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ABSTRACT 

Photocatalytic and Photoelectrochemical Water Splitting by Inorganic Materials 

Xiaohui Deng 

 

Hydrogen has been identified as a potential energy carrier due to its high 

energy capacity and environmental harmlessness. Compared with hydrogen 

production from hydrocarbons such as methane and naphtha in a conventional 

hydrogen energy system, photocatalytic hydrogen evolution from water splitting 

offers a more economic approach since it utilizes the abundant solar irradiation as 

energy source and water as initial reactant. Powder photocatalyst, which generates 

electrons and holes under illumination, is the origin where the overall reaction 

happens. High solar energy conversion efficiency especially from visible range is 

commonly the target. Besides, cocatalyst for hydrogen and oxygen evolution is also 

playing an essential role in facilitating the charge separation and enhancing the 

kinetics.  

In this thesis, the objective is to achieve high energy conversion efficiency 

towards water splitting from diverse aspects. The third chapter focuses on a 

controllable method to fabricate metal pattern, which is candidate for hydrogen 

evolution cocatalyst while chapter 4 is on the combination of strontium titanium 

oxide (SrTiO3) with graphene oxide (GO) for a better photocatalytic performance. In 

the last chapter, photoelectrochemical water splitting by Ta3N5 photoanode and 

FeOOH as a novel oxygen evolution cocatalyst has been investigated. 
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1. Introduction 

 

1.1. Background and principle 

Global environmental problems are crucial international issues and have been 

increasing with the growth of world economy. Due to the reality that fossil fuels are 

running out as well as the global warming, development of environmental-friendly 

and CO2 emission-free fuel is an urgent issue. 

Hydrogen is considered as an ideal fuel for the future. Hydrogen fuel can be 

produced from clean and renewable energy sources and, thus, its life cycle becomes 

clean and renewable. In recent years, the technology for the evolution of hydrogen 

from electrolysis using solar cells has been extensively studied, but this methodology 

meets its limitation when it comes to the capital cost of cells itself. On the other hand, 

the use of photocatalyst is considered to have the satisfactory potential to produce 

hydrogen at low cost and could become a viable substitute for fossil fuel energy[1-3]. 

The electronic structure of semiconductor is always playing an essential role 

to make photocatalysis happen. Unlike a conductor, a semiconductor consists of 

valence band and conduction band. Without excitation, both holes and electrons are 

accommodated in valence band whereas conduction band is empty. Energy 

difference between these two levels is named as the band gap. When a 

semiconductor is exposed to photon with higher energy than its band gap, the 

excitation can happen. An electron in the valence band is excited to the conduction 

band, at the same time an hole is remained in the valence band. The reaction is 
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expressed at[4]: 

Semicondutor
ℎ𝑣
→ 𝑒𝑠𝑐

− + ℎ𝑠𝑐
+           E1 

Under certain driving force, well-separated (electrons and holes) will move to 

the surface of semiconductor or semiconductor-electrolyte interface and undergo 

redox reaction with absorbed electron acceptors and donors in the solution on the 

active site (cocatalyst)[2]. The schematic illustration for overall water splitting is 

shown in Figure 1.1[1]. 

 

Figure 1.1. Schematic illustration of mechanism for photocatalytic overall water splitting by a 

solid photocatalyst under illumination[1]. 

 

It is worth noting that the relationship between the wavelength of light (λ) 

and the band gap of semiconductor materials (E) can be expressed in equation: 

𝐸 =
ℎ𝑐

𝜆
                 E2 
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In which h is the Planck’s constant with the value 6.626 × 10−34 J ∙ s, c (light 

velocity) equals 2.998 × 108 m/s,  thus  

𝜆 =
1240

𝐸(eV)
                 E3 

Based on our knowledge, there are several criteria for selecting a 

photocatalyst for overall water splitting[1-4]: 

1)   The band gap of semiconductor materials should be narrower than the energy 

of induced photon so the excitation of electrons and holes can take place. For 

instance, being the most popular semiconductor for its wide application, titanium 

dioxide (TiO2, anatase type) can only absorb photon with a wavelength shorter than 

390 nm, which is in the ultraviolet region. Since visible light is the main component 

of solar energy (as shown in Figure 1.2), smaller band gap semiconductor which can 

utilize photon from visible range need to be discovered and investigated. 

 

Figure 1.2. ASTM G173-03 Standard Tables for Reference Solar Spectral Irradiances[5]. 

2)   The relative position of valence band (VB) and conduction band (CB) should 

http://www.astm.org/DATABASE.CART/HISTORICAL/G173-03.htm
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be suitable for overall water splitting. To be more specific, the valence band of 

semiconductor should be lower than the potential of O2 evolution and conduction 

band should be higher than the potential of H2 evolution. Taking strontium titanium 

oxide (SrTiO3) as an example[6], the position of CB and VB is ca. -0.3 V and 2.9 V vs. 

NHE at pH 0, which straddles the H2 (0 V vs. NHE) and O2 evolution potentials (1.23 

V vs. NHE). This makes it able to split water with suitable cocatalyst under UV range 

due to its large band gap (3.2 eV). 

3)   During the migration of charge carriers from the bulk to the surface of 

semiconductor, defects within the bulk as well as surface itself may act as 

recombination center, on which the excited electrons and holes recombine and lower 

quantum efficiency. Because of this, semiconductor with high crystallinity is always 

required[7]. Besides, the semiconductor must be stable under aqueous solution and 

should not be susceptible to photocorrosion, which is often a merit of metal sulfide 

materials[8]. 

