PEC water 

splitting are described and the challenges to overcome the limitations of 

semiconductors as photoelectrodes are introduced. Constructing type Ⅱ 

heterojunction and nanostructure morphology control are the vital ways for 
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photoelectrodes. Additionally, passivation, co-catalyst deposition, and metal 

ion doping can be the effective way to promote photocatalytic reactions. 

In chapter 2, facile all-solution process to fabricated WO3/BiVO4 

heteronanostructures would be introduced. Because the ultimate goal is to 

produce sustainable energy, it is required to use sustainable process. 

Hydrothermal method was used to synthesis vertically grown WO3 nanorods 

on the FTO substrate with the precise morphology control. After that, BiVO4 

thin layer was deposited on the WO3 nanorods by pulsed-electrodeposition. 

The optimized WO3/BiVO4 heteronanostructures exhibit the high 

photocurrent density which is double that of pristine WO3 photoanode. The 

photostability was also enhanced despite the natural instability of BiVO4. The 

improvement on the PEC properties of the photoanodes is attributed to its 

core-shell nanostructures. Pulsed-electrodeposition enabled the thin and 

conformal coating of BiVO4 on WO3 nanorods resulting in the efficient 

charge transfer and charge separation. Moreover, the core-shell 

nanostructures allowed the photoanodes to exhibit higher photocurrent 

density under front illumination. 

In chapter 3, β-In2S3-based photoanodes with narrow band gap of around 2.1 

eV is introduced. Owing to its unique crystal structures, In2S3 has attracted 

renewed attention as photoanodes recently. Various strategies were integrated 

to enhance PEC properties of the In2S3-based photoanodes. First of all, the 
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In2O3/In2S3 heteronanostructures were synthesized by glancing angle 

deposition and chemical bath deposition for In2O3 nanorods and In2S3 

nanosheets, respectively. Due to the controlled morphology and the formation 

of type Ⅱ heterostructures, the photocurrent density was enhanced and onset 

potential was negatively shifted. In addition, cobalt (Co) ions were doped into 

In2S3 layer by simply adding Co precursor powder in the bath solution. The 

resultant photoanodes with different doping concentration showed improved 

PEC properties including light absorption and charge transfer efficiency. 

These factors could prevent the hole accumulation and finally, contributed to 

enhance the photostability as well as the photocurrent density of the β-In2S3-

based photoanodes. 

 

Keywords: Photoelectrochemical (PEC), Water splitting, Heterostructure, 

Core-Shell, Photostability 
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Chapter 1 

Photoelectrochemical Water Splitting
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1.1. Introduction 

The world is focusing on the sustainable energy due to the global 

environmental concerns and increasing demands of energy. The annual global 

energy consumption was 495 quadrillion British thermal units (Btu) in 2007, 

which is projected to be increase to 739 quadrillion Btu/year in 2035.1 To 

replace fossil fuels which have uncertain reserves and cause air pollution, 

innumerable researches on sustainable energy production have been reported. 

Among the various renewable energy sources such as solar, wind, rain, waves, 

tides, and biomass, solar energy can meet the world’s total energy needs with 

its theoretical potential of 1.2 × 105 TW.1 However, there is an enormous gap 

between the capability of solar energy and the actual utilization due to the 

high cost and limitation of technology. 

Accordingly, to make good use of solar energy, it should be converted to a 

useful and controllable energy. Solar energy can be converted into three forms 

of energy: solar electricity obtained by solar cells, chemical fuel from natural 

or artificial photosynthesis, and solar heat.1 Among them, one of the most 

promising pathway to utilize solar energy is hydrogen production through 

artificial photosynthesis. Hydrogen (H2) is a sustainable and clean energy that 

can be stored and transported to desired place.2 There have been tremendous 

efforts to effectively convert abundant solar light to hydrogen energy to meet 

the demands. Photoelectrochemical (PEC) water splitting was proposed to 
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convert solar energy directly to chemical energy in the form of hydrogen by 

using semiconductors as light absorber.2 Since Fujishima and Honda reported 

water splitting with titanium oxides (TiO2) for the first time in 1972, extensive 

efforts have been devoted to photoanodes using TiO2.
3 However, TiO2 can 

only absorb the ultraviolet (UV) light because of its wide band gap of 3.2 eV, 

where UV light occupies only 5 % of total solar spectrum.4 Hence, the 

semiconductor materials with the band gap energy smaller than 3.0 eV that 

can absorb visible light, such as tungsten oxide (WO3), bismuth vanadate 

(BiVO4), and hematite (α-Fe2O3), also have been employed for PEC water 

splitting. 

 

1.2. PEC Water Splitting 

PEC water splitting is an artificial photosynthesis process that uses 

semiconductor materials to decompose water molecules into hydrogen (H2) 

and oxygen (O2) gas, where H2 is the simplest chemical bond. Thus, PEC 

water splitting is a powerful tool for the sustainable and controllable energy 

production. The free energy change that is needed to convert a water molecule 

(H2O) into H2 and 1/2 O2 is ΔG = 237.2 kJ/mol under standard condition 

which corresponds to ΔE˚ = 1.23 eV according to the Nernst equation.5 
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1.2.1. Principles of PEC Water Splitting 

As shown in Figure 1.1, the hydrogen evolution reaction (HER) and the 

oxygen evolution reaction (OER) can be occurred on the surface of an ideal 

semiconductor material with a band gap energy (Eg) over 1.23 eV, a 

conduction band-edge energy (ECB) located above the electrochemical 

potential E (H+/H2), and a valence band-edge energy (EVB) located below the 

electrochemical potential E (O2/H2O) by generating electron/hole pairs under 

illumination. Hence, to drive water splitting reaction on the surface of an ideal 

semiconductor by absorbing light, the radiant light should possess over 1.23 

eV of photon energies that are equal to the wavelength shorter than 1000 nm. 

Once the charge carriers are photo-generated in a semiconductor, they should 

travel to the interface between the semiconductor and electrolyte to react with 

the water molecules before the charge recombination. Unfortunately, the 

energy losses are occurred during the charge transfer process due to the 

kinetic barriers at the interface. As a result, the energy of 1.6-2.4 eV is usually 

required for these reactions in the actual cases. 
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Figure 1.1 Hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER) for overall water splitting with an ideal semiconductor 

material under illumination. 
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A PEC water splitting cell can be divided into a photocathode for hydrogen 

generation and a photoanode for oxygen generation with the following 

reactions: 

 

2H+ + 2𝑒− → 𝐻2 (g) ∆𝐸0 = − 0.41 𝑉 (Eq. 1.1) 

 2𝐻2𝑂 (𝑙) → 𝑂2 (𝑔) + 4𝐻+ + 4𝑒− ∆𝐸0 = + 0.82 𝑉 (Eq. 1.2) 

 𝐻2𝑂 (𝑙) → 𝐻2 (𝑔) + 1
2⁄ 𝑂2 (𝑔) ∆𝐸0 = + 1.23 𝑉 (Eq. 1.3) 

 ∆𝐺0 = 237.2 𝑘𝐽/

𝑚ol 

 

 

Figure 1.2 Schematics of PEC water splitting using (a) a photoanode and a 

counter cathode, (b) a photocathode and a counter anode, and (c) series-

connected photoanode and photocathode. Republished with permission of 

Royal Society of Chemistry, from [6]. 
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A half-cell set up using a conductive material with a high catalytic activity 

such as platinum (Pt) as a counter electrode enables to evaluate the 

characteristics of the individual photoelectrode (photocathode or photoanode) 

as shown in Figure 1.2.6 

Since the oxygen evolution reaction (OER) includes four-electron-transfer 

process and the hydrogen evolution reaction (HER) requires two electrons 

according to the equation 1.1 and 1.2, OER is the rate-determining step in an 

overall water splitting, that is, the development of efficient photoanodes is 

important. 

For a typical photoanode, when the light with sufficient energy is irradiated 

onto the photoanode, the semiconductor absorbs the light and electron-hole 

pairs are produced. The electrons which jump to the conduction band travel 

through the material to the direction of counter electrode and reduce water 

molecules to produce hydrogen. At the same time, the holes left in valence 

band are transported to the interface of electrode/electrolyte and oxidize water 

molecules if the EVB of the material is located below the water oxidation 

potential.2 Since the water electrolysis in a PEC cell occurs directly at the 

interface between the electrodes and electrolyte, the hydrogen and oxygen can 

be collected separately on each electrodes. 
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1.2.2. Determining Factors for PEC Water Splitting Efficiencies 

The semiconductor photoelectrodes should satisfy mainly three factors to 

achieve high energy conversion efficiency: (1) sufficient light absorption, (2) 

efficient charge separation and transport before the photo-generated electrons 

and holes recombine, and (3) fast charge transfer at the interface of 

electrode/electrolyte to reduce (or oxidize) water molecules.7 First, the light 

adsorption efficiency can be enhanced by choosing appropriate band position 

and narrow band gap materials and controlling the nanostructures of 

photoelectrodes. The charge separation and transport efficiency is affected by 

the hole diffusion length, crystallinity and carrier mobility of the materials. 

Constructing type Ⅱ heterostructure also can facilitate the charge separation. 

Finally, the charge transfer efficiency can be adjusted by the surface states 

and resistance between electrode and electrolyte. The sluggish kinetics at the 

interface of electrode/electrolyte can be improved by loading co-catalyst or 

passivation layer. 
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1.3. Semiconductor Materials for Solar Water Splitting 

1.3.1. Band-Edge Positions 

As mentioned in the previous section, the band-edge positions of the material 

should be properly located relative to the water redox potential for water 

splitting and gas evolution. In detail, when the ECB is located higher than the 

water reduction level, HER reaction would be occurred. Likewise, when the 

EVB is located lower than the water oxidation level, OER reaction can be 

occurred. The band positions and band gap of several semiconductor 

materials are depicted in Figure 1.3a. Additionally, the charge transfer at the 

interface of electrode/electrolyte is active when the potential difference 

between EVB and E(H2O/O2) for photoanodes and the ECB and E(H+/H2) for 

photocathodes is large enough. Otherwise, the sluggish kinetics would result 

in the accumulation of charge carriers on the surface of the electrode. 
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(a)

(b)

Figure 1.3 (a) Band edge positions of several semiconductor materials using 

the normal hydrogen electrode (NHE) as a reference. (b) Electromagnetic 

wave spectrum and absorbable wave range of each semiconductor. 



