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Abstract 

 

Widespread application of solar water splitting for energy conversion is 

largely dependent on the progress in developing not only efficient but also 

cheap and scalable photoelectrodes. Metal oxides, which can be synthesized 

with scalable technique such as electrochemical deposition are promising 

candidate for efficient photoelectrodes. Among the various metal oxides, 

Bismuth vanadate (BiVO4) has become a hot topic for solar hydrogen 

generation by water oxidation due to its appropriate band edges, and narrow 

band gap. However, the actual conversion efficiency achieved with BiVO4-

based photoanodes is considerably less than the theoretical values because of 

drawbacks such as poor electron transportation and slow kinetics of oxygen 

evolution reaction. In this respect, diverse engineering strategies such as 

formation of nanostructured heterojunctions, development of efficient 

cocatalyst and plasmonic nanoparticles are considered to have a marked effect 

in terms of improving the photoactivities of BiVO4 photoanodes. Since it is 

possible to increase light absorption, enhance the charge transfer at the 

interface and overcome sluggish oxygen evolution reaction significantly.  

This thesis proposes the breakthroughs to overcome aforementioned 

limitations of BiVO4 for PEC water splitting. There are four major strategies 
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were conducted to accomplish PEC efficiency near theoretical value of 

BiVO4 for practical issue. 

The first and second chapters are introduction of nanostructured 

heterojunction to improve light absorption and charge transfer efficiencies.      

The first study reports the synthesis and photoelectrochemical (PEC) 

properties of various BiVO4-based heterojunction anodes based on 

stoichiometric BiVO4 by pulsed electrodeposition. Among various metal 

oxides, WO3 is the optimum bottom layer for a formation of the type II band 

system with BiVO4. And this study revealed that the photocurrent density of 

bare WO3 nanorods can be changed drastically by controlling the porosity and 

aspect ratio, and thus BiVO4/WO3 heterojunction anodes show as similar 

tendency to bare WO3 nanorods. Under the optimum conditions, a 

BiVO4/WO3 heterojunction anode can lead to a high photocurrent density of 

4.55 mA/cm2 and an incident photon to current conversion efficiency of 80% 

at 1.23 V versus a reversible hydrogen electrode (RHE) without additional 

catalyst. Cross-sectional transmission electron microscopy shows that dot-

like BiVO4 is well decorated on the entire surface of WO3 nanorods. This 

systematic study provides a viewpoint on the crucial role of the active area of 

the bottom layer for high-performance BiVO4-based type II heterojunction 

photoanodes, and the proposed concept is applicable to various 
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photoelectrode systems. 

The second study handles the interface engineering between TiO2 and 

BiVO4, followed by the morphology control of TiO2. The proper choice of 

TiO2 as a bottom material has a crucial impact on determining the band 

structure of final architecture, and affect photoelectrochemical efficiencies 

(increased charge separation and prolonged life time). The enhanced 

photoactivities of BiVO4-based heterojunction anodes are attributed to the 

reduction of significant charge carrier recombination. The surface 

morphology and interface modulation of metal oxides as photoelectrodes 

enable to break new ground for development of low-cost, highly efficient 

solar energy conversion devices.  

The third is introduction of ligand engineered MnO cocatalyst to enhance 

charge transfer efficiency and surface reaction kinetics by controlling the 

band structure. The band edge positions of semiconductors determine 

functionality in solar water splitting. While ligand exchange is known to 

enable to modify the band structure, its crucial role in water splitting 

efficiency has not yet been fully understood. This study firstly demonstrate 

the ligand engineered manganese oxide Co-catalyst nanoparticles (MnO NPs) 

on BiVO4-based anodes, and achieve a remarkably enhanced photocurrent 

density of 6.25 mA/cm2. It is close to 85 % of the theoretical photocurrent 
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density (~ 7.5 mA/cm2) of BiVO4. Improved photoactivity is closely related 

to the substantial shifts in band edge energies that originate from both the 

induced dipole at the ligand/MnO interface and intrinsic dipole of the ligand. 

Combined spectroscopic analysis and electrochemical study reveal the clear 

relationship between the surface modification and the band edge positions for 

water oxidation. Proposed concept has considerable potential to explore new 

efficient solar water splitting system.  

The fourth is the study of plasmonic Au nanostructure/BiVO4 heterointe

rface to shows great promise in enhancing photoactivity of BiVO4. Pl

asmonic Au nanoparticles (NPs) have ability to confine light to the s

mall volume inside the semiconductor and modify the interfacial electr

onicband structure. While the shape control of Au nanoparticles (NPs) 

is crucial for moderate band gap semiconductors, because plasmonic r

esonance by interband excitations overlaps above the absorption edge 

of semiconductors, its critical role in water splitting has still not been 

fully understood. Thus, this study firstly reveal the plasmonic effects 

of shape-controlled Au NPS on BiVO4, and report a largely enhanced 

photoactivity of BiVO4 by introducing the octahedral Au NPs. The oct

ahedralAu NPs/BiVO4 achieves 2.4 mA/cm2 at the 1.23 V vs. RHE, 

which isthe 3-fold enhancement compared to BiVO4. It is the highest 
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value among the previously reported plasmonic Au NPs/BiVO4. Impro

ved photoactivity is attributed to the localized surface plasmon resona

nce; direct electron transfer (DET), plasmonic resonant energy transfer 

(PRET). The PRET can be stressed over DET when considering the 

moderate band gap semiconductor. Enhanced water oxidation induced 

by the shape-controlled Au NPs is applicable to moderate semiconduct

ors. 

In this thesis, devierse approaches such as nanostructure, heterojunct

ion,oxygen evolution catalyst and plasmonic nanoparticles are covered 

to make breakthrough for BiVO4-based PEC water splitting. This syste

matic study provides general strategy for enabling new active semicon

ductor photocatalyst and is applicable to solar water splitting system. 

Keyword: Metal Oxide, Photoelectrochemical water splitting, Bismuth 

vanadate, Heterojunction, Nanostructure, Catalyst, Electrodeposition 
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film and Au NPs/BiVO4 photoelectrode with extreme conditions. The solid 

line was fitted by the ZSimpWin software using the proposed equivalent 

circuit model. The inset shows equivalent circuits for various Au NPs/BiVO4 

photoelectrodes. (c) Amperometric current density-time profiles for BiVO4 
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film and octahedral Au NPs/BiVO4 photoelectrodes according to change of 

the dipping time. (d) Amperometric current density-time profiles for bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes according to change 

of the amount of the MPA solution. The EIS and J-t curves were measured at 

0.63 V (vs. Ag/AgCl) under simulated solar illumination in 0.5 M phosphate 

buffer with 1 M Na2SO3. 

Figure 5-12 Stability test of octahedral Au NPs/SiO2(1nm)/BiVO4 measured 

in 0.5 M phosphate buffer solution with 1M Na2O3 at 1.10 V vs. RHE. 

Figure 5-13 (a) and (b) Amperometric current density-time profiles for bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes at 1.23 V vs. RHE with 

the fluence of 10 mW/cm2 at 532 nm and 405 nm, respectively. (c) and (d) 

Absorption of the bare BiVO4 and octahedral Au NPs/BiVO4 films by 

estimating the transmission and reflection spectra using an integrating sphere 

(Absorbance = 1 – Transmittance – Reflectance) (e) IPCE spectra of bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes at 1.23 V vs. RHE. (f) 

IPCE Enhancement of octahedral Au NPs/BiVO4 photoelectrodes. 

Figure 5-14 Photovoltage gains of octahedral Au NPs/BiVO4 at (a) constant 

current of 500 µA under 405 nm, (b) constant current of 10 µA 405 nm under 

532 nm. 
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Figure 5-15 Schematic for the energy band diagram of the octahedral Au 

NPs/BiVO4 system to show that both DET and PRET mechanisms work in 

the system. 

Figure 5-16 IPCE spectra at 1.23 V vs. RHE. Octahedral Au NPs were 

decorated on 80-nm-thick TiO2 film. The vertical dotted line (--) indicates the 

band gap energy of TiO2. Inset indicates that the photocurrent enhancement 

for the visible light is below the noise level. 
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Chapter 1 

Photoelectrochemical water splitting: Basic principles and 

photoelectrode materials 
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1.1 Introduction 

In every aspect of our lives, we rely on fuels and chemicals, whose 

usefulness is typically exhausted once consumed. With the growing 

population and technological advances, this unidirectional flow of energy and 

matter has grown significantly to the extent that we face the threat of a dearth 

of supply and rising costs. For instance, energy consumption is expected to 

rise by 56 % worldwide by 2040 with close to 80 % provided by fossil fuels.[1-

3] Considering that our average standard of living is likely to rise continuously, 

we must seek a drastic change in this consumption–oriented trend to maintain 

the sustainability of our society. The challenge we face require an efficient 

method to convert raw materials into useful fuels and chemicals, to make the 

flow of energy and matter bidirectional, and help maintain a balance between 

production and consumption. 

 

1-1-1. Sustainable and Future energy sources 

The depletion of conventional fossil fuels and is insufficient to meet the 

energy requirements of an increasing population, which causes an intense 

strain on human existence and socially sustainable development. Thus, it is 

extremely urgent to search viable alternative renewable energy to replace 
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fossil fuel. Renewable energy sources include solar, wind, wave and biomass, 

in which solar energy possesses a theoretical potential of 1.2 X 105 TW, for 

more than other form of energy sources. Therefore, it can easily meet the 

world’s total energy consumption. However, solar energy has two serious 

disadvantages, i.e., low‐energy density, fluctuations with weather and hard to 

store for fairly long periods of time and distribute over long distances; 

therefore, technologies for the direct utilization of solar energy have been 

very limited.[2]  

 

1-1-2. From solar to fuel 

Since the solar electricity produced by photovoltaics is still very expensive 

and, the efficient and inexpensive conversion of solar energy into chemical 

energy such as hydrogen energy has been considered to be a highly desirable 

way to satisfy long-term energy needs and cost-effectiveness, as shown in 

Figurer 1-1and Table 1. Currently, the dominant hydrogen production method 

is a steam reforming, which uses fossil fuel and emits large amount of carbon 

dioxide.  

CH4 + H2O  CO + 3H2 (1) 

CO + H2O  CO2 + H2 (2) 
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Hydrogen has to be produced from water using natural energies such as 

sunlight if one thinks of energy and environmental issues. Therefore, 

achievement of solar hydrogen production from water has been urged. Some 

of carbon free hydrogen production methods are: (1) thermochemical water 

splitting which is mainly use nuclear energy, Figure 1-1. Some representative 

methods and energy source for hydrogen production. (2) Electrolysis water 

splitting, that use electricity from hydropower, wind and solar energy, (3) 

Photobiological and photoelectrochemical water splitting which use solar 

energy to split water into its constituent atom, hydrogen and oxygen. Among 

these carbon free hydrogen production methods the photoelectrochemical 

water splitting is considered as one of the potential future eco-friendly rout 

that could enable the production of hydrogen using water as reactant and solar 

energy as primary energy source.[4] 
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Figure 1-1 Sustainable paths to produce hydrogen. 
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1-2. Solar Water Splitting System 

The free energy change for the conversion of one molecule of H2O to H2 

and 1/2 O2 under standard conditions is ∆G = 237.2 kJ/mol, which 

corresponds to ∆E° = 1.23 eV per electron transfer according to the Nernst 

equation. To use semiconductors as photoelectrodes and drive this reaction 

with light, the semiconductor must absorb radiant light with photon energies 

of >1.23 eV (equal to wavelengths of ∼1000 nm and shorter, Band gap (eV) 

= 1240/λ (nm)) and convert the energy into H2 and O2. This process must 

generate two electron-hole pairs per molecule of H2 (2 × 1.23 eV = 2.46 eV) 

or four electron-hole pairs per molecule of O2 (4 × 1.23 eV = 4.92 eV). In the 

ideal case, a single semiconductor material having a band gap energy (Eg) 

large enough to split water, and having a conduction band-edge energy (ECB) 

and valence band-edge energy (EVB) that straddles the electrochemical 

potentials E° (H+/H2) and E° (O2/H2O), can drive the hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER) using electrons/holes 

generated under illumination.[5] The overall water splitting reaction is 

composed of two half-reaction, the HER and OER. Thermodynamically, the 

water splitting reaction is an uphill reaction because of a large positive change 

in Gibbs free energy (∆G = 237.2 kJ/mol). It is also known that the OER is 

an essential component of light-driven water splitting systems, which 
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provides protons and electrons for the production of hydrogen. The overall 

water splitting reaction is as follow.  

2H+ + 2e-  H2 (g) △E0 = - 0.41 V (1) 

2H2O (l)  O2 (g) + 4H+ + 4e- △E0 = + 0.82 V (2) 

H2O (l)  H2 (g) + 1/2O2 (g) 

△G0 = 237.2 kJ/m △E0 = 1.23 V (3) 

To carry out one or both reactions without recombination, photoinduced free 

charge carriers (electrons and holes) in the semiconductor must travel to a 

liquid junction, and must react only with solution species directly at the 

semiconductor surface. The electron-transfer processes at 

semiconductor/liquid junctions produce losses due to the concentration and 

kinetic overpotential needed to drive the HER and the OER. The energy 

required for photoelectrolysis at a semiconductor photoelectrode is therefore 

frequently reported as 1.6 - 2.4 eV per electron-hole pair generated, to account 

for these losses. The surface properties of these liquid/semiconductor 

interfaces, and how these properties affect the energetics of photoelectrolysis, 

will be explored further in section 3. The practical need for 1.6 - 2.4 eV to 

effectively drive water splitting motivates the use of multiple semiconductors 

with different energy gaps.[5] 
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Figure 1-2 Oxygen and hydrogen evolution reaction (OER and HER) for 

overall water splitting. 
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1-2-1. Fundamental principle of PEC water splitting cell 

 

The photoelectrochemical method for water splitting, as described in 

Figure 1-3, involves two electrodes, the anode and cathode. The anode is the 

photoactive material (or semiconducting material)-based electrode, which is 

irradiated by a solar light during water splitting. The cathode is the counter 

electrode – also called an auxiliary electrode – although it is not irradiated by 

light.[3,6] The semiconducting photoelectrodes are divided into n-type and p-

type semiconductor hereafter it will be known as photoanode and 

photocathode, respectively. When a photoelectrode is immersed into an 

Figure 1-3. Principle and mechanism of solar water splitting based on n-type 

semiconductor. 
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electrolyte solution, electron transfer takes place between the electrode and 

electrolyte solution so that Fermi level is equilibrated with the redox potential 

of electrolyte solution. The electrolyte accepts (donates) electrons from (to) 

the photoelectrode when Fermi level of the semiconductor is more negative 

(positive) than the reduction potential of the electrolyte solution. The density 

of charge carriers in a semiconductor is finite comparing to the density of state 

in the electrolyte and the potentials of the band positions at the interfaces in 

the given pH assumed to be pinned; therefore, the electron transfer between 

the photoelectrode and electrolyte result in a band bending due to the internal 

electric field. The electric field induced by the space charge layer plays an 

important role in charge separation. Consequently, the Fermi level is 

equilibrated with the redox potential of the electrolyte as shown in Figure 1-

4.[3] In the photoanode, the photoexcited holes migrate to the semiconductor 

/electrolyte interface and are consumed in oxidation reaction. At the same 

time, electrons are transferred to a counter electrode via back contact through 

an external circuit and used in reduction reaction. The top of the valence band 

must be more positive than the oxygen evolution potential to allow a 

photoanode to generate oxygen. Likewise, in the photocathode for hydrogen 

evolution, the photogenerated electrons move to the 

semiconductor/electrolyte interface and reduce the adsorbed hydrogen ion 
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(H+) while holes are transport to the counter electrode via back contact 

through an external circuit and oxidized the OH– or H2O. For instance, PEC 

reactions on photoelectrodes are driven by the photogenerated minority 

carriers in both cases. The potential of electrons on the counter electrode is 

identical to the Fermi level of the photoelectrode under photoexcitation. An 

external voltage can be applied to between a photoelectrode and a counter 

electrode to compensate for the potential deficiency in order to drive redox 

reactions on a counter electrode even if the Fermi level of the photoelectrode 

is positioned at an undesirable potential. In such a case, the external power 

input, which is the product of the current and the applied voltage, should be 

subtracted from the energy output when the energy conversion efficiency is 

considered. [3] Alternatively, a photoanode and photocathode can be 

connected in tandem as in Z-scheme water splitting. In a tandem 

configuration visible light can be utilize more efficiently than in the 

conventional water splitting systems. 
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As shown in Figure 1-3, there are three major processes that are involved 

in a complete PEC water splitting reaction. The first process is light 

absorption from a calibrated light source (e.g. simulated one sun irradiation, 

100 mW/cm2) by the semiconducting photoelectrodes, usually with an n-type 

semiconductor as the anode and p-type semiconductor as the cathode. When 

a semiconductor absorbs photons energy with higher than its bandgap energy, 

electron an hole pairs are generated in the conduction and valence bands, 

respectively. The valence band potential must be more positive than the 

O2/H2O redox potential of 1.23 V vs NHE (pH = 0) to permit water oxidation, 

while the conduction band must be more negative than the H+/H2 redox 

potential of 0 V vs. NHE to carry out the water reduction. Thus, the additional 

is required due to the energy losses associated with the photoexcited holes 

Figure 1-4 The band energetics an n-type semiconductor/electrolyte contact 

showing the relationships between the electrolyte redox couple, the helmholtz  

layer potential drop (VH), and the semiconductor work function, the 

electrolyte work function, the electron quasi-Fermi level and hole quasi-level 

in three cases.[3]  
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passing through the space charge region and electrons transferring through 

the external circuit to the counter electrode. The second process is the 

separation and transportation of photogenerated charge carriers to the 

electrolyte/electrode interfaces and to the back contact. During these process, 

photogenerated electrons and holes can either recombine in the bulk or at the 

surface, and thus both efficient separation and high mobility of charge carriers 

are desirable. The last process is the surface reaction where the redox 

reactions for water splitting occur. These three processes are closely related 

to the concluding the PEC efficiency, as illustrated in the next section.[3,5,7] 

 

1-2-2. Efficiencies for PEC water splitting cells 

PEC activity for water splitting can be directly evaluated by the hydrogen 

and oxygen evolution rate and photocurrent density, respectively. For PEC 

system, the applied potential, wavelength and intensity of incident light 

should also be provided when performing an evaluation of activity. However, 

gas evolution rate and photocurrent density are strongly dependent on the 

detailed experimental procedure and conditions. Thus, four primary measures 

of efficiency are used, as follows. [3,5,7] 

● Benchmark efficiency (suitable for mainstream reporting of stand-alone 
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water splitting capability) 

- Solar-to-hydrogen conversion efficiency (STH)  

● Diagnostic efficiencies (to characterize and understand materials 

system/interface performance) 

- Applied bias photon-to-current efficiency (ABPE) 

- External quantum efficiency (EQE) = incident photon-to-current 

efficiency (IPCE) 

- Internal quantum efficiency (IQE) = absorbed photon-to-current 

efficiency (APCE) 

 

1-2-2-1. Solar-to-hydrogen conversion efficiency (STH)  

STH efficiency is the most overarching of all efficiency metrics as it 

describe the overall efficiency of a PEC water splitting device exposed to 

broadband solar irradiance (e.g., Air Mass 1.5 Global illumination, 100 

mW/cm2) under zero-bias conditions. Zero-bias means that there is no applied 

voltage between the working electrode and counter electrode, and all of the 

energy in the water splitting process is being supplied by sunlight. For 

standard STH efficiency can be expressed as chemical energy of the hydrogen 
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produced divided by solar energy input from sunlight incident on the process. 

The chemical energy of the hydrogen produced can be calculated from the 

rate of hydrogen production (mmol H2/s) multiplied by the change in Gibbs 

free energy per mole of H2 (△G0 = 237 kJ/mol, 25 oC).[7] In the denominator 

of the STH definition, the solar energy input from sunlight is incident 

illumination power density (Ptotal, in units of mW/cm2) multiplied by the 

illuminated electrode area (cm2). 

STH=[
(mmol

H2

s
)*237,000 J/mol

Ptotal (
mW

cm2)*Area (cm2)
]AM 1.5G 

 

1-2-2-2. Applied bias photon-to-current efficiency (ABPE) 

Applying a bias to the PEC system requires a new efficiency value separate 

from STH since such a value does not reflect a true solar-to-hydrogen 

conversion process. The application of a bias generally increased the current 

drawn from the device, but one should be cognized that applying a bias that 

exceeds the thermodynamic water splitting potential (1.23 V) brings into 

question whether or not PEC under these conditions is more advantageous 

than standard electrolysis in the dark. [7] 
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ABPE = [
𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛

𝑃𝑙𝑖𝑔ℎ𝑡
=  

𝐽𝑝ℎ(𝑉𝑟𝑒𝑑𝑜𝑥 − 𝑉𝑏𝑖𝑎𝑠)

𝑃𝑙𝑖𝑔ℎ𝑡
] 

(where Vredox is the redox potential for water splitting (1.23 V vs. NHE); Vbias 

refers to the actual potential difference between the working and the counter 

electrode (not the bias with respect to the reference electrode); Plight is the 

light intensity (100 mW/cm2) and Jph is the generated photocurrent density). 

 

1-2-2-3. External quantum efficiency (EQE) = incident photon-to-

current efficiency (IPCE) 

Quantum efficiencies such as the IPCE measured at fixed incident 

wavelengths are often used to evaluate performance of a photoelectrode for 

water splitting. IPCE takes into account efficiencies for three fundamental 

processes involved in PEC; photon absorbance, defined as the fraction of 

electron-hole pairs generated per incident photon flux (ηe-/h+), charge 

transport to the solid-liquid interface (ηtransport), and the efficiency of 

interfacial chare transfer (ηinterface)
.[3]  

IPCE = EQE = ηe-/h+ ηtransport ηinterface 

The IPCE is defined as the number of photogenerated charge carriers 

contributing to the photocurrent per incident photon, which can be 
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represented by the following equation.  

IPCE (λ) = 
Total energy of converted electrons

Total energy of incident photons
 =  

𝐽𝑝ℎ𝑜𝑡𝑜 (𝜆)

𝑒
∗

ℎ𝑐

𝜆

𝑃 (𝜆)
 * 100 % 

(where Jphoto is the photocurrent density at that particular wavelength of 

incident light (mA/cm2); e is the charge of an electron (1.602 x 10-19 C); h is 

Planck’s constant (6.626 x 10-34 J s); c is the speed of light (3.0 x 108 x 109 

nm/s); l is the wavelength of the incident light (nm); P(λ) is the incident light 

intensity at that specific wavelength (mW/cm2). 

 

1-2-2-4. Internal quantum efficiency (IQE) = absorbed photon-to-

current efficiency (APCE) 

PEC device efficiencies as measured by IPCE/EQE or STH implicitly 

include losses from impinging photons that are reflected or transmitted. To 

understand the inherent performance of a material, it is often helpful to 

subtract these losses and measure efficiency based only on photon absorbed. 

In the calculation of IPCE, optical losses such as reflection and transmission 

are disregarded, despite potentially having a large impact on the IPCE. In 

order to correct for these optical losses, the APCE is often used to determine 

the quantum efficiency. The APCE is defined as the number of 
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photogenerated charge carriers contributing to the photocurrent per absorbed 

photon, which is termed the internal quantum efficiency, and it can be 

expressed using the following equation. [7] 

APCE (λ) =  
𝐼𝑃𝐶𝐸 (λ)

𝐴 (λ)
=  

𝐼𝑃𝐶𝐸 (λ)

1 − 𝑅 − 𝑇
∗ 100 % 

(where A, R, T are the optical absorption, reflection, and transmission, 

respectively). 
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1-2-3. Metal oxides for PEC electrodes application 

 

The most important aspect for PEC water splitting is the choice of a suitable 

photoelectrodes materials. An ideal water splitting photoelectrodes require 

semiconductor materials that possess the following characteristics. 

 

 

Figure 1-5 Requirement and band position of various semiconductors for 

photoelectrodes. 
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1-2-3-1. Suitable band gap energy and band positions  

Natural sunlight consists of 5 % UV, 43 % visible and 52 % infrared 

radiation. Therefore, appreciable light absorption in the visible region is 

required to increase efficiency, and this in turn depends on the band gap 

energy of the semiconductor. As the proton reduction potential is located at 0 

V vs. NHE and the O2/H2O potential at 1.23 V vs. NHE (pH = 0), the 

theoretical minimum band gap energy for water splitting requires incident 

photons with a minimum energy of 1.23 eV, which corresponds to a 

wavelength of light of ~ 1100 nm. However, when considering the 

thermodynamic energy losses (0.3 - 0.4 eV) occurring during charge carrier 

transportation and the overpotential requirement for acceptable surface 

reaction kinetics (0.4 - 0.6 eV), a minimum band-gap of 1.8 eV is required, 

corresponding to light absorption at ca. 700 nm. The upper limit on the band 

gap energy is 3.2 eV, because of the rapid drop in sunlight intensity below 

390 nm according to the solar spectrum. Therefore, for a single 

semiconductor photoelectrode, a band gap energy between 1.9 eV and 3.2 eV 

is desirable to obtain sizable photovoltage.[3] Theoretically, a band gap of 2.0 

eV is preferred for optimal sunlight utilization, in addition to the 

thermodynamic band position requirements. Figure 1-5 illustrates the band 

gap and band positions of typical n-type and p-type semiconductors utilized 
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for PEC water splitting at pH = 0. The band levels usually shift with a change 

in pH (- 0.059 V/pH) for oxide materials. Also, band edges positions of the 

material are suitable for reduction and oxidation reaction (EC > Ered and EV < 

Eox). 

 

1-2-3-2. Efficient charge carrier separation and transportation 

Fast charge recombination is a major factor contributing to low STH 

efficiencies, and thus a strategy to promote efficient charge carrier separation 

and transport is required, which depends both on the intrinsic properties (hole 

and electron mobility) and on the extrinsic properties (crystallinity and 

nanostructure) of the material. [3]   

 

1-2-3-3. Strong catalytic activity and stability 

Suitably rapid surface reaction kinetics can avoid surface charge 

accumulation, which would otherwise lead to electron-hole recombination. 