As an essential component of photocatalytic system, cocatalyst has been 

developed to effectively improve the photocatalytic performance. It functionalizes to 

accommodate electrons and holes on specific active sites and meanwhile enhance 

the redox reaction kinetics. It can also prevent the recombination of electrons and 

holes[1-3]. As water splitting involves hydrogen and oxygen evolution, specific 

cocatalyst for each reaction is proven to be necessary. Noble metal such as 

platinum[9-11] and palladium[10-11] has been widely used as hydrogen evolution 

cocatalyst and core/shell configuration[12] is found to be able to hinder the back 
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reaction dramatically. As for oxygen evolution, metal oxide is utilized as efficient 

cocatalyst most commonly. Co3O4 has been reported as a good candidate in 

facilitating water oxidation and maintaining the photoactivity[13-15]. IrO2 also enjoys 

the similar function but poor stability is the major issue[14-15]. However, attempt is 

always made for discovery of low-cost, non-precious, and most importantly, robust 

cocatalyst. 

 

1.2.  Objective of the study and structure of the thesis 

The goal of this work is to achieve photocatalytic overall water splitting and 

photoelectrochemical water splitting in a more effective way by developing novel 

configuration of photocatalyst and cocatalyst. 

This thesis consists of the following 5 chapters: 

Chapter 1  Principle and fundamental considerations of overall water splitting. 

Chapter 2  The chemicals and methods used to synthesize materials and a brief 

introduction on the characterization methods employed to characterize and analyst 

experimental products. 

Chapter 3  A facile method to achieve controllable metal pattern on hydrophilic 

substrate by using SiO2 particle monolayer as a substrate. The SiO2 (diameter = 550 

nm) particles were pre-modified by reflux method and then sputtering method was 

applied as metal source. 

Chapter 4  An investigation on photocatalytic activity of SrTiO3-GO (Graphene 

Oxide) composite towards overall water splitting under UV light. The combination 
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was expected to improve the activity due to unique properties of carbon species. 

Chapter 5  Preparation of Ta3N5 electrode by electrophoretic deposition (EPD) 

method and an investigation on FeOOH as a water oxidation cocatalyst for 

photoelectrochemical water splitting.  
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2. Materials and Methods  

 

2.1. Chemicals 

All chemicals used in this study were obtained from Sigma-Aldrich and used 

without further purification unless otherwise noted. Organic solvents employed in 

chapter 3 were ethanol (CHROMASOLV®, ≥99.8%), methanol (CHROMASOLV®, 

≥99.9%), butanol (CHROMASOLV®, ≥99.7%), isopropanol (≥99.7%), hexane 

(CHROMASOLV®, ≥95%), cyclohexane (CHROMASOLV®, ≥99.9%)and acetone 

(CHROMASOLV®, ≥99.9%). Silica particles with a diameter of 550 nm were 

purchased from JCC Catalysts and Chemicals LTD (COSMO 55). Silicon wafer (100) 

was cut into 1 × 1 mm pieces. Inorganic chemicals used here were hydrogen 

peroxide (30% solution, Mallinackrodt CHEMICALS) and sulfuric acid (95.0-98.0%). 

For the synthesis of graphene oxide and strontium titanium oxide, several 

reagents were used: graphite flask, sodium nitrate (≥99.0%), sulfuric acid 

(95.0-98.0%), hydrogen peroxide (30% solution, Mallinackrodt CHEMICALS), 

hydrochloric acid (ca. 37% solution in water), potassium permanganate (98%), 

strontium carbonate (99.995%), titanium oxide (99.8%), strontium chloride 

hexahydrate (99%) and sodium carbonate (99.9999%). Sodium 

hexachlororhodate(III) and chromium(III) nitrate nonahydrate were used as the 

precursor for impregnation of cocatalyst. 

Tantalum(V) oxide (99.99%) and tantalum(V) chloride (99.999%) were used 

for the fabrication of Ta3N5 photoanodes. Gold foil (2 × 2 cm, 0.025 mm thick, 
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99.99%) was used as a counter electrode in electrophoretic deposition. Fluorine tin 

oxide (FTO) as the electrode support was purchased from DYESOL with the name of 

TEC15 Glass. Iron(II) chloride (98%) and ammonium chloride (99.95%) were 

employed for deposition of Fe-species. Deionized water (resistivity ≥ 18MΩ) were 

used directly without further purification across this study. 

 

2.2. Characterization Methods 

 

2.2.1.  Scanning Electron Microscopy 

The scanning electron microscopy (SEM) uses a focused beam of high-energy 

electrons to generate various signals at the surface of specimens. By collecting and 

analyzing the signal mainly from backscattered electrons (BSE) and secondary 

electrons (SE), SEM is able to reveal information about the sample including surface 

morphology, chemical composition, crystalline structure, etc. In most applications, 

data are collected by scanning the beam over a selected area on the surface of the 

sample. High vacuum system is always required to avoid collisions of generated 

electrons with other molecules, and the generated electron beam is manipulated by 

couples of electromagnetic lenses and coils. For powdered samples in this work, it 

was directly attached on the copper support for characterization.  