24 

 

1.3.2. Narrow-Gap Materials and Corrosion Level  

The theoretical maximum photocurrent is dependent on the band gap of the 

material. The semiconductor materials can absorb the light that possesses the 

energy higher than the band gap. Hence, the semiconductors with narrower 

band gap can absorb wider range of wavelength of the light as shown in 

Figure 1.3b. Moreover, solar light consists of only 5 % of UV and 43 % of 

visible light. Thus, using narrow-gap materials as photoelectrodes is essential 

for visible light harvesting. Unfortunately, however, narrow-gap materials 

often suffer from photocorrosion in electrolyte. According to the previous 

report,8 the photostability of a semiconductor material in the electrolyte under 

illumination is dependent on the alignment of its self-oxidation potential (Φox) 

relative to E(H2O/H2) and its self-reduction potential (Φre) relative to 

E(H+/H2). In other words, the material can be corroded when its Φox is higher 

than E(H2O/H2) or Φre is lower than E(H+/H2). Calculated oxidation and 

reduction potentials (Φox and Φre) for some semiconductors relative to the 

NHE and vacuum level are depicted in Figure 1.4. In the case of BiVO4, the 

theoretical maximum photocurrent is 7.5 mA/cm2 owing to its narrow band 

gap of 2.4 eV. However, its Φre is lower than both E(H+/H2) and ECB, resulting 

in self-reducing in the electrolyte under illumination. Also, all of nonoxide 

semiconductors that have narrow band gap are thermodynamically unstable 

because their Φox is higher than E(O2/H2O). As mentioned above, it is 
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essential to use narrow-gap materials for light harvesting in spite of their 

instability. Therefore, to further use these narrow-gap materials as 

photoelectrodes commercially, the reliability should be guaranteed. There 

have been numerous researches to improve stability of the narrow-gap 

semiconductors for decades. In the next section, various strategies reported 

for stable narrow-gap-based photoelectrodes will be discussed. 
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Figure 1.4 Calculated oxidation and reduction potentials (Φox as red bars 

and Φre as black bars) relative to the NHE and vacuum level for some 

semiconductors in solution at pH = 0, the ambient temperature 298.15 

K, and pressure 1 bar. Reprinted with permission from [8] Copyright 

(2012) American Chemical Society. 
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1.4. Various Strategies to Enhance PEC Properties of In2S3 

1.4.1. Nanostructure Morphology Control 

Nanostructuring materials provides large surface area, abundant surface states 

and reaction sites compared to the bulk materials. However, the fine structural 

control is needed since the excessive defect sites can act as recombination 

sites. On the other hand, nanostructures directly grown on conductive 

substrates not only enlarge the interface of electrode/electrolyte for redox 

reactions but also trap light and collect charges efficiently and shorten 

minority carrier diffusion.7 Also, adequate amount of active sites promotes 

the charge transfer at the interface resulting in high efficiency.9 

 

1.4.2. Heterostructures 

The certain way to promote charge separation within the photoelectrodes is 

to construct type Ⅱ heterostructure with appropriate band position. The photo-

excited electrons and holes can immediately move to opposite direction by 

built-in electric field produced at the junction.10 Also, constructing 

heterojunction with narrow band gap materials is beneficial for wide gap 

materials such as TiO2, In2O3, WO3, ZnO, tin oxide (SnO2) and zinc sulfide 

(ZnS), because of excellent ability of narrow band gap materials to absorb 

wide range of sunlight including visible light. 
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1.4.3. Co-catalysts 

Co-catalyst can enhance the PEC properties including the stability of 

photoelectrodes by capturing photo-generated carriers on the surface of the 

electrodes and reducing the reaction energy barrier to promote oxygen and 

hydrogen evolution.11 

 

1.4.4. Surface Modification and Passivation 

To avoid photocorrosion and increase the stability of photoanodes which has 

narrow gap material as a surface material, surface treatment or passivation 

layer have been adopted. A passivation layer deposited on the surface of 

unstable materials additionally or produced by surface treatment might 

prevent direct contact with electrolyte and/or facilitate the transfer kinetics at 

the interface of electrode/electrolyte.12 In addition, in the case of the 

additional layer material forms type Ⅱ heterojunction with the inner layer, the 

charge separation would be far enhanced as well as the photostability. 

Furthermore, the electronic structure can be modified by surface treatment.9 

 

1.4.5. Doping 

Doping metals into semiconductor materials induces new dopant energy 

levels within the band gap and the catalytic sites to promote 

photoelectroactivity.4 When the foreign cations are inserted to the lattice, 
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electron density, surface defects, and trap states can be controlled to maintain 

the charge balance.13 

 

1.5. Scope and Objectives of the Thesis 

This thesis focuses on the synthesis and control of semiconductor 

nanostructures to fabricate efficient and stable PEC water splitting electrodes 

for hydrogen production. Hydrogen energy production is one of the most 

promising way to utilize earth-abundant solar energy. PEC water splitting, 

which can convert solar energy directly to hydrogen energy, has potential to 

meet the global energy demands. Since the water molecules would be 

electrolyzed into hydrogen and oxygen by PEC electrodes using solar light, it 

is a clean and sustainable technique. In a thermodynamic view, the water 

oxidation rate determines the overall water splitting reaction since four 

electron and hole pairs are needed for water oxidation while the water 

reduction requires only two of them. Therefore, the development of the 

photoanodes is crucial for efficient hydrogen production by PEC water 

splitting. Various semiconductors with the proper band gap including metal 

oxides and sulfides can be used as photoanodes. Among them, narrow gap 

materials such as BiVO4 and In2S3 are beneficial for photoanodes since they 

can absorb wide range of light including visible light. Unfortunately, these 

materials usually have limitations of sluggish kinetics at the interface of 
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electrode/electrolyte and hole accumulation resulting in the photocorrosion. 

To overcome the limitations and make a good use of the narrow gap materials, 

massive researches have been conducted as shown in Figure 1.5. In this thesis, 

several strategies were adopted to fabricate efficient photoanodes. One of the 

most essential technique for efficient water splitting is nanostructuring. Thus, 

various methods were used to control the morphologies of semiconductor 

nanostructures. Constructing of the type Ⅱ heterojunction was also adopted 

which enables fast charge separation. Additionally, doping metal ions into the 

narrow gap material was conducted. After the implementation of those 

several strategies, deep investigation and analysis were conducted to fully 

understand the PEC reactions for further improvement. 
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Figure 1.5 Various strategies to overcome the limitations and to improve PEC 

properties of semiconductor photoanodes. 
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Chapter 2 

All-Solution-Processed WO3/BiVO4 Core–Shell Nanorod 

Arrays for Highly Stable Photoanodes
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2.1. Introduction 

Sustainable energy production technology has been widely researched 

because of global environmental issues and increasing demands of energy.1-

2 The new energy should be at a scale and a cost that can compete with fossil 

fuels. In this regard, the photoelectrochemical (PEC) cell, which converts 

solar energy directly to chemical energy, is one of the most promising 

candidates for clean and efficient energy technology.3-5 There have been 

numerous reports on oxide semiconductor materials such as WO3,
6-8 BiVO4,

9-

11 α-Fe2O3,
12-13 TiO2,

14 and SnO2
15 for photoelectrodes over the past decades. 

Among the various oxide semiconductors, WO3 has attracted great interest 

for photoanodes. Owing to its moderate band gap of 2.5-2.7 eV, WO3 can 

absorb wide range of wavelengths including visible light.6 It also has 

appropriate band-edge position for spontaneous PEC reaction and good 

electron transport properties due to the moderate hole diffusion length.8, 16 

Nonetheless, WO3 alone as a photoanode has limitations of poor charge 

separation, fast recombination of photo-generated electron-hole pairs, and 

less utilization of solar irradiation.17-19 This limitation can be overcome by 

controlling nanostructure,20-21 forming type II heterojunctions with other 

materials,22-25 and employing co-catalysts on the surface.26 

To improve PEC properties of photoelectrodes, much efforts to control 

nanostructures has been made. Nanostructures such as nanoplates, nanorods, 
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nanotubes, and nanowires with large surface area rather than bulk particles 

are favorable to enhance the incident-photon-to-current efficiency of 

photoelectrodes.16, 27 Especially, 1-dimensional nanorods of high crystallinity 

are suitable for photoanodes owing to short distances for holes to diffuse to 

the solid/liquid interface as well as large surface area that can absorb incident 

light sufficiently.6, 28 There are various methods to produce oxide 

nanostructures such as sol-gel,29-30 electrodeposition,31-32 hydrothermal,16, 33-

34 anodization,13 pulsed laser deposition,10 chemical vapor deposition,21 

physical vapor deposition,35 and so on. The methods that use vacuum 

equipment can control the morphology of nanostructures with high 

reproducibility. However, it should be noted that our goal is to produce energy 

that is sustainable and the production process should be environment-friendly 

and low-cost. Since the operation of vacuum equipment is energy-intensive, 

it does not meet our criteria. On the other hand, solution processes are rather 

eco-friendly and low-cost technology because most of the solution processes 

does not need to be performed in extreme conditions such as low pressure and 

high temperature. 

Recently, constructing type II heterojunctions has been extensively studied to 

further enhance PEC properties of photoanodes. In particular, WO3/BiVO4 

heterojunction is one of the most attractive combinations for a photoanode to 

improve charge separation and optical absorption owing to their appropriate 
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band-edge positions and the smaller band gap energy of BiVO4 than WO3. 

According to the previously reported papers, WO3/BiVO4 heterojunction 

photoanodes showed much improved photoactivity compared to the pristine 

WO3 photoanodes.25, 31 However, the PEC properties of photoanode prepared 

with BiVO4 are usually lower when the light flashes on the front side than 

back side because of the short diffusion length of BiVO4.
26, 31, 36-38 In addition, 

solution processed WO3/BiVO4 photoanodes often show poor long-term 

stability.22, 36-37 These facts become serious drawbacks when it is applied in 

industry where a tandem cell should be formed and operate for a long time.9, 

39 

Here, we report all-solution processed WO3/BiVO4 hetero-nanostructure 

photoanodes with high performance. To reduce process steps for a facile 

fabrication, the hydrothermal synthesis was performed without seed layer on 

the substrate. BiVO4 was conformally coated by pulsed electrodeposition on 

hydrothermally synthesized WO3 nanorods. After annealing, we could 

achieve highly photoactive monoclinic WO3 and monoclinic BiVO4 resulting 

in high photocurrent density. The optimum WO3/BiVO4 photoanode showed 

the photocurrent density of 4.15 mA/cm2 at 1.23 V (vs. RHE) which is more 

than double that of pristine WO3 nanorods. Also, the long-term stability was 

far improved by forming core-shell WO3/BiVO4 structure. Despite of the 

short diffusion length of BiVO4, the PEC properties of WO3/BiVO4 
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heterojunction photoanode in this work are better with front illumination. We 

believe that our study could provide an important step to realize the 

sustainable hydrogen fuel community with photoelectrodes. 

 

 

  

Figure 2.1 Schematic illustration of WO3/BiVO4 nanostructured photoanode 

fabrication. 
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2.2. Experimental Details 

2.2.1. Synthesis of the WO3 Nanorod Array 

The one-dimensional WO3 nanorod array was synthesized via a hydrothermal 

method with reference of a previous report.6 The precursor solution was 

prepared by adding 0.3026 g of ammonium paratungstate powder 

((NH4)10H2(W2O7)6, Aldrich) and 0.242 ml of concentrated hydrochloric acid 

(HCl, 35 %, DAEJUNG) in 23 ml of de-ionized water and stirring for 4 hours. 

Then 0.484 ml of hydrogen peroxide (H2O2, 30 %, DAEJUNG) was added to 

the yellowish-white opaque solution and stirred for at least 1 hour to get stable 

and transparent solution. The fluorine-doped SnO2 (FTO) glass substrate, 

which was washed separately in acetone, ethanol, and de-ionized water and 

dried, was placed in a Teflon-lined stainless autoclave with the conductive 

side facing perfectly down by putting it between Teflon rings. The as-

prepared solution was transferred into the autoclave and perfectly sealed. The 

synthesis was conducted at 120-180 °C in an oven for 4 hours and cooled 

down naturally to room temperature. After the reaction, the substrate was 

taken out, rinsed with DI water, and carefully dried. Then annealing was 

carried out at 500 °C for 2 h. 
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2.2.2. Preparation of WO3/BiVO4 Heterojunction Photoanodes 

BiVO4 was deposited on WO3 nanorods by pulsed electrodeposition 

according to our previous report.31 First, bismuth nitrate pentahydrate 

(BiN3O9, 98 %, JUN) and vanadium oxide sulfate hydrate (VOSO4, 99.99 %, 

Aldrich) were dissolved in de-ionized water adjusting pH to be less than 0.5 

with nitric acid (HNO3, 67 %, JUN). By adding 2 M sodium acetate 

(CH3COONa, Aldrich) and a few drops of concentrated HNO3, the pH of the 

solution was adjusted to 4.7, because vanadium (IV) precipitates can be 

formed at pH > 5. Pulsed electrodeposition was conducted at 80 °C in a three-

electrode system, in which hydrothermally grown WO3 nanorods array on 

FTO glass, Ag/AgCl, a Pt mesh were used as working, reference, and counter 

electrode, respectively. The potential was cycled between 1.95 V and 0 V. 