Photocorrosion is a major problem for many candidate water splitting 

semiconductors. These photocorrosion can occur if the anodic decomposition 

potential is above the valence band potential of the semiconductor. 
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Conversely, cathodic photocorrosion can occur if the cathodic decomposition 

potential is below the conduction band of the semiconductor. In addition, the 

photoelectrode materials should be low-cost and composed of earth-abundant 

elements for practical applications. This is crucial toward justifying the 

argument for an economical scale of solar-to-fuel device. [3,5]   

 

1-3. Scope and objectives of the thesis 

This thesis focuses on the develop technology for fabricating highly 

efficient solar fuel generator using the nanostructured heterogeneous 

photoelectrodes. Hydrogen is considered as an ideal energy carrier to meet 

these challenges since it is clean, renewable, carbon-free, and has a high 

energy density. Photoelectrochemical (PEC) hydrogen production by water 

splitting stockpiles solar energy into chemical bonds and is thus considered 

as a key technology of the future, attracting widespread attention. Among the 

commonly used semiconductors for photoelectrodes, metal oxides attract a 

lot of attention due to their outstanding chemical stability, low cost, favorable 

band edge positions and tunable bandgaps. The rich diversity of metal oxides 

with multi-functions offers a lot of opportunities to develop high performance 

PEC water splitting. Even though metal oxides are promising candidate for 
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PEC water splitting, they have their intrinsic limitations such as sluggish 

photogenerated carrier transport, extraction and large electrical resistivity, 

and thus it is detrimental to PEC performance. Therefore, a variety of 

strategies have been introduced to address the aforementioned drawbacks of 

metal oxide as photoelectrodes for PEC water splitting. Most of all, the anodic 

reaction will most likely involve oxidation of water. Due to the slow kinetics 

involving multi-electron and multi-proton transfers, water oxidation is 

particularly demanding and requires high overpotential. Thus, in this thesis, 

developing an efficient and practical anode system that can oxidize water to 

oxygen in a stable manner is introduced for the successful construction of 

high performance, commercially viable photoelectrochemical cell.  

Figure 1-6 shows suggesting ideas to improve PEC performance of metal 

oxides and final goal to approach practical field. The research presented in 

this thesis involves several engineering concept such as heterojunction, 

nanostructures, co-catalyst and plasmon to access theoretical photoactivities 

and further expands the understanding and applicability of metal oxide anode 

for PEC water splitting system. 
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Figure 1-6 Various strategies to enhance photoactivities of BiVO4-based 

anodes.[8] 



48 

 

1-4. Reference 

[1] A. E. Outlook, US Department of Energy, United States Government 

Printing Office: Washington, DC, 2013. 

[2] D. Kim, K. K. Sakimoto, D. Hong and P. Yang, Angew. Chem. Int. Ed., 

2015, 54, 3259. 

[3] C. Jiang, S. J. Moniz, A. Wang, T. Zhang and J. Tang, Chem. Soc. Rev., 

2017, 46, 4645. 

[4] H. L. Tuller, Materials for renewable and sustainable energy, 2017, 6, 3. 

[5] M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher, Q. Mi, E. A. 

Santori and N. S. Lewis, Chem. Rev., 2010, 110, 6446. 

[6] H. M. Chen, C. K. Chen, R.-S. Liu, L. Zhang, J. Zhang and D. P. Wilkinson, 

Chem. Soc. Rev., 2012, 41, 5654. 

[7] Z. Chen, H. N. Dinh and E. Miller, Photoelectrochemical water splitting, 

Springer, 2013. 

[8] D. Jeong, K. Jin, S. E. Jerng,, H. Seo, D. Kim, S. H. Nahm, S. H. Kim, K. 

T. Nam, Mn5O8 Nanoparticles as Efficient Water Oxidation Catalysts at 

Neutral pH, ACS Catal., 2015, 5, 4624. 

 



49 

 

Chapter 2  

Conformally coated BiVO4 nanodots on porosity-controlled 

WO3 nanorods as highly efficient type II heterojunction 

photoanodes for water oxidation 
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2-1. Introduction 

Photoelectrochemical (PEC) water splitting is regarded as one of the most 

promising approaches for generation of hydrogen as a renewable and carbon-

free fuel. The photoanodes have low efficiency compared to the 

photocathodes since they suffer from inferior charge transport and broad 

bandgap energies. Therefore, it is important to develop an efficient and 

practical anode system for construction of high-performance PEC cells. 

Despite much efforts such as morphology control, doping, and catalysts to 

improve PEC, photoanodes showed relatively low photocurrent density.[1-6]  
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2-1-1. Advantages and disadvantages of bismuth vanadate (BiVO4) 

for PEC water splitting 

 

 

 

 

 

 

 

Figure 2-1 Advantages and disadvantages of BiVO4 for PEC water splitting. 
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Bismuth vanadate (BiVO4) is a highly promising photoanode because it 

can absorb a substantial portion of the visible spectrum due to its relatively 

narrow band gap energy (~2.4 eV). And VB edge located at ca. 2.4 V vs. RHE 

(reversible hydrogen electrode), providing sufficient overpotential for holes 

to photo-oxidize water, while the CB edge is located just short of the 

thermodynamic hydrogen evolution potential.[7-9] Its bandgap is slightly 

larger than that is desired for a photoanode (ca. 2.0 eV) but its very negative 

CB position may compensate for this disadvantage as not many n-type 

semiconductors that can utilize visible light have a CB edge position that is 

as negative as that of BiVO4. Also, the effective masses of electrons and holes 

in BiVO4 are predicted to be much lighter than those of other semiconductors 

(e.g. TiO2, In2O3). However, the solar hydrogen conversion efficiency 

achieved with BiVO4 to date has been lower than theoretically expected since 

BiVO4 suffers from short carrier diffusion length below 100 nm, poor 

electron-hole separation yield and tardy reaction kinetics on the surface.[7-9, 

11-14] In this regard, elemental doping[15-16], pairing with various oxygen 

evolution catalysts (OECs)[9, 17-19], heterojunctions[20-29] and crystal facet have 

been attempted to improve the photoactivity of BiVO4 anodes.  
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2-2-2. Type II heterojunction for efficient PEC water splitting 

 

The fabrication of heterojunctions including p–n and n–n junctions is an 

important strategy to enhance the PEC efficiency due to the improved 

separation efficiency of e-/–h+ pairs by the internal electric field. In general, 

a built-in potential will be established at the interface between two contacted 

semiconductors when they acquire an equalized Fermi level. The built-in 

electric field can further promote separation of electron and hole pairs, thus 

leading to an enhanced photoactivity.[20-30] 

Figure 2-2 Advantages of nanostructured type II heterojunction for PEC 

water splitting. 
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To describe the band alignments commonly found in junction composites, 

there are three main types of heterojunction architecture. A type I 

heterojunction consists of two semiconductors whereby the CB of component 

B is higher than that of A. The VB of B is lower than that of A, therefore holes 

and electrons will transfer and accumulate on component A. A type II junction 

relies on the transfer of photoexcited electrons from B to A due to the more 

negative CB positions of B. Holes can travel in the opposite direction from 

the more positive VB of A to B, leading to all-round efficient charge 

separation and improved photoactivity. The third type, type III, is identical to 

type II except for the much more pronounced difference in VB and CB 

positions which gives a higher driving force for charge transfer. Thus, the 

formation of type II heterojunctions can be recognized as an attractive route 

to overcome the limitations of BiVO4 because it promotes efficient charge 

separation, enlarges the interfacial area, and improves the optical 

absorption.[25-30] 
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2-2-3. Formation of nanostructures for efficient PEC water 

splitting 

The general advantages of the porous electrodes for use in solar water 

splitting is their high surface areas per electrode volume. As all the 

electrochemical reactions occur at the electrode surface, an increase in surface 

area often has a direct impact on the efficiency of the devices. For 

semiconductor electrodes that utilize photoinduced charge carriers, porous 

structure can also play a role in reducing electron-hole recombination by 

increasing the volume of the depletion layer and shortening the distance the 

minority carrier travel to reach the interface.[19,30] However, increasing 

surface area by introducing porosity can also have adverse effects on charge 

separation and transport as it can result in the increase in surface states, defect 

sites and grain boundaries while decreasing the crystallinity. Therefore, the 

morphologies and surface area of photoelectrodes should be finely optimized 

to maximize the overall net positive effect.  
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2-2. Experimental method and characterization 

2-2-1. Glancing angle deposition for tungsten oxide nanorods 

The glancing angle deposition (GLAD) technique is based on deposition at 

oblique angles, where the direction of the incident vapor flux with a large 

angle is not parallel to the substrate, and substrate is rotating. It is a physical 

self-assembly growth technique, which can allow the one-step fabrication of 

nanostructures. It utilizes shadowing effect through introducing an oblique 

incident flux on a tilted and rotating substrate. There are various advantages 

of GLAD technique: (i) It can form nano-column array naturally. (ii) The 

porosity of the film can be controlled by simply changing the incident angle. 

(iii) There is almost no restriction on materials since the growth process is a 

thermal evaporation. (iv) The shape and in-plane alignment of columns can 

be easily modified. (v) It has the advantage of self-alignment due to the 

shadowing effect. (vi) It can also generate three-dimensional nanostructures. 

[11, 67-69] Therefore, it enables the control of the thickness and porosity of 

various 1D nanostructures, and deposition at glancing angles combined with 

the rotation speed enables the fabrication of well-defined and vertically 

ordered WO3 nanorods. Diverse WO3 nanorods with different porosities and 

aspect ratios were synthesized by adjusting the glancing angles of the e-beam 

evaporator. 
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F: SnO2 (FTO) substrate was 1.5 × 1.5 cm and the active site region (1.5 

× 1.0 cm) was defined with a shadow mask. Firstly, several metal oxide films 

and WO3 nanorods were formed using the GLAD technique. Metal oxide 

powder was placed in a carbon crucible and subjected to e-beam evaporation. 

Prior to WO3 nanorods fabrication, a thin WO3 film (~ 50 nm) was deposited 

to improve adhesion and then the substrate was spun with various glancing 

angles to form WO3 nanorod arrays. The pressure in the chamber was 

maintained at 3.5 × 10-6
 Torr and the rotation speed was 80 rpm. The as-

deposited samples were converted to crystalline phase by annealing in air at 

500C for 2 h.  

 

2-2-2. Pulsed electrodeposition for BiVO4 nanodots 

BiVO4 was deposited on the various metal oxide films (TiO2, Fe2O3, SnO2, 

WO3) and WO3 nanorods by modified pulsed electrodeposition. Precursor 

was prepared by dissolving bismuth nitrate pentahydrate (BiN3O9, 98%, JUN) 

in a solution of vanadium oxide sulfate hydrate (VOSO4, 99.99%, Aldrich) at 

pH < 0.5 with nitric acid (HNO3, 67%, JUN).[10] Then, 2 M sodium acetate 

(CH3COONa, Aldrich) was added, raising the pH to ~ 5.1, which was then 

adjusted to pH 4.7 using a few drops of concentrated HNO3 
[10]. This mildly 
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acidic pH condition is necessary because at pH values > 5, V (IV) precipitates 

form in the solution [9]. Pulsed anodic electrodeposition was conducted in a 

standard three electrode system with a working electrode of one of the metal 

oxides (WO3, TiO2, Fe2O3, or SnO2), an Ag/AgCl reference electrode and a 

platinum counter electrode. Deposition of amorphous Bi-V-O was carried out 

potentiostatically at 1.95 V vs. Ag/AgCl for 1 min at 80 C (ca. 2 – 3 mA/cm2) 

and then all freshly prepared samples were rinsed and annealed at 500 C for 

6 h in air at a heating rate of 2 C per minute. After annealing, as-deposited 

films were converted to a crystalline monoclinic phase of BiVO4. Unlike 

previous methods, pulsed electrodeposition enables conformal deposition on 

the bottom electrode, which affects the photoelectrochemical property. 

 

2-2-3. Physical characterization 

The morphologies of WO3 nanorods were characterized by field emission 

scanning electron microscopy (MERLIN Compact, JEOL). Bright-field and 

high-resolution transmission electron microscopy (JEM-2100F, JEOL) with 

200 kV field-emission images were obtained to investigate the microstructure 

of the BiVO4/WO3 heterojunctions. X-ray diffraction (XRD) characterization 

was performed to confirm the crystalline phase of WO3 and BiVO4.  
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2-2-4. Photoelectrochemical characterization 

PEC measurements (Ivium Technologies, Nstat) were performed with a 

three  electrode system using a 3 M Ag/AgCl reference electrode and a Pt 

mesh as the counter electrode in  0.1 M potassium phosphate buffer with 0.1 

M sodium sulfite (Na2SO3) at pH 7.2. The photoelectrochemical properties of 

BiVO4-based photoelectrodes were measured in the presence of 0.1 M 

Na2SO3, which served as the efficient holes scavenger. The oxidation of 

sulfite is thermodynamically and kinetically more facile than oxidation of 

water since the photogenerated holes are rapidly consumed for the oxidation 

of sulfite, thus measuring photocurrent in the sulfite oxidation enables 

investigation of the photoelectrochemical properties of BiVO4-based 

electrodes independently of its poor water oxidation kinetics. The water 

splitting photocurrent obtained for sulfite oxidation can be described as 

JPEC=Jabs*Фsep*Фox (Фsep is the yield of the photogenerated holes that reach 

the surface, and Фox is the yield of the surface reaching holes that are injected 

into the solution species, respectively and Jabs is the rate of photon absorption 

expressed as a current density). In the sulfite oxidation with extremely fast 

oxidation kinetics in other words, Na2SO3 removes the injection barrier 

without affection the charge separation, surface recombination can be 

negligible, and thus Фox is ~ 1. The photocurrent vs. potential curve was 
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recorded while sweeping the potential in the positive direction with a scan 

rate of 10 mV/s under a solar simulator with an AM 1.5 G filter; the light 

intensity of the solar simulator was calibrated to 1 sun (100 mW/cm2) using 

a reference cell. The incident photon-to-current efficiency (IPCE) was 

measured using a light source and monochromator at 1.23 V vs. RHE. 

Electrochemical impedance spectroscopy (EIS) was conducted by applying 

0.63 V vs. Ag/AgCl. The sweeping frequency was from 100 kHz –100 mHz 

with an AC amplitude of 10 mV. The measured spectra were fitted by using 

the ZSimpWin software. 
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2-3. Results and discussion  

2-3-1. Synthesis of BiVO4 for using the pulsed electrodeposition 

 

 

 

 

Figure 2-3 (a) Pulsed electrodeposition of BiVO4 films, (b) Photographic 

images, (c) X-ray diffraction data of BiVO4 films by changing the atomic ratio 

of Bi/V and annealing conditions, and (d) Linear sweep voltammograms 

(LSVs) measurements of BiVO4 films.  

( B: back-side illumination, F: front-side illumination) 
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To synthesize BiVO4 by electrodeposition, the use of a pulsed voltage 

rather than continuous voltage has several advantages.[31-35] Pulsed 

electrodeposition enables the formation of more uniform films than 

continuous electrodeposition since the pulse-off time (toff) allows the 

diffusion of ions from the solution to the surface of the working electrode, 

thus lowering the concentration gradient during the next pulse-on time 

(ton)
.[33,34] In addition, various thin film nanostructures can be formed by 

controlling the sign and amplitude of the pulsed voltages in pulsed 

electrodeposition.[33] The duration and amplitude of the voltage pulse for 

synthesizing BiVO4 films used in this study by pulsed electrodeposition are 

shown in Figure 2-3(a). The electrodeposited films were amorphous Bi-V-O 

and showed a brownish gray color. These films can be converted to crystalline 

BiVO4 films with a monoclinic phase by proper annealing, which is a yellow 

color. To generate stoichiometric BiVO4 films, the atomic ratios of Bi/V were 

controlled by changing the amounts of Bi (III) and V (IV) precursors. Figure 

2-3(b) shows photographs of annealed BiVO4 films with different Bi/V ratios. 

After annealing at 500 C, all films exhibited uniform color and consisted of 

a monoclinic phase. The V-rich BiVO4 films showed a nonuniform color after 

annealing at 550 C. It is expected that V-rich BiVO4 films decomposed into 

a monoclinic BiVO4 phase and secondary phases such as V3O4, since Bi is 
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more volatile than V.[36] In Figure 2-3(c), XRD peaks corresponding to V3O4 

for V-rich BiVO4 films and other BiVO4 films showed only peaks of a 

monoclinic phase.  

When measuring the PEC properties of the BiVO4 films, we used both 

front- and back-side illumination. Back-side illumination led to higher 

photocurrents [13,18], which is consistent with previous reports, since BiVO4 

has a short diffusion lengths for electrons (< 100 nm).[13] The optimum Bi/V 

atomic ratio and annealing temperature are 0.9:1.0 and 500 C, respectively. 

The linear sweep voltammetry (LSV) curves of our BiVO4 films are 

comparable to that of previously reported BiVO4 films (thickness ~ 300 

nm)[37], but the photocurrent density of BiVO4 films was less than 1 mA/cm2 

at 1.23 V vs. RHE; thus, further improvements are needed to generate higher 

photocurrents.  
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2-3-2. Design of BiVO4-based heterogeneous photoelectrodes 

 

Figure 2-4 Linear sweep voltammograms measured in 0.5 M phosphate 

buffer with 1 M Na2SO3 at a scan rate of 10 mV/s under 1.5 G solar light. (a) 

BiVO4/TiO2, (b) BiVO4/Fe2O3, (c) BiVO4/SnO2, and (d) BiVO4/WO3. (e) 

Schematics of the band structures of BiVO4-based heterojunction anodes. 
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To improve the PEC properties of BiVO4 photoanodes, I employed 

heterojunctions of BiVO4 with other photoanodes since they can enhance 

optical absorption by using multiple band gaps and promote separation of 

charge carriers without recombination at the interface when the band structure 

and band gap energies permit the efficient transport of photo-excited charge 

carriers.[20-29] Although synergistic effects of heterojunction systems are 

recognized, no systematic comparative study on the relationship between 

PEC properties and band structures of BiVO4-based heterojunction 

photoanodes has been performed. I adopted well-known n-type 

semiconductors, such as TiO2, Fe2O3, SnO2, and WO3, which can oxidize 

water to oxygen because the valence band edge is sufficiently positive to 

provide sufficient overpotential for the water oxidation reaction.[7] I used the 

binary oxides as the bottom layer of the heterojunction photoanode, since 

BiVO4 has poor electron transport, short carrier diffusion length, and poor 

transfer of holes at the BiVO4/electrolyte interface.[7,12,20] Figure 2-4 displays 

the linear sweep voltammetry curves of BiVO4-based heterojunction anodes 

and flat band structures by considering the reported values of electron 

affinities and band gap energies. The BiVO4/TiO2 heterojunction exhibited a 

lower photocurrent density than the bare BiVO4, as shown in Figure 2-4(a). 

The electron affinity of TiO2 (XTiO2 ≈ 4.3 – 4.5 eV) is smaller than that of 
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BiVO4 (XBiVO4 ≈ 4.6 – 4.8 eV)[58-59], the conduction band minimum level of 

TiO2 is slightly higher than that of BiVO4, and thus it is might be hard to 

transfer photogenerated electrons from BiVO4 to TiO2 without loss due to the 

barrier at the interface. For BiVO4/Fe2O3 in Figure 2-4(b), the heterojunctions 

show significantly lower photocurrents compared with the bare BiVO4 films, 

inferior even to those of BiVO4/TiO2. Although Fe2O3 has a relatively narrow 

band gap energy (Eg ≈ 2.2 eV), its valence band minimum is slightly higher 

than that of BiVO4, and thus photogenerated holes are difficult to transfer 

from Fe2O3 to BiVO4 for water oxidation. Also the short diffusion length (2 

– 4 nm) of holes in Fe2O3 induces excessive charge recombination.[38] On the 

other hand, BiVO4/SnO2 and BiVO4/WO3 heterojunctions in Figure 2-4(c),(d) 

exhibit markedly enhanced photocurrents (about two fold enhancement) 

compared to the bare BiVO4 films. In the photoanodes, the formation of type 

II band offsets promotes the transfer of photogenerated charge carriers 

between two anode materials and provides the necessary conduction 

pathways for efficient water oxidation[1,43], as shown in Figure 2-4(e). 

However, SnO2 absorbs only ultraviolet light due to the wide band gap energy 

(Eg ≈ 3.8 eV), thus the photocurrent density of BiVO4/SnO2 is lower than that 

of BiVO4/WO3. Among the various heterojunction anodes, the BiVO4/WO3 

heterojunction recorded the highest photocurrent density. WO3 has excellent 
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charge transport characteristics and a moderate band gap energy (Eg ≈ 2.6 eV) 

for the absorption of visible light. Thus, BiVO4 and WO3 exert a synergistic 

effect in terms of enhancing the PEC properties, as reported 

previously.[12,20,29,48]  

Although, the type II band alignment at the BiVO4/WO3 heterojunction 

helped to improve separation of the photogenerated carriers, the 

photocurrents remain limited because the diffusion length was shorter than 

the thickness of the BiVO4 films and the surface areas of the BiVO4/WO3 

heterojunction films were insufficient to absorb light. In the BiVO4-based 

photoanodes system, the photocurrent becomes negative at the low applied 

potential before increasing to reach zero photocurrent. It is observed in the 

previously reported results.[9,60,61] This situation of reverse electron flow for 

modest applied potentials indicates that at relatively long times after charge 

photogeneration, electron flow from the external circuit back into the 

photoelectrodes. It can be rationalized by considering there successive 

processes: (i) photogeneration of electrons and holes, (ii) separation of charge 

carriers, holes reach surface whereas electrons diffuse to the external circuit, 

and (iii) holes accumulated at the photoelectrodes surface recombine with 

bulk photoelectrodes electrons, inducing a back electron flow from the 

external circuit into the photoelectrode.[60] 
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2-3-3. Porosity control of WO3 Nanorods 

 

An effective approach to compensate for the limitations of BiVO4/WO3 

heterojunctions is to use highly ordered one-dimensional (1D) WO3 

nanostructures with a high aspect ratio and active areas to maximize light 

absorption and charge transfer efficiency.[12,29,55,57] Diverse WO3 nanorods 

with different porosities and aspect ratios were synthesized by adjusting the 

glancing angles of the e-beam evaporator. Top and cross-sectional SEM 

images of the 1D WO3 nanorods with different active areas produced by 

adjusting the glancing angles from 50o to 85o are shown in Figure 2-5. It is 

evident that GLAD resulted in the formation of well-aligned WO3 nanorods 

perpendicularly to the FTO substrate. By changing the glancing angles, the 

Figure 2-5 Top and cross-sectional SEM images of the WO3 nanorods with 

various morphologies by adjusting the glancing angles from 50o to 85o. (a), 

(f) 50o, (b), (g) 60o, (c), (h) 70o, (d), (i) 80o, and (e), (j) 85o WO3 nanorods. 

Scale bar is 1μm. The insets of (a) and (b) are enlarged SEM images. 



69 

 

average diameters and porosities of the WO3 nanorods were increased from 

several nm and to μm, and WO3 nanorods with small diameters tend to have 

a shorter distance between the individual WO3 nanorods.  

I compared the PEC performance of WO3 nanorods with different lengths. 

The PEC properties of WO3 nanorods of length > 3 μm remained. So, all WO3 

nanorods had a length of 3 μm. And our WO3 nanorods totally covered on 

FTO surface since we deposited thin film of WO3 about 50 nm to avoid charge 

loss at the interface FTO/electrolyte, and improve adhesion of WO3 nanorods 

on the FTO. The dense-layer coating conformally covers the FTO surface, 

and the morphology of the WO3 nanorods is indistinguishable, indicating that 

the addition of the dense layer (very thin WO3 film) has little impact on the 

morphology of the WO3 nanorods. And it can reduce the interfacial 

recombination and electron back injection into the electrolyte on the exposed 

areas of FTO.[66]  

PEC measurements of the WO3 nanorods with different porosities were 

performed to confirm the optimum porosity of WO3 nanorods. The 

photoelectrochemical current densities of the diverse WO3 nanorods were 

plotted as a function of potential vs. RHE. The results of the LSV 

measurements are presented in Figure 2-6. The photocurrent behavior of all 

WO3 nanorods at low bias indicated a good charge separation upon solar 
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illumination. A pronounced photocurrent started at 0.4 V vs. RHE for all WO3 

nanorods. The LSV measurements performed under the chopped (on/off) 

solar light condition verified the absence of dark leakage current, and the 

leakage current of all WO3 nanorods are shown with the light off. WO3 

photoanodes are known as be thermodynamically stable against anodic 

photocorrosion when since its anodic decomposition potential is located 1.1 

V more positive than the oxygen evolution potential.[62-65] Even though, WO3 

nanorods still suffers from a photocatalytic deactivation and photocorrosion 

due to the formation and accumulation of peroxo species on the WO3 

surface.[62-65] The photocorrosion of the all WO3 nanorods verified the 

absence of dark leakage current under the light off.[62-65] It indicates that 

oxygen evolution through water oxidation is not the sole photo-oxidation 

reaction occurring at the WO3 photoanodes. An obvious alternate photo-

oxidation reaction, which may result in the loss of photoactivity or 

photodissolution of WO3, is formation of peroxo species at the WO3 surface. 

Surface bound peroxo species can be formed by oxidation of surface hydroxyl 

groups of the WO3 or by oxidation of water/hydroxide to hydroxyl radicals or 

peroxides which then adsorb on the WO3 surface to form tungsten peroxo 

species. [62-65] All WO3 nanorods showed the emergence of a peak near 0.3 V 

vs. RHE. Among them, 70o-WO3 nanorods have the largest active surface area 
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based on our other results, thus it is likely to form more peroxo species on the 

surface on the 70o-WO3 nanorods than other WO3 nanorods. Figure 2-6(b) 

displays the photocurrent behavior of the WO3 nanorods at 1.23 V vs. RHE. 

The photoactivity of the WO3 nanorods increases gradually until the 

porosities increase to 70o-WO3 nanorods, and the photocurrent then starts to 

decrease. A high photocurrent of 2.15 mA/cm2
 was obtained at 1.23 V vs. 

RHE for the 70o-WO3 nanorods.  