 

2.2.2.  Atomic Force Microscopy 

Atomic force microscopy (AFM) is a type of scanning probe microscopy with 
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very high resolution on the order of down to nanometer. It provides a 3D image of 

the surface on a nanoscale by measuring forces between the fine probe (typically 

made of Si3N4 or Si) and sample surface within a very short distance (0.2-10 nm). 

Unlike the scanning electron microscopy, AFM produces a 3-dimensional surface 

profile and surface conductivity is not required for characterization. In this thesis 

work, very fine Si wafer or Mica with smooth surface was used as the substrate. 

 

2.2.3.  Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a technique in which a beam of 

electrons is transmitted through an ultra thin specimen and interacts with the 

specimen. By collecting the information during the interaction, image can be formed, 

magnified and further focused on an imaging device. TEM are capable of imaging at 

significantly higher magnification than light microscope because the de Broglie 

wavelength of electrons is much smaller than visible light. This technique is also 

possible to reveal information on chemical composition, chemical bonding, 

crystallographic structure as well as morphologies. 

 

2.2.4.  Sputtering Deposition 

Sputtering is widely employed for deposition of thin films and particles in 

both laboratory and industry scale. It originates from the target material, which is 

platinum in our work. In general cases, the atoms on the surface can be ejected when 

they are acquiring an energy larger than binding energy by momentum exchange 
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with ions due to collisions. After that, the ions move in the chamber diffusively, 

finally reach the desired substrate and condense after undergoing a random walk. 

 

2.2.5.  Powder X-Ray Diffraction 

X-Ray Diffraction is a regular technique used to identify the crystallographic 

bulk phases of the sample with X-rays as the incident source. 

Being versatile and non-destructive to the samples, XRD experiment will 

reveal the information of structure based on the elastic scattering of X-rays from the 

individual atoms. Since material has particular lattice structure, specific diffraction 

pattern will be formed based on Bragg’s equation. 

nλ = 2d sin 𝜃               E1 

Here d is the distance between neighboring diffracting planes, θ is the 

incident angle between incident wave and planes, λ is wavelength of incident wave 

and n could be any integer. Derivation of this equation can be found from Figure A.1 

in Appendix A. Moreover, particle size D can be calculated based on the diffraction 

pattern by using the Scherrer equation. 

D =
𝐾𝜆

△(2𝜃)cos𝜃0
           E2 

Where K is the shape factor, which is a constant, λ is the x-ray wavelength, 𝜃0 is 

the angle corresponding to the peak and △ (2θ) represents the area value of the full 

width at half maximum (FWHM) of the peak. It is important to realize that the 
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Scherrer equation provides a lower bound on the particle size since many factors are 

contributing to the width of a diffraction peak. The realistic particle size is always 

larger than that predicted by the Scherrer formula. 

XRD experiments in this thesis were performed on a BRUKER D8 Advanced 

diffractometer system (Cu Kα). The sample was placed on the automated transfer 

system and measurements were done from 10𝑜 to 80𝑜 as 2θ angles at 40 kV and 

40 mA. 

 

2.2.6.  Raman Spectroscopy 

Raman spectroscopy is a technique in which the incident laser beam interacts 

with molecular vibrations, phonons or other categories of excitations and results in 

the energy of laser photons being shifted up or down. The following formula is used 

to convert between spectral wavelength and wavenumbers of shift in Raman 

Spectrum. 

    Δw = (
1

𝜆0
−

1

𝜆1
)            E3 

In which Δw, 𝜆0 and 𝜆1 represent the Raman shift in wavenumber, the excitation 

wavelength and Raman spectrum wavelength respectively. Because the vibrational 

information is specific to chemical bonds as well as molecule structures, Raman 

spectroscopy provides a fingerprint to identify the molecules in the sample.  

 

2.3. Monolayer and Electrode Fabrication 
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2.3.1.  Reflux Method 

Reflux method is a distillation technique which involves the evaporation of 

liquid phase, condensation of vapor and final return to the system from which it 

originated. One advantage of this method is that the system can be left for a long 

time without adding any solvent or tuning temperature. Additionally, it can be sure 

that the reaction is proceeding under constant temperature since part of the solvent 

is always evaporated at certain temperature and precise control upon the reaction 

condition can be achieved by right choice of solvent.  

For this thesis work, reflux was employed to apply energy to the reaction in 

which surface of silica spheres was modified in an organic liquid mixture. The 

purpose was to thermally accelerate the reaction by conducting it at relatively high 

temperatures.  

 

2.3.2.  Electrophoretic Deposition 

Electrophoretic deposition is a method widely used in industrial coating 

process in which particles suspended in a liquid medium migrant under an electric 

field and are deposited on electrode substrate. Recently successful fabrication of 

semiconductor electrode by this method has been demonstrated and the resulting 

photoanode showed satisfying stability in aqueous condition[14, 16-17]. The amount of 

deposited materials can be easily controlled by choosing different deposition time as 

well as the potential applied between positive and negative side. Organic solvent is 
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always employed as the liquid medium. 
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3. Fabrication of SiO2 Particles Monolayer on Hydrophilic Substrate and its 

Application in Controlled Metal Pattern 

 

3.1. Introduction 

It is always fascinating if one is able to assemble nanoscale blocks into 

ordered patterns in a controlled way. In the past few years, increasing attention has 

been paid to this field and various nanostructures such as metals, oxides, sulfides, 

etc., have been achieved using different approaches including vapor phase transport, 

pulsed layer deposition, chemical vapor deposition, and so on. Compared with 

traditional approach, self-assembled monolayer composed of polyostyrene(PS) 

spheres or silica(SiO2) has addressed wide range of interest due to its low cost, 

flexibility and controllable structure. It is worth noting that these templates are 

always arranged with a hexagonal close-packed (hcp) pattern on substrates, which 

could be further utilized as flexible templates for desired nanostructure pattern[18].  