After the deposition, the sample was rinsed with de-ionized water and 

annealed at 500 °C for 6 h. 

 

2.2.3. Material Characterization 

The morphology of pristine WO3 nanorods and WO3/BiVO4 heterojunction 

nanostructure was investigated by a field-emission scanning electron 

microscope (FESEM, ZEISS, MERLIN Compact). Transmission electron 

microscope (TEM, JEOL JEM 3000F) analysis was conducted to characterize 

core-shell nanostructure of WO3/BiVO4 heterojunctions. The crystalline 
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phase of pristine WO3 and WO3/BiVO4 nanorods was determined by X-ray 

diffractometer (XRD, BRUKER, D8-Advance). 

 

2.2.4. PEC Measurements 

PEC measurements were conducted using a potentiostat (Ivium Technologies, 

Nstat) in a three-electrode system composed of the prepared sample as 

working electrode, Ag/AgCl/saturated KCl as a reference electrode, and a Pt 

wire as a counter electrode. The potentials vs Ag/AgCl were converted to the 

RHE using Nernst relation: ERHE = E0
Ag/AgCl + EAg/AgCl + 0.059 * pH where 

ERHE is the converted potential vs. RHE, the reference potential of Ag/AgCl, 

E0
Ag/AgCl, is 0.198 V, and EAg/AgCl is the measured potentials against RHE and 

Ag/AgCl. For the electrolyte, 0.5 M potassium phosphate buffer (pH 7) 

containing 1 M sodium sulfite (Na2SO3, WAKO) as a hole scavenger was 

used. Linear sweep voltammetry (LSV) measurements were performed at a 

scan rate of 10 mV/s under AM 1.5G simulated solar light illumination which 

was calibrated to 1 sun (100 mW/cm2) using reference cell. Electrochemical 

impedance spectroscopy (EIS) spectra were collected in the same three-

electrode system sweeping 350 kHz to 1 Hz with an AC amplitude of 10 mV 

and fitted using the ZsimpWin software. The incident photon-to-current 

efficiency (IPCE) was measured with an irradiation source and 

monochromator (MonoRa150). The oxygen evolution was measured by gas 
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chromatography measurement system (Agilent GC 7890B) with a thermal 

conductivity detector and a micropacked column (ShinCarbon ST 100/120) 

in a gas-tight two-compartment electrochemical cell with a piece of Nafion 

117 anion exchange membrane as a separator in 0.5 M phosphate buffer (pH 

7) solution under AM 1.5G simulated solar light illumination.40-42 

 

 

  

Figure 2.2 (a) Photographic images of WO3 anodes synthesized at different 

temperatures. SEM images of WO3 nanorods synthesized at (b) 120, (c) 140, 

(d) 160, (e) 170, and (f) 180 °C for 4 h. The insets are the cross-sectional view 

of nanorods on FTO. 
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2.3. Results and discussion 

Figure 2.1 shows an illustration of the overall sample preparation process of 

WO3/BiVO4 photoanodes on FTO glass. WO3 nanorods were formed by 

hydrothermal method on FTO substrate in stabilized tungstic acid solution 

which was prepared by mixing ammonium paratungstate solution, 

concentrated HCl, and H2O2. The FTO substrate was put between Teflon 

rings with the conductive side facing down to avoid the interruption to growth 

by impurities. After the sample is naturally cooled down and annealed for 

adhesion and phase transition, pulsed electrodeposition was conducted to 

attach BiVO4 on WO3 nanorods. First of all, we controlled various conditions 

to find the optimum morphology of WO3 for photoanodes. Figure 2.2a shows 

a photograph of WO3 nanorods synthesized at different temperature. The 

nanorods covered the entire surface of FTO substrates where the solution 

could reach. All samples exhibited uniform yellowish color which was 

deepened with increasing reaction temperature, indicating the size of 

nanorods was enlarged. The SEM images (Figure 2.2b-f) confirmed that 

vertically grown WO3 nanorods covered the substrate uniformly without a 

seed layer and the average diameter and thickness of rods were increased as 

the temperature increases. The WO3 nanorods synthesized at 170 °C have 

diameter of 150-300 nm and thickness of 4 μm. The diameter of rods was 

fairly even at reaction temperature of 120 °C to 170 °C, but there were some 



45 

 

bulky rods with diameter of 600-700 nm which can decline PEC performance 

by shading a light at 180 °C. Since the hydrothermal reaction was conducted 

without an assistance of a seed layer, the nuclei, which were further grew as 

small rods without certain directionality, were formed on the surface at the 

beginning of reaction without any empty surface regions (Figure 2.3). Then, 

only the rods formed perpendicular to the substrate further grew as nanorods. 

 

 

 

  

Figure 2.3 Cross-section SEM images of hydrothermally synthesized WO3 at 

170 °C for 30 minutes 
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Table 2.1 Fitted series resistance (Rs) and charge transfer resistance (Rct) 

across the electrolyte/anode interface of pristine WO3 nanorods synthesized 

at different temperature. 

Temperature (°C) Rs (Ω∙cm2) Rct (Ω∙cm2) 

120 2.53 2348 

140 2.82 1494 

160 2.95 710 

170 3.30 620 

Figure 2.4 (a) Linear sweep voltammograms tested at a scan rate of 10 mV/s 

under AM 1.5 G solar light, (b) electrochemical impedance spectra measured 

at 0.6 V vs. Ag/AgCl, and (c) incident photon-to-current efficiency data at 0.6 

V vs. Ag/AgCl for pristine WO3 nanorods synthesized at different 

temperature. Inset shows equivalent circuits for all WO3 nanorods. All 

measurements were carried in 0.5 M phosphate buffer (pH 7) with 1 M 

Na2SO3. 
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The photoactivity of the photoanodes was analyzed by measuring the 

photocurrent density using a standard three-electrode cell immersed in 0.5 M 

potassium phosphate buffer (pH 7) containing 1 M Na2SO3 at a scan rate of 

10 mV/s under AM 1.5 G simulated solar light (Figure 2.4). Because sulfite 

oxidation is thermodynamically and kinetically favorable than water 

oxidation, sodium sulfite acts as a hole scavenger which enables direct 

comparison of the photocurrent density without considering water oxidation 

kinetics.43 Figure 2.4a shows linear sweep voltammograms of WO3 nanorods 

synthesized at different temperature. For all WO3 nanorods except for the 

sample prepared at 120 °C, a noticeable photocurrent started at low bias of 

0.4 V vs. RHE suggesting that a good charge separation was occurred under 

solar illumination. As the reaction temperature increased from 120 to 170 °C, 

the photocurrent density increased from 1.14 to 1.97 mA/cm2 at 1.23 V vs. 

RHE. This is attributed to the increased active sites as the size of nanorods 

enlarged. On the other hand, the photocurrent density decreased to 1.58 

mA/cm2 at 1.23 V vs. RHE when the reaction temperature reached to 180 °C 

(Figure 2.5a). This result was already expected since the bulky rods between 

small nanorods shaded the light so that the small rods were unable to produce 

electron-hole pairs in light although the surface area was increased. Also, the 

photoactivity of WO3 nanorods with different reaction time was measured.  
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Figure 2.6 Linear sweep voltammograms of pristine WO3 anodes synthesized 

for different time tested in 0.5 M phosphate buffer (pH 7) with 1 M Na2SO3 

at a scan rate of 10 mV/s under AM 1.5 G solar light. 

Figure 2.5 (a) Linear sweep voltammogram and (b) incident photon-to-

current efficiency data of pristine WO3 anodes synthesized at 180 °C tested 

in 0.5 M phosphate buffer (pH 7) with 1 M Na2SO3 at a scan rate of 10 mV/s 

under AM 1.5 G solar light. 
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The photocurrent density was increased from 1.26 to 1.97 mA/cm2 at 1.23 V 

vs. RHE as the reaction time increased from 30 minutes to 4 h (Figure 2.6). 

The nanorods array was peeled off when the synthesis lasted for more than 5 

hours. Next, the concentration of tungsten precursor was controlled. Because 

the solubility of ammonium paratungstate is extremely low in aqueous 

solution, the maximum concentration was 0.06 M of tungsten but the 

nanorods array synthesized in this concentration of solution was easily peeled 

off during rinsing with DI water. The photocurrent density of WO3 nanorods 

with 0.05 M of tungsten was the optimum as shown in Figure 2.7. The PEC 

performances of WO3 photoanodes reported previously are shown in Table 

Figure 2.7 Linear sweep voltammograms of pristine WO3 anodes synthesized 

with the solution of different W concentration tested in 0.5 M phosphate 

buffer (pH 7) with 1 M Na2SO3 at a scan rate of 10 mV/s under AM 1.5 G 

solar light. 
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2.2. It shows that the photocurrent density of our WO3 photoanode is 

comparable to those of others. 

 

 

 

Table 2.2 PEC performance of the reported WO3 photoanodes.  

Ref. Method Morphology Electrolyte Photocurrent density 

(mA/cm2) 

Year 

6 Hydrothermal Nanorods 0.5 M Na2SO4 2.26 (1.23 V vs. 

RHE) 

2013 

44 Hydrothermal Nanorods 0.5 M Na2SO4 0.5 (1.23 V vs. RHE) 2014 

20 Hydrothermal Nanoplates 0.5 M Na2SO4 1.88 (1.3 V vs. 

Ag/AgCl) 

2016 

16 Hydrothermal Nanoplates 0.5 M Na2SO4 1.0 (1.6 V vs. RHE) 2017 

45 Sol-gel Mesoporous 

film 

1 M CH3SO3H 4.2 (1.23 V vs. RHE) 2018 

46 Hydrothermal Nanorods 0.5 M Na2SO4 

+ 0.2 M Na2SO3 

0.4 (1.23 V vs. RHE) 2018 

47 Pulsed laser 

deposition 

Thin film 0.5 M H2SO4 1.8 (1.23 V vs. RHE) 2019 

48 Hydrothermal Nanoplates 0.5 M Na2SO4 4.12 (1.6 V vs. 

Ag/AgCl) 

2019 

This 

work 

Hydrothermal Nanorods 0.5 M KPi (pH 7) 

+ 1 M Na2SO3 

1.97 (1.23 V vs. 