The stability of the photoanodes was characterized by measuring the 

amperometric photocurrent versus time (t) curves under the same solar 

simulated light and a bias voltage of 1.23 V vs. RHE. In all cases, we observed 

a photocurrent spike upon initial illumination, which relaxed to a steady state, 

indicating the stability of the WO3 nanorods, as shown in Figure 2-6(c). The 

improved PEC performance of the WO3 nanorods compared to WO3 films is 

because of increased active areas, attributable to improved light absorption 

and charge separation efficiency. In other words, the porous photoelectrodes 

enhance light absorption by increasing the active surface area and favor a 

better penetration of electrolyte into the photoelectrode surface. Also, it 

facilitate charge transport within the nanorods since nanoporous structure 

contributes to reducing surface electron-hole recombination by increasing the 

area of the depletion layer and shortening the holes diffusion distance to the 
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WO3 photoelectrodes/electrolyte interface.[42-45] Also, the electrolyte can 

easily permeate the WO3 nanorods. However, increasing the surface area also 

has negative effects, such as formation of surface defects and grain 

boundaries, which decrease PEC performance. In this respect, design of 

photoanodes with appropriate active areas is crucial for photoactivities. To 

understand the effect of increased active areas of the WO3 nanorods, the 

incident-photon-to-current conversion efficiency (IPCE) spectra were 

measured from 350 to 600 nm at 1.23 V vs. RHE, as shown in Figure 2-6(d). 

The photo-response of the 70o-WO3 nanorods extended to 475 nm and 

intensity was significantly enhanced to 40% at 385 nm. The optical band 

onset of 475 nm corresponds to an indirect band gap of 2.6 eV. In comparison 

to 70o-WO3 nanorods, those with different glancing angles had lower optical 

band offset values.  

Electrical impedance spectroscopy (EIS) measurements were conducted to 

evaluate the kinetics of charge transfer during OER reaction. The impedance 

spectra of the tailored WO3 nanorods, measured by applying 1.23 V vs. RHE 

under simulated solar light illumination and presented as a Nyquist diagram 

in the frequency range 100 kHz – 100 mHz. In the equivalent Randles circuit, 

Rs is the series resistance, Cct the constant phase element (CPE) for the 

electrolyte/electrode interface, and Rct the charge transfer resistance across the 
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electrode/electrolyte interface. The high photoactivity is reflected by a small 

semicircle in the Nyquist plots, as shown in Figure 2-6(e), (f). The fitted 

values of Rct were 679.53, 254.60, 198.58, 303.85, and 840.15 Ω∙cm2 for 50o, 

60o, 70o, 75o, and 85o-WO3 nanorods, respectively, as displayed in Table 2-1. 

The smallest semicircle, in the spectrum of 70o-WO3 nanorods represents the 

fastest charge transport and indicated that the effective charge transfer at the 

interface between WO3 nanorods and electrolyte suppressed the charge 

recombination. Combined with the PEC characterization, these results show 

that PEC properties are significantly dependent on the active areas of the WO3 

nanorods and that an optimum WO3 active area exists. 
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Figure 2-6 (a) Linear sweep voltammograms for various glancing angles of 

WO3 nanorods measured in 0.5 M phosphate buffer with 1 M Na2SO3 at a 

scan rate of 10mV/s under 1.5 G solar light under the chopped light condition. 

(b) Amperometric current density-time profiles for WO3 nanorods with 

various glancing angles. (c) Comparison of photocurrent density with 

different glancing angles. (d) IPCE data WO3 nanorods. (e) Electrochemical 

impedance spectra for various glancing angles of WO3 nanorods. (f) Inset 

shows equivalent circuits for various WO3 nanorods. * (b)-(f) at 1.23 V vs. 

RHE. 
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Table 2-1 Comparison of series resistance (RS) and charge transfer resistance 

(Rct) across the electrode/electrolyte interface of WO3 nanorods, BiVO4 and 

BiVO4/WO3 heterojunction anodes. 

 

Photoanode Rs (Ω∙cm2) Rct (Ω∙cm2) 

50°-WO3 2.32 679.53 

60°-WO3 1.85 254.60 

70°-WO3 1.26 198.58 

75°-WO3 2.00 303.85 

85°-WO3 2.29 840.15 

BiVO4 1.78 417.34 

BiVO4/70°-WO3 1.67 352.86 
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2-3-4. Final architecture of BiVO4/WO3 anodes  

 

 

 

 

Figure 2-7 (a), (b) Top and cross-section SEM images of the optimum 

BiVO4/70°-WO3 nanorods, (c) X-ray diffraction patterns of BiVO4 (black 

line), WO3 nanorods (blue line), BiVO4/70°- WO3 nanorods (red line), (d) 

Corresponding TEM images of BiVO4/70°-WO3 nanorods, (e) Expanded 

image of BiVO4/WO3 nanorods, (f) (110), (001), and (002) of 70°-WO3 

nanorods, and (g) Small square by HETEM showing crystalline planes of 

(220) of BiVO4. 
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BiVO4/WO3 heterojunction anodes were synthesized by a combination of 

glancing angle deposition and pulsed anodic electrodeposition. I confirmed 

that pulsed electrodeposition facilitates conformal deposition of an extremely 

thin BiVO4 layer on the whole surface of the WO3 nanorods, as displayed in 

Figure 2-7. SEM images indicate that an extremely thin BiVO4 layer was 

deposited across the 70o-WO3 nanorods. The distances between the WO3 

nanorods were decreased after electrodeposition of BiVO4, compared to bare 

70o-WO3 nanorods. Moreover, the XRD data of BiVO4/WO3 heterojunctions 

are presented in Figure 2-7(c). The peak intensity of the monoclinic BiVO4 

phase is lower than that of those corresponding to the monoclinic phase of the 

WO3 nanorods since the BiVO4 layer is extremely thin. The microstructure 

of the heterogeneous BiVO4/WO3 nanorods was studied using transmission 

electron microscopy (TEM). The cross-sectional TEM images in Figure 2-

7(d),(e) indicate that dot-like BiVO4 conformally covers the entire surface of 

70o-WO3 nanorods without hindering the path of the electrolyte. This is the 

first study of BiVO4/WO3 heterojunctions in the form of a three dimensional 

BiVO4 nanodots on the entire surface of WO3 nanorods. These results, 

suggest that the overall active areas of the nanostructured BiVO4/WO3 

heterojunction anodes are significantly increased. High-resolution TEM 

(HR–TEM) images and X-ray diffraction patterns are shown in Figure 2-
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7(f),(g). The HR-TEM images and electron diffraction patterns of the selected 

area showed d-spacing of 0.365 nm and 0.521 nm, corresponding to the (110) 

and (001) planes of monoclinic 70o-WO3 nanorods, respectively, and d-

spacing of 0.238 nm, which can be assigned to the (220) plane of BiVO4.  
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Figure 2-8 (a) Enhancement of photocurrent density after deposition of a 

BiVO4 layer on WO3 nanorods with different morphologies. (b) Linear sweep 

voltammograms and (c) amperometric current density-time profiles for 70o-

WO3 nanorods and heterogeneous BiVO4/70o-WO3 nanorods. (d) IPCE 

spectra of BiVO4, 70o-WO3 nanorods and BiVO4/70o-WO3 nanorods. All 

characterizations were performed in 0.5 M phosphate buffer with 1 M Na2SO3 

at pH 7.2. The photocurrent density-time curve and LSV measurements were 

performed under simulated AM 1.5 G solar light (100 mW/cm2). The LSV 

was conducted under chopped light (on/off) conditions with a scan rate of 10 

mV/s. The Jp–t and IPCE were measured at a bias potential of 1.23 V vs. 

RHE. 
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I performed PEC characterizations of BiVO4/WO3 heterojunction anodes 

using the same set of WO3 nanorods. Figure 2-8 display the photocurrent 

density enhancement of nanostructured BiVO4/WO3 heterojunctions 

compared with the various WO3 nanorods. All BiVO4/WO3 heterojunction 

anodes exhibited higher photocurrent densities than bare WO3 nanorods, and 

similar PEC performance to bare WO3 nanorods, as displayed in Figure 2-

8(a). This suggests that the light absorption and transport efficiency are 

improved by introducing BiVO4 nanodots since a type II heterojunction 

system was formed and the overall active area for OER reaction was increased. 

The absorbing layer of BiVO4 in intimate contact with nanostructured 

conductive substrate, such as WO3, can decrease the diffusion length for 

carriers and enlarge the optical absorption length. For BiVO4/70o-WO3, the 

photocurrent density exceeded 4.55 mA/cm2 at 1.23 V vs. RHE, which was 

2.15-fold greater than that of 70o-WO3 nanorods. I measured the PEC 

properties of BiVO4/WO3 heterojunction anodes with BiVO4 nanodots of 

different thicknesses. The increased thickness of dot-like BiVO4 boosts light 

absorption and thus improves photocurrent. However, when the thickness of 

BiVO4 becomes comparable with the diffusion length, bulk recombination 

starts to prevail and the photocurrent decreases, as shown in Figure 2-9.[12,29] 

The photocurrent density gradually increased to a peak of 4.55 mA/cm2 after 
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60 s deposition of BiVO4, but a further increase in deposition time resulted in 

degradation of the photocurrent density.  

The LSVs and amperometric photocurrent-time profiles of the 70o-WO3 

nanorods and BiVO4/70o-WO3 nanorods are shown in Figure 2-8(c). The 

LSVs indicate that dark leakage current decreased after electrodeposition of 

BiVO4. I also observed similar photocurrent spike upon initial illumination, 

which relaxed to a steady state, indicating the stability of the photoanodes. 

Also, the fact that WO3 nanorods initially generate a higher photocurrent in 

the range from 0.2 V to 0.4 V vs. RHE indicates that less recombination 

occurs in the bare WO3 nanorods photoanode compared with the 

heterogeneous BiVO4/WO3 nanorods. It signifies that the deposition of 

BiVO4 seems to reduce recombination near the flat band potential.[62-65] The 

other reason is formation and accumulation of peroxo species on the WO3 

surface. It means oxygen evolution is not the only photo-oxidation reaction 

that occurs on the WO3 surface, and significant portion of the photon-

generated holes are used to form peroxo species. Thermodynamically, 

oxidation of water to produce oxygen (Eo = 1.228 V) is more feasible route 

than the formation of peroxo species (Eo = 1.776 V). [62-65]  

Even though, because of slow kinetics of oxygen evolution reaction, the 

peroxo species appears to become kinetically competitive with oxygen 
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evolution. However, coupling suitable oxygen evolution catalyst such as our 

BiVO4 nanodots to WO3 resulted in an improved photoelectrochemical 

properties for water oxidation due to the suppressed formation of tungsten 

peroxo species and increased stability by shielding WO3 from corrosive 

electrolytes. [62-65] 

 In the Figure 2-8(b) and 2-9(a), I can confirm that the floating photocurrent 

at the potential of 0.3 V vs. RHE considerably decreased in case of loading 

BiVO4, since coupling suitable oxygen evolution catalyst such as our BiVO4 

nanodots to WO3 resulted in an improved photoelectrochemical properties for 

water oxidation due to the suppressed formation of tungsten peroxo species 

and increased stability by shielding WO3 from corrosive electrolytes. The 

IPCE spectra of the 70o-WO3 nanorods and BiVO4/70o-WO3 heterojunction 

anode are presented in Figure 2-8(d). The IPCE of BiVO4/70o-WO3 

demonstrated high values approaching 80%.  
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Figure 2-9 (a) Linear sweep voltammograms (LSV) according to changing 

deposition time of the BiVO4 on the 70°- WO3 nanorods, measured in the 0.5 

M phosphate buffer with 1 M Na2SO3 at a scan rate of 10mV/s under 1.5 G 

solar light, (b) Optimization of the thickness of BiVO4 layer on the 70°-WO3 

nanorods. 
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The EIS measurement of the BiVO4/70o-WO3 heterojunction photoanode 

was conducted under the same conditions used for the WO3 nanorods. The 

largest Rct for BiVO4 indicates that the charge transfer characteristics of 

BiVO4 are very poor; on the other hand, the 70o-WO3 nanorods have a good 

charge transfer efficiency, exhibiting a low Rct, as displayed in Figure 2-10(a) 

and Table 2-1. We confirmed that the formation of the heterojunction anode 

improves the charge transport efficiency since the EIS plot of BiVO4/70o-

WO3 nanorods indicates small semicircle compared to 70o-WO3 nanorods and 

BiVO4. Moreover, to determine the stability of the BiVO4/70o-WO3 

heterojunction anode, the photocurrent was measured at 1.23 V vs. RHE 

continuously for 1 h, as shown in Figure 2-10(b). The photocurrent density of 

4.5 ± 0.1 mA/cm2 was consistent for 1 h, demonstrating the potential of 

BiVO4/70o-WO3 heterojunctions as photoanodes for practical applications.  
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Figure 2-10 (a) EIS spectra of bare 70°-WO3 nanorods, BiVO4 and 

heterogeneous BiVO4/70°-WO3 nanorods. The solid line was fitted by 

ZSimpWin software using the proposed equivalent circuit model. The EIS 

was measured at 0.63 V (vs. Ag/AgCl) under simulated solar illumination in 

0.5 M phosphate buffer with 1M Na2SO3. (b) The stability of heterogeneous 

BiVO4/70°-WO3 nanorods at 1.23 V vs. RHE for 1h. 
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I would like to stress the importance of the optimized porosities and 

conformal deposition of dot-like BiVO4 on the entire surface of the WO3 to 

enhance the overall PEC efficiency of the BiVO4/WO3 nanorods (Figure 2-

11). Dense electrodeposition of BiVO4 on the WO3 nanorods can obstruct 

sites of electrolyte permeation and block light absorption, which reduces 

photoactivity, as displayed in Figure 2-11(b). Indeed, extremely porous WO3 

nanorods with BiVO4 have smaller active reaction areas for OER than other 

BiVO4/WO3 nanorods, as displayed in Figure 2-11(d). In contrast, the 

optimum WO3 nanorods with uniformly deposited BiVO4 exhibited, as shown 

in Figure 2-11(c) an increased active area to improve light absorption without 

blocking of the path for electrolyte. In light of the significant improvement in 

PEC characterization, the BiVO4/WO3 heterogeneous anode system showed 

the best performance without additional doping or co-catalysts, and thus may 

enable enhancement of PEC water oxidation.  
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2-4. Conclusion 

I studied various heterojunction anode systems to enhance the 

photoactivity of BiVO4 and found that BiVO4/WO3 was optimum because it 

combines the advantages of the two materials—the excellent charge transfer 

property of WO3 and good absorption of dot-like BiVO4. The heterogeneous 

electrode with the optimized composition and thickness of top BiVO4, and 

bottom WO3 nanorods with a modified active area showed a markedly 

enhanced photocurrent density of 4.55 mA/cm2 at 1.23 V vs. RHE without co-

catalysts. The improved performance of these photoelectrodes is due to their 

higher light absorption and charge separation efficiency through formation of 

a type II band structure and enlargement of the active reaction area. Our 

Figure 2-11 Schematic illustration of (a) BiVO4/WO3 nanorods under back-

side illumination, critical role of the actual active areas for solar water 

oxidation. (b) Dense, (c) optimum, and (d) porous WO3 nanorods with 

electrodeposited BiVO4. 
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systematic analysis demonstrated the importance of control of the 

morphology of WO3 nanorods for improving the overall efficiency of 

BiVO4/WO3 heterojunction anodes. Our approach can be applied to various 

heterojunction systems, in which the OER activity of the heterogeneous 

anodes can be enhanced using an additional dopant or catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 



89 

 

2-5. References 

[1] X. Li, J. Yu, J. Low, Y. Fang, J. Xiao, X. Chen, J. Mater. Chem. A, 2015, 

3, 2485. 

[2] J. Goldemberg, Science, 2007, 315, 808. 

[3] M. Gratzel, Nature, 2001, 414, 338. 

[4] Z. Chen, H. N. Dinh, E. Miller, Springer, 2013.  

[5] M. G. Walter, Emily L. Warren, James R. McKone, Shannon W. Boettcher, 

Qixi Mi, Elizabeth A. Santori, Nathan S. Lewis, Chem. Rev., 2010, 110, 6446. 

[6] M. S. Prevot, K. Sivula, J. Phys. Chem. C., 2013, 117, 17879. 

[7] Y. Park, K. J. McDonald, K-. S. Choi, Chem. Soc. Rev., 2013, 42, 2321. 

[8] Z. F. Huang, L Pan, J. J. Zou, X. Zhang, L. Wang, Nanoscale, 2014, 6, 

14044. 

[9] J. A. Seabold, K-. S. Choi, J. Am. Chem. Soc., 2012, 134, 2186.  

[10] J-. M. Jeon, Y-. S. Shim, S. D. Han, D. H. Kim, Y. H. Kim, C-.Y. Kang, 

J-.S. Kim, M. Kim, H. W. Jang, J. Mater. Chem. A, 2015, 3, 17939. 

[11] F. F. Abdi, L. Han, A. H. M. Smets, M. Zeman, Bernard Dam, Roel van 

de Krol, Nat. Commun., 2013, 4, 2195. 

[12] Y. Pihosh, I. Turkevych, K. Mawatari, J. Uemura, Y. Kazoe, S. Kosar, K. 

Makita, T. Sugaya, T. Matsui, D. Fujita, M. Tosa, M. Kondo, T. Kitamori, Sci. 

Rep., 2015, 5, 11141. 



90 

 

[13] S. P. Berglund, D. W. Flaherty, N. T. Hahn, A. J. Bard, C. B. Mullins, J. 

Phys. Chem. C., 2011, 115, 3794. 

[14] G. Li, D. Zhang, J. C. Yu, Chem. Mater., 2008, 20, 3983. 

[15] S. K. Pilli, T. E. Furtak, L. D. Brown, T. G. Deutsch, J. A. Turner, A. M. 

Herring, Energy Environ. Sci., 2011, 4, 5028. 

[16] K. P. Parmar, H. J. Kang, A. Bist, P. Dua, J. S. Jang, J. S. Lee, 

ChemSusChem, 2012, 5, 1926.  

[17] W. J. Jo, J-. W. Jang, K-. Kong, H. J. Kang, J. Y. Kim, H. Jun, K. P. 

Parmar, J. S. Lee, Angew. Chem. Int. Ed., 2012, 51, 3147. 

[18] D. K. Zhong, S. Choi, D. R. Gamelin, J. Am. Chem. Soc., 2011, 133, 

18370. 

[19] T. W. Kim, K-. S. Choi, Science., 2014, 343, 990.  

[20] S. J. Hong, S. Lee, J. S. Jang, J. S. Lee, Energy Environ. Sci., 2011, 4, 

1781.  

[21] P. Chatchai, Y. Murakami, S-. Kishioka, A. Y. Nosaka, Y. Nosaka, 

Electrochimica Acta., 2009, 54, 1147. 

[22] J. Su, L. Guo, N. Bao, C. A. Grimes, Nano Lett., 2011, 11, 1928. 

[23] P. M. Rao, L. Cai, C. Liu, I. S. Cho, C. H. Lee, J. M. Weisse, P. Yang, X. 

Zheng, Nano Lett., 2014, 14, 1099.  

[24] X. Shi, I. Y. Choi, K. Zhang, J. Kwon, D. Y. Kim, J. K. Lee, S. H. Oh, J. 



91 

 

K. Kim, J. H. Park, Nat. Commun, 2014, 5, 4755. 

[25] S. Y. Chae, H. Jung, H. S. Jeon, B. K. Min, Y. J. Hwang, O-. S. Joo, J. 

Mater. Chem. A, 2014, 2, 11408. 

[26] Y. Liang, T. Tsubota, L. P. A. Mooij, R. Krol, J. Phys. Chem. C., 2011, 

115, 17594. 

[27] R. Saito, Y. Miseki, K. Sayama, Chem. Commun., 2012, 48, 3833.  

[28] Mingce, Weimin, H. Kisch, J. Phys. Chem. C., 2008, 112, 548. 

[29] Y. Pihosh, I. Turkevych, K. Mawatari, T. Asai, T. Hisatomi, J. Uemura, 

M. Tosa, K. Shimamura, J. Kubota, K. Domen, T. Kitamori, small, 2014, 10, 

3692. 

[30] X. Zhao, W. Luo, J. Feng, M. Li , Z. Li , T. Yu , Z. Zou, Adv. Energy 

Mater., 2014, 4, 1301785. 

[31] A. J. Bard, L. R. Faulkne, Electrochemical methods, JOHN WILEY 

&SONS, 2001, 226. 

[32] D. Kang, T. W. Kim, S. R. Kubota, A. C. Cardiel, H. G. Cha, K-.S Choi, 

Chem. Rev., 2015, 115, 12839. 

[33] M.S. Chandrasekar, M. Pushpavanam, Electrochimica Acta, 2008, 53, 

3313. 

[34] N.S Qua, D Zhua, K.C Chanb, W.N Leia, Surface and Coatings 

Technology, 2003, 168, 123. 



92 

 

[35] D. Gopi, J. Indira, L. Kavitha, Surface and Coatings Technology, 2012, 

206, 2859. 

[36] L. Chen, E. A-. Llado, M. Hettick, I. D. Sharp, Y. Lin, A. Javey, J. W. 

Ager, J. Phys. Chem. C, 2013, 117, 21635. 

[37] F. F. Abdi, R. v. d Krol, J. Phys. Chem. C, 2012, 116, 9398. 

[38] L. Chen, E. A-. Llado, M. Hettick, I. D. Sharp, Y. Lin, A. Javey, J. W. 

Ager, J. Phys. Chem. C., 2013, 117, 21635. 

[39] S. Tokunaga, H. Kato, A. Kudo, Chem. Mater., 2001, 13, 4624. 

[40] N. Myung, S. Ham, S. Choi, Y. Chae, W. G. Kim, Y. J. Jeon, K. J. Paeng, 

W. Chanmanee, N. R. Tacconi, K. Rajeshwar, J. Phys. Chem. C., 2011, 115, 

7793. 

[41] Walsh, A., Yan, Y., Huda, M. N. Al-Jassim, M. M.; Wei, S. H. Chem. 

Mater., 2009, 21, 547. 

[42] C. X. Kronawitter, L. Vayssieres, S. Shen, L. Guo, Damon A. Wheeler, 

Jin Z. Zhang, B. R. Antoun, S. S. Mao, Energy Environ. Sci., 2011, 4, 3889. 

[43] K-.S. Choi, J. Phys. Chem. Lett., 2010, 1, 2244. 

[44] F. E. Osterloh, Chem. Soc. Rev., 2013, 42, 2294. 

[45] S. Shin, H. S. Han, J. S. Kim, I. J. Park, M. H. Lee, K. S. Hong, I. S. Cho, 

J. Mater. Chem. A, 2015, 3, 12920. 

[46] J. H. Kim, Y. Jo, J. H. Kim, J. W. Jang, H. J. Kang, Y. H. Lee, D. S. Kim, 

http://pubs.acs.org/author/Choi%2C+Kyoung-Shin
http://pubs.acs.org/doi/abs/10.1021/jz100629n#cor1
http://pubs.rsc.org/en/results?searchtext=Author%3AFrank%20E.%20Osterloh


93 

 

Y. Jun, J. S. Lee, ACS Nano, 2015, 9, 11820. 

[47] T. W. Kim, Y. Ping, G. A. Galli, K-. S. Choi, Nat. Commun., 2015, 6, 

8769. 

[48] X. Chang, T. Wang, P. Zhang, J. Zhang, A. Li, , J, Gong, J. Am. Chem. 

Soc., 2015, 137, 8356. 

[49] A. Loiudice, J. K. Cooper, L. H. Hess, T. M. Mattox, I. D. Sharp, R. 

Buonsanti, Nano Lett., 2015, 15, 7347. 

[50] S.M, Ho-Kimura, S. J. A. Moniz, A. D. Handoko, J. Tang, J. Mater. 

Chem. A, 2014, 2, 3948-.  

[51] E. S. Kim, H. J. Kang, G. Magesh, J. Y. Kim, J-.W. Jang, J. S. Lee, ACS 

Appl. Mater. Interfaces, 2014, 6, 17762.  

[52] D. Eisenberg, H. S. Ahn, A. J. Bard, J. Am. Chem. Soc., 2014, 136, 

14011. 

[53] S. J. A. Moniz, J. Zhu, J. Tang, Adv. Energy Mater., 2014, 4, 1301590. 

[54] F. F. Abdi, L. Han, A. H. M. Smets, M. Zeman, B, Dam, R. Krol, Nat. 

Commun., 2013, 4, 2195. 

[55] M. Ma, X. Shi, K. Zhang, S. Kwon, P. Li, J. K. Kim, T. T. Phu, G-. R. Yi, 

J. H. Park, Nanoscale, 2016, 8, 3474. 

[56] I. Grigioni, K. G. Stamplecoskie, E. Selli, P. V. Kamat, J. Phys. Chem. C, 

2015, 119, 20792. 



94 

 

[57] C. Liu, J. Su, L. Guo, RSC Adv., 2016, 6, 27557. 

[58] J. Resasco, H. Zhang, N. Kornienko, N. Becknell, H. Lee, J. Guo, A. L. 

Briseno, P. Yang, ACS Cent. Sci., 2016, 2, 80. 

[59] X. Zhang, B. Zhang, K. Cao, J. Brillet, J. Chen, M. Wang, Y. Shen, J. 

Mater. Chem. A, 2015, 3, 21630.  

[60] F. L. Formal, S. R. Pendlebury, M. Cornuz, S. D. Tilley, M. Gratzel, J. R. 

Durrant, J. Am. Chem. Soc., 2014, 136, 2564. 

[61] Y. Liang, J. Messinger, Phys. Chem. Chem. Phys., 2014, 16, 12014. 

[62] W. L. Kwong, C. C. Lee, J. Messinger, J. Phys. Chem. C, 2016, 120, 

10941. 

[63] J. A. Seabold, K-. S. Choi, Chem. Mater., 2011, 23, 1105. 

[64] M. Ulmann, N. R. Detacconi, J. Augustynski, J. Phys. Chem, 1986, 90, 

6523. 

[65] J. C. Hill, K-. S. Choi, J. Phys. Chem. C, 2012, 116, 7612. 

[66] I.S. Cho, H. S. Han, M. Logar, J. Park, X. Zheng, Adv. Energy Mater, 

2016, 6, 1501840.  

[67] Y-. P. Zhao, D-. X. Ye, G.-C. Wang, T-. M. Lu, Proceedings of SPIE, 

2003, 5219, 59.  

[68] K. Robbie, M. J. Brett, J. Vac. Sci. Technol., 1997, A15, 1460. 

[69] F. Liu, M. T. Umlor, L. Shen, J. Weston, W. Eads, J. A. Barnard, G. J. 



95 

 

Mankey, J. Appl. Phys., 1999, 85, 5486.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 

 

Chapter 3  

Interfacial Energy-level and Morphology Engineering of 

Bottom Electrode for Efficient Water Splitting 
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3-1. Introduction 

Rapid increase of the world energy consumption represents one of the 

biggest challenges, in this respect, solar-driven photoelectrochemical (PEC) 

water splitting is considered to be the major breakthrough to settle an energy 

crisis. Despite its promise, the commercialization of PEC water splitting is 

still far away because of the trade-off between efficiency, cost and stability. 