As mentioned before, metal cocatalyst, which facilitates the charge separation 

and enhances the half reaction on the surface of photocatalyst, is always playing an 

essential role in photocatalytic process for a higher efficiency. Even though effects 

such as particle sizes, structure[7,19] have been discussed, they are not fully 

understood up to now. It is known that the electrons will move to the surface and be 

captured by hydrogen evolution cocatalyst, but one remaining question lies on how 

to achieve controlled arrangement of metal particles on the surface and further, will 

the arrangement have an influence on photoactivity? This part focuses on the 
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fabrication of SiO2 monolayer by self-assembly and corresponding metal pattern. 

Mica and modified Si wafer are used as substrates and discussed. This method is also 

practical to obtain semiconductor monolayers, in which powder semiconductor is 

stabilized on templates and suitable for further modification such as 

electrodeposition (ED) or atomic layer deposition (ALD). 

 

3.2. Experimental Section 

 

3.2.1.  Surface modification of silica particles 

The surface modification of silica particles was carried out by flux method. In 

a typical procedure, 200 mg of silica particles were dispersed in 35 ml toluene by 

sonication, after that 5 ml of butanol was added by drop. Then the mixture was 

refluxed under the protection of nitrogen by using a gas line, the estimated 

temperature for reaction was 393 K. Electronic heating plate and magnetic stirrer 

were used for a uniform reaction condition and cooling was achieved by circulating 

cold water. After 4 h, silica particles were collected by centrifuge and washed with 

acetone and ethanol. Finally the product was kept in ethanol for future use. 

Cyclohexane/isopropanol couple was also investigated while the approximate reflux 

temperature was 355 K. 

 

3.2.2.  Surface modification of Silicon wafer 

Si wafer was cut into 1 × 1 mm pieces, followed by washing with acetone, 
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ethanol and water and immersed in a mixed solution of H2SO4 and H2O2 (volume 

ration=3:1) for 1 h at 373 K. Then it was thoroughly washed with water and dried in 

air. 

 

3.2.3.  Fabrication of Monolayers 

20 μL of silica-ethanol dispersion was dropped in solution of different groups. 

After repeated for certain times, a layer of silica would form on the surface of water. 

Then substrate was partly immersed with a small angle against the water level and a 

uniform layer was formed. The wet coating adhering to the substrate was 

subsequently air dried under ambient conditions. After the platinum sputtering, 

silica template was removed in water by ultrasonication. 

 

3.2.4.  Characterization 

The morphology of silica and platinum pattern were characterized with 

scanning electron microscopy (Quanta FEG 600) and atomic force microscopy 

(Agilent 5400 SPM) in Imaging and Characterization Laboratory from KASUT. 

 

3.3. Results and Discussion 

A series of SEM images of SiO2 layers formed on mica and Si wafer substrates 

are shown in figure 3.1. Reflux group with different solvent combination 

(n-butanol/toluene, isopropanol/cyclohexane) were compared. 
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Figure 3.1. SEM images of fabricated SiO2 layer with various magnifications on substrates. 

(a), (b) reflux: toluene/n-butanol, substrate: Mica; (c), (d) reflux: cyclohexane/isopropanol, 

substrate: Mica; (e), (f) reflux: toluene/n-butanol, substrate: modified Si wafer; (g), (h) reflux: 

cyclohexane/isopropanol, substrate: modified Si wafer 

 

It can be seen that the SiO2 monolayer formed on Mica are uniform in a 

relatively short range for both reflux groups. A closed packed hexagonal structure is 

clear shown in Figure 3.1 (b) and (d). But it should be noted that closed packed 

pattern are not formed everywhere over the substrate in this case, as non-regular 

interval between SiO2 particles and islands with particles aggregation are observed. 

One exception is present from cyclohexane/isopropanol reflux group since closed 

packed multilayers are formed on modified Si wafer. It is proposed that fabrication of 

monolayer is closely related to the interaction of all the factors: evaporation of 

carrier solution, particle-particle interaction, particle-substrate interaction, capillary 

forces, hydrophilicity of substrate and hydrophobicity of silica particles with 

different length of carbon chains, etc[20]. Since Mica is known to boast a nature of 

uniform hydrophilicity on the surface[21], in both cases it leads to a better layer than 

that on Si substrate which is previously modified in strong oxidative solution. While 

5 μm 10 μm 

g h 
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the partly non-uniformity can be attributed to the silica modification process in 

which the homogenous hydrophobicity is nearly impossible because of the limitation 

of method. 

The schematic diagram of silica surface modification is shown in Figure 3.2. 

During the reflux process at high temperature, the hydroxyl group on the silica 

surface undergoes a reaction with the hydroxyl group from the n-butanol, in which 

water molecule and silica decorated with carbon chain are produced. Once the 

hydroxyl group is removed and carbon chain is dominant on silica surface, the 

particle shows hydrophobicity.  