RHE) 
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To investigate the dynamics of carrier transport and recombination of the 

pristine WO3 photoanodes, electrical impedance spectroscopy (EIS) 

measurements were carried out in a frequency range of 350 KHz to 1 Hz with 

amplitude of 10 mV at 0.6 V vs Ag/AgCl. Figure 2.4b shows the Nyquist 

plots of WO3 nanorods with different reaction temperature. The diameter of 

the semicircle in the Nyquist plot which equals charge transfer resistance 

across the electrolyte/anode interface was decreased as the current density 

increases indicating good charge transfer property contributes to the high 

photoactivity.32, 49-50 The equivalent circuit model was constructed on the 

basis of the experimental data to confirm this results with the exact values 

where Rs and Rct represent the series resistance and charge transfer resistance 

as illustrated in Figure 2.4b.51 The fitted values of Rct were 2348, 1494, 710, 

and 620 Ω∙cm2 for a sample synthesized at 120, 140, 160, and 170 °C, 

respectively, as displayer in Table 2.1. Incident-photon-to-current conversion 

efficiency (IPCE) spectra was measured from 350 to 550 nm at 0.6 V vs 

Ag/AgCl to explore the photoactivity of the WO3 nanorods as shown in 

Figure 2.4c. The values were calculated by the equation IPCE (%) = (1240 * 

Jphoto) / λ * Pinc where Jphoto is photocurrent density (mA/cm2), λ is the 

wavelength of incident light (nm), and Pinc is the incident power density 

(mW/cm2). The maximum intensity of the optimum WO3 nanorods 
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synthesized at 170 °C reached 16.8 % at 420 nm as shown in Figure 2.4c and 

Figure 2.5b.  

To enhance the PEC performance of WO3 photoanodes, pulsed 

electrodeposition of BiVO4 was conducted on hydrothermally synthesized 

WO3 nanorods to form WO3/BiVO4 heterojunction anodes. Electrodeposition 

with pulsed voltage facilitates precursors to diffuse deep into the 

nanostructure during pulsed off time lowering the concentration gradient of 

ions in the solution near the surface of nanorods and then leading to the 

uniform coating.31 The cross-sectional SEM images of WO3/BiVO4 

heterojunction nanostructures are presented in Figure 2.8. BiVO4 was 

conformally coated on the surface of WO3 nanorods without destroying the 

1D nanostructure of WO3. In the case of 3 and 6 cycles of pulsed 

Figure 2.8 Cross-section SEM images of WO3/BVO heterojunction 

nanostructures, in which BiVO4 were formed by (a) 3, (b) 6, and (c) 9 cycles 

of pulsed electrodeposition on optimum WO3 nanorods synthesized by 

hydrothermal method. 
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electrodeposition, distinct nanodots could be seen with the average diameter 

of 50 nm (Figure 2.8a and 2.8b, referenced as WO3/3-BVO and WO3/6-BVO, 

respectively). The density of BiVO4 nanodots on the surface of the nanorods 

was increased when the number of coating cycles increases. Finally, BiVO4 

with more than 9 cycles of deposition (referenced as WO3/9-BVO) almost 

covered the entire surface of WO3 nanorods and assembled to form a thin film 

resulting in a core-shell structure of WO3/BiVO4 as shown in Figure 2.8c. The 

core-shell structure with extremely thin absorber layer has advantage of high 

separation efficiency because photo-generated electrons can move fast to the 

heterojunction interface.35 Also, long core-shell nanorods have equal 

efficiency in all incident angle.35 

To investigate the detailed morphology and the formation of WO3/BiVO4 

core-shell heteronanostructure, transmission electron microscope (TEM) 

analysis was carried out. Energy-dispersive X-ray spectroscopy (EDS) 

elemental maps corresponding to a single WO3/9-BVO nanorod (Figure 2.9a) 

are shown in Figure 2.9b-e. According to Figure 2.9c and 2.9d, BiVO4 

uniformly covered the WO3 nanorod forming core-shell structure. The 

thickness of BiVO4 on WO3 was around 12 nm for WO3/9-BVO which is 

greatly shorter than the hole diffusion length of BiVO4 (~80 nm) as shown in 

Figure 2.9f. WO3 nanorods were grown with d-spacing of 0.37 nm and 0.38 

nm, corresponding to the (110) and (002) planes of monoclinic WO3 and the   
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Figure 2.9 (a) TEM image of a WO3/9-BVO nanorod and corresponding EDS 

element maps of (b) W, (c) Bi, (d) V, and (e) O respectively. The scale bar is 

100 nm for (a-e). (f) TEM image of a WO3/9-BVO nanorod with uniform 

thickness of BiVO4. (g, h) High-resolution TEM and selected area diffraction 

pattern (inset) showing (g) crystalline plane of (110) and (002) of monoclinic 

WO3 and (h) crystalline plane of (103) and (112) of monoclinic BiVO4. (i) X-

ray diffraction patterns of pristine WO3 and WO3/BVO photoanodes. 
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BiVO4 layer were deposited with d-spacing of 0.312 nm and 0.309 nm, 

corresponding to the (103) and (112) of monoclinic BiVO4 as shown in High-

resolution TEM (HR-TEM) image and the selected area electron diffraction 

(SAED) pattern (Figure 2.9g, h). The HR-TEM image and the SAED pattern 

of BiVO4 in Figure 2.9h were obtained after the BiVO4 is destroyed during 

TEM analysis. Zhang et al.52 reported about this phenomenon that monoclinic 

BiVO4 layer transforms to monoclinic BiVO4 quantum dots under high-

energy electron beam within 5 seconds. The TEM image after the destruction 

is shown in Figure 2.10. The existence of WO3 and BiVO4 could be also seen 

in the X-ray diffraction (XRD) patterns. The peaks of monoclinic WO3 

(JCPDS: 43-1035) were clearly shown for the pristine WO3 nanorods. Also, 

for the WO3/BiVO4 heterostructures, the peaks were well-indexed to 

monoclinic WO3 and monoclinic BiVO4 (JCPDS: 14-0688) which are 

photoactive. 

PEC measurements were conducted for the comparison of pristine WO3 and 

WO3/BiVO4 heterojunction photoanodes. Figure 2.11a shows chopped linear 

sweep voltammograms of photoanodes with different number of coating 

cycles. The photocurrent density was increased with increasing the number 

of coating cycles until 9 times, however, when the deposition was carried out 

over 9 cycles, the photocurrent density rather decreased sharply. Because the 

BiVO4 covered the entire surface of the nanorods with 9 cycles of deposition,   
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the thickness of BiVO4 layer would increase as the number of deposition 

cycles increases and the recombination of electron-hole pairs would be 

increased due to the short diffusion length of BiVO4 resulting the reduction 

of photocurrent density. The highest photocurrent density which was obtained 

with WO3/9-BVO was 4.15 mA/cm2 at 1.23 V vs. RHE in 0.5 M phosphate 

buffer (pH 7) with 1 M Na2SO3 under front illumination which is double that 

of pristine WO3. EIS spectra were collected in a frequency range of 350 KHz 

to 1 Hz with amplitude of 10 mV at 1.23 V vs. RHE. The smaller diameter of 

arc for the WO3/BiVO4 nanostructure than pristine WO3 in the Nyquist plot   

Figure 2.10 TEM image of a WO3/9-BVO nanorod to show the formation of 

BiVO4 nanodots under high-energy electron beam. 
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Figure 2.11 (a) Chopped linear sweep voltammograms with different 

numbers of cycles for BiVO4 deposition tested in 0.5 M phosphate buffer (pH 

7) with 1 M Na2SO3 at a scan rate of 10 mV/s under front illumination, (b) 

electrochemical impedance spectra, (c) incident photon-to-current efficiency 

data, and (d) stability test data measured at 1.23 V vs. RHE for pristine WO3 

and WO3/BVO photoanodes. 
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Mott-Schottky Relation 

   (2.1) 

C [F]: space charge layers capacitance 

e: electron charge (1.602 × 10-19 C) 

εr: dielectric constant of semiconductor 

ε0: permittivity of vacuum (8.854 × 10-14 F m-1) 

A [cm2]: active area of the photoanode 

Nd [cm-3]: donor density 

V: applied potential (vs. RHE) 

VFB: flat band potential (vs. RHE) 

kB: Boltzmann constant (1.381 × 10-23 J K-1) 

T [K]: temperature 

Figure 2.12 Mott-Schottky plots for optimized pristine WO3 and WO3/9-

BVO anodes measured in 0.5 M phosphate buffer (pH 7) with 1 M Na2SO3. 
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(Figure 2.11b) indicates charge transfer resistance of the heterojunction 

photoanode is lower than pristine WO3 nanorods.32, 49-50 The IPCE spectra of 

WO3/BiVO4 presented in Figure 2.11c showed that the intensity of the 

WO3/BiVO4 significantly enhanced to 75.9 % at 430 nm which was 4.5 times 

higher than pristine WO3. 

To estimate the flat band potential and carrier density of each photoanodes, 

Mott-Schottky analysis was carried out for pristine WO3 and WO3/9-BVO by 

EIS measurement at 1 kHz in dark. According to the Mott-Schottky relation 

(Figure 2.12), the intercept of the x-axis and the slope for the tangent of the 

linear region each represent flat band potential and the charge carrier density 

in a capacitance-potential plot (1/C2 vs. V).41 The flat band potential was 

shifted to negative by 112 mV after forming heterojunction, indicating that 

lower external bias is required for WO3/9-BVO to drive PEC reaction 

compared to the single anode which corresponds to the tendency of measured  

 

Table 2.3 Flat band potential and donor density for WO3 and WO3/9-BVO 

anodes.  

Samples Flat band 

potential 

(V vs. RHE) 

Donor density 

(cm-3) 

WO3 0.365 8.3 x 1021 

WO3/9-BVO 0.243 2.5 x 1022 
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on-set potential in LSV. To obtain the charge carrier density, the real active 

area of the photoanodes should be included in the calculation. However, it is 

hard to confine the exact surface area of the nanostructure materials. In this 

paper, we assumed that the ratio of the planar area to the real active area for 

each anode is nearly equal because the heterojunction has core-shell structure. 

As a result, the donor density of WO3/9-BVO was higher than that of pristine 

WO3 as shown in Table 2.3.  

Figure 2.13 (a, d) Photographic top-view images and (b, e) Schematic 

illustrations of cross-view of samples after stability test. Linear sweep 

voltammogram (LSV) of (c) optimized pristine WO3 and (f) WO3/9-BVO 

anodes at a scan rate of 10 mV/s under AM 1.5 G solar light with and without 

using hole scavenger. 
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Furthermore, the stability test of photoanodes was conducted to see the 

possibility of commercial use. The photocurrent density at 1.23 V vs. RHE 

was recorded as a function of time. In the case of pristine WO3, the 

photocurrent density started to decrease from the beginning of the test as 

shown in Figure 2.11d. After 4 hours of measurement, the WO3 nanorods 

array was perfectly peeled off as shown in Figure 2.13a and b. Meanwhile, 

the photocurrent density of WO3/9-BVO was maintained even after 8 hours 

and the film was attached well on the substrate (Figure 2.13d and e). WO3 is 

well known to be thermodynamically stable.6, 53 However, WO3 losses its 

photoactivity when the anodic reaction is continued for a long time due to the 

peroxo species produced on the surface even in acidic condition.53 Moreover, 

the formation of peroxo species becomes easier in neutral and alkaline 

solution. Also, due to the absence of a seed layer during the synthesis, the 

adhesion of WO3 nanorods array was relatively weak. When BiVO4 was 

coated on the WO3 nanorods, BiVO4 covered entire surface of the anode 

forming core-shell structure. Therefore, it can be concluded that BiVO4 thin 

layer behaved as a passivation layer. In fact, BiVO4 has been well known to 

be photoelectrochemically unstable because of slow kinetics of oxygen 

evolution reaction. Also, the chemical stability of BiVO4 depends on the 

quality of the electrodes.54 Owing to the high crystallinity of BiVO4 and good 

adhesion at the BiVO4/WO3 interface of the photoanode produced by 
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electrodeposition, only the photostability should be controlled in this work. 