Even though, metal oxide-based photoelectrodes, which can be deposited 

with scalable techniques such as TiO2, Fe2O3, WO3 and BiVO4 are relatively 

cheap and stable in aqueous solution, the practical photogenerated 

efficiencies have only shown low efficiencies (< 8%). A major limitation of 

complex metal oxides is their low absorption, severe charge recombination, 

and short carrier life times about picosecond to nanosecond, thus practical 

PEC water splitting is hard put to it. In these respect, to get high PEC 

performance requires not only high surface area to harvest light in a stronger 

way, but also an efficient architecture prolonging photogenerated carrier life 

time to promote their contribution in PEC water splitting process.  

To facilitate this issues, advanced surface engineering and interface 

engineering need to be developed. My approach for creating the synergetic 

effect of two engineering parameters is to use two separate materials for the 

tasks of light absorption, carrier transfer and separation efficiencies. To 
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maximize PEC performance, a conductive bottom electrode with high surface 

area for enough light absorption has to be used, which is conformally coated 

with a visible light absorber as a top electrode. This architecture allows for 

efficient use of absorbed photon due to the proximity of the semiconductor 

and liquid junction. Using this architecture can enhance the PEC efficiencies 

of electrodes with poor light absorption and severe charge recombination, but 

relies on an appropriate band alignment between top and bottom electrodes. 

Thus, the proper band edge positions of semiconductors is another crucical 

parpmaterers for determinung the functionality in PEC water splitting. In 

these respects, one dimensional (1D) nanostructures such as nanorods (NRs), 

nanowires and nanoflowers (NFs) provide several advantages for use as the 

bottom materials, which can allow high surface area loading of the top 

materials and enhance light scattering for improved light absorption 

effiencies. Also, the construction of a heterojunction architecture with 

moderate band alignment can drastically prolong the photogenerated charge 

lifetime and then to promote its separation. 

In the PEC water splitting system, various composite structures have been 

utilized for oxide photoanodes such as Fe2O3/WO3, BiVO4/WO3, Fe2O3/SnO2 

and BiVO4/SnO2. Specially, heterogeneous BiVO4/WO3 photoanodes are 

primarily studied, since they can make type II band structure for efficient 
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charge separation. However, WO3 has the disadvantages of having a relatively 

positive flat potential about 0.4 eV versus reversible hydrogen electrode 

(RHE), resulting in potential energy losses for electrons as they are 

transferred from WO3 to BiVO4, thus limiting the photovoltage of the 

combined system. Compared to the WO3, rutile TiO2 is charming material 

since it is stable in wide range of pH and has a relatively negative flat band 

potential about 0.2 V vs. RHE, which does not significantly limit the 

photovoltage obtainable from BiVO4, while still providing a driving force for 

electron transfer. However, TiO2 has endemic limitations such as intrinsically 

low mobility and conductivity. Thus, in our previous studies, doped TiO2 NRs 

are developed that increased the carrier concentration and following the 

conductivity. TiO2 with high carrier concentration as a bottom electrode could 

also ensure low contact resistance with the BiVO4 as a top electrode. As the 

synergistic effect of surface and interface engineering is essentially 

determined by the properties and the behaviors of interfaces of the 

photoelectrodes, thus developing new interface engineering, and gaining new 

understandings of the roles and behaviors of the interface, are among the 

central tasks of photoanode development for solar water splitting. Even 

though, there is no enough studies demonstrate crucial role of the interface 

between various photoelectrodes. 
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In this studies, I fabricated two types of nanostructured BiVO4/TiO2 

heterojunction photoanodes with different morphology of TiO2 such as NRs 

and NFs. TiO2 with high surface area is used as a bottom electrode, and small, 

conformally deposited BiVO4 nanodots coated on the surface of TiO2 as a top 

electrode. I stress that the photoactivities of BiVO4/TiO2 differed significantly 

according to the shape of TiO2 as a bottom material. The morpholohy of 

bottom electrode dramatically affect the light absorption effciency since it can 

change the asepect of depositied top material on bottom electrode, thus 

determining the final arhitecture. Also, charge transfer, seperation efficiency 

and the following life time of BiVO4-based anodes are deeply related to type 

of bottom electrode due to the modified band edge positions of TiO2. From 

the combined experiment and analysis, we proved the synergistic effect of 

surface and interface engineering by modifying the bottom electrode. To the 

best our knowledge, there are no reports about the above consideration. It is 

considerably meaningful to clarify the scientific and engineering points. 

These findings provide feasible routes to adjust diverse metal oxides as 

photoelectrodes for desirable solar water splitting. 
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3-2. Experimental method and characterization 

3-2-1. Hydrothermal for TiO2 nanorods and nanoflowers 

The co-doped TiO2 NRs have grown on the FTO/glass using hydrothermal 

synthesis method with precursors DI-water, HCl and tetrabutyl titanate 

solutions with the amount of 25 ml and 25 ml, 0.8 ml, respectively. Different 

amounts of sulfamic acid from 5 mg to 15 mg as a source of nitrogen 

and sulfur were added. The precursors were added sequentially as follows: 

DI-water, HCl, sulfamic acid and tetrabutyl titanate to a glass beaker and 

stirred vigorously using magnetic stirrer until the cloudy color changed to 

colorless. Subsequently, the solutions were transferred to a teflon beaker 

(100 ml) in which the FTO/glass was placed at the bottom keeping the active 

side faced up. The teflon beaker which had the precursor solution and the 

substrate, FTO/glass, was inserted into the autoclave and sealed properly. 

Subsequently it was cooked for four hours at 180 °C in an oven and kept 

inside until the temperature reached room temperature. The synthesized co-

doped sample was removed from the teflon and rinsed repeatedly using DI-

water and subsequently annealed at a temperature of 350 °C for half an hour 

in the ambient air condition. The temperature for annealing was ramped up at 

the rate of 5 °C/min until it reached the final temperature of, 350 °C. The 

sample was kept inside the furnace until the annealing temperature reached 

https://www.sciencedirect.com/topics/chemical-engineering/polytetrafluoroethylenes
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140 °C and then was removed from the furnace.  

 

3-2-2. Pulsed electrodeposition for BiVO4 nanodots 

The BiVO4 nanodots on the TiO2 were synthesized by the pulsed 

electrodeposition. The detailed experimental procedure is introduced in the 

Chapter 2. 

 

3-2-3. Physical characterization 

The morphologies of TiO2 and BiVO4/TiO2 were characterized by field-

emission scanning electron microscopy (MERLIN Compact, JEOL). Bright-

field and high-resolution transmission electron microscopy (JEM-2100F, 

JEOL) with 200 kV field-emission images were obtained to investigate the 

microstructure of the BiVO4-based anodes. X-ray diffraction (XRD) 

characterization was performed to confirm the crystalline phase of TiO2. The 

absorption spectra of the TiO2 nanorods, TiO2 nanoflowers and BiVO4 was 

measured by UV-Visible spectroscopy (JASCO-670). The band positions of 

BiVO4-based anodes were determined by using the ultraviolet photoemission 

spectroscopy (UPS). Time resolved photoluminescence (TRPL) study has 
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been carried out to analyze the charge carrier life time of TiO2 and 

BiVO4/TiO2 anodes.  

 

3-2-4. Photoelectrochemical characterization 

To figure out the photoactivities of BiVO4/TiO2 with diverse structures, 

several PEC measurement was conducted. Above the analysis stated in 

Chapter 2, the applied bias photon-to-current efficiency (ABPE) was 

introduced to quantitatively evaluate PEC water splitting efficiency. Also, the 

carrier life time of TiO2 and BiVO4/TiO2 is estimated by analysing the 

transient decay curve.  
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3-3. Results and discussion  

3-3-1. Morphology control of TiO2 as bottom electrode 

 

To synthesize nanostructured BiVO4/TiO2 heterojunction photoelectrodes, 

all-solution process was introduced. TiO2 nanostructures were prepared by 

hydrothermal growth, according to our previous work, and the BiVO4 

nanodots were conformally deposited on the TiO2 nanoflowers by pulsed 

electrodeposition. The brownish gray color of conductive TiO2 films was 

Figure 3-1 Top SEM images of (a) the pristine TiO2 flowers and BiVO4/TiO2 

flowers by adjusting the deposition cycles of BiVO4. (b) 6 cycles, (c) 12 

cycles, (d) 18 cycles, (e) 24 cycles, (f) 36 cycles, respectively.  

* Scale bar is 200 nm. 
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changed to yellow after electrodeposition of BiVO4 on the TiO2 nanoflowers, 

as shown in Figure 3-1. TiO2 nanoflowers with high surface area is used as a 

bottom electrode, and small, highly dispersed BiVO4 nanodots deposited on 

the entire surface of TiO2 nanoflowers as a top electrode. Diverse BiVO4/TiO2 

heterojunction anodes with different BiVO4 coverage and porosities were 

synthesized by adjusting the electrodeposition cycles of BiVO4, as shown in 

Figure 3-1. Top and cross-sectional scanning electron microscopy (SEM) 

images of the 1 dimensional (1D) nanoflowers with BiVO4 with different 

active areas produced by adjusting the deposition cycles from 0 to 36 cycles. 

By increasing the electrodeposition cycles of BiVO4, the surface of TiO2 

nanoflowers is totally covered as BiVO4 nanodots. We emphasize that pulsed 

electrodeposition facilitates the conformal deposition of an extremely thin 

BiVO4 layer on the entire surface of the TiO2 nanoflowers by contolling the 

pulse on/off ratio. Also, the crystal structure of pristine TiO2 and BiVO4/TiO2 

nanoflowers are confirmed by the X-ray diffraction (XRD) analysis, as 

displayed in Figure 3-2. TiO2 nanoflowers were demonstrated to be a rutile 

structure with different lattice plane peak intensities, i.e., (002), (110) and 

(121). It shows a tendency to grow in various directions. From these results, 

it is possible to estimate the reason for the growth of TiO2 nanoflowers. And 
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BiVO4 showed monoclinic phase and it is suitable for PEC water splitting. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2 X-ray diffraction patterns of (a) TiO2 flowers and BiVO4/TiO2 

flowers, (b) TiO2 flowers and TiO2 nanorods, respectively.  
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PEC measurements of the heterogeneous BiVO4/TiO2 nanoflowers anodes 

with different coverage of BiVO4 nanodots were performed using a standard 

three-electrode cell with an electrolyte of 0.5 M phosphate buffer with 1 M 

sodium sulfite at a scan rate of 10 mV/s under 1.5 G solar light. The 

photoelectrochemical current densities of the diverse BiVO4/TiO2 

nanoflowers were plotted as a function of potential vs. RHE. The results of 

the LSV measurements are presented in Figure 3-3. The LSV measurements 

performed under the chopped (on/off) solar light condition verified the 

absence of dark leakage current, and the leakage current of all BiVO4/TiO2 

nanoflowers are shown with the light off. Figure 3-3(b) displays the 

photocurrent behavior of the BiVO4/TiO2 nanoflowers at 1.23 V vs. RHE. 

The photoactivity of the BiVO4/TiO2 nanoflowers increases gradually until 

the electrodeposition cycles increase to18 cycles, and the photocurrent then 

starts to decrease. A high photocurrent about 1.7 mA/cm2
 was obtained at 1.23 

V vs. reversible hydrogen electrode (RHE) for the 18 cycles BiVO4/TiO2 

nanoflowers. It is the value of 4.7 enhancement compared to pristine TiO2 

nanoflowers. The improved PEC performance of the BiVO4/TiO2 

nanoflowers compared to pristine TiO2 nanoflowers is because of increased 

active areas, attributable to enlarge wavelength for light absorption (from UV 
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to UV-VIS region) and improve the charge separation efficiency. Also, the 

absorbing layer of BiVO4 in intimate contact with nanostructured substrate, 

such as TiO2, can decrease the diffusion length for carriers and enlarge the 

optical absorption length. The small size of BiVO4 nanodots allows high 

collection efficiency of electrons by the TiO2 nanoflowers, and the proximity 

of the semiconductor liquid junction allows holes to reach the surface to 

perform the water oxidation reaction. The stability of 18 cycles BiVO4/TiO2 

nanoflowers was also characterized by measuring the amperometric 

photocurrent versus time (t) curves under the same solar simulated light and 

a bias voltage of 1.23 V vs. RHE, as shown in Figure 3-4. The photocurrent 

density was consistent for 6 hours, demonstrating the potential of BiVO4/TiO2 

nanoflowers as photoanodes for practical applications.  

Also, the PEC water splitting efficiency of the photoelectrodes was 

quantitatively evaluated using the applied bias photon-to-current efficiency 

(ABPE) based on the equation (1). ABPE takes this important applied 

potential into account when expressing the efficiency of conversion from 

solar to chemical energy.  

ABPE (%) =
𝐽𝑝ℎ (𝑚𝐴/𝑐𝑚2)(1.23−𝑉𝑏)(𝑉)

𝑃𝑡𝑜𝑡𝑎𝑙 (𝑚𝑊/𝑐𝑚2)
    (1) 

(where Vb is the applied bias vs. RHE, Jph is the photocurrent density at the 

measured potential, and Ptotal is the power density of light). A maximum 
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photoconversion efficiency of 0.65 % was achieved for the 18 cycles BiVO4 

deposited on TiO2 nanoflowers at 0.61 V vs. RHE, which was 8.1 times higher 

than that of the TiO2 nanoflowers. Another interesting feature is that the 

maximum photoconversion efficiencies of all BiVO4/TiO2 nanoflowers were 

obtained at lower applied potential compared with the bare TiO2 nanoflowers. 

This is associated with the reduction of the hole injection barrier at the TiO2 

nanoflowers/electrolyte interface by introducing of the BiVO4 nanodots. 

To understand coverage effect of BiVO4 nanodots on TiO2 nanoflowers on 

PEC properties, we also compared the electrochemical impedance 

spectroscopy (EIS) to evaluate the kinetics of charge generation, transfer and 

separation during water splitting reaction. The impedance spectra was 

measured by applying 1.23 V vs. RHE under simulated solar light 

illumination, and is presented as a Nyquist diagram in the frequency range of 

100 kHz – 100 mHz. We used the Hamann equivalent circuit composed by 3 

resistance and 2 capacitance to interpret our EIS plots. The impedance spectra 

of the complicated structure are consisted of three arcs, it indicates the 

resistance of electrolyte, charge transfer and mass transport, and three 

semicircles can be combined as one semicircle. In the EIS circuit, Rs is the 

series resistance, Cs and Cct are the constant phase element (CPE) for 

semiconductor interface and the electrolyte/electrode interface, respectively. 
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Rct1 and Rct2 are the charge transfer resistance across the semiconductor 

interface and electrode/electrolyte interface, respectively. The measured data 

were fitted to the equivalent circuit, as shown in the inset of Figure 3-3(d). 

The series resistance, charge transfer resistance and capacitance obtained 

from the fittings, are summarized in Table 3-1. The high photoactivity is 

reflected by a small semicircle in the Nyquist plot. The fitted values of Rct1 

are 3.16, 1.05, 16.68, 0.84, 1.01 and 1.62 Ω∙cm2 for the TiO2 nanoflowers, 6 

BiVO4/TiO2 nanoflowers, 12 BiVO4/TiO2 nanoflowers, 18 BiVO4/TiO2 

nanoflowers, 24 BiVO4/TiO2 nanoflowers and 36 BiVO4/TiO2 nanoflowers, 

respectively. Also, Rct2 is 4770.75, 588.16, 599.46, 475.11, 734.04 and 734.04 

Ω∙cm2 for the TiO2 nanoflowers, 6 BiVO4/TiO2 nanoflowers, 12 BiVO4/TiO2 

nanoflowers, 18 BiVO4/TiO2 nanoflowers, 24 BiVO4/TiO2 nanoflowers and 

36 BiVO4/TiO2 nanoflowers, respectively. Compared to TiO2 nanoflowers, 

the charge transfer resistance of all BiVO4/TiO2 nanoflowers is drastically 

decreased, it represents the fastest charge transport and indicates the effective 

charge transfer at the semiconductor interfaces and suppressed the charge 

recombination between the semiconductor and electrolyte. Among them, the 

18 BiVO4/TiO2 nanoflowers recorded lowest value, it affected photocurrent 

density, as shown in Figure 3-3(a). 
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Figure 3-3 (a) Linear sweep voltammograms for BiVO4/TiO2 flowers 

according to the deposition cycles of BiVO4 in 0.5 M phosphate buffer with 

1 M Na2SO3 at a scan rate of 10 mV/s under 1.5 G solar light under the 

chopped light condition. (b) Amperometric current density-time profiles, (c) 

ABPE for BiVO4/TiO2 flowers according to the deposition cycles of BiVO4 

at 1.23 V vs. RHE, respectively. (d) Electrochemical impedance spectra for 

various BiVO4/TiO2 flowers and TiO2 flowers. The solid line was fitted by 

the ZSimpWin software using the proposed equivalent circuit model. The EIS 

was measured at 0.63 V (vs. Ag/AgCl) under simulated solar illumination in 

0.5 M phosphate buffer with 1 M Na2SO3. 
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Figure 3-4 Stability of the BiVO4/TiO2 flowers with optimum condition at 

1.23 V vs. RHE for 6 hours. 
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Overall PEC performance of heterogeneous anodes are closely related on 

morphology control of bottom layer such as TiO2 since interface between 

semiconductors and final architecture are considerably affected by bottom 

layer. Thus, the control of the morphology of TiO2 as the bottom layer is the 

key to achieving high PEC efficiencies. We synthesized two types of 

nanostructured TiO2 such as nanorods and nanoflowers as a bottom layer and 

introduced BiVO4 nanodots on two types of TiO2, as shown in Figure 3-5. 

Unlike TiO2 nanoflowers, electrodeposited BiVO4 nanodots agglomerate on 

the TiO2 nanorods since the top of the nanorods are close to each other, thus 

it is hard to maintain the concentration gradient of solution for the conformal 

deposition of BiVO4. Therefore deposited BiVO4 blocks the gap between the 

TiO2 nanorods, thus it makes hard to absorb light and permeate electrolyte for 

PEC water splitting. As a result, photocurrent density of BiVO4/TiO2 

nanorods was drastically deteriorated compared to pristine TiO2 nanorods, as 

shown in Figure 3-5(c). Also, we analysed EIS circuit, as shown in Figure 3-

5(b) and Table 3-1. The combination of BiVO4/TiO2 nanorods showed larger 

semicircle than that of TiO2 nanorods since charge transfer resistance across 

the electrode/electrolyte interface is considerably increased from 259.89 to 

1948.06 Ω∙cm2. The charge separation between semiconductors also was 

impeded since electrodeposited BiVO4 on TiO2 nanorods hinder the 



114 

 

permeating path of electrolyte and disrupt water oxidation.  

 

 

Figure 3-5 SEM images of (a) TiO2 NRs and (b) BiVO4/TiO2 NRs, respectively. 

(c) Linear sweep voltammograms for BiVO4/TiO2 NRs and TiO2  NRs in 0.5 M 

phosphate buffer with 1 M Na2SO3 at a scan rate of 10mV/s under 1.5 G solar light 

under the chopped light condition. (d) Electrochemical impedance spectra of 

BiVO4/TiO2 NRs and TiO2 NRs. The solid line was fitted by the ZSimpWin 

software using the proposed equivalent circuit model. The EIS was measured at 

0.63 V (vs. Ag/AgCl) under simulated solar illumination in 0.5 M phosphate buffer 

with 1 M Na2SO3. 



115 

 

Table 3-1 Circuit analysis of EIS spectra for TiO2 flowers, BiVO4/TiO2 

Flowers, TiO2 NRs and BiVO4/TiO2 NRs.  

 

Materials R1 (Ω∙cm
2
) R2 (Ω∙cm

2
) R3 (Ω∙cm

2
) 

TiO2 flower 4.99 3.16 4770.75 

6 BiVO4 / TiO2 

flower 
2.12 1.05 588.16 

12 BiVO4 / TiO2 

flower 
3.26 16.68 599.46  

18 BiVO4 / TiO2 

flower 
2.67 0.84 475.11 

24 BiVO4 / TiO2 

flower 
2.41 1.01 743.04 

36 BiVO4 / TiO2 

flower 
3.33 1.62 743.04 

TiO2 NRs 2.11 2.06 259.89 

BiVO4 / TiO2 NRs 3.34 5.18 1948.06 
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The transient photocurrent decay occurring immediately upon illumination 

was also evaluated to obtain a qualitative understanding of the charge 

recombination behavior in the prepared photoanodes. The transport behavior 

of charge carriers was also investigated by plotting the transient photocurrent 

curve, as shown in Figure 3-6. When the light was switched on, a photocurrent 

spike was observed at an applied potential of 1.23 V vs. RHE due to the rapid 

generation of electron and hole pairs, which would lead to severe 

recombination of electrons and holes, and thus cause a decreasing in the 

photoactivity of the film for the water splitting reaction. Charge 

recombination can be caused by either accumulation of electrons in the bulk 

or accumulation of holes at the surface. The accumulation of holes would 

cause an equally large cathodic transient when the light is switched off, and 

electrons in the conduction band react with the accumulated hole. However, 

cathodic transients can scarcely be observed in Figure 3-6, suggesting the 

accumulation of holes at the surface of the films not be the main 

recombination process in BiVO4/TiO2 nanoflowers and BiVO4/TiO2 NRs. 

Thus, the transient decays were attributed to the accumulation of electrons 

due to the poor electron carriage in the photoanodes. The transient decay time 

in the photoanodes was calculated from logarithmic plot of parameter D, 

given by the equation. 
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𝐷 = (𝐼𝑡 − 𝐼𝑠)/(𝐼𝑚 − 𝐼𝑠) (2) 

Where Im is the photocurrent spike, It is the photocurrent at time t and Is is the 

steady state photocurrent (i.e. as the recombination and charge generation 

reaches equilibrium). The transient decay time is defined as the time at which 

in ln D = -1. Based on the photocurrent profiles measured in Figure 3-6(a),(c), 

the transient decay times of TiO2 nanoflowers, BiVO4/TiO2 nanoflowers, 

TiO2 NRs and BiVO4/TiO2 NRs, respectively. The transient decay time for 

the BiVO4/TiO2 nanoflowers 26.35 s, which is approximately 4.15 times 

longer than that of TiO2 nanoflowers about 6.36 s. A slower recombination 

rate would lead to longer transient decay times. Generally, the photocurrent 

decay rate is determined by the degree to which recombination dominates the 

charge generation process. Therefore, we expect that a slower recombination 

rate gives rise to longer transient decay times and a significantly longer 

transient decay time is observed for the heterogeneous BiVO4/TiO2 

nanoflowers, suggesting a lower charge-carrier recombination rate in the 

heterostructure compared to the TiO2 nanoflowers. Otherwise, BiVO4/TiO2 

NRs showed shorter decay time of 1.57 s than that of TiO2 NRs about 2.58 s. 

From these results, we suggest morphology control of bottom electrode has 

crucial impact on interface kinetics, thereby reducing the charge 

recombination for efficient PEC water splitting.  
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Figure 3-6 Anodic photocurrent dynamics of photoelectrodes at an applied 

bias 1.23 V vs. RHE and transient decay time (a),(b) TiO2 flowers and 

BiVO4/TiO2 flowers, (c), (d) TiO2 NRs and BiVO4/TiO2 NRs, respectively.  

* 𝐷 = (𝐼𝑡 − 𝐼𝑠)/(𝐼𝑚 − 𝐼𝑠) 
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To gain better insight into performance of our BiVO4/TiO2 nanoflowers, 

time resolved photoluminescence (TRPL) study has been carried out. PL 

spectroscopy is a powerful technique to gain insights into dynamics of the 

photogenerated electron and hole pairs, including their recombination, 

transfer and defect/surface trapping processes. Fluorescent emission is one of 

the possible charge recombination channel, and fast emission can lead to a 

low charge separation yield. The remarkably shortened life time reflects the 

fast fluorescent quenching that is probably caused by the efficient electron 

hole separation. As expected, the decays for TiO2 nanoflowers show faster 

features which are a result of well-aligned band position with BiVO4. The 

measured average life time for the BiVO4/TiO2 nanoflowers is 2.293 ns, as 

shown in Figure 3-7, much shorter than for the bare BiVO4 and TiO2 

nanoflowers (3.887 ns and 3.462 ns). The remarkably shortened lifetime 

reflects the fast fluorescent quenching that is probably caused by the 

properties suggested electron and hole separation.  
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Figure 3-7 (a) Steady state PL spectra, (b) Time resolved transient PL decay 

of BiVO4, TiO2 flowers and BiVO4/TiO2 flowers.  
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3-3-2. Band structure of BiVO4 with morphology controlled TiO2 

I presumed that the discrepancy in the photoactivities of BiVO4-based 

heterojunctions with different bottom layer such as TiO2 NRs and TiO2 

nanoflowers is attributed to the considerable alteration of the electronic 

junctions. To clearly demonstrate the effect of morphology control of bottom 

layer on final band structure, UV-Vis spectroscopy and ultraviolet 

photoelectron spectroscopy (UPS) measurements were performed. The UPS 

measures occupied electronic states and thus provides information on the 

Fermi level (low-binding-energy cutoff) and VBM of a material. The energy 

EC of CBM can be approximated by adding the electronic transport gap Eg 

of the material to the VBM, where Eg is determined from the sum of the 

optical band gap. UV-Vis spectroscopy gives an idea about the optical band 

gap energy and thus provides an important clue for investigation. The energy 

band structure of a photoelectrodes is considered to be a key factor in 

determining their photocatalytic activity. The optical band gap of TiO2 

nanoflowers and TiO2 NRs is 2.84 eV and 2.75 eV, respectively, as shown in 

Figure 3-8(a). I also measured band gap of BiVO4, which is 2.4 eV, as shown 

in Figure 3-8(b). The band gap can be evaluated from the following equation: 

α(hv) = A(hv − Eg)n/2  (3) 
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(in which α, ν, Eg, and A are the absorption coefficient, light frequency, 

band gap energy, and a constant, respectively).  