 
Figure 3.2. Schematic scheme of surface modification of SiO2 particle showing SiO2 surface is 

decorated with carbon chains 

 

Figure 3.3 illustrates the process of monolayer fabrication. Due to the 

hydrophobicity and interaction between silica particles, a uniform silica layer was 

obtained on the surface of water as the first step. Driven by the convective flux of 

water to the hydrophilic surface, carried silica layer are transported to the substrate 

and successive silica layer is expected to form on the surface once the water is 

evaporated.  
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     Figure 3.3. Scheme of the monolayer formation mechanism on hydrophilic substrate.            

(a)Experimental set-up and (b) growth direction of silica monolayer on substrate, in which 

grey dots illustrate the SiO2 particles 

 

Additionally, this method is also applicable to powdered semiconductors 

other than SiO2 spheres. Strontium Titanium Oxide (SrTiO3), which is a candidate for 

overall water splitting under UV irradiation can be synthesized in a fine cubic 

structure. Monolayer of STO on glass plate can be easily fabricated in a similar way, 

as shown in Figure 3.4. More details about characterization and photoactivity will be 

given in the next chapter. 

 

a b 
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Figure 3.4. SEM images of (a) Strontium titanium oxide synthesized by flux method and  

(b) fabricated monolayer on glass plate. 

 

Finally, platinum (Pt) sputtering is serving as the metal source to deposite 

metal on substrate and later silica monolayer is removed by washing in deionized 

water by sonication. Figure 3.5 shows the AFM images of the metal pattern obtained 

on Si (a,b), and Mica substrate (c,d). Sputtered platinum shows a ‘Hills’ structure 

instead of isolated clusters. The communication of Pt patterns indicates that the Pt 

growth occurs within the interspace between neighboring silica particles. In more 

details, Pt pattern obtained by sputtering (15mA/s, 10s) on mica substrate shows a 

more uniform pattern than that on Si substrate. This may be attributed to the better 

surface hydrophilicity of mica compared to that of Si substrate. The mean height of 

Pt patterns on Mica is 6nm, which is much lower than the size of silica particles 

(550nm). 
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Figure 3.5. AFM images of Platinum (Pt) pattern on modified Si wafer (a,b) and Mica(c,d) after 

removal of silica monolayer. 

 

c 

d 
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3.4. Conclusion 

Silica monolayer was successfully fabricated on hydrophilic substrate after 

surface modification of SiO2 particles by reflux method. The influence of substrate 

and liquid reaction mixture was investigated. Ordered metal pattern was then 

achieved by utilizing obtained monolayer as a template and sputtering method as 

metal source. This self-assembly method is also suitable for application of other 

semiconductor materials, which makes further modification more convenient. 
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4. SrTiO3 as Photocatalyst for Overall Water Splitting and its Combination 

with Graphene Oxide 

 

4.1. Introduction  

Graphene (GN), a single-layer carbon sheet with a closely packed hexagonal 

lattice structure, has become an attractive candidate in fabricating GN-inorganic 

composites in applications including fuel cells, Li batteries, photovoltaic devices, 

photocatalyic hydrogen generation due to its unique properties such as high mobility 

of charge carriers under room temperature (~10000 cm2 V-1 s-1), large theoretical 

specific surface area (2630 m2 g-1), good optical transparency (~97.7%) and 

excellent thermal conductivity (3000-5000 W m-1 K-1)[22-24]. Several methods have 

been reported to synthesize graphene. Among them, one method involves oxidation 

of graphite, exfoliation and subsequent reduction of graphite oxide is widely used[22]. 

Graphene oxide (GO) can be regarded as graphene decorated by various functional 

oxygen-containing groups (carboxylic, hydroxyl and epoxide, etc.). Literatures have 

shown that different oxidation degree of graphene, which can be achieved in a 

controlled manner, can lead to a different energy gap and diverse structure 

distortion, and subsequently results in flexible chemical properties of grahpene 

oxide[25-27]. Many cases have demonstrated that GO is more favorable for its tunable 

properties from optical, conductive and/or chemical perspectives. 

Furthermore, strontium titanium oxide (SrTiO3), a well-known cubic 

perovskite-type multimetallic oxide has attracted numerous attention because of the 

suitable band position for overall water splitting, with a conduction band located at 
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-0.4 V vs. NHE and a valence band position at 2.8 V vs. NHE at pH 0, respectively[6]. 

Compared with titanium oxide, which is the primary candidate for UV photocatalysis, 

SrTiO3 offers more energetic electrons since its conduction band is 200 mV more 

negative than that of TiO2. Along with the development of synthesis method, SrTiO3 

with relatively high crystallinity can be obtained by solid state method, which can 

achieve stoichiometric evolution of H2 and O2 under UV irradiation after 

modification with cocatalyst. 

In this part of work, attempts were made to fabricate SrTiO3-GO composites 

by impregnation method and an improvement in hydrogen generation from overall 

water splitting was expected. 

 

4.2. Experimental Section 

 

4.2.1.  Synthesis of Strontium Titanium Oxide (SrTiO3) 

Na-doped STO (SrTiO3) was synthesized in a fux-assisted method. 