To avoid degradation of BiVO4 by photochemical reaction, hole scavenger,31 

co-catalyst,55 passivation layer,22 or back illumination36, 56 was used in 

previously reported papers. The hole scavenger such as Na2SO3 and H2O2 can 

be used in the electrolyte leading fast charge injection on the surface of BiVO4, 

enabling a long-term use.41 However, the reaction with Na2SO3 is not a pure 

water oxidation. Therefore, further works using co-catalysts should be 

progressed. 

The photo-oxidation of water was measured for WO3 and WO3/9-BVO. The 

measurement was performed in 0.5 M phosphate buffer solution (pH 7) 

without any hole scavenger. The photocurrent of WO3/9-BVO anode for 

water oxidation was considerably lower than that for sulfite oxidation as 

shown in Figure 2.14a. Since the holes that were photo-generated and 

transported to the surface cannot be consumed fast at the surface of BiVO4 as 

mentioned above, they were accumulated and then recombined shortly. The 

oxygen evolution and the stability of WO3/9-BVO were measured in 0.5 M 

phosphate buffer (pH 7) at 1.23 V vs RHE for 5400 s as shown in Figure 2.15 

which shows nearly 100 % faradaic efficiency. The surface area was 0.6773 

cm2 and the photograph of the sample after the test is shown in Figure 2.15c. 

A decrease in the photocurrent was occurred during the stability test (Figure 

2.15b) due to the slow elimination of hole on the surface and phosphate buffer 
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that etches BiVO4.
57-58 The photocurrent density starts at low level compared 

to the data in Figure 2.14a because the degradation of BiVO4 by phosphate 

buffer has been proceeded during the nitrogen purging of several hours before 

the test even in dark condition. 

To further investigate charge transfer and transport properties of the anodes, 

the charge transfer efficiency (ηtrans) and the charge separation efficiency (ηsep) 

were estimated independently by following the equation:59-60 

JH2O = Jmax ηabs ηtrans ηsep  (2.2) 

Figure 2.14 (a) Linear sweep voltammogram (LSV) of optimized pristine 

WO3 and WO3/9-BVO anodes tested in 0.5 M phosphate buffer (pH 7) at a 

scan rate of 10 mV/s under AM 1.5 G solar light and (b) charge transfer 

efficiency that was calculated by LSV data with and without using hole 

scavenger. 
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where JH2O is the measured photocurrent density for water oxidation, Jmax is 

the theoretical maximum photocurrent, and ηabs is the light absorption 

efficiency. Assuming that the charge transfer efficiency is 100 % in the 

Na2SO3 solution, we can calculate the charge transfer efficiency at 

semiconductor/electrolyte interface by dividing the photocurrent density for 

water oxidation by that for sulfite oxidation (ηtrans = JH2O/JNa2SO3). The charge 

transfer efficiency for pristine WO3 was determined as 94 % which is higher 

Figure 2.15 (a) Oxygen evolution curve and corresponding faradaic 

efficiency, (b) stability test data for WO3/9-BVO anode. All the measurement 

was carried out in 0.5 M phosphate buffer (pH 7) at 1.23 V vs. RHE under 

AM 1.5 G solar light. (c) The photograph of the sample that used in O2 

evolution test. 
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than 78 % for WO3/9-BVO at 1.23 V vs. RHE (Figure 2.14b). The charge 

transfer efficiency can be enhanced by using co-catalysts on the surface of 

anodes such as Co-Pi55 and FeCoOx
61 as previously reported. To calculate the 

charge separation efficiency, the absorption current densaity (Jabs = Jmax ηabs) 

for each sample was obtained by UV-vis transmission and reflectance 

spectroscopy first. Figure 2.16 shows the absorptance spectra of WO3 and 

WO3/9-BVO. The absorption edge of the heterojunction anode was observed 

around 510 nm which corresponds to the band gap of BiVO4. Jabs for pristine 

WO3 and WO3/9-BVO were derived to be 3.0 and 6.0 mA/cm2, respectively. 

The charge separation efficiency can be obtained by dividing JNa2SO3 by Jabs 

and the values were 62 and 70 % at 1.23 V vs. RHE for WO3 and WO3/9-

BVO, respectively. The calculated charge transfer and separation efficiency 

of the heterojunction anode are in good agreement with the values from the 

previously reported paper.17 To sum up, the WO3/BiVO4 heterojunction 

photoanode exhibited higher photocurrent density than optimum pristine 

WO3 nanorods due to the ability to absorb wider range of light, good charge 

transport property, and low recombination rate. 

The another point we should give attention is that all pec measurement was 

carried out under front illumination. Practical applications require high front-

illumination photocurrent.9 Unfortunately, the photoanodes containing 

BiVO4 have higher photoactivity under back illumination rather than front   
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Figure 2.16 Absorptance spectra of optimized pristine WO3 and WO3/9-BVO 

anodes. 

Figure 2.17 Linear sweep voltammograms of WO3/BVO anodes tested in 0.5 

M phosphate buffer (pH 7) with 1 M Na2SO3 at a scan rate of 10 mV/s under 

back illumination. 
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illumination in many cases.26, 31, 36-38 Due to its short diffusion length of 80 

nm, recombination readily occurs right after the electron-hole pairs are 

produced.31 This can be overcome by downscaling BiVO4 layer or doping.26, 

38 While back illumination is still superior even when the thickness of BiVO4 

layer is shorter than the diffusion length in some cases,31 the WO3/BiVO4 

heterojunction photoanodes produced in our study have higher photocurrent 

density under front illumination as shown in Figure 2.17. This is attributed to 

the nanostructures of the photoanodes. The schematic illustrations of WO3 

and WO3/BiVO4 photoanodes are depicted in Figure 2.18. Figure 2.18a shows 

the WO3 nuclei that filled the entire substrate without certain directionality at 

the first stage of hydrothermal synthesis as mentioned above. Then the nuclei 

grown in the perpendicular direction to the substrate further grew as nanorods 

as shown in Figure 2.18b. As the pulsed electrodeposition progressed, BiVO4 

gradually covered the surface of WO3 nanorods (Figure 2.18c). Finally, after 

9 cycles of deposition, entire surface was covered constructing core-shell 

structure (Figure 2.18d). Due to the WO3 nucleation process, density of the 

nanostructure near the substrate is too high for electrolyte to reach to the 

bottom of the sample for PEC measurement. Moreover, the BiVO4 thin layer 

has uniform thickness by electrodeposition with pulsed voltage. As a result, 

most of the photo-generated electron-hole pairs are produced near the 

nanorod/electrolyte interface regardless of the direction of illumination.38   
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Figure 2.18 Schematic illustration of produced photoanodes. (a, b) WO3 

nanorods synthesized by hydrothermal method for (a) 30 minutes and (b) 4 

hours. (c, d) WO3/BVO hetero-nanostructure produced by hydrothermal and 

electrodeposition method. Pulsed electrodeposition was performed (c) 6 

cycles and (d) 9 cycles. (e) Cross-section view of core-shell nanostructure. 
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Although the electrons should travel from the interface to the current collector, 

they can quickly move owing to the good transport property of WO3 and 

nanorod structure. Also, core-shell structure lets BiVO4 with small band gap 

absorb wider range of light in advance so that all photo-generation and 

oxidation of water occurs by BiVO4 layer as shown in Figure 2.18e. 

Table 2.4 shows various methods and nanostructures reported for 

WO3/BiVO4 photoanodes and their PEC performance. It can be seen that the 

photocurrent density of our WO3/BiVO4 photoanode is comparable to the 

other works considering the high stability, front illumination, and all-solution 

process. 
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Table 2.4 PEC performance of the reported WO3/BiVO4 photoanodes. 

 

Ref. Method All-

solution 

process 

Morphology Photocurrent 

density (vs. RHE) 

Direction 

of incident 

light 

Long-

term 

stability 

25 Polymer-assisted 

direct deposition 

Yes Porous film 0.75 mA/cm2 

(0.5 M Na2SO4 + 

0.05 M Methanol) 

Front - 

36 Spin coating 

 

 

Solvothermal 

method 

Yes 

 

 

Yes 

Planar film 

 

 

Nanorods 

0.8 mA/cm2 

(0.5 M Na2SO4) 

 

1.6 mA/cm2 

(0.5 M Na2SO4) 

Back 

 

 

Back 

- 

 

 

Stable 

35 Glancing angle 

deposition 

/ Electrodeposition 

No Nanorods 5.45 mA/cm2 

(KPi (pH 7)) 

45 ° - 

31 Glancing angle 

deposition 

/ Pulsed 

electrodeposition 

No Nanorods 4.55 mA/cm2 

(0.5 M KPi + 1 M 

Na2SO3 (pH 7.2)) 

Back - 

62 Hydrothermal 

method 

Yes Nanorods 0.5 mA/cm2 

(0.5 M Na2SO4) 

- - 

37 Sol-gel / 

Electrodeposition 

Yes Inverse 

opals 

0.8 mA/cm2 

(0.5 M Na2SO4) 

Back - 

22 Hydrothermal 

method 

/ Spin coating 

Yes Nanoplates 3.9 mA/cm2 

(0.1 M Na2SO4) 

Front Unstable 

56 Solvothermal 

method 

/ Drop casting 

Yes Yolk-shell 2.3 mA/cm2 

(0.5 M Na2SO4) 

Back Stable 

This 

work 

Hydrothermal / 

Pulsed 

electrodeposition 

Yes Nanorods 4.15 mA/cm2 

(0.5 M KPi (pH 7) 

+ 1 M Na2SO3) 

 

3.23 mA/cm2 

(0.5 M KPi (pH 7) 

Front 

 

 

 

Front 

Stable 

 

 

 

Unstable 
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2.4. Conclusions 

In summary, we have successfully synthesized WO3/BiVO4 core–shell 

nanostructures on the FTO substrate with high performance by the all-

solution process. We optimized the size and density of WO3 nanorods by 

hydrothermal synthesis and the configuration of BiVO4 by pulsed 

electrodeposition for photoanodes. The enhanced photocurrent density of 

4.15 mA/cm2 at 1.23 V versus RHE and the maximum IPCE of 75.9 % at 430 

nm were achieved with the optimized WO3/BiVO4 heterojunction 

photoanodes by alleviating the shortcomings of each other without additional 

catalysts. Owing to the nanostructures of the photoanode, front illumination, 

which is favorable in practical use, was superior to back illumination. 

Furthermore, the BiVO4 thin film on WO3 nanorods acted as a passivation 

layer, thereby enhancing the stability of the photoanode. We believe that these 

WO3/BiVO4 core–shell hetero-nanostructure photoanodes are suitable to be 

applied to the high-performance tandem PEC devices. 
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3.1. Introduction 

As the interest in sustainable energy production increases, water splitting 

through semiconductor materials to convert solar energy directly to hydrogen 

energy has been extensively reported to date. Recently, the III−VI group 

chalcogenide semiconductors, which have good mechanical and thermal 

stability, have received great attention for narrow-gap photoelectrochemical 

(PEC) water splitting electrodes.1 Among the metal sulfides, In2S3 with 

narrow band gap of 2.0-2.3 eV has attracted great interest for various 

applications recently.2 Owing to its high photoelectric sensitivity, high 

photoconductivity, large photoelectric conversion yield, low toxicity, and 

high absorption coefficient,3-5 In2S3 shows superior properties in optical-

absorption applications such as photoanodes,2, 6-12 photocatalysts,3, 13-20 solar 

cells,21 photocatalytic conversion of carbon dioxide (CO2) reduction,22-23 

electrochemical storage cells,24 and photodetectors.4, 25-26 

Nevertheless, since the photoelectrochemical properties of In2S3 were 

reported by Becker et al. in 1986 for the first time,27 the researches on In2S3-

based photoelectrodes have been rarely reported. In fact, despite the superior 

advantages, there is a serious problem of photocorrosion induced by 

accumulated holes on the surface of the electrodes during the photocatalytic 

reaction under illumination which reduces the PEC properties. However, on 
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account of its unique electrical and optical properties, β-In2S3-based 

photoelectrodes have been attracted a renewed interest lately. 