The secondary electron emission spetra (SEE) of the TiO2 nanoflowers, 

TiO2 NRs, BiVO4, BiVO4/TiO2 nanoflower, BiVO4/TiO2 NRs, and reference 

Au foil electrodes are displayed in Figure 3-8(c). Compared with the work 

function of the Au reference of 5.1 eV, the work functions of the sample can 

be estimated from the SEE cutoffs as 4.39, 3.04, 3.61 and 4.01 eV for the 

TiO2 nanoflowers, TiO2 NRs, BiVO4/TiO2 nanoflower, and BiVO4/TiO2 NRs, 

respectively. According to the valence band spectra, the energy difference 

between the Fermi level and the valence band maximum (EF - EV) for the 

TiO2 nanoflowers, TiO2 NRs, BiVO4/TiO2 nanoflower, and BiVO4/TiO2 NRs 

is 2.12, 2.45, 1.91, 2.01 eV, respectively. The values measured by UPS are 

summarized in Table 3-2. Based on these results, the energy band diagram for 

the BiVO4/TiO2 nanoflower, and BiVO4/TiO2 NRs is illustrated in Figures 3-

8(e).(f). The band gap of TiO2 is slightly modified according to the 

morphology control, thus VBM and CBM shift to match the energy difference, 

indicating that the band edge shifts are electrostatic in origin. The band 

structure of BiVO4/TiO2 nanoflowers, as shown in Figure 3-8(e) clearly 

shows type II junction, whereby is is energetically favorable to transfer and 

seperate the photogenerated electrons and holes from TiO2 nanoflowers to 
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BiVO4 without recombination at the interface. Otherwise, the VBM and CBM 

of TiO2 nanorods is considerably move upward, thus it might be hard to 

transfer of photogenerated electrons and holes from TiO2 NRs to BiVO4 for 

water oxidation. The discrepancy in the energetic environment of the BiVO4 

with TiO2 NRs and TiO2 nanoflower induces a shift of band edges of TiO2, 

thus is enables to explain disparity of the photoactivities.Thus, with 

morphology control, the energy leveal of TiO2 can be shifted toward energies 

where both the CBM and VBM straddle the hydrogen and oxygen redox 

potential, which is ideal for water splitting.  
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Figure 3-8 (a), (b) UV-vis absorption spectra of TiO2 flower, TiO2 NRs and 

BiVO4. (c) The secondary electron emission spectra and (d) Valence band 

spectra, the energy difference between the Fermi level and the valence band 

maximum (EF - EV) of TiO2 flower, TiO2 NRs, BiVO4/TiO2 flowers and 

BiVO4/TiO2 NRs, respectively. (e), (f) Flat band structure of BiVO4/TiO2 

flowers, BiVO4/TiO2 NRs, respectively. 



125 

 

Table 3-2 (a) Energy level of valence band and work function of FTO, TiO2 

Flowers, TiO2 NRs, BiVO4/TiO2 flowers and BiVO4/TiO2 NRs investigated 

by ultraviolet photoemission spectroscopy, (b) Optical band gap of FTO, TiO2 

Flowers, TiO2 NRs measured by UV-visible spectroscopy. 

(a) 

Materials Valence band Work function 

FTO N/A 4.4 eV 

TiO2 flower 2.12 eV 4.39 eV 

TiO2 NRs 2.45 eV 3.04 eV 

BiVO4 / TiO2 flower 1.91 eV 3.61 eV 

BiVO4 / TiO2 NRs 2.01 eV 4.01 eV 

 

(b) 

Materials 
Optical band gap  

(measure) 

FTO N/A 

TiO2 flower 2.84 eV 

TiO2 NRs 2.78 eV 

BiVO4 2.4 eV 
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I would like to highlight that morphology control of bottom layer as TiO2 

is crucial for efficient PEC water splitting, since final architecture of 

heterogeneous photoelectrodes are concluded and the band edge positions is 

drastically shifted according to the type of TiO2. In case of the BiVO4/TiO2 

NRs, the VBM and CBM are shifted upward, thus it might be hard to transfer 

photogenerated holes from TiO2 NRs to BiVO4 without loss due to the barrier 

at the interface. Otherwise, band edges of TiO2 nanoflowers are suitably 

positioned to permit transfer of electrons and holes for forceful water 

oxidation. In these system, the proper choice of TiO2 structure as bottom 

electrode has a critical impact on the PEC water splitting efficiency.  

 

3-4. Conclusion 

In this study, two types of heterogeneous TiO2/BiVO4 nanostructures with 

different band structures, followed by the morphology control of TiO2 are 

introduced. Surface control of TiO2 as a bottom material has a crucial impact 

on determining the final architecture of electrodes and its 

photoelectrochemical efficiencies (increased charge separation and prolonged 

life time). The enhancement in carrier life time of BiVO4/TiO2 nanoflowers 

is found to be caused by reduction of significant charge carrier recombination 
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via interface control between photoelectrodes. Overall, these findings provide 

further insights on the interplay between surface morphology and interface 

modulation between metal oxides as photoelectrodes, which benefit 

development of low-cost, highly efficient solar energy conversion devices.  
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Chapter 4  

Efficient Water Splitting Cascade Photoanodes with Ligand-

Engineered MnO Co-catalysts 
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4-1. Introduction 

In our previous work, I introduced nanostructured heterojunction anode to 

overcome limitation of electron/hole recombination, as mentioned in Chapter 

2.[1-9] I achieved the photocurrent density of 4.55 mA/cm2 at 1.23 V vs. 

reversible hydrogen electrode (RHE). Despite the substantial improvement of 

photoactivity of BiVO4-based anodes, it is still lower than theoretical 

photocurrent density of 7.5 mA/cm2. Sluggish oxygen evolving reaction 

(OER) kinetics on anode surface, hole accumulation at the 

photoanode/electrolyte interface (photocorrosion), and trap states have been 

considered as unsolved issues for performance of BiVO4-based photoanodes. 

Therefore, another approach is needed to overcome these drawbacks and 

reach a practical solution of this issue. 
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4-1-1. Effect of MnO Co-catalyst for PEC water splitting 

 

Surface modification with oxygen evolution catalysts (OECs) would be 

innovative approach to solve above issues. Integration of electrocatalyst as 

OECs for OER onto the surface of the photoelectrode often improves 

performance of the device. The common function of the catalyst on a 

semiconductor surface can be categorized as follows: (1) to catalyze the bond-

making and bond-breaking reactions; (2) to passivate the recombination sites; 

(3) to tune the band structure energetics; and (4) to protect the surface from 

Figure 4-1 Advantages and various role of Co-catalyst. [74,79] 



135 

 

corrosion, as shown in Figure 4-1.[9,11,12,21-28] Although IrO2 and RuO2, have 

been commonly utilized as OECs, the moderate activity and scarce nature of 

precious metals limit the widespread use of these catalysts for PEC water 

oxidation. Instead, transition metal based OECs such as Co-Pi, FeOOH and 

NiOOH have been recently reported due to their low cost, and proper band 

positions with BiVO4, and good activity under benign conditions (neutral pH 

range, room temperature).[29,30]  

The use of Mn-based catalysts for efficient water oxidation has been widely 

studied, due to the presence of biological water oxidizing complex in 

photosystem II, which comprises four manganese and one calcium atoms. 

Moreover, high cost-effectiveness (Mn is the 10th most abundant element in 

the Earth’s crust), low toxicity, and robust stability in neutral condition are 

other attractive properties of a manganese-based catalyst as OECs.[31-36] In 

addition, the multi-oxidation states of manganese-based catalyst would 

facilitate the local hole transport around Mn centers via a low barrier of O-

Mn-O pathway[33], which is likely to boost the water oxidation activity. 

Specifically, under neutral condition, manganese oxide nanoparticles 

exhibited superior performance to previously reported transition metal based 

catalysts.[32,33] In this work, as an effort to enhance photoactivities, we utilized 

manganese oxide nanoparticles (MnO NPs) on BiVO4-based photoanodes as 
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a co-catalyst. 

 

4-1-2. Necessity of ligand exchange 

While the surface of BiVO4-based anodes is poorly catalytic for water 

oxidation, several studies such as control of the morphology and composition 

of BiVO4 itself to solve poorly catalytic reaction have failed to directly result 

in photocurrent enhancement.[10,13] So far, studies on OECs/BiVO4 commonly 

reported that the presence of OECs enhanced photoactivities due to reduction 

of the surface recombination by efficient hole withdrawal from the BiVO4 

layer and efficient hole consumption for water oxidation. However, the 

overall performance of OEC/BiVO4 is significantly governed by the 

OEC/BiVO4 interface, thus better understanding on junction of 

photoanode/OEC is necessary for further optimization of BiVO4-based 

photoelectrodes. Therefore, I believe it is necessary to focus on the design of 

efficient OECs on the BiVO4 surface with proper junction.  

The catalyst-substrate interaction can effectively modify the binding 

energy of the reaction intermediated through either electronic perturbation of 

the active sites on the surface or direct participation in the reaction.[28] 

Previously, it has been documented that surface modification as ligand 
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exchange could enable to tune the Helmholtz double layer through the 

adsorption of charged species on the surface of the several materials such as 

quantum dot (QD) for solar cell, and consequently shift band edge 

energies.[50-58] All of these studies demonstrated that modifying the ligand/QD 

interface produces quite distinct chemical systems, and some even suggested 

a link between QD band edge energy shifts and ligand dipole moment; 

however, a clear and quantitative relationship between ligand exchange and 

band edge shifts has never been reported. Changing the identity of the 

chemical binding group and dipole moment of the ligand also modulate the 

strength of the MnO-ligand surface dipole, shifting the vacuum energy and, 

in turn valence band maximum (VBM) and conduction band minimum (CBM) 

of MnO.[50,52,54,55] Induced dipole at the ligand/MnO interface and the intrinsic 

dipole of the ligand can move band edge energies toward the desirable 

direction for water oxidation.[51,52,54] In other words, it is possible to promote 

separation of charge carriers without recombination at the interface when the 

band structure permits the efficient transport of photo-excited charge carriers, 

since ligand engineering would influence band edge positions. In addition, 

the type of appropriate ligands has a crucial role in increasing the charge 

transfer due to passivate electronic trap sites on the MnO surface. Even 

though, as described above, ligand exchange has a remarkable impact on 
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energy level modification for cascade photoelectrode structures, no in-depth 

study has yet been attempted to bring out the underlined mechanism for 

improving the PEC properties of BiVO4-based photoanodes by introducing 

the ligand engineered MnO NPs.  

 

4-2. Experimental method and characterization 

4-2-1. Synthesis of nanostructured BiVO4/WO3 heterojunction 

The BiVO4/WO3 photoanodes are prepared by previously mentioned 

pulsed electrodeposition and GLAD. The detailed experimental procedures 

are stated in the Chapter 2.  

 

4-2-2. Synthesis of various MnO nanoparticles with diverse ligands 

Typically, hot-injection synthesis for MnO NPs requires two separate 

reaction pots. First, 1 mmol of Mn (III) acetate and 2 mmol of myristic acid 

were dissolved in 20mL of octadecene. The other reaction pot was comprised 

of 0.45 mL of decanol in 3 mL of octadecene. These two separate mixtures 

were degassed at 110 °C for 1 hour to completely remove oxygen. The 

carboxylate mixture was heated up to 295 °C under argon atmosphere. Then 
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the mixture of decanol was injected into the carboxylate reaction pot and it 

was maintained at 285 °C for 1h. After cooling down to room temperature, 

the dark-brown solution was purified with acetone and toluene mixture. The 

as-prepared MnO NPs are well dispersed in nonpolar solvent, hexane or 

octane. The MnO NPs solution concentration used for ligand exchange is can 

be about 1.5 ~ 2.0 mg/ml. In this work, four types of ligand molecules were 

used for surface treatment: EDTA, Ca-EDTA, BF4, and NH4.  

EDTA, Ca-EDTA decorated MnO NPs: Firstly, 0.01M EDTA solution was 

prepared in methanol solution. To deprotonate the ligand, 4 equivalent 

trimethylamine was added in the solution and sonicated over 1 hour. Then As-

prepared MnO NPs in hexane solution was mixed with 0.01M deprotonated 

EDTA-methanol solution at one-to-one volume ratio. The mixed solution was 

vortexed for 1hour. Subsequently, as a washing step, centrifugation was 

performed with excess amount of toluene for three times. These ligand 

exchange and purification steps are repeated three times. Finally, precipitated 

EDTA-MnO NPs are re-dispersed in polar solvents. To incorporate Ca2+, 

0.01M CaCl2 solution is additionally inserted in precipitated EDTA-MnO 

NPs and mixed for 1 hour. After ligand exchange process, surface treated 

MnO NPs are spin-coated on BiVO4/WO3 /FTO electrode. For the 

convenience, when volume ratio of the initial MnO solution to polar solvent 
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is 1, we call its concentration 1C. We marked the concentration of MnO NPs 

as C, it means that 1 C concentration meant 1 mg of MnO nanoparticles in 1 

mL of ethanol solution. For example, if we wash 10 μL of MnO solution and 

disperse it in 10 μL of ethanol after surface treatment, we define concentration 

of final solution as1 C. 

BF4
- decorated MnO NPs: Firstly, 0.01M NOBF4 solution was prepared in 

DMF solution. Then As-prepared MnO NPs in hexane solution was mixed 

with 0.01M NOBF4 -DMF solution at one-to-one volume ratio. The mixed 

solution was vortexed for 30 min. Subsequently, as a washing step, 

centrifugation was performed with excess amount of toluene for three times. 

These ligand exchange and washing steps are repeated three times. Finally, 

precipitated BF4-MnO NPs are re-dispersed in polar solvents. 

NH4
+ treated MnO NPs: As-prepared MnO NPs dispersed in hexane was 

spin-coated on BiVO4/WO3 /FTO electrode. Then the electrode was dipped 

in the 25 wt % NH4OH solution for 1 hour. After dipping, the electrode was 

rinsed with DI-water and dried in oven. 

 

4-2-3. Physical characterization 

The morphologies of BiVO4-based anodes were characterized by field-
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emission scanning electron microscopy (MERLIN Compact, JEOL). Bright-

field and high-resolution transmission electron microscopy (JEM-2100F, 

JEOL) with 200 kV field-emission images were obtained to investigate the 

microstructure of the BiVO4-based anodes. X-ray diffraction (XRD) 

characterization was performed to confirm the crystalline phase of MnO. The 

absorption spectra of the WO3, BiVO4 and MnO was measured by UV-Visible 

spectroscopy (JASCO-670). The band positions of BiVO4-based anodes were 

determined by using the ultraviolet photoemission spectroscopy (UPS). 

Fourier transform infrared spectroscopy and X-ray photoelectron 

spectroscopy were also conducted to analysis ligand exchange of MnO.  

 

4-2-4. Photoelectrochemical characterization 

To analysis PEC properties of the BiVO4-based photoanodes, I used 

previously reported measurement, as stated in Chapter 2. 
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4-3. Results and discussion  

4-3-1. Diverse analysis for MnO NPs with different ligands 

Sub 10 nm sized MnO NPs were prepared by previously reported hot-

injection methods.[32,33,35] During the synthesis procedure, MnO NPs are 

covered with fatty acid surfactants, myristic acids, which is used to 

maintain uniform sized particles. Since his ligands are non-conductive, 

post surface treatment is required. In order to remove the non-

conducting ligands, I could either directly burn the ligands by annealing 

at higher temperature or exchange them with other conducting ligands. 

Since it is likely to occur phase change during annealing process, in this 

work, I chose to utilize the ligand exchange methodology to replace 

undesirable ligands on the MnO surface with conducting one.  

Various conducting ligands such as Tetrafluoroborate (BF4
-), 

Ethylenediaminetetraacetic acid (EDTA), Ca-inserted EDTA, and 

Ammonium (NH4
+) are employed to anchor the MnO NPs. Capping ligand 

molecules on nanoparticle surface have played important role in 

functionalizing nanoparticles. However, in order to make monodisperse 

nanoparticles by thermal decomposition method, the insulating long-chain 

organic ligands have been used. These ligands inevitably have disadvantage 

in inter-particle charge transport between NCs, which could be critical 
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limitation on electrochemical/photoelectrochemical reaction. In this regard, I 

tried to replace non-conducting ligand molecules with short inorganic 

functional ligands. Compared to myristic acid decorated MnO nanoparticles, 

EDTA or BF4 functionalized ones have enhanced electric conductivity and 

charge transport capability. The successful ligand exchange of MnO was 

investigated using various methods. Transmission electron microscopy (TEM) 

analysis showed as-prepared and after ligand exchange process of MnO NPs, 

as shown in Figure 4-2(a),(b). No appreciable change was observed in the 

shape, uniformity and dispersity of MnO NPs after ligand exchange. 

Moreover, it is confirmed that while initially dispersed in non-polar solvent, 

hexane, MnO NPs are clearly dispersed in polar solvent such as DI-water, 

methanol, and ethanol after surface treatment. Also, the size, shape and 

dispersity of MnO NPs are similar regardless of type of ligands, as shown in 

Figure 4-2(f)-(h). Figure 4-2(c) shows photographs of the as-prepared 

solution of MnO NPs, BF4-treated, EDTA-treated, and Ca-EDTA-treated 

solution of MnO NPs. The as-prepared solution of MnO NPs showed a dark 

brown color. The color of the MnO solution changed to a light brown color 

after ligand exchange. Depending on the type of the ligand of MnO, the color 

of the solution slightly changed. Fourier transform infrared spectroscopy (FT-

IR) analysis was conducted to monitor the water and ligand molecules on the 
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NPs surface, as shown in Figure 4-2(c). The results indicated that most of 

functional myristic acid molecules on MnO NPs are removed. The FT-IR 

spectra of the MnO NPs revealed that the intensity of the characteristic C-H 

stretching vibrations at 2850-2950 cm-1 corresponding to myristic acid 

molecules significantly decreased after the ligand exchange process. The 

broad spectral features around 3400 cm-1 appeared after surface treatment are 

assigned to the solvated water molecules, consistent with the hydrophilic 

nature of the MnO NPs. Also, the composition and the surface electronic 

states of the MnO NPs with different ligands were explored by X-ray 

photoelectron spectroscopy (XPS) analysis, as shown in Figure 4-2(e). The 

two peaks at 641.2 and 652.8 eV for Mn 2p3/2 and Mn 2p1/2, respectively, are 

characteristic features of MnO NPs. After the ligand exchange of MnO such 

as Ca, Ca-EDTA and BF4, the peaks are slightly shifted to the lower binding 

energies, indicating the slight reduction of manganese during the ligand 

exchange process.  
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Figure 4-2 (a), (b) TEM image of 10 nm size as-prepared and BF4-treated 

MnO crystals. (c) Photographic images of as-prepared MnO, BF4-treated, 

EDTA-treated and Ca-EDTA-treated MnO NPs solution. (d), (e) FT-IR 

spectra and XPS of as-prepared, BF4-treated, EDTA-treated, and Ca-EDTA 

treated MnO. TEM images of (f) NH3-MnO NPs, (g) BF4-MnO, (h) Ca-

EDTA-MnO NPs.  
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4-3-2. PEC properties and physical characterization of 

MnO/BiVO4/WO3 with different ligands 

MnO NPs/BiVO4/WO3 anodes were synthesized by a combination of 

glancing angle deposition, modified pulsed anodic electrodeposition, and spin 

coating. The microstructure of the MnO NPs/BiVO4/WO3 anodes was studied 

using TEM. From these cross-sectional TEM images, we also observed well-

aligned perpendicularly to the FTO substrate and conformally coated BiVO4 

nanodots on the entire surface of the WO3 nanorods without hindering the 

path of the electrolyte, as shown in Figure 4-3(a),(b). And overall active areas 

of the nanostructured BiVO4/WO3 heterojunction anodes are significantly 

increased. After the pulsed electrodeposition of the BiVO4 nanodots, 10 nm 

size MnO NPs were located on the top surface of the BiVO4/WO3 nanorods 

by using the spin coating. High-resolution TEM (HR–TEM) images and Fast 

Fourier transform (FFT) pattern are shown in Figure 4-3(h)-(k). The HR-

TEM images and electron diffraction patterns of the selected area showed d-

spacing of 0.398 nm and 0.312nm, corresponding to the (102) and (112) 

planes of monoclinic BiVO4 nanodots, respectively, and d-spacing of 

0.311nm, which can be assigned to the (110) plane of MnO NPs. 
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Figure 4-3 (a) Corresponding TEM images of BF4-treated MnO/BiVO4/WO3 

nanorods. (b) Expanded image of BF4-treated MnO/BiVO4/WO3 nanorods. 

(c), (d), (e), (f), and (g) EDS images of W, Bi, V, Mn and O, respectively. (h) 

(112) and (102) of BiVO4. (g) Small square by HETEM show crystalline 

planes of (110) and (1-10) of BF4-treated MnO. (j) and (k) Fast Fourier 

transform (FFT) pattern of BiVO4 and BF4-treated MnO. (* (c)-(g) scale bar 

is 100nm). 
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Four different ligands of MnO NPs (BF4, EDTA, Ca-EDTA, and NH3) were 

applied to prove the role of the ligand engineering of MnO NPs for enhancing 

water splitting efficiency. I compared the photocurrent density of MnO NPs 

with different ligands loaded on BiVO4/WO3 nanorods, as shown in Figure 4-

4. The photoelectrochemical current densities of the BiVO4-based 

photoanodes were plotted as a function of potential vs. RHE. I measured PEC 

properties of BiVO4-based anodes under sulfite oxidation to figure out the 

effect of ligand engineering. And I compared photocurrent density of several 

anodes at the 1.23 V vs. RHE since it is the theoretical minimum voltage for 

splitting water to oxygen and hydrogen.  

I used the same concentration of MnO ligands (~ 2 C) to exclude the 

coverage effect. The schematic illustration of the MnO NPs/BiVO4/WO3 

nanorods under back-side illumination and the operation of the water splitting 

cell are shown in Figure 4-4(a). Most of the light absorption occurs at the 

BiVO4/WO3 nanorods for solar water oxidation. And the principal role of 

MnO NPs is the surface catalyst for reducing the rate of the electron-hole 

recombination by surface state passivation. And it is possible to lowering 

reaction overpotential and improving reaction kinetics by attaching the ligand 

engineered MnO NPs on the BiVO4/WO3 surface. Among the various types 

of ligands, BF4-treated MnO NPs/BiVO4/WO3 show a drastically enhanced 
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photocurrent density of about 1.4-fold at the 1.23 V vs. RHE, compared to the 

BiVO4/WO3 anode. However, the photoactivity of MnO NPs/BiVO4/WO3 

with other ligands significantly decreased, as shown in Figure 4-4(b). These 

results also revealed that the onset potential negatively shifted after the 

attachment of the MnO NPs. This result specifies that the introduction of 

MnO NPs leads to catalytic enhancement (reduction of overpotential), since 

an electrochemical co-catalyst could significantly facilitates the transfer of 

photogenerated holes from the semiconductors to water at a lower bias. Figure 

4-4(c) shows the photocurrent behavior of the MnO NPs/BiVO4/WO3 anodes 

with different ligands of MnO such as BF4, EDTA, Ca-EDTA, and NH3 at 

1.23 V vs. RHE. The BF4-treated MnO/BiVO4/WO3 anode achieved 6.25 

mA/cm2 at the 1.23 V vs. RHE. Otherwise, Ca-EDTA-treated MnO 

NPs/BiVO4/WO3 recorded the lowest photocurrent density of about 2.5 

mA/cm2. Our results indicate that if the ligand exchange of MnO NPs is not 

conducted properly, it is difficult to observe the PEC enhancement of the 

BiVO4-based anodes. The PEC properties of the MnO NPs/BiVO4/WO3 

anodes are considerably influenced by the variation of the ligand coordination 

environment and the ligand electron donating/withdrawing character. 
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Figure 4-4 (a) Schematic illustration of MnO NPs/BiVO4/WO3 photoanodes 

under back-side illumination and the operation of water splitting cell. (b) 

Photocurrent density of MnO/BiVO4/WO3 anodes with diverse ligands of 

MnO. (c) Comparison of photocurrent density at 1.23 V vs. RHE with 

different ligands of MnO. (d) EIS spectra for three types of BiVO4-based 

anodes. (e) Mott-Schottky plot of with BiVO4/WO3, BF4-treated 

MnO/BIVO4/WO3 and Ca-EDTA-treated MnO/BiVO4/WO3 measured under 

light off. The inset is enlarged Mott-Schottky plot. (* Frequency: 1 kHz, 

Amplitude: 10mV). (f) IPCE spectra of WO3, BiVO4, BiVO4/WO3 and BF4-

trated MnO/BiVO4/WO3 at 1.23 V vs. RHE. (g) Stability test of BF4-treated 

MnO/BiVO4/WO3 anode.  
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Generally, several researches have studied the influence of surface 

chemistry on the PEC properties of various materials.[51-54] Surface chemistry 

modification using the ligand exchange technique can shift the ionization 

energy and band edge position of MnO NPs. Changing the identity of the 

chemical binding group and dipole moment of the ligands can also change the 

strength of the MnO-ligand surface dipole, shifting the vacuum energy and, 

in turn the MnO VBM and CBM. The modification of the surface chemistry 

related to the ligand exchange has typically been used to effectively passivate 

surface states and electronically couple with MnO NPs through decreasing 

the inter-MnO NPs distance, thus leading to enhanced carrier transport in 

MnO NPs and improved photoactivities.[50-52,54] 

To understand the effect of the ligand engineering of MnO NPs on PEC 

properties, we also compared the electrochemical impedance spectroscopy 

(EIS) about 3 types of samples bare BiVO4/WO3, BF4-treated MnO and Ca-

EDTA-treated MnO on BiVO4/WO3 anodes to evaluate the kinetics of charge 

generation, transfer and separation during the OER. The impedance spectra 

of three types of BiVO4-based photoanodes was measured by applying 1.23 

V vs. RHE under simulated solar light illumination, and is presented as a 

Nyquist diagram in the frequency range of 100 kHz – 100 mHz. Generally, 

the Randle circuit composed by two resistance (series resistance and charge 
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transfer resistance at the bulk) and one capacitance is used to analysis the EIS 

plot with one semicircle. It is difficult to fit MnO/BiVO4/WO3 structure into 

the Randle circuit, since this photoelectrodes are comprised of the four 

interface, thus several resistance and capacitance are needed to analysis the 

EIS result. I used the Hamann equivalent circuit composed by 3 resistance 

and 2 capacitance to interpret our EIS plots. The impedance spectra of the 

complicated structure are consisted of three arcs, it indicates the resistance of 

electrolyte, charge transfer and mass transport, and three semicircles can be 

combined as one semicircle.[70-73] In the EIS circuit, Rs is the series resistance, 

Cs and Cct are the constant phase element (CPE) for semiconductor interface 

and the electrolyte/electrode interface, respectively. Rct1 and Rct2 are the 

charge transfer resistance across the semiconductor interface and 

electrode/electrolyte interface, respectively. The measured data were fitted to 

the equivalent circuit, as shown in the inset of Figure 4-4(d). The series 

resistance, charge transfer resistance and capacitance obtained from the 

fittings, are summarized in Table 4-1. The high photoactivity is reflected by a 

small semicircle in the Nyquist plot. The fitted values of Rct1 are 22.36, 3.09 

and 953.80 Ω∙cm2 for the BiVO4/WO3, BF4-MnO/BiVO4/WO3 and Ca-

MnO/BiVO4/WO3 anode, respectively. Also, Rct2 is 898.11, 129.06 and 

134.90 for the BiVO4/WO3, BF4-MnO/BiVO4/WO3 and Ca-
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MnO/BiVO4/WO3 photoanode, respectively. Compared to anodes without 

MnO NPs, the charge transfer resistance of BF4-treated MnO NPs loaded on 

the BiVO4/WO3 anode is drastically decreased. The smallest semicircle, in 

the spectrum of the BF4-treated MnO/BiVO4/WO3 photoanode, represents the 

fastest charge transport and indicates the effective charge transfer at the 

semiconductor interfaces and suppressed the charge recombination between 

the semiconductor and electrolyte. However, in case of the Ca-EDTA-treated 

MnO loaded on the BiVO4/WO3 anode showed a substantially large charge 

transfer resistance between semiconductor interfaces. This indicates that it is 

significantly difficult to transfer the generated electron and hole pairs without 

recombination. This issue is closely related to the decline of the PEC 

efficiency of the Ca-EDTA- treated MnO NPs, as shown in Figure 4-4(b),(c).  