Stoichiometric amounts of Strontium carbonate (SrCO3) and titanium oxide (TiO2) 

were mixed by using a mortar and 10 times moles of strontium chloride (SrCl2) were 

used as a flux. 5 mol% sodium carbonate (Na2CO3) was also added as doping 

component. After a thorough mixing, the resulting mixture was transferred to a 

platinum crucible and calcined in static air at 1425 K for 15 h. Then it was naturally 

cooled and washed by deionized water. Finally the white powder was collected by 

filtration and dried under 343 K overnight[7]. 
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4.2.2.  Synthesis of Graphene Oxide (GO) 

Graphite oxide was preprared from a graphite flask using a modified 

Hummer’s method[28,36]. First 1 g graphite flask and 0.5 g sodium nitrate (NaNO3) 

were introduced into 23 mL concentrated H2SO4 in an ice-bath. 3 g potassium 

permanganate (KMnO4) was added gradually under magnetic stirring, so that the 

temperature during reaction can be kept under 300 K. Then 46 mL of deionized 

water was slowly added into the suspension, causing violent effervescence and a 

temperature increase to ~370 K. After keeping at this point for 15 min, the 

suspension was further diluted with 140 mL water and stirred for 30 min. 2.4 mL 

H2O2 solution (35 wt%) was used to terminate the reaction under room temperature. 

Thorough washings with 1 M HCl solution and deionized water were conducted until 

the pH of supernatant reached 7. Final suspension was kept in deionized water at 

275 K for future use. 

 

4.2.3.  Modification of Co-catalyst 

Cr/Rh core/shell nanoparticle were loaded by impregnation method from 

Na3RhCl6 and Cr(NO3)3. In a typical procedure, certain amount of precursor (6.58 mg 

Cr(NO3)3﹒9H2O, 4.67 mg Na3RhCl6) as well as catalyst were first dissolved or 

dispersed in deionized water and then transferred to a rotary evaporator after 

sonication for 1 min. Next, the solution was heated to 318 K using a water bath and 

evaporation was conducted under 70 mbar for 30 min followed by 50 mbar for 1 h to 
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totally remove the water. Finally the sample was calcined in static air at 623 K for 2 h 

and collected for photocatalytic measurement. The loading of graphene oxide on 

SrTiO3 was done in a similar manner prior to cocatalyst impregnation. 

 

4.2.4. Photocatalytic Activity Measurement 

The experiment of overall water splitting was run in a gas-closed circulation 

system which contains a vacuum system for the evacuation of air, a reactor cell, 

which is filled with photocatalyst and water (in this case) and a sample port, which is 

directed connected to an online gas chromatograph. The pre-vacuum condition is 

essential here because the detection of O2 as well as H2-O2 stoichiometry is very 

important for the evaluation of water splitting. The photocatalyst was irradiated 

from top with UV light by using a 300 W Xenon lamp couple with a cold mirror (cold 

mirror 300-500 nm wavelengths without a fliter). A cold water flow through the 

surrounding of reactor was employed to maintain the temperature of reaction 

during the irradiation. Regarding the gas generated as an ideal gas, species and 

amount of gas evolved can be determined from the peak position and value 

identified on the GC data profile. 

 

4.2.5.  Characterization 

The morphology of samples was characterized with scanning electron 

microscopy (Quanta FEG 600) in Imaging and Characterization Laboratory from 

KASUT. XRD experiments were performed on a BRUKER D8 Advanced diffractometer 
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system (Cu Kα) at 40 kV at 40 mA. 

 

4.3. Results and Discussion 

The crystal structure of SrTiO3 synthesized from flux method was revealed by 

XRD (Figure 4.1) analysis. This curve showed clear diffraction peaks at 2θ = 32.2°, 

39.75°, 46.43°, 57.69° and 67.87°, corresponding to crystal planes of (110), (111), 

(200), (211), and (220) of cubic SrTiO3, respectively (PDF card 35-734, JCPDS)[29]. It 

offers an indication that SrTiO3 with good crystallinity was achieved by this method.  
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Figure 4.1. XRD pattern of Na-doped SrTiO3 synthesized by flux method. 

 

The morphology of samples were observed by SEM and showed in Figure 4.2. 

As can be seen, bare Na doped SrTiO3 particles (Figure 4.2 (a)) showed distinct cubic 

shape with a smooth surface, of which the sizes were between 300 nm to 2 μm, 
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approximately. The size difference can be attributed to the nonuniform temperature 

profile within the crucible in the cooling procedure as the  temperature is essential 

to the recrystallization process as well as crystal growth. Once impregnated with 

graphene oxide, the GO sheet from the aqueous solution covered on the SrTiO3 

particles after the evaporation of water, which resulted in a film-like connection 

between neighboring particles as shown in Figure 4.2 (b). 

 

  

 

Figure 4.2. Typical SEM images of (a) Na-doped SrTiO3 prepared by flux method and (b) 

SrTiO3-GO composite prepared by impregnation. 

 

High-resolution (HR) TEM image of cocatalyst on Na-doped SrTiO3 was 

shown in Figure 4.3. By following the impregnation method mentioned before, Rh 

nanoparticle on the surface of SrTiO3 has been covered with a shell layer about 3 nm 

thick to form a core/shell structure. 

a b 

5 μm 

 

10 μm 
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Figure 4.3. TEM images for Rh/Cr core/shell nanoparticle on Na-doped SrTiO3
[7]. 