 

3.1.1. Crystal Structures of In2S3 

In2S3 exists in three stable phases: α-In2S3 with defective cubic structure, β-

In2S3 with defective spinel structure, and γ-In2S3 with layered hexagonal 

structure, where other two phases (ε- and Th3P4- In2S3) are instable in an 

ambient pressure.5, 12, 28-29 β-In2S3 can be further divided into cubic or 

tetragonal phase.30 The tetragonal β-In2S3 is the room temperature phase 

which is stable up to 420 ˚C. Above 420 ˚C, the cubic α-In2S3 and the cubic 

β-In2S3 appear with disordering of the tetrahedral vacancies. Above 750 ˚C, 

the hexagonal γ-In2S3 is stable.29 However, the high-temperature cubic α- and 

β- phases can be obtained by wet chemical methods at low temperature with 

indium (In)/sulfur (S) ratio control.29 

Among the three different stable phases, β-In2S3 is the most favorable 

structure for many applications with its natural defects in the crystal.4 β-In2S3 

is considered as a quasi-ternary compound of In, S, and vacancies.4 In β-In2S3 

crystal, indium ion (In3+) centers are surrounded by six sulfur anions (S2-) in 

the octahedral sites and four S2- anions in the tetrahedral sites. The octahedral 

sites are fully occupied with cation centers while the 2/3 of tetrahedral sites 

are occupied and 1/3 of them are empty forming the In3+ vacancies.5 The 



87 

 

neighboring sulfur atoms would be bonded to three indium atoms rather than 

four as usual.31 The existence of vacancies results in the exhibition of electron 

affinity and the vacancies act as electron traps. Also, these vacancies make a 

small distortion from the regular spinel structure. As a defective spinel 

structure, the structure of β-In2S3 (cubic or tetragonal) is determined by the 

arrangement of cation vacancies.29, 32 The ordering of vacancies at tetrahedral 

cation sites results in a tetragonal structure while the randomly ordering 

(disordering) of vacancies results in a cubic structure. Interestingly, most of 

its unique properties come from the defective spinel crystal structure. 

 

3.1.2. In2S3: Promising Material for Photoelectrodes 

Among the various metal sulfides, β-In2S3 is regarded as a potential candidate 

recently in photocatalytic applications due to the less environmental and 

health concerns, high photoelectric sensitivity, moderate charge transport, 

and high photoconductivity as briefly mentioned above.4, 33-34 Already in the 

field of solar cells, In2S3 received a great attention as an alternative to the 

cadmium sulfide (CdS) buffer layer which contains harmful element, 

cadmium (Cd), in the material.21 Since the visible light occupies the large 

proportion in the solar spectrum (~ 46 %), the semiconductors with narrow 

band gap like β-In2S3 is beneficial for photoelectrochemical cells.12 
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β-In2S3 has an indirect band gap of 2.0-2.3 eV, with the appropriate band 

positions for spontaneous water reduction and oxidation reactions, whereas 

β-In2S3 can only be used as photoanodes rather than photocathodes because 

it is always an n-type semiconductor.2 Compared to the semiconductor 

materials that have been widely used for PEC photoanodes such as TiO2, WO3, 

and BiVO4, β-In2S3 can absorb wider range of light up to 540-620 nm. Since 

the position of ECB is relatively negative, it is feasible to construct type Ⅱ 

heterostructures with various materials.34 Furthermore, its band gap can be 

adjusted through the quantum confinement effect owing to the large exciton 

Bohr diameter of 33.8 nm.2 

The high absorption coefficient, large photoelectric conversion yield, and 

high photoconductivity of In2S3 are attributed to the defects from indium 

vacancies in the crystal. Its high defect density induces a lot of imperfection 

states in the material. These trap states or intermediate band within the band 

gap allow the absorption of surplus energy of photo-excited electrons and 

holes and the excitation of another charge carriers as well as the absorption 

of lower-energy photons.35 Also, the defect structure of β-In2S3 can generate 

distorted electric field, resulting in effective charge separation.13, 33 

There are some reports that β-In2S3 with cubic structure is beneficial for 

photocatalytic reaction because of the disordered indium vacancies.32, 34 Fu et 

al. proposed that sulfur-bridged indium ions in In2S3 crystal structure offer as 
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charge transport pathways of charge carriers to move from the interior of the 

material to the surface.32 Unfortunately, the ordered vacancies in the 

tetragonal structure of β-In2S3 might depress the transport efficiency resulting 

in the recombination before the photo-excited charge carriers reach to the 

surface for water oxidation. Meanwhile, the cubic structured β-In2S3 with 

disordered vacancies would not provide this type of defects. 

 

3.1.3. Limitations of In2S3 as Photoelectrodes 

Metal sulfides, however, usually suffer from photocorrosion in aqueous 

solution during the photocatalytic reaction.19 On the surface of metal sulfides 

under illumination, sluggish oxidation reaction occurs and the photo-

generated holes transported to the surface of the material are accumulated. 

These accumulated holes weaken the In-S bond or attack S2- ions and then 

oxidize the surface of material rather than water molecules inducing the 

decomposition of sulfide materials into soluble sulfates.33, 36-37 Besides, the 

photo-induced ions can be adsorbed on the surface occupying the active sites 

and shielding the light absorption.19 Because of its photo-corrosive property, 

numerous efforts have been devoted for In2S3-based applications to prevent 

the undesired degradation. For example, nickel oxide hydroxide (NiOOH) co-

catalyst was attached to CdS/In2S3 photoanodes to avoid direct contact 

between electrolyte and the photoanodes and to promote oxygen production 
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with accumulated holes on the surface of sulfides.38 Also, controlling 

nanostructures of In2S3-based heterojunction helped to consume photoexcited 

holes efficiently.33 As a result, the photoanodes with adjusted amount of In2S3 

showed much better photostability. 

Furthermore, for sufficient light absorption, porous 1D to 3D nanostructures 

vertically grown on a substrate such as nanorods, nanotubes, nanoplates, and 

nanotrees with thickness of several micrometers are usually required.39-40 

However, it is hard to form these nanostructures by In2S3 itself. To achieve 

those nanostructures with extensive active area and sufficient amount of the 

material, the supporting nanostructures of other materials should be used 

additionally.33 Otherwise, the bulk In2S3 film with the thickness of several 

micrometers would cause the recombination of photo-generated electrons and 

holes before the charge carriers reach to the surface of each electrodes for 

water redox reaction. Accordingly, there are various strategies to overcome 

these limitations of In2S3 as photoanodes including nanostructure 

morphology control, constructing type Ⅱ heterojunction, surface passivation, 

deposition of co-catalyst, and metal ion doping. Herein, the PEC properties 

of In2S3 was improved by constructing type Ⅱ heterostructures with vertically 

grown In2O3 nanorods on the substrates. The heteronanostructures with large 

surface area provide the photoactive sites for water splitting and facilitate the 

light absorption and charge separation of photo-generated electrons and 
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holes.41 Additionally, cobalt ions were doped into In2S3 for further 

improvement. The charge transfer efficiency and light absorption were 

enhanced by increased surface area and carrier density. We believe that our 

study on the integration of several strategies for efficient PEC water splitting 

using In2S3 would provide the motivation to researchers for further 

improvement of In2S3-based photoanodes, which has not been explored 

considerably. 

 

3.3. Experimental Details 

3.3.1. Preparation of In2O3 Nanorods 

In2O3 nanorods were synthesized by glancing angle deposition (GLAD) on a 

fluorine doped tin oxide (FTO) substrate. In2O3 powder (Kojundo Co.) was 

poured in a carbon crucible and placed in the e-beam evaporator. Prior to the 

In2O3 nanorods deposition, a thin In2O3 film (~50 nm) was deposited to 

improve the adhesion between the substrate and the nanostructures. The 

substrate was continuously rotated at speed of 80 rpm during the deposition 

with the glancing angle of 85 ˚ to form In2O3 nanorod arrays. The pressure in 

the chamber was maintained under 4.0×10−5 Torr. The as-deposited samples 

were transformed to crystalline phase by annealing at 500 °C for 2 h in air. 

GLAD technique enables the thickness and morphology control of 

nanostructures with high reproducibility. Moreover, GLAD with a constant 

https://www.sciencedirect.com/topics/engineering/crystalline-phase
https://www.sciencedirect.com/topics/engineering/reproducibility
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rotation speed results in the formation of well-separated and vertically aligned 

In2O3 nanorods. 

 

3.3.2. Preparation of In2O3/In2S3 and In2O3/Co Doped In2S3 

Heterostructures 

Indium chloride (InCl3, 0.015 M), 250 mg of thioacetamide, and 700 mg of 

citric acid were dissolved in 50 ml of distilled (DI) water. The citric acid was 

used as a complexing agent to compress the activity of indium (In) ions and 

adjust the pH of the reaction solution.42 The In2O3 nanorods coated FTO 

substrates were dipped in the InCl3 precursor solution at 80 °C for 1 h under 

vigorous stirring condition. The samples were taken out from the beaker, 

washed with distilled water to remove excess material on the surface, and then 

dried at 60 °C overnight in air. Co-doped In2S3 layer was synthesized on In2O3 

nanorods by following the same procedure with addition of different mol% 

(3, 5, and 7%) of cobalt chloride. 

 

3.3.3. Characterization 

The morphology of pristine In2O3 nanorods and the 

In2O3/In2S3 heterojunction nanostructures was investigated by a field-

emission scanning electron microscope (FESEM, Zeiss, MERLIN Compact). 

Transmission electron microscope (TEM, JEOL JEM 3000F) analysis was 
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conducted to characterize the nanostructures of In2O3/Co-

In2S3 heterojunctions. The crystalline phase of pristine In2O3, In2O3/In2S3, 

and In2O3/Co-In2S3 nanorods was determined by X-ray diffractometry (XRD, 

Bruker, D8-ADVANCE). The transmittance (T) and reflectance (R) of In2O3, 

In2O3/In2S3, and In2O3/Co-In2S3 nanorods were determined by UV−vis 

characterization to calculate absorptance (1-T-R). 

 

3.3.4. PEC Measurement 

All the PEC data was collected by a potentiostat (Ivium Technologies, Nstat) 

using a three-electrode system. The prepared sample was used as the working 

electrode, Ag/AgCl/saturated KCl as the reference electrode, and a Pt wire as 

the counter electrode. The potentials versus Ag/AgCl were converted to the 

RHE using the Nernst relation: ERHE = EAg/AgCl
0 + EAg/AgCl + 0.059 × pH, 

where ERHE is the converted potential versus RHE, the reference potential of 

Ag/AgCl, EAg/AgCl
0, is 0.198 V, and EAg/AgCl is the measured potentials against 

RHE and Ag/AgCl. For the electrolyte, 0.5 M Na2SO4 solution was used. 