We conducted the donor concentration, capacitance of the double layer, and 

flat band potential of without MnO NPs, BF4-treated and Ca-treated MnO 

NPs loaded BiVO4/WO3 using the Mott-Schottky (MS) relation, as displayed 

in Figure 4-4(e). The Mott-Schottky method was used to investigate donor 

concentration and flat band potential of the electrodes (assuming flat 

photoelectrodes) by measuring the capacitance of the space charge region 

formed at the semiconductor/electrolyte interface at a fixed frequency of 1 

kHz using the following equation:  
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C−2 = (2/eεε0Nd)[E − Efb − kT/e]  (1) 

(in which C = capacitance of space charge layer, e = electron charge (1.602 X 

10-19 C), ε = dielectric constant, ε0 = permittivity of vacuum (8.854 X 10-12 

Fm-1), V (vs. RHE): applied potential, VFB (vs. RHE): flat band potential (vs. 

RHE), kB: Boltzmann constant (1.381 X 10-23 J/K), T: temperature (298 K) 

and E = applied potential). Some assumptions are made in the derivation of 

the Mott-Schottky equation; thus a standard nonlinear relationship between 

1/C2 and V may not be observed if such assumptions are not fulfilled (i.e. the 

space-charge region capacitance being much less than the Helmholtz layer 

capacitance, a flat surface, absence of surface states, frequency independence 

of the dielectric constant, and homogeneous spatial distribution of 

donors/acceptors). Since our photoelectrodes have complicated structures, 

some assumption to calculate Mott-Schottky equation are not maintained. 

Mott-Schottky plot for porous metal oxide can be dubious because the surface 

area of porous material is hard to confine. Also, the effect of double layer 

formed on metal oxide surface varies depending on electrolyte and applied 

frequency for measurement, thus it affects flat band potential. Even though 

Mott-schottky plot does not provide absolute value, the tendency and 

reproducibility of the data make it reasonable to compare electrochemical 

properties of the several MnO/BiVO4/WO3 photoelectrodes. We measured 
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Mott-Schottky plots at the same frequency of 1 kHz to grasp the tendency of 

MnO/BiVO4/WO3 photoelectrodes. The carrier concentration can be 

calculated from the slope of the Mott-Schottky curves. As the slope of Mott-

schottky plot flattens, the carrier concentration increases. The carrier 

concentration significantly increased after attachment of the BF4-treated MnO 

NPs, while it decreased after attachment of Ca-EDTA-treated MnO NPs. The 

general increment of C indicated that the double layer formed on the surface 

has a large capacitance.[66] Increase in the capacitance caused by the reduction 

of the depletion layer. The observed results (for 1/C2 value, Ca-EDTA-treated 

MnO NPs/BiVO4/WO3 > BiVO4/WO3 > BF4-treated MnO NPs/BiVO4/WO3) 

were measured at the same frequency of 1 kHz. It is associated with highly 

capacitive ligand-engineered BF4-MnO that can transfer photogenerated 

holes to the electrolyte.  

The flat band potentials (Efb) were determined from the intercepts of 1/C2 

versus V subtracting KBT/e = 0.025 V from the intercept. The charge carrier 

(donor) density (ND) is calculated from the slope of the 1/C2 versus V curve 

using the following equation: 

ND = (2/εε0e)[d(1/C2)/d(V)]-1  (2) 

The flat band potential is one of the key parameters to evaluate of the PEC 
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performance when it is employed to drive electrochemical processes, such as 

water splitting. The observed onset potential deviates from the flat band 

potential severs as one of the measures of the effectiveness of the 

photoelectrodes. The flat band potential is determined experimentally using 

electrochemical and photoelectrochemical methods when the semiconductor 

is immersed in the electrolyte solution. Unfortunately, the flat-band potential 

cannot be measured directly; it is determined indirectly by fitting certain 

parameters, measurable on the electrode potential scale, to models of the 

semiconductor/electrolyte interface. Even though it is hard to observe exact 

flat band potentials, we can confirm the tendency of photoelectrochemical 

properties. The flat band potential of BiVO4//WO3 is determined to be about 

0.3 V vs. RHE according to the equation (2). After attaching the BF4-treated 

MnO NPs, the Efb shifts negatively by 30 mV, which is favorable for the 

electrons to pass through the circuit to the counter electrode. This is also a 

possible reason for the cathodic shift of the onset potential of the photocurrent, 

as shown in Figure 3a. Unlikely, the Ca-EDTA-treated MnO NPs loaded on 

BiVO4/WO3 showed a positive shift by 50 mV.  

The incident photon to current conversion efficiency (IPCE) is conducted 

to understand the interplay between the photoactivity and the light absorption 

of the WO3, BiVO4, BiVO4/WO3, and BF4-treated MnO NPs/BiVO4/WO3, as 
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a function of the wavelength of the incident light. IPCE spectra were 

measured from 350 nm to 600 nm at 1.23 V vs. RHE, as presented in Figure 

4-4(f). BF4-treated MnO attached to the BiVO4/WO3 anode exhibits a higher 

IPCE value over the entire optical region than without MnO NPs. The 

photoresponse extended to 530 nm and the intensity was substantially 

increased up to 75 % at the low wavelength region. From these results, I can 

realize that the major role of MnO NPs is not light absorber, and main reason 

of IPCE enhancement is attributed to ηtransport and ηinterface MnO NPs as an 

efficient catalyst for water oxidation, can reduce the rate of the electron-hole 

recombination by surface state passivation or by surface catalyst layers. And 

it is possible to lowering reaction overpotential and improving reaction 

kinetics by attaching the ligand engineered MnO NPs on the surface. It can 

be confirmed by EIS spectra. After introduction of BF4-MnO NPs, the charge 

transfer resistance is significantly reduced, compared to without MnO NPs. 

The photocurrent density was measured at 1.23 V vs. RHE continuously 

for 20000 s under AM 1.5 G condition to determine the stability of the BF4-

treated MnO loaded BiVO4/WO3 anode, as shown in Figure 4-4(g). The 

photocurrent density of 6.2 ± 0.1 mA/cm2 was consistent for 20,000 s, 

demonstrating the potential of BF4-treated MnO/BiVO4/WO3 as photoanodes 

for practical applications. 
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Table 4-1 Circuit analysis of the EIS spectra for BiVO4-based 

photoelectrodes with different ligands. 

 

(R/Ω∙cm
2
) w/o MnO BF

4
-MnO Ca-MnO 

R
s
 

(series resistance) 
6.77 1.71 2.27 

R
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(semiconductor 

interfaces) 

72.62 6.33 1335.34 
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(semiconductor/ 

electrolyte interface) 
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4-3-3. Band structure of MnO/BiVO4/WO3 with different ligands 

I believe that the discrepancy in the photoactivities between BF4-treated 

MnO and Ca-EDTA-treated MnO NPs attached to BiVO4/WO3 anodes is 

attributed to the considerable alteration of the band structure through the 

ligand engineering of MnO NPs. UV-Vis spectroscopy and ultraviolet 

photoelectron spectroscopy (UPS) measurements were performed to 

investigate the modified band structure of MnO/BiVO4/WO3 with different 

ligands. The UPS measures occupied electronic states and thus provides 

information on the Fermi level (low-binding-energy cutoff) and VBM of a 

material. The energy EC of CBM can be approximated by adding the 

electronic transport gap Eg of the material to the VBM, where Eg is 

determined from the sum of the optical band gap. UV-Vis spectroscopy gives 

an idea about the optical band gap energy and thus provides an important clue 

for investigation. The energy band structure of a photoelectrodes is 

considered to be a key factor in determining their photocatalytic activity. The 

optical band gap of WO3 and BiVO4 is 2.72 and 2.4 eV, respectively, as shown 

in Figure 4-5(a). I also measured the band gap of BF4-treated MnO and Ca-

EDTA-treated MnO, which are 4.3 and 4.0 eV, respectively, as shown in 

Figure 4-5(b). The band gap can be evaluated from the following equation of  

α(hv) = A(hv − Eg)n/2  (3) 
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(in which α, ν, Eg, and A are the absorption coefficient, light frequency, band 

gap energy, and a constant, respectively).  

The secondary electron emission spectra (SEE) of the WO3, BiVO4/WO3, 

BF4-treated MnO/BiVO4/WO3, Ca-EDTA-treated MnO/BiVO4/WO3, and 

reference Au foil electrodes are displayed in Figure 4-5(c). Compared with 

the work function of the Au reference of 5.1 eV, the work functions of the 

sample can be estimated from the SEE cutoffs as 4.23, 4.27, 4.2 and 4.2 eV 

for the WO3, BiVO4/WO3, BF4-treated MnO/BiVO4/WO3 and Ca-EDTA-

treated MnO/BiVO4/WO3, respectively. According to the valence band 

spectra, the energy difference between the Fermi level and the valence band 

maximum (EF - EV) for WO3 and BiVO4/WO3 is 2.7 and 1.5 eV, respectively. 

The EF - EV for the BF4-treated MnO/BiVO4/WO3 and Ca-treated 

MnO/BiVO4/WO3 is 1.5 and 1.8 eV, as shown in Figure 4-5(d). The values 

measured by UPS are summarized in Table 4-2. Based on these results, the 

energy band diagram for the BF4-treated MnO/BiVO4/WO3 and Ca-EDTA-

treated MnO/BiVO4/WO3 is illustrated in Figure 4-5(e),(f). The band 

structures clearly indicate that the difference of photoactivities between BF4-

treated MnO/BiVO4/WO3 and Ca-EDTA-treated MnO/BiVO4/WO3 is 

attributed to the valence band position of MnO with different ligands. The 

BiVO4/WO3 heterojunction anodes are widely known as the type II structure, 
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whereby it is possible to transfer and separate the generated charge carriers 

without recombination at the interface. The band structure of our BiVO4/WO3 

anodes also indicated type II junction; the band position of MnO has critical 

impact on the enhanced photoactivities of MnO/BiVO4/WO3 anodes. The 

band gap of MnO is slightly modified according to the ligand engineering, 

thus VBM and CBM shift to match the energy difference, indicating that the 

band edge shifts are electrostatic in origin.   The VBM of BF4-treated MnO 

is slightly higher than that of BiVO4, while Ca-EDTA-treated MnO is 

positioned considerably lower than that of BiVO4. The band diagram, as 

shown in Figure 4-5(f) clearly shows that the transport of the photogenerated 

electrons and holes from WO3 to BF4-treated MnO is energetically favorable. 

Otherwise, the VBM of Ca-EDTA-treated MnO is lower than that of BiVO4, 

thus photogenerated holes are difficult to transfer from BiVO4 to Ca-EDTA-

treated MnO for water oxidation. This result also closely corresponds to the 

resistance data from the EIS measurement, as displayed in Figure 4-4(d) and 

Table 4-1.  
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Figure 4-5 (a), (b) UV-vis absorption spectra of WO3, BiVO4, BF4-treated 

MnO, Ca-EDTA-treated MnO. (c) The secondary electron emission spectra 

of the WO3, BiVO4/WO3, BF4-treated MnO/BiVO4/WO3, Ca-treated 

MnO/BiVO4/WO3 and reference Au foil electrodes. (d) Valence band spectra, 

the energy difference between the Fermi level and the valence band maximum 

(EF - EV) of WO3, BiVO4/WO3, BF4-treated MnO/BiVO4/WO3, Ca-treated 

MnO/BiVO4/WO3. (e), (f) Flat band structure of BF4-treated 

MnO/BiVO4/WO3, Ca-treated MnO/BiVO4/WO3, respectively. 
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Table 4-2 (a) Energy level of valence band and work function of FTO, WO3, 

BiVO4/WO3, BF4-MnO/BiVO4/WO3 and Ca-MnO/BiVO4/WO3 investigated 

by ultraviolet photoemission spectroscopy  (b) Optical band gap of WO3, 

BiVO4, BF4 treated MnO and Ca treated MnO measured by UV-visible 

spectroscopy. 

(a) 

Materials 
Optical band gap  

(ref) 

Optical Band gap 

(measure) 

FTO N/A N/A 

WO
3
 2.8 eV 2.72 eV 

BiVO
4
 2.4 eV 2.4 eV 

BF
4
-MnO 4.2 eV 4.3 eV 

Ca-EDTA-MnO 4.2 eV 4.0 eV 

Untreated  

MnO/BiVO
4
/WO

3
 

4.0 eV 4.13 eV 
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(b) 

Materials EF - EV Work function 

FTO N/A 4.4 eV 

WO
3
 2.7 eV 4.23 eV 

BiVO
4
/WO

3
 1.5 eV 4.27 eV 

BF
4
-MnO/BiVO

4
/WO

3
 1.5 eV 4.2 eV 

Ca-EDTA- 

MnO/BiVO
4
/WO

3
 

1.8 eV 4.2 eV 

Untreated MnO/BiVO
4
/WO

3
 2.26 eV 4.26 eV 
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I also analyzed UV-vis and UPS spectra of untreated MnO/BiVO4/WO3 to 

verify the effect of ligand engineering, as shown in Figure 4-6. The optical 

band gap of commercialized MnO is 4.13 eV, as shown in Figure 4-6(a). The 

SEE of the untreated MnO/BiVO4/WO3 and reference Au foil electrodes are 

displayed in Figure 4-6(b). Compared with the work function of the Au 

reference of 5.1 eV, the work functions of the untreated MnO/BiVO4/WO3 is 

4.26 eV. According to the valence band spectra, the EF - EV for the untreated 

MnO/BiVO4/WO3 is 2.26 eV, as shown in Figure 4-6(c). Based on these 

results, the energy band diagram for the untreated MnO/BiVO4/WO3 is 

illustrated in Figure 4-6(d). The VBM of untreated MnO is positioned 

considerably lower than that of BiVO4, thus it is hard to transfer of 

photogenerated holes from BiVO4 to untreated MnO for water oxidation. 

From these results, we realized that it is necessary to introduce ligand 

engineering to adjust MnO NPs as an efficient oxygen evolution catalyst 

for BiVO4-based cascade photoanodes.  
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Figure 4-6 (a) UV-Vis Spectra of untreated MnO/BiVO4/WO3 (b) The 

secondary electron emission spectra of the WO3, BiVO4/WO3, untreated 

MnO/BiVO4/WO3 and reference Au foil electrodes. (c) Valence band spectra, 

the energy difference between the Fermi level and the valence band maximum 

(EF - EV) of WO3, BiVO4/WO3 and untreated MnO/BiVO4/WO3. (d) Flat band 

structure of untreated MnO/BiVO4/WO3. 



167 

 

The shift in the band edges of MnO upon ligand adsorption can be 

conceptualized as the sum of two dipole contributions: a contribution 

from the dipole formed between the surface atom of the MnO and the 

binding group of the ligand, associated with structural distortion and 

charge rearrangement, and a contribution from the intrinsic dipole 

moment of the ligand itself. By altering the binding group, induced 

dipole and orientation of the ligand’s intrinsic dipole moment via 

directed functionalization strategies, it is possible to tune the band edge 

energies for the optimal water oxidation. The significant shift of the 

band edge energies predicted is electrostatic in origin and results from 

a dipole layer at the surface associated with the chemisorbed ligands. 

The shift in the electron and hole energy is aligned with the effective 

dipole density at the surface. Generally, the induced dipole moment is 

fixed by the chemical interaction between the ligand and the surface; it 

is difficult to modify the band edge energies without altering the nature 

of the bonding. On the other hands, altering the intrinsic dipole moment 

through judicious functionalization offers a controllable way to tune 

band energies, particularly for a stable chemical bond between the 

ligand and surface. The shifts of the band edge energies of MnO can 

still be tuned over a wide range by controlling the intrinsic dipole 
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moment of the ligand. Since the orientation and coverage of the ligands 

on the surface, and the contribution of the effective dipole moment are 

weakly coupled, we can predict that the change in the energy shift from 

the controlled change in the intrinsic dipole moment of the ligand.[50-54] 

Another possible reason for the disparity of photoactivities between 

the BF4-treated MnO and Ca-EDTA-treated MnO is presence of the 

fluorine. The fluorinated ligands are not likely to inter-digitate due to 

dipolar fluorine-fluorine electrostatic interaction; thus, will exhibit band 

edge positions closer to those of the MnO. Since fluorine is the most 

electronegative element of the periodic table, MnO – F bonds are highly 

dipolar, inducing the fluorine atoms of interacting ligand to repel one 

another and prevent inter-digitation.[54] The specific research reveal that 

the inter-digitization reduces the magnitude of the band shift. The 

substantial shift of the band edge induced by the surface ligand layer 

can modify the final band structure of the MnO/BiVO4/WO3 anodes. 

The difference in the energetic environment of the BiVO4/WO3 anodes 

with BF4-treated MnO and Ca-EDTA-treated MnO induces a shift of the 

energy levels of the MnO; thus it enable to explain disparity of the 

photoactivities. Thus, with proper ligands, the energy level of MnO can 

be shifted toward energies where both the CBM and VBM straddle the 
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hydrogen and oxygen redox potential, which is ideal for water splitting. 

 

4-3-4. Optimization of MnO/BiVO4/WO3 anodes for efficient water 

splitting 

The optimized geometric factors such as the length of ligands have a crucial 

impact on the efficiency of solar water splitting, since controlling the length 

of the ligand is recognized as essential for efficient charge transfer; which is 

one of the most important criteria determining the photoactivities. The long 

organic ligands, which are used to control growth as well as to stabilize the 

host material, significantly inhibits the charge transfer at the interfacial region, 

leading to inefficient solar water splitting.[76] To increase the charge transfer 

at the interface, shorter ligands need to be utilized. The carrier mobility 

decreases exponentially with the increasing the ligand length, demonstrating 

the inverse relationship between coupling energy and inter-MnO distance. 

Considering the molecular formula, as shown in Figure 4-7, it is reasonable 

that the length of the BF4 ligand is significantly shorter than that of the Ca-

EDTA ligand. This is closely related to the values of the flat band potential of 

MnO/BiVO4/WO3 with different ligands and charge transfer resistances 

between the semiconductors, as shown in Figure 4-4(d). This therefore 
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reveals that reducing the distance between MnO with ligands and BiVO4 

improves the charge transfer rate, leading to an increase in overall water 

oxidation efficiency.  

I would like to highlight that the ligand engineering of catalytic 

nanoparticles on photoelectrodes is the critical factor for efficient water 

oxidation, since the band edge position is drastically shifted according to the 

type of ligand. The structural formula and band structure of MnO/BiVO4 

electrodes with different ligands are shown in Figure 4-8. In case of the Ca-

EDTA treated catalytic MnO NPs, the VBM and CBM are shifted downward, 

thus it is might be hard to transfer photogenerated holes from BiVO4 to MnO 

without loss due to the barrier at the interface. Otherwise, band edges of BF4 

treated MnO are suitably positioned to permit transfer of holes for forceful 

water oxidation. In these system, BF4 treated MnO NPs act as an efficient 

charge transfer mediator for PEC water splitting.  
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Figure 4-7 (a) Structure of ligands, (b), (c) Constitutional formula of BF4 and 

Ca-EDTA ligands. 
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Figure 4-8 The structural formulas and band structure of (a) Ca-EDTA-

treated MnO/BiVO4 and (b) BF4-treated MnO/BiVO4. 
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4-4. Conclusion 

I studied the ligand engineering of MnO NPs to enhance the photoactivity 

of BiVO4-based anodes, and found that BF4-treated MnO/BiVO4/WO3 

showed superior PEC properties to the Ca-EDTA-treated MnO/BiVO4/WO3, 

due to the well-aligned band edge position of the BF4-treated 

MnO/BiVO4/WO3 photoelectrode. The BF4-treated MnO/BiVO4/WO3 

showed a markedly enhanced photocurrent density of 6.25 mA/cm2 at 1.23 V 

vs. RHE in the presence of Na2SO3. The improved PEC performance of theses 

photoelectrodes is due to their higher charge generation and separation rate 

through the modification of the band structure, which enables forceful water 

oxidation. The trends in the energy level position between the different 

ligands are confirmed by UPS measurement, showing the observed result 

from contributions from the both the MnO-ligand interface dipole and the 

intrinsic dipole moment of the ligand molecule itself. These energy level 

shifts result in predictable changes in the water splitting system and provide 

a guide to the optimal ligand choice and following band structure of anodes 

for photoactivities. These findings have recently been employed to guide the 

design of a photoelectrodes employing a cascaded energy level architecture. 

These results shed light on the clue that ligand induced band energy shift, in 

conjunction with quantum confinement-controlled bandgap modification, is 
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a critical adjustable parameter in the optimization of the water splitting 

system. 
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Chapter 5  

Dominance of Plasmonic Resonant Energy Transfer over 

Direct Electron Transfer in Substantially Enhanced Water 

Oxidation Activity of BiVO4 by Shape-Controlled Au 

Nanoparticles 
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5-1. Introduction 

5-1-1. Plasmonic solar water splitting 

 

 

 

 

 

Figure 5-1 Principle and crucial effect of plasmonic solar water splitting.[28,32] 
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Plasmonic gold and silver nanostructures have attracted extensive att

ention in overcoming the limitations such as serious charge recombina

tion of photoanodes[1,2], due to their ability to confine light in the vici

nity of their surface and strong surface plasmon resonance (SPR).[1,3-8] 

Especially, gold nanoparticles (Au NPs) are preferred in plasmonic sol

ar water splitting due to their chemical stability in a harsh environme

nt, and intensified localized surface plasmon resonance (LSPR) in the 

visible (VIS) spectrum. Also, a Schottky junction is naturally formed 

as long as the noble metal and the semiconductor have different work

 functions and are in contact with each other. The Schottky junction 

may promote charge separation, enhance charge transfer, and modify t

he electronic band structure.[28] Thus, it can enhance PEC performance

 of photoanode materials such as BiVO4.  

The working principle of plasmonic water splitting is as follows, (1) an 

incident photon is absorbed directly by an photoelectrodes, (2) light energy is 

transferred to establish a plasmonic resonance in a metal nanoparticle, and (3) 

light energy is reflected from the electrode surface, as shown in Figure 5-1. 

In the first sequence, the LSPR in the VIS spectrum enables the utilizati

on of sub-band gap energy which cannot be absorbed by large band 

gap semiconductors. In the second sequence, the energy contained in t
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he oscillating electrons or local electromagnetic fields, generated by L

SPR, can be transferred from the metal to semiconductor via direct el

ectron transfer (DET) or plasmon resonant energy transfer (PRET). As 

for the DET mechanism, the light-induced plasmon in the metal NPs 

produce hot-electrons, which are injected into the conduction bands of 

the semiconductor over the metal/semiconductor barrier, contributing to 

the photocurrent for water splitting. In the PRET mechanism, the plas

monic metal NPs enhance the electric field intensity on the surface of 

the semiconductors, thereby increase the photon absorption near the su

rface, in other words, allow for the formation of electron-hole pairs in 

the near-surface region of the semiconductor. The surface localized en

hancements in light absorption greatly increase the diffusion length of 

electrons or holes to the semiconductor surface, and thus improve the 

photoactivity of the semiconductors by minimizing electron-hole recom

bination.[1,2,5,6,9] 
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Figure 5-2 Various mechanisms of Plasmonic energy transfer. 
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5-1-2. Shape-controlled plasmonic NPs for plasmonic solar water 

splitting  

The significance of optimized geometric factors such as size, shape and 

composition of Au NPs for plasmonic solar water splitting has been 

experimentally confirmed in photoanodes with wide band gap.[11-12,31] Several 

recent studies about BiVO4 with plasmonic Au NPs have been reported 

recently. BiVO4 films with Au NPs of diameters changing from 10 to 80 nm 

showed the size effect of Au NPs on photocurrent density. Maximum PEC 

enhancement was found for plasmonic Au NPs with a diameter of 30 nm due 

to the pronounced overlap of the LSPR resonance spectrum with the interband 

excitation spectrum in BiVO4. Controlling the size of Au NPs is recognized 

to be essential for efficient hot electron injection via interband excitation in 

plasmonic Au NPs, and plays a critical role in decreasing the overpotential of 

BiVO4 films.[1,11] In case of the size for plasmonics, the control of shape 

enable tuning of the LSPR frequency of plasmonic NPs, which makes 

possible to absorb and utilize light throughput of the complete solar spectrum. 

Also, it affects the amount and location of generated hot carriers within the 

plasmonic nanoparticles. Although the shape of Au NPs affects LSPR electric 

fields (LSPR-EFs) and has a decisive effect on charge injection and transfer, 

the shape effect of Au NPs on BiVO4 was not reported yet. Also, there is no 
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in-depth study to bring out the underlined mechanism of the improvement to 

PEC properties of BiVO4 by shape-controlled plasmonic Au NPs. 