 

The photocatalytic performance of SrTiO3 and SrTiO3-GO composites in terms 

of overall water splitting was investigated. Bare SrTiO3 showed very low hydrogen 

evolution rate of ～3 umol/h from pure water. Once modified with cocacatalyst in a 

core/shell-like configuration, it showed a tremendous increase in the amount of 

evolved hydrogen and oxygen, as can be seen from table 1. The photoactivity 

variation between groups was resulted from the specific experimental conditions 

such as furnaces and platinum crucibles that employed for synthesis. It was well 

understood that Rh nanoparticles were acting as the active sites for hydrogen 

generation and a good dispersion was always desired. The function of Cr shell was 

investigated elsewhere by fabricating a model electrode from electrochemical 

approach according to literature[30-31]. In their demonstrations, instead of 

suppressing hydrogen generation from surface of Rh nanoparticles, Cr layer in a few 

5 nm 
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nanometers severed as a selective membrane. Oxygen cannot penetrate and reach 

the surface of Rh nanoparticles, whereas protons and H2 can. As a result, the oxygen 

reduction reaction (back reaction) was greatly suppressed without affecting the 

hydrogen generation. 

However, once SrTiO3 was modified with different weight percentage of GO 

(0.1%, 0.5%, 1%, 2%, 3%), the improvement of photoactivity was not observed as 

shown in table 1. More delicate modification would be necessary to fully understand 

the function of graphene oxide. 

 

Table 1. Hydrogen and oxygen evolution rate from H2O by SrTiO3 and GO-SrTiO3 under UV 

irradiation (Xenon lamp, cold mirror 2). All smaples were measured after impregnation of Rh/Cr 

cocatalyst.  

 

Evolution rate 

(umol/h) 

 

 

SrTiO3(STO) 0.1 wt% 

GO/STO 

0.5 wt% 

GO/STO 

1 wt% 

GO/STO 

2 wt% 

GO/STO 

3 wt% 

GO/STO 

H2  310.7 305.2 291.0 113.7 248.0 236.2 

O2  162.6 133.8 148.6 53.2 128.3 123.6 

 

 

4.4. Conclusion 

In summary, Na-doped SrTiO3 with high crystallinity and cubic shape has 

been successfully synthesized by flux method under high temperature. Rh/Cr 

cocatalyst in a core/shell-like configuration was achieved by a facile impregnation 

method followed by heating process. Photoactivity towards overall water splitting 

was substantially enhanced after such modification. Furthermore, graphene oxide 

was synthesized by a modified Hummer’s method and combination of SrTiO3 and GO 
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was achieved by impregnation method, as confirmed by scanning electron 

microscopy image. However, SrTiO3/GO composite did not show convincing 

improvement on the photocatalytic activity.  
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5. Preparation of Ta3N5/FTO Photoanode for Photoelectrochemical Water 

Splitting and Investigation on FeOOH as an Oxygen Evolution Cocatalyst 

 

5.1. Introduction 

Photoelectrochemical (PEC) water splitting has become an active solution to 

tackle the world’s energy problems[32-33]. By utilizing the abundant solar energy 

influx, clean hydrogen fuel can be generated in this way and act as a substitute for 

fossil fuels, which are about to meeting their end in the coming century. To make this 

happen, material for the photoelectrode is essential. An ideal semiconductor 

candidate should possess a suitable band position for both hydrogen and oxygen 

generation and an appropriate band gap to absorb considerable amount of solar 

light. Furthermore, the electrode should be stable enough in aqueous condition. 

Recently, Tantalum nitride (Ta3N5), being one of the few semiconductors that fulfill 

those requirements, has attracted intensive interest for its relatively high 

solar-to-hydrogen efficiency under AM 1.5 G irradiation[14-15, 17]. At the same time, 

the effort to discover non-precious water oxidation cocatalyst is always tremendous 

since OER or water oxidation plays an important role in water splitting. Reports on 

IrO2 and Co-Pi species as OER cocatalyst have demonstrated that such modification 

is promising in enhancing the photoresponse and electrode stability[13,14]. 

In this chapter, Ta3N5 photoanode was fabricated by electrophoretic 

deposition method. After necking treatment and calcination, the Ta3N5 electrodes 

were further modified with Fe-species by photodeposition method. Then the 
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electrodes were used for PEC measurements performed under intermittent 

illumination. 

 

5.2. Experimental Section 

 

5.2.1.  Electrodeposition of FeOOH on FTO glass 

The deposition of Fe species onto bare FTO glass was carried out by an 

electrodeposition method[34] in an aqueous solution containing 0.02 M FeCl2. Certain 

amount of NH4Cl was added for tuning the pH value of system to 4.5. A standard 

three-electrode configuration in an undivided cell was used with Pt wire as the 

counter electrode, bare FTO glass as the working electrode and Ag/AgCl (4M KCl) as 

the reference electrode, against which all the potential here were measured. 

Deposition was conducted under constant potential (1.2 V) at 350 K. After each 

deposition, the resulting FTO plate was thoroughly rinsed with deionized water and 

dried under vacuum at 313 K. 