Linear sweep voltammetry (LSV) measurements were performed at a scan 

rate of 10 mV/s under AM 1.5G simulated solar light illumination which was 

calibrated to 1 sun (100 mW/cm2) using the reference cell. Electrochemical 

impedance spectroscopy (EIS) spectra were collected in the same three-

electrode system sweeping 100 kHz to 0.1 Hz with an ac amplitude of 10 mV 
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and fitted using the ZsimpWin software. The LSV measurement in 0.5 M 

Na2SO4 with 0.5 M Na2SO3 as hole scavenger were conducted to calculate 

the charge transfer efficiency (ηtrans) at the electrode/electrolyte interface: 

𝐽𝐻2𝑂 = 𝐽𝑚𝑎𝑥 × 𝜂𝑎𝑏𝑠 × 𝜂𝑡𝑟𝑎𝑛𝑠 × 𝜂𝑠𝑒𝑝 

𝐽𝑁𝑎2𝑆𝑂3 = 𝐽𝑚𝑎𝑥 × 𝜂𝑎𝑏𝑠 × 𝜂𝑠𝑒𝑝 

where 𝐽𝐻2𝑂 is the measured photocurrent density for water oxidation, 𝐽𝑚𝑎𝑥 

is the theoretical maximum photocurrent, and 𝜂𝑎𝑏𝑠  is the light absorption 

efficiency. Assuming that the charge transfer efficiency is 100% in the 

Na2SO3 solution, we can calculate the charge transfer efficiency at the 

semiconductor/electrolyte interface by dividing the photocurrent density for 

water oxidation by that for sulfite oxidation. 
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Figure 3.1 Top and cross-section SEM images of pristine In2O3 and 

In2O3/In2S3 heterostructures grown on the FTO substrates. 
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3.4. Results and Discussion 

In2O3 nanorods as the supporting nanostructures for outer In2S3 layer were 

formed by GLAD technique on FTO substrates. GLAD is a facile thermal 

evaporation method to deposit columnar nanostructures with almost no 

restriction on materials. The substrate is placed at a large tilted angle against 

the incident vapor flux with continuous rotation. The material forms uniform 

nanorods rather than compact thin film owing to the shadowing effect.43 As 

the atoms are evaporated and nucleate on the substrate, vapor cannot reach to 

the region behind the nucleus and can only be deposited on the islands to grow 

columnar structure. This self-assembly growth mechanism enables facile one-

step fabrication of nano-column array. By changing the tilting angle and the 

deposition time, the porosity and thickness of the nanostructures can be 

controlled, respectively.44 The In2O3 nanorods were deposited at glancing 

angle of 85˚ to obtain porous structure. Figure 3.1a and c shows the SEM 

images of vertically grown In2O3 nanorods on a FTO substrate. To improve 

the adhesion between In2O3 nanorods and FTO substrate, the thin In2O3 film 

was deposited at the first stage of the deposition. This thin layer that covers 

the entire surface of FTO with the thickness of 50 nm also prevent charge loss 

at the interface of FTO glass/electrolyte by avoiding electron back injection 

into electrolyte and reducing interfacial recombination.45 In2O3/In2S3 

heterostructures were synthesized by depositing In2S3 layer by CBD method 
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on the vertically grown In2O3 nanorods as shown in Figure 3.1b and d. In2S3 

was conformally coated on the surface of In2O3 nanorods. Chemical bath 

deposition (CBD) is one of the most frequently used methods to synthesize 

uniform In2S3 layer on plain substrates and nanostructures. CBD method 

enables uniform thin film deposition with high quality by uniform intermixing 

and heating of bath solution.21 Also, the stoichiometry of the film can be 

controlled by reactive concentrations.46 In a synthesis process, InCl3, 

thioacetamide, and citric acid were used as indium source, sulfur source, and 

a complexing agent, respectively. The citric acid reduces the activity of In 

ions and adjust the pH of the solution.46 In the mixed solution of InCl3 and 

thioacetamide (TA), In3+ ions that are released slowly from InCl3 form a 

variety of complexes. As the reaction temperature increases, TA is 

hydrolyzed into hydrogen sulfide (H2S) and then ionized to S2-. 

Simultaneously, the complexes are hydrolyzed into In3+ ions. Finally, S2- and 

In3+ are connected to form In2S3 nanocrystals.47 

XRD patterns of pristine In2O3 and In2O3/In2S3 heterostructure are shown in 

Figure 3.2a. Several shape peaks were observed at 2θ=22.5˚, 30.6˚, 35.6˚, 

47.3˚, 51.1˚, and 60.9˚ corresponding to (211), (222), (400), (431), (440), and 

(622) planes of cubic phase of In2O3, respectively (JCPDS 06-0416) in both 

pristine In2O3 and In2O3/In2S3 samples. The diffraction peaks at 27.5˚ and 

47.9˚ correspond to (311) and (440) plane of cubic β-In2S3 (JCPDS 32-0456), 
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respectively. It is known that the cubic structured β-In2S3 with disordered 

vacancies is beneficial for photoelectrodes as mentioned above. 

The linear sweep voltammetry curves of pristine In2S3, pristine In2O3, and 

In2O3/In2S3 nanostructures photoanodes were measured as shown in Figure 

3.2b. The photocurrent densities of pristine In2O3 and pristine In2S3 are 

negligible under 0.8 V vs. RHE. On the other hand, the In2O3/In2S3 

heterostructures exhibited the considerable cathodic onset potential shift as 

well as the increased photocurrent density compared to those pristine samples 

in 0.5 M Na2SO4 solution under illumination. This result is attributed to the 

narrow band gap of In2S3 and the construction of heterostructures that 

facilitates the charge separation within the electrodes. The inset in Figure 3.2b 

shows the photograph of synthesized pristine In2S3, In2O3, and In2O3/In2S3 

nanostructures on FTO substrates. Corresponding to the previous reports, the 

color of In2S3 is orange with band gap of 2.0-2.3 eV,48 where In2O3 reflects 

most of the visible light appearing almost white color. 
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Figure 3.2 (a) X-ray diffraction patterns of pristine In2O3 and In2O3/In2S3 

photoanodes. (b) Linear sweep voltammograms of pristine In2O3, pristine 

In2S3, and In2O3/In2S3. Inset shows the photograph of pristine In2O3, pristine 

In2S3, and In2O3/In2S3 
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To improve the PEC properties of the photoanodes, Co doping was conducted 

into the In2S3 layer. By simply adding proper amount of CoCl2 precursor as 

Co source in the CBD reaction solution, Co ions were doped into In2S3. In the 

defect spinel lattice structure of β-In2S3, twelve tetrahedral sites are composed 

of eight occupied sites by In3+ ions and four empty sites.1 Owing to the natural 

empty sites in its lattice, foreign metal ions can easily doped into β-In2S3 at 

low synthesis temperatures.49 TEM image of a single In2O3/In2S3 nanorod, 

and its high-resolution TEM and selected area diffraction pattern are shown 

in Figure 3.3. In2S3 layer were deposited with d-spacing of 0.39 nm, 

corresponding both to the (200) and (020) planes of cubic β-In2S3. Meanwhile, 

since the thickness of In2S3 layer on the In2O3 nanorods is over 100 nm, the 

signal from In2O3 could not be detected. Also, there were no other patterns 

except for In2S3, indicating Co2+ doping rather than the formation of CoS2. 

The existence of Co in the In2O3/In2S3 heterostructures was demonstrated by 

the elemental mapping. Figure 3.4 shows the TEM Energy-dispersive X-ray 

spectroscopy (EDS) elemental maps of a single In2O3/Co-In2S3 nanorod. 

According to Figure 3.4d and e, In2S3 layer coated the In2O3 nanorod 

conformally and Co ions were also distributed uniformly in the In2S3 crystal 

structure. 

  



101 

 

  

Figure 3.3 (a) TEM image of a single In2O3/Co-In2S3 nanorod. (b) High-

resolution TEM and (c) selected area diffraction pattern showing crystalline 

plane of (200) and (020) of cubic β-In2S3. 
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Figure 3.4 (a) TEM image of a single In2O3/Co-In2S3 nanorod and 

corresponding EDS element maps of (b) In, (c) O, (d) S, and (e) Co 

respectively. 
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PEC measurements were conducted to compare the In2O3/In2S3 (IO/IS) 

photoanode and Co-doped In2O3/In2S3 (IO/Co-IS) in 0.5 M Na2SO4 solution 

under illumination. Figure 3.5a shows chopped linear sweep voltammograms 

of photoanodes with different amount of Co precursor in the reaction solution 

(3, 5, and 7 mol%). All of the doped samples showed the higher photocurrent 

density in the entire range of the applied voltages compared to the IO/IS. The 

photocurrent density of IO/Co-IS with 5 mol% of the precursor was 0.16 

mA/cm2 at 1.23 V vs. RHE which is 2.08 times and 1.26 times higher than 

that of pristine In2O3 and as-prepared In2O3/In2S3, respectively. EIS spectra 

were collected in a frequency range of 100 KHz to 0.1 Hz with amplitude of 

10 mV at 0.6 V vs. Ag/AgCl. The smaller diameter of arc for all IO/Co-IS 

nanostructures compared to that for IO/IS in the Nyquist plot (Figure 3.5b) 

indicates charge transfer resistance of the doped heterojunction photoanodes 

was decreased.2, 50-51 
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Figure 3.5 (a) Linear sweep voltammograms of pristine In2O3, pristine In2S3, 

In2O3/In2S3, and In2O3/Co-In2S3 with different amount of Co precursor 

concentration and (b) electrochemical impedance spectra of In2O3/In2S3, and 

In2O3/Co-In2S3 with different amount of Co precursor concentration in 0.5 M 

Na2SO4 solution under illumination. 
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Figure 3.6 (a) Absorptance spectra of pristine In2O3, In2O3/In2S3, and 

In2O3/Co-In2S3 with different amount of Co precursor concentration. (b) 

Charge transfer efficiency of In2O3/In2S3 and In2O3/Co-In2S3 with different 

amount of Co precursor concentration that was calculated by LSV data with 

and without using hole scavenger. 
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To further investigate the charge transfer property of the photoanodes, the 

charge transfer efficiency (ηtrans) was calculated by dividing the photocurrent 

density for water oxidation in Na2SO4 solution by that for sulfite oxidation in 

Na2SO4/Na2SO3 mixed solution (ηtrans = JH2O/JNa2SO3). As shown in Figure 

3.6a, the charge transfer efficiency of IO/Co-IS with 3 and 5 mol% was 

increased in the entire range of the applied voltages compared to that of IO/IS. 

According to the previous report, the surface area could be increased by 

doping Co into In2S3 nanocrystal.1 Thus, as the surface area increases by Co 

doping, the active sites were also increased for water oxidation, increasing 

the charge transfer efficiency. On the other hand, it is shown that IO/Co-IS 

with additional Co precursor over 5 mol% rather degraded the charge transfer 

property. That is, the excessive active sites came to be the recombination sites, 

hindering the charge transfer process. 

The absorptance spectra of the prepared samples were collected by UV-vis 

transmission (T) and reflectance (R) spectroscopy (1-T-R). The absorption 

edge of the pristine In2O3 photoanode was observed around 440 nm which 

corresponds to the band gap of In2O3. After constructing IO/IS 

heterostructures, the absorption edge was shifted positively indicating larger 

range of light including visible light can be harvested owing to the narrow 

band gap of In2S3. Interestingly, the absorptance was increased by Co doping 

into In2S3 in the same range of wavelength. The improvement on light 
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harvesting by doping can be explained by increase of the surface area for 

efficient light absorption, which should be further demonstrated. To sum up, 

doping foreign metal ions into β-In2S3 enhanced PEC properties owing to the 

enlarged surface area and increased carrier density. 