 

 

 

 

 

 



191 

 

 

 

 

 

 

 

 

 

Figure 5-3 FDTD simulation of various plasmonic NPs with different 

shape.[10] 
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5-2. Experimental method and characterization 

5-2-1. Synthesis of BiVO4 

To synthesize BiVO4, I used previously stated pulsed electrodeposition, as 

displayed in Chapter 2. 

 

5-2-2. Synthesis of shape-controlled Au NPs 

Synthesis of octahedral Au nanoparticles: Seed-mediated growth method 

is used for the synthesis of octahedral shaped Au nanoparticles. First, 

Cetyltrimethylammonium bromide (CTAB, ≥ 99.9%, Sigma-Aldrich)-

capped Au seeds were synthesized from the strong reduction agent (NaBH4  

≥ 99%). 10 mM ice-cold NaBH4, aqueous solution (0.6 mL) was added to an 

10.0 mL aqueous solution (incorporating 0.25 mM, gold chloride hydrate 

(HAuCl4∙xH2O, 99.999%, Sigma-Aldrich ) and 100 mM CTAB. The 

brownish seed solution was stirred for 2 hours at 30 °C to decompose the 

remaining NaBH4. Next, Cetyltrimethylammonium chloride (CTAC ≥ 98%, 

Wako) capped Au seeds were synthesized from the CTAB-capped Au seeds. 

Then, 100 mM (1.5 mL) ascorbic acid (AA, 100%) was added to another 

aqueous mixture solution (incorporating 5 mM HAuCl4 (0.2 mL), 200 mM 

CTAC (2 mL), and water (1.8 mL)). After the color of the mixture solution 
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changed from yellow to transparent, 100 μL CTAB-capped Au seed solution 

was promptly injected. The solution was left at room temperature, until a red-

wine color was seen. The as-synthesized Au seeds were concentrated by 

centrifugation, and redispersed in 1 mL of 20 mM aqueous CTAC solution. 

Lastly, 100 μL of the redispersed CTAC seed solution was rapidly injected 

into the transparent aqueous growth solution (incorporating 5 mM HAuCl4 

(0.4 mL), 200 mM CTAB (0.5 mL), 200 mM CTAC (4.5 mL), 100 mM AA 

(60 μL), and water (4.3 mL)).  

Attachement of Au nanoparticles: The process was inspired by the sodium 

citrate absorption process reported in JACS (2010).[50] 1 mL octahedral 

shaped Au nanoparticle solution was added to a scintillation vial that 

contained the substrates. Then, a precipitator solution (containing 0.5 M 

mercaptopropionic acid (MPA ≥ 99%, Alfa Aesar) and 0.5 M sodium 

hydroxide (NaOH, 1M, Daejung)) was added to the octahedral shaped Au 

nanoparticle solution. The coverage of the octahedral shaped Au nanoparticle 

on the samples was controlled by dipping time and volume change of the 

precipitator solution.  

Synthesis of hemispherical Au nanoparticles: Au deposited BiVO4 was 

synthesized by electron beam evaporator (Korea Vacuum Technology). Au 

pellets of 99.99% purity were used for the thin film deposition. The deposition 



194 

 

rate was 0.03 Å /s-1, and the correct Au film thicknesses of 0.7 nm, 1.5 nm and 

5 nm were controlled by a thickness monitor.  

 

5-2-3. Physical characterization 

FDTD simulation: The simulations were achieved from the FDTD 

solutions program (Lumerical Solutions). The dielectric function of BiVO4 

was adopted from a prominent report.51 The near field simulation was 

conducted with a 1.78 fs pulse length. The simulation condition was a 

perfectly matched layer (PML) boundary condition, automatic non-uniform 

mode, and the refinement was set to conformal variant 1. The calculation 

region was set to 125 × 400 nm2, and the corresponding mesh size was 0.5 × 

0.5 nm2.  

 

5-2-4. Photoelectrochemical characterization 

To analysis PEC properties of the BiVO4-based photoanodes, I used 

previously reported measurement, as stated in Chapter 2. 
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5-3. Results and discussion  

5-3-1. Comparison between hemispherical and octahedral Au NPs 

on BiVO4 photoanodes 

SPR is an intrinsic property of Au NPs, in which the oscillation frequency 

is highly sensitive to size and shape of the metal.[9,12,14] Previous studies have 

been primarily focused on the enhancement of the photoactivity of plasmonic 

Au NPs/BiVO4 according to the change of the size, and composition of Au 

NPs, while the photoactivity enhancement induced by morphological shape-

controlled Au NPs was not fully demonstrated. To quantify the shape effect 

including the electric field amplification upon SPR, and the photoactivity 

enhancement of Au NPs, we choose two different shapes of Au NPs such as 

octahedral and hemispherical with similar diameter around 20 ~ 30 nm. The 

LSPR peak position and linewidth is highly dependent on their size and shape. 

[27] The plasmonic resonance peak positions of octahedral Au NPs lie around 

550 nm, as shown in Figure 5-4. Moreover, the plasmonic resonance peak 

position of hemispherical Au NPs is expected to lie around 520 to 540 nm[1], 

which I cannot measure because they should be constrained on the substrate 

due to the deposition method. The discrepancy of peak positions is less than 

30 nm. Hemispherical Au NPs deposited from E-beam evaporator are formed 
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randomly, while octahedral Au NPs with sharp vertices having equilibrium 

shape of face-centered cubic are primarily synthesized by seed-growth 

method. The most stable shape of Au NPs with sharp edges that can be 

composed of (111) plane is octahedron.[25] It was reported that octahedral Au 

NPs have higher enhancement in LSRP electric fields than other shapes.[10] 

 

 

 

 

 

Figure 5-4 The absorption spectrum of octahedral Au NPs. 
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I performed FDTD simulation to calculate the spatial distribution of 

electric field intensity near the interface of Au NPs/BiVO4 as a function of 

the incident light wavelength. Figure 5-5 show the model for FDTD 

simulation, which contains hemispherical and octahedral Au NPs domain 

with a diameter of 25 nm and edge length of 30 nm, respectively. The FDTD 

results demonstrate the high LSPR-EFs in the entire region of UV-VIS by 

attachment of the octahedral Au NPs on BiVO4 film. The fields at the 

Au/BiVO4 interface is significantly increased with shape-controlled Au NPs. 

Such a near-field enhancement is highly interconnected with PRET.[9] LSPR-

EFs in the Au NPs propagate into BiVO4 near the interface. Such as resonance 

suggests that certain amount of dipoles can be induced in BiVO4 as 

consequence of strong diploe-dipole interactions at the interface. The 

phenomenological plasmonic model expected that charge separation in 

semiconductor is more pronounced with intensified near-electric fields 

induced by plasmonic NPs.[16] Overall, this simulation results indicate that 

charge separation in BiVO4 can be vividly enhanced by the octahedral Au 

NPs. I selected the position of octahedral Au NPs on BiVO4 film with the 

highest electric field among various configurations of octahedral Au NPs; and 

then compared the hemispherical and octahedral Au NPs at incident 

wavelengths of 550, 430, and 350 nm. Figure 5-5 show that higher LSPR-EFs 
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were obtained with the octahedral Au NPs than with the hemispherical Au 

NPs at an incident wavelength of 550 nm. Octahedral Au NPs in a vertical 

vertices configuration on BiVO4 yielded a maximum electric field 

enhancement (|E/E0|) of 20.53, which is approximately 5.78 times higher than 

that of hemispherical Au NPs. Figure 5-5 show that the LSPR-EFs intensity 

according to the Au NPs shapes (hemispherical, octahedral) at incident 

wavelengths of 430 and 350 nm displayed the same tendency as an incident 

wavelength of 550 nm. Table 5-1 shows that the highest electric field 

enhancement of octahedral Au NPs with the vertical configuration at incident 

wavelengths of 430 and 350 nm emerged as 2.87 and 2.55, which are 1.46 

and 1.49 times larger than those of the hemispherical Au NPs, respectively. 

The FDTD results demonstrate the high LSPR-EFs in the entire region of UV-

VIS by attachment of the octahedral Au NPs on BiVO4 film.  
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Figure 5-5 Schematic representation of Au Nanoparticle Finite-difference 

time-domain (FDTD) configurations on BiVO4 film. (a) Hemispherical Au 

nanoparticle. (b) Octahedral Au nanoparticle. FDTD simulation results of 

near field enhancement for hemispherical and octahedral Au NPs on the flat 

BiVO4 film in water. (c) Field enhancement for hemispherical Au NPs under 

550 nm photons. (d) Field enhancement for octahedral Au NPs under 550 nm 

photons. (e) Field enhancement for hemispherical Au NPs under 430 nm 

photons. (f) Field enhancement for octahedron Au NPs under 430 nm 

photons. (g) Field enhancement for hemispherical Au NPs under 350 nm 

photons. (h) Field enhancement for octahedral Au NPs under 350 nm 

photons. 
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Table 5-1 Field enhancement of hemispherical Au NPs and octahedral Au 

NPs under 350 nm, 430 nm and 550 nm. 

 

Field enhancement  

(max) 

Hemisphere  

Au NPs 

Octahedral  

Au NPs 

350 nm 1.97 2.87 

430 nm 1.71 2.55 

550 nm 3.55 20.53 
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Two different Au NP shapes (hemispherical and octahedral) have be

en applied to prove the role of shape control of Au NPs for enhancin

g water-splitting efficiency. The octahedral Au NPs can provide the hi

ghest intensified LSPR-EFs compared to the hemispherical Au NPs, si

nce they have sharp vertices and well-defined edges.[9,12,14,15] Figure 5-

6 show that hemispherical and octahedral Au NPs are well formed us

ing e-beam evaporation deposition and seed-mediated growth methods, 

respectively.  

The attachment of octahedral Au NPs process was inspired by rece

nt paper.[28] pH of the citric acid solution was a critical factor to cont

rol the surface adsorption to BiVO4. I used MPA molecule which has

 thiol and carboxylic acid group to provide the specific adsorption to 

Au (thiol group) and control the adsorption to BiVO4 (carboxylic acid

 group).[29] Due to the low pH of the Au NPs solution from the HAu

Cl4 precursor, I expected that MPA molecule is easily adsorbed onto t

he BiVO4 by making surface bonding from oxygen (-O-). To prevent 

agglomeration, due to the lowering of zeta potential from MPA adsor

ption to Au NPs surface, intermediate condition of MPA concentration

 between stabilization and agglomeration was used to attach Au NPs 

homogeneously. And average size of octahedral Au NPs is about 30 
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nm. The size is a very appropriate size for plasmon resonance, since 

it is well known that the Au NPs within 20 ~ 50 nm enhanced the l

ocalized surface plasmon resonance (LSPR) property.[1,7,9,11,12] Figure 5-

6(a)-(c) show high resolution transmission electron microscopy (HR-T

EM) images and X-ray diffraction patterns of octahedral Au NPs, whi

ch consist of the lowest energy facets of planes. The cross-sectional T

EM image in Figure 5-6(d) indicates that octahedral Au NPs are well 

positioned on the BiVO4 films. Figure 5-6(e),(f) show that most of A

u NPs locate on the top surface of BiVO4 film, and Au NPs are ho

mogeneously distributed across the BiVO4 films, which is confirmed b

y the field emission scanning electron microscopy (FESEM). Figure 5-

6(g) shows photographs of FTO, BiVO4 film, octahedral Au NPs/BiV

O4 and hemispherical Au NPs/BiVO4. After attaching octahedral Au N

Ps, the color of BiVO4 is little changed, however the color of hemisp

herical attached BiVO4 is changed to green. The active area of octahe

dral Au NPs/BiVO4 to measurePEC propertiesis shown in Figure 5-6

(h).  
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Figure 5-6 (a) SEM and TEM (inset) images of octahedral Au NPs. (b) 

Enlarged TEM images of octahedral Au NPs. (c) Fast Fourier transform 

(FFT) pattern of octahedral Au NP. (d) Cross sectional EDS image of the 

octahedral Au NPs attached to BiVO4 film. (e) False-colour scanning electron 

microscopy (SEM) image of octahedral Au NPs attached to BiVO4 films with 

optimum coverage. (f) SEM image of the hemispherical Au NPs from E-beam 

evaporator (1.5 nm) attached to BiVO4 film. (g) Photographic images of FTO, 

BiVO4, octahedral Au NPs/BiVO4 and hemispherical Au NPs/BiVO4. (h) 

Photographic image of an active area of octahedral Au NPs/BiVO4. 
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I compared the photocurrent densities of octahedral and hemispherical Au 

NPs/BiVO4 systems, as displayed in Figure 5-7. I changed the coverage of 

the Au NPs to find the optimum coverage for each NPs. The photocurrent 

density with the octahedral Au NPs/BiVO4 is significantly enhanced about 3 

fold at the 1.23 V vs. reversible hydrogen electrode (RHE). However, the 

photoactivity of hemispherical Au NPs/BiVO4 is slightly decreased, 

compared to the BiVO4 films. Our results indicate that if the shape of Au NPs 

is not controlled, it is hard to observe the PEC enhancement of BiVO4 anode. 

Although LSPR-EFs enhancement is observed in presence of the 

hemispherical and octahedral Au NPs, the octahedral Au NPs can provide 

intensified LSPR-EFs compared with the hemispherical Au NPs due to their 

sharp vertices and well-defined edges.[10] Also, the reduced enhancement with 

hemispherical Au NPs is the reduction of exposed area of BiVO4 to 

electrolyte, which can influence the water oxidation efficiency on the BiVO4 

surface. Therefore, less exposed surface are of BiVO4 due to the increased 

coverage with hemispherical Au NPs can be another reason for the decreased 

photocurrent. Figure 5-8 shows the relation between the coverage of the 

hemispherical Au NPs and photocurrent density, we adjusted the amount of 

the hemispherical Au NPs by controlling the deposition time of e-beam 

evaporation. In all cases, the photocurrent density of hemispherical Au NPs 
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attached on BiVO4 film has rapidly decreased, and that of the finally 

measured value has recorded the lower photocurrent than the BiVO4 film.  

 

 

 

 

 

Figure 5-7 (a) Linear sweep voltammograms for BiVO4 film, hemispherical 

Au NPs/BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes measured in 

0.5 M phosphate buffer with 1 M Na2SO3 at a scan rate of 10mV/s under 1.5 

G solar light under the chopped light condition. (b) Mott-Schottky plot of bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrode measured under light 

off. The inset is enlarged Mott-Schottky plot of bare BiVO4 and octahedral 

Au NPs/BiVO4 in the gray region. * Frequency: 1 kHz, Amplitude: 10 mV. 
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Figure 5-8 SEM image of the hemispherical Au NPs from E-beam evaporator 

attached to BiVO4 film. (a) 0.7 nm, (b) 1.5 nm and (c) 5 nm thickness. 

Photocurrent density of hemispherical Au NPs/BiVO4 with (d) 0.7nm, (e) 1.5 

nm and (f) 5 nm. 
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The tendency of photocurrent density is well matched with the FDTD 

simulation results. From these results, it is clear that the octahedral Au NPs 

with sharp vertices show remarkably higher enhancement in the photocurrent 

density than the hemispherical Au NPs with relatively smooth surface. 

Plasmonic NPs with sharp vertices facilitate charge separation in the 

semiconductor more easily via reducing the restoring force for electron 

oscillation than rounded structure during coherent electron oscillation [10,19], 

which could be expected from the FDTD simulation results. Therefore, the 

enhancement of photocatalytic activity with the overbandgap photon energy 

gives a clear clue that the shape-controlled octahedral Au NPs behave as an 

oxygen evolution catalyst (OEC).  

 

5-3-2. Coverage effect of octahedral Au NPs on photoactivities of 

BiVO4 

To compare the plasmonic effect of octahedral Au NPs/BiVO4 films

 according to various coverages of octahedral Au NPs. I controlled th

e amount of MPA precipitation solution and dipping time to attach oc

tahedral Au NPs on the BiVO4 films. Figure 5-9(a)-(c) show SEM im

ages of octahedral Au NPs/BiVO4 by changing the dipping time from 
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0 to 6 hours, and fixing the amount of MPA solution at 85 µL. Whe

n the coating time of Au precursor is over 1hour, small quantities of 

Au NPs aggregate into clusters; in particular, an excessive agglomerati

on is shown for a dipping time of 6 hours. Figure 5-10(a) shows the 

change of numbers of octahedral Au NPs in the specific area of BiV

O4 films according to dipping time. I measured the PEC properties of

 Au NPs/BiVO4 anodes with different coverage of octahedral Au NPs,

 as shown in Figure 5-10(c). The increased coverage of Au NPs boos

ts light absorptionand charge transfer, and thus improves the photocurr

ent. However, when dipping time is more than 1 hour, the photocurre

nt density of octahedral Au NPs/BiVO4 decreases gradually with the i

ncrease in dipping time. Figure 5-10(b) show that the photocurrent de

nsity of octahedral Au NPs/BiVO4 having a dipping time of 6 hours 

recorded a lower value than that of BiVO4 films. Also,the onset poten

tial of Au NPs with a dipping time of 6 hours is positively shifted c

ompared to BiVO4 films. The inter-spacing of plasmonic Au NPs is i

mportant parameter to affect photoactivities of Au NPs.The moderate 

distancebetween Au NPs is needed since the spacing of Au NPs exce

eds beyond a certain distance, diminishing of the near-field plasmon c

oupling between two Au NPs occurs. 
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A strong dependence of the plasmon resonance energy transfer (PRET) on 

the diameter of the Au NPs and reduction in the spectral overlap between the 

BiVO4 light absorption band and the red shifting plasmonic absorption of Au 

NPs with increasing size revealed, which hampers the effectivity of PRET. 

Also, the plasmonic absorption shorter than the BiVO4 absorption edge about 

510 nm can enhance the photoactivities through PRET. Therefore, a further 

increase in the coverage reduced the effect of PRET.[1] Figure 5-11(a), on the 

other hand, show the octahedral Au NPs/BiVO4 with optimum coverage 

revealed negatively shifted onset potential. This result confirms that the 

attachment of Au NPs with proper coverage leads to the catalytic 

enhancement (reduction of overpotential), since an electrochemical co-

catalyst could significantly facilitate the transfer of photogenerated holes 

from the semiconductors to water at a lower bias.  
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Figure 5-9 (a)-(c) SEM images of the octahedral Au NPs changing coverage 

according to dipping time, 0h, 4h and 6h, respectively. (d)-(f) SEM images of 

the octahedral Au NPs changing coverage according to amount of the MPA 

precipitation solution. Scale bar is 200 nm. 
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Figure 5-10 (a) Number of octahedral Au NPs in the selected area (gray 

region, shown in Figure 5-9) according to the dipping time. (b) Number of 

octahedral Au NPs in the selected area (gray region, shown in Figure 5-9) 

according to amount of the MPA precipitation solution. (c), (d) Photocurrent 

density of Au NPs/BiVO4 photoelectrodes controlled the dipping time and 

amount of the MPA precipitation solution at 1.23 V vs. RHE, respectively. (e), 

(f) Electrochemical impedance spectra (EIS) for various Au NPs/BiVO4 

photoelectrodes. The solid line was fitted by the ZSimpWin software using 

the proposed equivalent circuit model. The EIS was measured at 1.23 V vs. 

RHE under simulated solar illumination in 0.5 M phosphate buffer with 1 M 

Na2SO3. Inset shows equivalent circuits for various Au NPs/BiVO4 

photoelectrodes. 
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The amount of MPA solution to attach of the octahedral Au NPs on the 

BiVO4 films was changed from 0 to 100 µL. Figure 5-9(a),(d)-(f) show the 

change of the number of particles, unlike controlling the dipping time, 

agglomeration was not observed on the BiVO4 films. The amount of MPA 

precipitation solution is closely related to PEC properties of octahedral Au 

NPs/BiVO4. Figure 5-10(d) shows the photocurrent behavior of the 

octahedral Au NPs/BiVO4 at 1.23 V vs. RHE. The photoactivity of the 

octahedral Au NPs/BiVO4 increases gradually until the amount of MPA 

solution increases to 85 µL, but a further increases in the amount of MPA 

precipitation solution resulted in degradation of the photocurrent density. This 

photocurrent degradation could be due to two possible reasons. First, the large 

number of Au NPs grown at the increasing dipping time and amounts of MPA 

solution may cover a large portion of the BiVO4 surface, which retards the 

access of light to theBiVO4 surface to reduce photocurrent generation. Second, 

the high coverage of the Au NPs may reduce the surface area of BiVO4 films 

in direct contact with the electrolyte and thereby hinders the water oxidation 

performance.[6,14] Figure 5-11(c),(d) show the amperometric photocurrent 

versus time (t) curves under a bias voltage of 1.23 V vs. RHE. In all cases, we 

observed a photocurrent spike upon initial illumination, which relaxed to a 

steady state, indicating the stability of the octahedral Au NPs/BiVO4. The 
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highest photocurrent of 2.4 mA/cm2 was obtained at 1.23 V vs. RHE for 

octahedral Au NPs/BiVO4 synthesized by an MPA precipitation solution of 

85 µL and dipping time of 1 hour. From these results, I believe that the 

amounts of the attached Au NPs must be properly controlled, since a high 

coverage of Au NPs on the semiconductor will reduce the light exposure of 

the semiconductor, as well as hinder the reactant access of the semiconductor, 

while low coverage will lead to poor light utilization efficiency during 

photocatalysis.[12]  

To understand the effect of the coverage of the octahedral Au NPs on 

BiVO4, electrochemical impedance spectroscopy (EIS) was also conducted to 

evaluate the kinetics of charge generation and transfer during OER reaction. 

The impedance spectra octahedral Au NPs/BiVO4 was measured by applying 

1.23 V vs. RHE under simulated solar light illumination, and is presented as 

a Nyquist diagram in the frequency range 100 kHz – 100 mHz. The high 

photoactivity is reflected by a small semicircle in the Nyquist plots. For the 

better fitting of the Nyquist plot, Warburg impedance (Wh) is included in the 

circuit elements. Table 5-2 show that the largest Rdp (resistivity in the 

depletion region) and Rh (resistivity in the Helmholtz region) for BiVO4 film 

indicate that the charge transfer characteristics of BiVO4 are very poor; on the 

other hand, all cases of the octahedral Au NPs attached on BiVO4 film show 
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a good charge transfer efficiency, exhibiting a low Rdp and Rh. The 

capacitance at the interface (constant phase element (CPEdp, CPEh)) with 

optimum coverage of octahedral Au NPs on BiVO4 is maximized. Among 

them, octahedral Au NPs having the attachment condition of MPA 

precipitation solution of 85 µL and dipping time of 1 hour recorded the lowest 

value of the diameter of the semicircle and highest value of CPE. This result 

shows enhanced charge generation and transfer from shape-controlled 

octahedral Au NPs with moderate coverage on BiVO4 surface.  
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Figure 5-11 (a) Linear sweep voltammograms (LSVs) data of octahedral Au 

NPs/BiVO4 photoelectrodes with different dipping time and amount of MPA 

solution. (b) Electrochemical impedance spectra (EIS) for comparing BiVO4 

film and Au NPs/BiVO4 photoelectrode with extreme conditions. The solid 

line was fitted by the ZSimpWin software using the proposed equivalent 

circuit model. The inset shows equivalent circuits for various Au NPs/BiVO4 

photoelectrodes. (c) Amperometric current density-time profiles for BiVO4 

film and octahedral Au NPs/BiVO4 photoelectrodes according to change of 

the dipping time. (d) Amperometric current density-time profiles for bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes according to change 

of the amount of the MPA solution. The EIS and J-t curves were measured at 

0.63 V (vs. Ag/AgCl) under simulated solar illumination in 0.5 M phosphate 

buffer with 1 M Na2SO3. 
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Table 5-2 Circuit analysis of the EIS spectra for various octahedral Au 

NPs/BiVO4 photoelectrodes. 

 

(R/Ω∙cm
2
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(CPE/10
-8 

F) 

R
s
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semicond

uctor 

CPE
dp

 

semicond

uctor 

R
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interface 

CPE
h
 

interface 

BiVO
4
 1.68 196.18 0.99 768.84 3.73 

AuNPs/BiVO
4
 

(65µL, 1h) 
1.12 75.97 4.37 447.18 3.78 

AuNPs/BiVO
4
 

(85µL, 1h) 
1.72 64.54 12.45 486.21 10.10 

AuNPs/BiVO
4
 

(100µL, 1h) 
1.73 110.47 3.99 591.71 5.78 

AuNPs/BiVO
4
 

(85µL, 4h) 
1.61 69.52 12.12 558.01 7.54 

AuNPs/BiVO
4
 

(85µL, 6h) 
1.47 79.92 5.65 526.27 3.50 

AuNPs/BiVO
4
 

(100µL, 4h) 
1.78 154.93 5.59 676.84 8.53 
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5-3-3. Octahedral Au NPs/BiVO4 with optimum concentration 

Figure 5-7(b) shows that I also measured the donor concentration, 

capacitance of the double layer and flat band potential of the octahedral Au 

NPs/BiVO4 and BiVO4 film using the Mott-Schottky relation. The carrier 

concentration can be calculated by the slope of the Mott-Schottky curves. The 

lower the slope of a Mott-Schottky plot, the higher carrier concentration. The 

carrier concentration significantly increased after attachment of octahedral 

Au NPs, as shown in Figure 5-7(b). And the general increment of C indicated 

that the double layer formed on the surface has a large capacitance.[20] The 

observed result (for 1/C2 value, BiVO4 > octahedral Au NPs/BiVO4) were 

measured at the same frequency of 1 kHz, which means that octahedral Au 

NPs attached BiVO4 has more charge carriers than that of BiVO4 film. The 

flat band potential (Efb) of BiVO4 film is determined to be about 0.21 V vs. 

RHE according to the equation of  

C−2 = (2/eεε0Nd)[E − Efb − kT/e]  (1) 

(in which C = capacitance of space charge layer, e = electron charge, ε = 

dielectric constant, ε0 = permittivity of vacuum and E = applied potential).  

After attaching of octahedral Au NPs, the Efb shifts negatively by 30 mV, 

which is favorable for the electrons to pass through the circuit to the counter 
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electrode. This is also a possible reason for the cathodic shift of the onset 

potential of photocurrent.   