 

3.5. Conclusions 

In summary, we have successfully synthesized In2O3/In2S3 

heteronanostructures on FTO substrate by GLAD and CBD methods. The 

photocurrent density of In2S3 was enhanced by constructing type Ⅱ 

heterojunction and nanostructuring. Also, onset potential was shifted 

indicating the availability of low cost hydrogen production. Furthermore, 

doping Co ions into In2S3 by a facile CBD process increased surface area and 

carrier density resulting in the enhanced charge transfer and light harvest 

ability. Further investigation on specific surface area and charge carrier 

density should be done. However, we demonstrated that doping Co into In2S3 

accelerated the charge transfer at the interface of electrode/electrolyte 

preventing the photocorrosion by hole accumulation on the surface of In2S3. 
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4. Conclusions 

As the demand for sustainable energy increases, PEC water splitting using 

semiconductor materials has been extensively researched recently. This thesis 

covers the overall introduction of PEC water splitting including several 

critical factors that affect the PEC properties, several requirements for the 

semiconductor materials to be used as photoelectrodes and their limitations, 

and various strategies to overcome those limits and further enhance PEC 

properties. 

First, all-solution-process was adopted to synthesis WO3/BiVO4 core-shell 

heteronanostructures. WO3 nanorods were vertically grown on FTO 

substrates by facile hydrothermal method without seed layer. After that, 

pulsed-electrodeposition was performed to coat BiVO4 conformally on the 

WO3 nanorods array resulting in the formation of the WO3/BiVO4 core-shell 

nanostructures. The optimized photoanode showed the high photocurrent 

density of 4.15 mA/cm2 which is double that of pristine WO3 nanorods. This 

is attributed to the increased charge transport efficiency by constructing type 

Ⅱ heterojunction. Also, the photostability was far enhanced owing to the core-

shell nanostructures. 

Next, β-In2S3-based photoanodes were fabricated and studied. To achieve the 

large-area-film of In2S3, In2O3 nanorods were deposited by GLAD on FTO 

substrate first. After that, In2S3 conformal layer was deposited by CBD on the 
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In2O3 nanorods. Owing to the narrow band gap of In2S3, the on-set potential 

was negatively shifted. Also, the photocurrent density was enhanced due to 

the formation of heterojunction. To further improve the photostability, Co 

doping was successfully done by simply putting Co source in the CBD 

reaction solution. After Co doping, light harvesting was far improved and the 

charge transfer efficiency was increased, resulting in the higher photocurrent 

density. 

In conclusion, since narrow-gap materials can harvest much more light but 

often suffer from photocorrosion and sluggish kinetics, some efforts should 

be contributed to overcome limitations and utilize them as photoanodes. 

Especially, nanostructuring and constructing type Ⅱ heterostructures are 

essential for all semiconductor materials to achieve high photocurrent. 

Additionally, doping metal element would have an influence on light 

harvesting efficiency and charge transfer efficiency. By combining several 

strategies properly, the sustainable PEC water splitting technique would 

alternate the conventional energy production. 
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Abstract (in Korean)  

 

고효율 물분해 광전극 개발을 위한 

금속 산화물 반도체 이종접합 나노구조체 합성 및 광전기화학적 특성 연구 

 

전 세계의 에너지소비량이 증가함에 따라 지속 가능하고 친환경적인 에너지 

개발 기술이 중요한 이슈로 떠오르고 있다. 광전기화학 물분해 기술은 

태양에너지를 화학에너지로 직접 변환하는 기술로써 기존의 화석 연료를 

대체할 수 있는 전도유망한 기술이다. 반도체 물질을 사용하여 효율적이고 

안정한 물분해 광전극을 만들기 위해 수많은 노력이 있어왔지만 아직까지 

이론값보다는 현저하게 낮은 에너지 변환 효율을 나타내고 있다. 따라서 

기존에 널리 사용되었던 화석에너지를 대체하기 위해서는 더 많은 노력이 

필요하다. 

이 학위논문은 물분해 광전극에 대한 기초적인 이론을 소개하고 반도체 

물질을 이용하여 효율적인 물분해 광전극을 제조하기 위한 여러가지 시도에 

대한 이야기를 다룬다. 특히, 물의 산화 반응 속도가 전체 물분해 반응의 

특성을 결정하기 때문에 산화 전극의 개발에 대해 논할 것이다. 먼저 제 
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1 장에서는 광전기화학 물분해 기술의 원리에 대해 설명하고 반도체 물질의 

한계점을 극복하는 여러가지 방법에 대해 소개한다. 이종접합구조의 형성과 

나노구조 제어는 효율적인 광전극을 제조하는데 있어서 가장 중요하고 

필수적인 방법이다. 추가적으로 표면 안정화와 광촉매, 금속 이온 도핑 또한 

광특성을 향상시키기에 효과적인 방법이다. 

제 2 장에서는 전용액공정을 통한 WO3/BiVO4 이종접합 나노구조의 합성에 

대해 소개한다. 지속 가능한 에너지 개발의 궁극적인 목표를 달성하기 위해 

전극 제조과정 또한 지속 가능한 전용액공정을 통해 광전극을 개발하였다. 

수열합성법을 이용하여 WO3 나노막대를 FTO 기판에 수직으로 자라게 

하였다. 여기에 펄스 기반의 전착법을 통해 BiVO4 박막을 균일하게 

코팅하였다. 최적화 된 샘플의 경우 WO3 단일 물질 전극과 비교하여 두 배 

이상의 전류 밀도를 보였으며 광 안정성도 눈에 띄게 증가하였다. 이러한 

물분해 특성의 향상은 제조된 나노구조가 core-shell 구조를 나타내기 

때문이라고 할 수 있다. 펄스 기반의 전착법을 통해 아주 얇고 균일한 

BiVO4 박막을 WO3 나노막대 위에 코팅함으로써 전극과 전해질의 

계면에서의 전하 전달 특성과 전극 물질 내의 전하 분리가 용이해졌다. 또한 

core-shell 나노구조로 인해 일반적인 BiVO4 기반 광전극과 다르게 
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전면에서 빛을 비추었을 때의 전류밀도가 더 높아 상용화 가능성이 더욱 

높아졌다. 

제 3 장에서는 베타 상의 입방체 In2S3 기반 광전극을 소개한다. In2S3 는 약 

2.1 eV 의 밴드갭을 가진다. In2S3 의 특이한 결정구조로 인해 생기는 

여러가지 이점 덕분에 광반응 물질로써 최근 재조명되었다. In2S3 기반 

광전극의 광전기화학 특성을 향상시키기위해 여러가지 방법을 결합해보았다. 

먼저 glancing angle deposition을 통해 In2O3 나노막대를 만들고 그 위에 

화학용액증착법을 통해 In2S3 박막을 합성하여 이종접합을 형성한 결과 

광전류밀도가 증가하였고 onset 전위가 낮아졌다. 여기에 코발트 전구체를 

반응 용액에 추가하여 화학용액증착법을 진행함으로써 In2S3 결정 내에 

코발트 이온을 도핑하였다. 도핑 농도를 조절하여 합성한 나노구조체는 빛 

흡수 효율과 전하 전달 효율이 증가하였고 이는 정공이 전극의 표면에 

쌓이는 것을 막아주기 때문에 In2S3기반 광전극의 광전류밀도 뿐만 아니라 광 

안정성까지도 증가하였다. 

 

키워드: 광전기화학, 물분해, 이종접합구조, Core-shell, 광안정성 


	Chapter 1
	Photoelectrochemical Water Splitting
	1.1. Introduction
	1.2. PEC Water Splitting
	1.2.1. Principles of PEC Water Splitting
	1.2.2. Determining Factors for PEC Water Splitting Efficiencies

	1.3. Semiconductor Materials for Solar Water Splitting
	1.3.1. Band-Edge Positions
	1.3.2. Narrow-Gap Materials and Corrosion Level

	1.4. Various Strategies to Enhance PEC Properties of In2S3
	1.4.1. Nanostructure Morphology Control
	1.4.2. Heterostructures
	1.4.3. Co-catalysts
	1.4.4. Surface Modification and Passivation
	1.4.5. Doping

	1.5. Scope and Objectives of the Thesis
	1.6. References

	Chapter 2
	All-Solution-Processed WO3/BiVO4 CoreShell Nanorod Arrays for Highly Stable Photoanodes
	2.1. Introduction
	2.2. Experimental Details
	2.2.1. Synthesis of the WO3 Nanorod Array
	2.2.2. Preparation of WO3/BiVO4 Heterojunction Photoanodes
	2.2.3. Material Characterization
	2.2.4. PEC Measurements

	2.3. Results and discussion
	2.4. Conclusions
	2.5. References

	Chapter 3
	Co-doped In2S3/In2O3 Photoanodes for Efficient Photoelectrochemical Water Splitting
	3.1. Introduction
	3.1.1. Crystal Structures of In2S3
	3.1.2. In2S3: Promising Material for Photoelectrodes
	3.1.3. Limitations of In2S3 as Photoelectrodes

	3.3. Experimental Details
	3.3.1. Preparation of In2O3 Nanorods
	3.3.2. Preparation of In2O3/In2S3 and In2O3/Co Doped In2S3 Heterostructures
	3.3.3. Characterization
	3.3.4. PEC Measurement

	3.4. Results and Discussion
	3.5. Conclusions
	3.6. References

	4. Conclusions
	Abstract (in Korean)


<startpage>4
Chapter 1 14
Photoelectrochemical Water Splitting 14
 1.1. Introduction 15
 1.2. PEC Water Splitting 16
  1.2.1. Principles of PEC Water Splitting 17
  1.2.2. Determining Factors for PEC Water Splitting Efficiencies 21
 1.3. Semiconductor Materials for Solar Water Splitting 22
  1.3.1. Band-Edge Positions 22
  1.3.2. Narrow-Gap Materials and Corrosion Level 24
 1.4. Various Strategies to Enhance PEC Properties of In2S3 27
  1.4.1. Nanostructure Morphology Control 27
  1.4.2. Heterostructures 27
  1.4.3. Co-catalysts 28
  1.4.4. Surface Modification and Passivation 28
  1.4.5. Doping 28
 1.5. Scope and Objectives of the Thesis 29
 1.6. References 32
Chapter 2 35
All-Solution-Processed WO3/BiVO4 CoreShell Nanorod Arrays for Highly Stable Photoanodes 35
 2.1. Introduction 36
 2.2. Experimental Details 40
  2.2.1. Synthesis of the WO3 Nanorod Array 40
  2.2.2. Preparation of WO3/BiVO4 Heterojunction Photoanodes 41
  2.2.3. Material Characterization 41
  2.2.4. PEC Measurements 42
 2.3. Results and discussion 44
 2.4. Conclusions 71
 2.5. References 72
Chapter 3 84
Co-doped In2S3/In2O3 Photoanodes for Efficient Photoelectrochemical Water Splitting 84
 3.1. Introduction 85
  3.1.1. Crystal Structures of In2S3 86
  3.1.2. In2S3: Promising Material for Photoelectrodes 87
  3.1.3. Limitations of In2S3 as Photoelectrodes 89
 3.3. Experimental Details 91
  3.3.1. Preparation of In2O3 Nanorods 91
  3.3.2. Preparation of In2O3/In2S3 and In2O3/Co Doped In2S3 Heterostructures 92
  3.3.3. Characterization 92
  3.3.4. PEC Measurement 93
 3.4. Results and Discussion 96
 3.5. Conclusions 107
 3.6. References 108
4. Conclusions 118
Abstract (in Korean) 120
</body>