Figure 5-12 shows that the photocurrent was measured at 1.1 V vs. RHE 

continuously for 5000 s under AM 1.5 G condition to determine the stability 

of the octahedral Au NPs/BiVO4 with optimum coverage. The photocurrent 

density of 2.3 ± 0.1 mA/cm2 was consistent for 5000 s, demonstrating the 

potential of octahedral Au NPs/BiVO4 as photoanodes for practical 

applications. In particular, we used very thin film of SiO2 (about ~ 1 nm) as 

an insulating layer, since the very thin thickness of SiO2 films under 5 nm 

thickness is generally used to enhance the plasmonic solar water splitting 

efficiency.[2,7,17] After the deposition of SiO2, the photocurrent density 

increased slightly due to the PRET effect and the decreased photogenerated 

electron–hole recombination originated from the surface passivation of defect 

sites and improved interfacial charge separation.[2,8,19] 

 



219 

 

 

 

 

 

 

 

Figure 5-12 Stability test of octahedral Au NPs/SiO2 (1nm)/BiVO4 measured 

in 0.5 M phosphate buffer solution with 1M Na2O3 at 1.10 V vs. RHE. 
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Figure 5-13(a),(b) show the monochromatic laser sources at 532 and 405 

nm, respectively, that was used to identify the generation of photoactivity 

depending on the incident electromagnetic spectra (VIS and UV). 

Photocurrent transients were measured using a monochromatic laser with a 

fluence of 10 mW/cm2 at 1.23 V vs. RHE. At 532 nm, the amount of 

photocurrent density seems to slightly increase compared with that of the 

BiVO4 films; however, this value is very negligible. The photocurrent from 

the 532 nm monochromatic laser remained in the range of μA/cm2; while the 

photocurrent from 405 nm remained in the range of mA/cm2. With the 405 

nm wavelength, the photocurrent density of the octahedral Au NPs/BiVO4 

showed about 40% enhancement. An important point to note here is the 

photocurrent range disparity according to the incident wavelengths. Figure 5-

14 show the gains of the photovoltage at 405 and 532 nm, respectively that 

recorded under constant current and open circuit condition. The photovoltage 

gains are derived from the enlarged surface areas after the attachment of 

octahedral Au NPs, since the increased surface area dilutes the concentration 

of minority carriers in the near-surface region, thus altering the Fermi level 

of minority carriers.  

Figure 5-13(c),(d) show the absorption spectra of octahedral Au 

NPs/BiVO4 and BiVO4 film by estimating the transmission and reflection 



221 

 

spectra using an integrating sphere (Absorbance = 1 – Transmittance – 

Reflectance). The light absorption of BiVO4 film in the region from 500 to 

800 nm is negligible, while attachment of octahedral Au NPs significantly 

enhanced the absorption. The enhancement of the absorption in the range 

from 500 to 800 nm is due to the LSPR effect occurred by introducing an 

octahedral Au NPs. Figure 5-13(e) show the results of the incident photon-to-

current conversion efficiency (IPCE) that we measured in order to clarify the 

mechanism of plasmonic solar water splitting in octahedral Au NPs/BiVO4. 

The IPCE of octahedral Au NPs/BiVO4 demonstrated high values 

approaching 50% in the wavelength of 450 nm wavelength. At this point, the 

IPCE value recorded 3-fold enhancement compared to the BiVO4 films. The 

IPCE values of the octahedral Au NPs/BiVO4 above 500 nm approach zero 

like the bare BiVO4 film. It indicates that hot electron injection is relatively 

difficult to occur in the visible wavelength region. Hot electron injection can 

occur when the induced energy is corresponding to the band gap energies of 

materials or more. Since the catalytic hole transfer constant almost remains 

unchanged, the photocatalytic activity with the octahedral Au NPs is not 

maximized in the visible light range. The PEC enhancement at the visible 

light range (about 500 ~ 600 nm) is also negligible correspond to our results.  
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Figure 5-13 (a) and (b) Amperometric current density-time profiles for bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes at 1.23 V vs. RHE with 

the fluence of 10 mW/cm2 at 532 nm and 405 nm, respectively. (c) and (d) 

Absorption of the bare BiVO4 and octahedral Au NPs/BiVO4 films by 

estimating the transmission and reflection spectra using an integrating sphere 

(Absorbance = 1 – Transmittance – Reflectance) (e) IPCE spectra of bare 

BiVO4 and octahedral Au NPs/BiVO4 photoelectrodes at 1.23 V vs. RHE. (f) 

IPCE Enhancement of octahedral Au NPs/BiVO4 photoelectrodes. 
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Figure 5-14 Photovoltage gains of octahedral Au NPs/BiVO4 at (a) constant 

current of 500 µA under 405 nm, (b) constant current of 10 µA 405 nm under 

532 nm. 
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5-3-3. Energy band diagram for plasmon enhanced solar water 

splitting in BiVO4 

I believe that the improved photoactivity of the octahedral Au NPs/BiVO4 

is primary due to the well-defined shape of Au NPs, since Au NPs with sharp 

vertices and edges can intensify LSPR-EFs and generate hot carriers.[9,15] 

There are three main mechanisms of plasmonic Au NPs that contribute to the 

solar water splitting process, which is a light-trapping enhancement, DET, 

and PRET.[11,14,19] Light trapping validates when the size of the plasmonic 

metal NPs is larger than 100 nm. Particle sizes larger than 100 nm cause a 

broadening and damping of the plasmon resonance due to electromagnetic 

retardation effects.[20] The average size of our octahedral Au NP is only about 

30 nm, thus making the light-trapping effect negligible. Both the DET and the 

PRET mechanisms may have significant effects on the enhancement of OER 

activity of the octahedral Au/BiVO4. Because of the SPR effect, octahedral 

Au NPs can absorb light with energy smaller than the band gap energy of 

BiVO4, and the hot electrons excited to the SPR states of Au NPs can be 

injected into the conduction band of BiVO4, as displayed in Figure 5-15. The 

IPCE graph of the previously reported wide band gap semiconductor such as 

TiO2 shows the same tendency after attaching plasmonic Au NPs, as shown 

in Figure 5-16. Otherwise, our octahedral Au NPs/BiVO4 show a unique 
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feature of IPCE at the 430 nm. Thus, we strongly propose that another 

mechanism, in addition to DET, is needed to interpret the PEC enhancement 

of our octahedral Au NPs/BiVO4 system. Above the 1.5-fold enhancement of 

IPCE, the PRET can act as a main mechanism for the improving the PEC 

properties, as shown in the inset of Figure 5-13(e),(f), since the absorption 

band of the BiVO4 film is similar to the resonance wavelength of octahedral 

Au NPs and thus the two material system can resonate optically each other. 

To occur hot electron injection (HEI) process, plasmonic Au NPs and n-type 

semiconductor should form a Schottky contact.[25] However, this restriction is 

removed when PRET mechanism is introduced. If spectral overlap with 

semiconductor and LSPR peak position is satisfied, PRET process is always 

activated regardless of the contact with semiconductor.[26] The previous study 

showed that PRET is dominant even at the outside range of LSPR peak at the 

sandwich structure (Au@SiO2@Cu2O).[21] In the PRET mechanism, the 

energy of plasmonic oscillation is transferred from a plasmonic material to 

the semiconductor through an enhanced electromagnetic field. The presence 

of octahedral Au NPs increases the electromagnetic field close to the surface 

of BiVO4 due to plasmon resonance, as predicted in the FDTD simulations in 

Figure 5-5. Thus dipoles are induced in the BiVO4 near the interface. This 

dipole-dipole interaction of the PRET significantly increases the generation 
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rate of electron-hole pairs near the BiVO4 surface.[2,6,9,19] The UV-vis spectra 

of octahedral Au NPs/BiVO4 and octahedral Au NPs are compared to support 

evidence of the PRET mechanism, as shown in Figure 5-13(d). The UV-vis 

absorption spectrum of the octahedral Au NPs shows the plasmonic resonance 

peak at ~550 nm. It should be noted that the NPs exhibit the plasmonic 

absorption plateau of considerable light absorption in the wavelength range 

from 350 nm to 500 nm. The absorption edge of BiVO4 lies in the plasmonic 

absorption of the Au NPs, implying that the PRET mechanism can dominate 

the PEC enhancement of the Au NPs/BiVO4. In other words, octahedral Au 

NPs on the BiVO4 films play a role in surface passivation that is beneficial to 

decrease the inherent surface recombination of photogenerated electron-hole 

pairs, leading to the significantly enhanced PEC performance. It was hard to 

observe the PRET when the incident wavelength is longer than 500 nm. For 

efficient dipole-dipole interaction between Au NPs and BiVO4, the 

wavelength of the incident light is critical. Since the bandgap energy of 

BiVO4 is 2.4 eV, the over-bandgap transition (wavelength shorter than ~ 510 

nm) is only allowed in bulk BiVO4, as depicted in Figure 5-15. I believe that 

dipole-diploe interaction at sub-bandgap energy region becomes effective for 

PEC if the dimension of BiVO4 is as small as the Au NPs.[21] Therefore, we 

can strongly insist that PRET is the critical effect in enhancing the plasmonic 
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water splitting efficiency of the octahedral Au NPs/BiVO4 over DET, as 

highlighted in the Figure 5-15.    

The plasmonic octahedral Au NPs also act as electrochemical co-catalyst 

for oxygen evolution reaction (OER). Without Au NPs, the photogenerated 

hole transfer kinetics across the BiVO4/electrolyte interface is slow, and leads 

to the recombination of electron-hole pairs.[6,22] Since octahedral Au NPs 

serve as OEC, they can mediate the hole transfer rate from BiVO4 to water 

and greatly increase the charge transfer rate, resulting in the enhanced 

photoactivity. The improved charge transfer rate highly suppresses hole 

accumulation at the BiVO4/solution interface. Experimental results clearly 

show the validity of photocatalytic activity enhancement of BiVO4 film by 

intensified LSPR-EFs originating from the shape-controlled octahedral Au 

NPs. 
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Figure 5-15 Schematic for the energy band diagram of the octahedral Au 

NPs/BiVO4 system to show that both DET and PRET mechanisms work in 

the system. 
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Figure 5-16 IPCE spectra at 1.23 V vs. RHE. Octahedral Au NPs were 

decorated on 80-nm-thick TiO2 film. The vertical dotted line (--) indicates the 

band gap energy of TiO2. Inset indicates that the photocurrent enhancement 

for the visible light is below the noise level.[10] 
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5-4. Conclusion 

I studied shape-controlled plasmonic Au NPs to enhance the photoactivity 

of BiVO4, and found that octahedral Au NPs/BiVO4 has superior PEC 

properties compared to hemispherical Au NPs/BiVO4, since the sharp vertices 

and well-defined edges of the octahedral Au NPs provide more intensification 

of the local field than the hemispherical Au NPs, which enables forceful OER.    

The octahedral Au NPs/BiVO4 with the optimized coverage by controlling 

the amount of MPA precipitation solution and dipping time showed a 

markedly enhanced photocurrent density of 2.4 mA/cm2. The improved 

performance of these photoelectrodes is due to their higher absorption, charge 

generation, and separation through the introduction of the LSPR-induced 

effects (DET and PRET). In particular, we highlight that the absorption band 

edge of BiVO4 properly matches with the resonant wavelength for the field 

enhancement by the shape-controlled plasmonic Au NPs. Thus the synergetic 

promotion effects occur compared to previously reported studies about wide 

band gap semiconductors. Our approach with the shape-controlled Au NPs 

provides great potential in plasmonic solar water splitting and paves the way 

for developing highly efficient photoelectrodes of shape-controlled 

plasmonic metal NPs/BiVO4 with moderate coverage in the overall UV-VIS 

range. 



231 

 

5-5. References 

[1] Zhang, L.; Herrmann, L. O.; Baumberg, J. J., Sci. Rep., 2015, 5, 16660. 

[2] Li, J.; Cushing, S. K.; Zheng, P.; Meng, F.; Chu, D.; Wu, N., P Nat. 

Commun., 2013, 4, 2651. 

[3] Linic, S.; Christopher, P.; Ingram, D. B., Nat. Mater., 2011, 10, 911. 

[4] Chen, H. M.; Chen, C. K.; Chen, C.-J.; Cheng, L.-C.; Wu, P. C.; Cheng, 

B. H.; Ho, Y. Z.; Tseng, M. L.; Hsu, Y.-Y.; Chan, T.-S., Acs Nano 2012, 6, 

7362. 

[5] Halas, N. J.; Lal, S.; Chang, W.-S.; Link, S.; Nordlander, P., Chem. Rev., 

2011, 111, 3913. 

[6] Hu, D.; Diao, P.; Xu, D.; Wu, Q., Nano Research 2016, 9, 1735. 

[7] Chatchai, P.; Kishioka, S.-y.; Murakami, Y.; Nosaka, A. Y.; Nosaka, Y., 

Electrochimica Acta, 2010, 55, 592. 

[8] Abdi, F. F.; Dabirian, A.; Dam, B.; van de Krol, R., Phys. Chem. Chem. 

Phys., 2014, 16, 15272.  

[9] Valenti, M.; Jonsson, M.; Biskos, G.; Schmidt-Ott, A.; Smith, W., J. Mater. 

Chem. A., 2016, 4, 17891. 

[10] Moon, C. W.; Lee, S. Y.; Sohn, W.; Andoshe, D. M.; Kim, D. H.; Hong, 



232 

 

K.; Jang, H. W., Part. Part. Syst. Char. 2017, 1600340. 

[11] Cushing, S. K.; Li, J.; Meng, F.; Senty, T. R.; Suri, S.; Zhi, M.; Li, M.; 

Bristow, A. D.; Wu, N., J. Am. Chem. Soc., 2012, 134, 15033.  

[12] Wang, M.; Ye, M.; Iocozzia, J.; Lin, C.; Lin, Z., Adv. Sci., 3, 2016, 

1600024. 

[13] Cao, S.-W.; Yin, Z.; Barber, J.; Boey, F. Y.; Loo, S. C. J.; Xue, C., Acs. 

Appl. Mater. Inter., 2011, 4, 418. 

[14] Pu, Y.-C.; Wang, G.; Chang, K.-D.; Ling, Y.; Lin, Y.-K.; Fitzmorris, B. 

C.; Liu, C.-M.; Lu, X.; Tong, Y.; Zhang, J. Z., Nano. Lett., 2013, 13, 3817. 

[15] Kundu, S., J. Mater. Chem. C, 2013, 1, 831. 

[16] Eguchi, M.; Mitsui, D.; Wu, H.-L.; Sato, R.; Teranishi, T., Langmuir 

2012, 28, 9021. 

[17] Chandrasekar, M.; Pushpavanam, M., Electrochimica Acta,2008, 53, 

3313. 

[18] Qu, N.; Zhu, D.; Chan, K.; Lei, W., Surface and Coatings Technology, 

2003, 168, 123. 

[19] Liu, Y.; Yan, X.; Kang, Z.; Li, Y.; Shen, Y.; Sun, Y.; Wang, L.; Zhang, Y., 

Sci. Rep., 2016, 6, 29907. 

https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Fja305603t


233 

 

[20] Warren, S. C.; Thimsen, E., Energy Environ. Sci., 2012, 5, 5133. 

[21] Li, J.; Cushing, S. K.; Meng, F.; Senty, T. R.; Bristow, A. D.; Wu, N., 

Nat. Photonics., 2015, 9, 601. 

[22] Zhang, L.; Lin, C. Y.; Valev, V. K.; Reisner, E.; Steiner, U.; Baumberg, J. 

J., Small 2014, 10, 3970. 

[23] Mudunkotuwa, I. A.; Grassian, V. H., J. Am. Chem. Soc., 2010, 132, 

14986. 

[24] Stoughton, S.; Showak, M.; Mao, Q.; Koirala, P.; Hillsberry, D.; Sallis, 

S.; Kourkoutis, L.; Nguyen, K.; Piper, L.; Tenne, D., Apl. Materials., 2013, 1, 

042112. 

[25] X. Zhang, Y. L. Chen, R-. S. Liu, D. P. Tsai, Rep. Prog. Phys., 2013, 76, 

046401.  

[26] S. K. Cushing, J. Li, J. Bright, B. T. Yost, P. Zheng, A. D. Bristow, and 

N. Wu, J. Phys. Chem. C, 2015, 119, 16239.  

[27] P. K. Jain, K. S. Lee, I. H. El-Sayed, M.A. El-Sayed, J. Phys. Chem. B, 

2006, 110, 7238–7248. 

[28] S. Bai, J. Jiang, Q. Zhang, Y. Xiong, Chem. Soc. Rev., 2015, 44, 2893-

3939. 



234 

 

[29] I. A. Mudunkotuwa, V. H. Grassian, J. Am. Chem. Soc., 2010, 132, 

14986–14994. 

[30] M-.C. Daniel, D. Astruc, Chem. Rev., 2004, 104, 293–346. 

[31] X. Zheng, L. Zhang, Energy Environ. Sci., 2016, 9, 2511. 

[32] G. Liu, K. Du, J. Xu, G. Chen, M. Gu, C. Yang, K. Wang, H. Jakobsen, 

J. Mater. Chem. A, 2017, 5, 4233 

 

 

 

 

 

 

 

 

 

 



235 

 

6. Summary 

This thesis cover the fundamental working principle, mechanism, diverse 

analysis method and crucial parameter of PEC water splitting. And there are 

various approaches to overcome limitations of electrodeposited BiVO4-based 

anodes for PEC water oxidation. The drawbacks of BiVO4 photoanodes, 

which are severe electron/hole recombination due to the short carrier life time, 

sluggish oxygen evolving reaction kinetics on anode surface and hole 

accumulation at the photoanode/electrolyte interface (photocorrosion) were 

managed by employing the several engieneering strategies such as 

nanostructuring, heterojunction, co-catalyst and plamonics.  

First, the combination of WO3 nanorods with BiVO4 can considerably 

imrpove the light absorption, chare transfer at the interface and increase active 

areas for water oxidation reaction. The BiVO4/WO3 heterojunction anode 

with optimum condition can lead to a high photocurrent density of 4.55 

mA/cm2 at 1.23 V vs. RHE without additional co-catalyst. Second the 

incoporation of morphology controlled TiO2 can effectivley reduce charge 

carrier recombination followed by increasigng the life time. The choice of 

proper mophology of TiO2 as bottom layer is a key to improve photoactivities 

of BiVO4-based anodes. Third, Ligand engineered MnO NPs are integrated 

on the BiVO4/WO3 nanorods as co-catalyst to improve sluggish oxygen 
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evolving reaction, and furthermore enhance chare transfer efficiencey 

through tuning the band structure energetics. The diverse results indicate that 

overall performance BiVO4-based anodes is significantly governed by the 

MnO NPs/BiVO4 interface, thus  it is necessary to focus on the design of 

efficient OECs on the BiVO4 surface with proper junction. The final chapter 

is use of shape-controlled gold nanoparticles on BiVO4 to obtain synergesitic 

effect of catalyst and plasmons. The octahedral Au NPs/BiVO4 with opti

mum coverage achieves 2.4 mA/cm2 at the 1.23 V vs. RHE. These re

sult is closley related to largely suppresses the photogenerated electron-

hole recombination near the solid/electrolyte interface through introduction 

of shape-controlled Au NPs.  
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Abstract (in Korean) 

 

고효율 태양연료 생산을 위한 금속 산화물  

나노구조체 합성 및 광∙전기∙화학적 특성 연구 

 

비스무스 바나데이트 (BiVO4)는 물분해 반응을 위한 적절한 

밴드 위치 및 밴드 갭 에너지를 가진 물질로서, 광전극으로 

사용되기에 매우 전도 유망한 재료이다. 그러나 기존까지 보고된 

BiVO4 기반 광전극 기반의 실제 변환 효율은 이론 값인 7.5 

mA/cm2
 보다 현저히 낮은 수준이다. 

본 논문에서는 산화물 반도체 중 대표적인 물질인 BiVO4 를 

우수한 특성을 갖는 광전극으로 응용하기 위하여 나노구조화, 

이종접합, 산소 발생 촉매 등을 도입하였고, 다양한 광∙전기∙화학적 

분석을 통해 BiVO4 기반 산화물 반도체가 물분해 광전극으로서 

충분한 잠재력을 가지고 있음을 확인하였다.  

첫 번째 연구에서는 BiVO4 의 대표적인 한계인 광 흡수로 인해 

생성된 전자의 전달 속도 및 산소 발생 속도가 매우 느린 점을 

해결하기 위하여 나노 구조화 및 이종 접합의 도입을 통해 
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계면에서의 전하 이동을 향상시키고 광 흡수를 현저하게 

증진시키고자 하였다. 먼저, 광·전기·화학적 분석을 통해 텅스텐 

옥사이드 (WO3)가 다양한 금속 산화물들 중에서 BiVO4 와 type II 

형태의 구조를 형성하여 물분해 효율 극대화를 위한 최적의 

조합이라는 것을 확인하였다. 더 나아가, WO3 나노구조의 다공성 

및 종횡비를 조절함으로써, 광 전류 값을 상당히 증가시킬 수 

있었다. 최적의 조건 하에서, BiVO4/WO3 이종접합 광전극은 

추가적인 도핑이나 촉매 없이도 1.23 V 에서 4.55 mA/cm2의 높은 

광 전류 밀도 및 80% IPCE 효율을 보고하였다. 이는 최초로 펄스 

기반의 전기적 전착법을 도입하여 나노 닷 형태의 BiVO4 가 WO3 

나노 로드의 전체 표면에 잘 장식할 수 있었기 때문에 가능한 

결과이다. 본 연구는 고성능 BiVO4 기반 이종접합 나노 구조 

광전극에 대한 하부 층의 역할에 대한 새로운 관점을 

제시하였으며, 이러한 개념은 다양한 광전극 시스템에 적용이 

가능하다.  

이를 응용하여 두 번째 연구에서는 전하의 짧은 수명으로 인한 

재결합을 해결하기 위해 하부 층의 구조 제어를 진행하였고, 이에 

따른 밴드 구조 및 최종적인 광전극 구조의 차이를 다양한 



239 

 

관점에서 분석하였다. 두 종류의 티타늄 옥사이드 (TiO2)를 하부 

전극으로 도입하고 BiVO4 와의 상호 작용에 대해 분석한 결과, 

하부 전극의 모폴로지에 따라 BiVO4 가 전착되는 양상에 차이가 

발생할 뿐 아니라, TiO2 의 종류에 따라 최종적인 광전극의 밴드 

구조에 차이가 발생하여, 물분해 효율에 매우 큰 영향을 미치는 

것을 발견하였다.  

세 번째는 연구에서는 나노구조체와 이종접합의 도입으로도 해

결되지 않는 BiVO4 표면에서의 산화반응이 느리다는 점, 여전히 

전하의 재결합이 일어난다는 점을 극복하기 위해 산소 발생 촉매

를 도입하였다. 본 연구는 기존의 귀금속 촉매를 사용한 기존의 

연구들과 다르게 망간옥사이드 (MnO) 나노입자를 촉매로서 사용

하였고, 리간드 교환에 따른 밴드 구조의 제어에 기반한 연구이다. 

반도체의 밴드 위치는 태양광 물분해 광전극의 특성을 결정지을 

수 있는 중요한 요소이며, 리간드 교환은 밴드 구조의 제어를 가

능 하게하는 것으로 알려져 있지만, 이를 광전극에 적용한 결과 

및 광 특성의 향상에 영향을 미치는 메커니즘에 대한 연구가 전무

한 실정이었다. 따라서, 본 연구에서는 BiVO4 기반 광전극에 리간

드가 교환된 망간 산화물을 산소 발생 촉매로 최초로 도입하여 
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1.23 V 에서 6.25 mA/cm2의 높은 광 전류 값을 달성하였으며, 이

는 BiVO4 광전극의 이론적 광 전류 밀도 (약 7.5 mA/cm2)의 85 %

에 준하는 값이다. 이는 리간드 교환을 통해 망간 나노입자의 밴

드 구조를 제어하여 BiVO4 기반 광전극과 접합하였을 때, 전하의 

이동 및 분리 효율을 상당히 높일 수 있는 형태로 변화시켰기 때

문에 가능하였다. 또한, 망간나노입자가 촉매로서 표면에서 산소 

발생 반응 속도를 상당히 향상시켰기 때문에 가능한 결과이다. 본 

연구를 통해 물의 효과적인 산화를 위한 표면 제어와 밴드 에지 

위치 사이의 관계를 규명하였다.  

네 번째는 플라즈몬 금 나노입자의 도입에 관한 연구이다. 플라

즈몬 입자는 금속 산화물과의 계면에서의 LSPR 전기장의 형성 및 

나노입자 에너지 레벨의 양자화 효과에 의한 산화·환원 포텐셜의 

제어를 통해 광∙전기∙화학적 물분해 반응이 일어나는 영역을 효과

적으로 넓힐 수 있다는 이점을 지니고 있다. 금 나노입자의 모양 

제어는 플라즈모닉 공명을 조절할 수 있을 뿐 아니라, 중간 정도

의 밴드갭을 가진 반도체의 경우 흡수 밴드와 플라즈모닉 금 입자

의 공명 파장이 일치하기 때문에 광전극의 특성 향상에 매우 중요

한 요소이나, 이에 대한 정확한 메커니즘 및 관련 연구 결과들이 
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전무하였다. 본 연구에서 처음으로 모양이 조절된 금 나노입자를 

BiVO4 광전극에 도입하여 다양한 광∙전기∙화학적 분석 및 FDTD 시

뮬레이션을 통해 플라즈모닉 효과가 광전극의 효율에 영향을 미치

는 원인을 규명하였다. 다양한 모양 중 팔면체 금 나노입자의 경

우, 1.23 V 에서 2.4 mA/cm2
 의 광 전류를 기록하였고, 이는 BiVO4

에 비해 3배 이상 높은 수치이며, 지금까지 보고된 플라즈모닉 금 

입자/BiVO4 시스템에서 가장 높은 광 전류 값이다. 이러한 광 전

류의 향상은 direct electron transfer (DET) 및 plasmonic resonant 

energy transfer (PRET) 두 가지 메커니즘의 시너지 효과에 의한 것

임을 본 연구를 통해 밝혀내었다.  

본 논문에서는 위 연구들을 통해 BiVO4 기반의 광전극의 

광∙전기∙화학적 물분해 특성을 효과적으로 증진시킬 수 있음을 

보였다. 또한, 본 연구를 통해 밝혀진 결과들은 다양한 금속 

산화물 물분해 광전극에 적용이 가능하며, 물분해 시스템 개발 및 

효율 극대화를 위한 새로운 패러다임을 제시하는 바이다.   

 

키워드: 물분해, 금속 산화물, 나노구조, 이종접합, 비스무스 바나데

이트, 산소 발생 촉매, 플라즈몬, 전기전착 
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