 

5.2.2.  Fabrication of Ta3N5/FTO photoanode 

The Ta3N5 photoanode was fabricated using electrophoretic deposition (EPD) 

method followed by necking treatment with reference to the recent report[14]. First, 

Ta3N5 powder was synthesized by heating Ta2O5 powder at 1123 K for 10 h under 

ammonia flow (flow rate: 200 ml/min). Then obtained Ta3N5 powder (40 mg) and 

iodine (10 mg) were dispersed in acetone (50 ml) to prepare the suspension for EPD 
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experiment with the assistance of sonication. EPD process was conducted between 

parallel electrodes with the distance of 20 cm under 3 V for 3 minutes, with bare FTO 

at the negative side and Au foil at the positive side. The amount of deposited Ta3N5 

was ca. 1.3 mg and the area of film was ca. 0.8 cm × 1.2 cm. After that, necking 

treatment was conducted by dropping TaCl5 methanol solution (10 μL, 10 mM) on 

Ta3N5 area for five times. Finally, the electrode was heated at 773 K for 30 minutes 

under NH3 flow (flow rate: 150 mL/min). 

  

5.2.3.  Deposition of FeOOH on Ta3N5 photoanode 

The deposition of Fe species onto Ta3N5 photoanode was carried out in a 

bias-assisted photodeposition method in the light of similar application on BiVO4 

photoanode[35]. Similarly, three-electrode system was used with the Ta3N5 

photoanode as working electrode. The photodeposition was conducted in a 0.1 M 

FeCl2 solution (pH = 4.5) with solar simulator as the light source. The principle is 

based on utilizing photogenerated holes in Ta3N5 to oxide Fe (II) ions to Fe (III) ions, 

which would precipitate out on the Ta3N5 particles in such a pH condition. In order 

to facilitate the photooxidation, an external bias was applied to maintain the 

deposition current at 10 μA/cm2. The optimum deposition time was ca. 2000 

seconds. 

 

5.2.4.  Photoelectrochemical Measurement 

Photoelectrochemical measurements were carried out in a three-electrode 
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configuration using an aqueous sodium hydroxide electrolyte (1 M, pH = 13.44) with 

Ag/AgCl as reference electrode and Pt wire as counter electrode. Potential are 

reported vs. reversible hydrogen electrode based on the formula ERHE = EAg/AgCl +

0.0591pH + 0.197 V. The electrolyte was purged with Ar for 20 min under stirring 

before measurement. Photoanodes were illuminated from the back with AM 1.5G 

simulated sunlight at 100 mW/cm2. 

 

5.2.5.  Materials Characterization 

The morphology of electrodes was characterized with scanning electron 

microscopy (Quanta FEG 600) in Imaging and Characterization Laboratory from 

KASUT. The crystal structure of the samples was measured with X-ray diffractor 

(BRUKER D8 Advanced diffractometer system) using Cu Kα radiation at 40 mA and 

40 kV. Raman spectroscopy was carried out directly on prepared electrodes using 

HORIBA JOBIN YVON, H2-800 LabRAM with a 785 nm diode laser.  

 

5.3. Results and Discussion 

Fe-species was first deposited on bare FTO glass to investigate the behavior 

towards oxygen evolution in alkaline solution. The anodic deposition procedure 

consists of two steps[34]. First is the oxidation of Fe2+ ions to Fe3+ ions, as shown in 

E1, 

Fe2+ → Fe3+ + 𝑒−    𝐸𝑜 = 0.771 𝑉           E1 

The second step is the precipitation of Fe3+ to FeOOH because of the limited 
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solubility under such pH condition (E2), 

Fe3+ + 2H2O → FeOOH + 3H
+                 

  log[Fe3+] = 4.84 − 3𝑝H                   E2 

As mentioned in the experimental section, constant voltage of 1.2 V was 

applied and the average current density was ca. 0.4 mA/cm2 during the deposition 

process. Figure 5.1 shows the look of deposited electrode, deposition time was 1, 6, 

15 and 30 min, respectively. All as-deposited films show excellent adhesion with FTO 

substrate and uniformity. As can be seen, the color became darker under longer 

deposition time, indicating the amount of deposited species was increasing.  

 

 
Figure 5.1. Iron species deposited on FTO substrate with increasing deposition time (bare,  

1, 6, 15, and 30 min). 

 

The SEM image of as-deposited film (Figure 5.2) shows that the resulting 

Fe-species is composed of particles with no distinctive shapes. However, the film was 

amorphous according to XRD measurement. Since there are several polymorphs or 

Fe oxide or oxyhydroxide, Raman spectroscopy was employed to distinguish the 



50 
 

species because each phase exhibits distinctive Raman shifts. The Raman spectra of 

as-deposited film along with the bare FTO used as the working electrode are shown 

in Figure 5.3. For the deposited iron species, the peaks appeared at nearly 260 and 

380 cm-1 correspond to the most and second-most characteristic peaks for 

γ-FeOOH[34]. It is worth to mention that the very peak of γ-FeOOH at the position of 

260 cm-1 can be identified based on the ratio difference between peaks compared 

with bare FTO in spite of the overlap in spectra.  

 

 

Figure 5.2 SEM images of as-deposited film on FTO substrate (electrolyte: 0.2 M FeCl2, pH 4.5, 

Constant potential E=1.2V vs. Ag/AgCl, deposition time t = 15 min, 350 K ). 

500 nm 

 



51 
 

100 200 300 400 500 600 700 800

 FTO

 FeOOH/FTO

Raman Shift (cm
-1
)

in
te

n
s
it
y
 (

A
rb

it
ra

ry
 U

n
it
s
)

Figure 5.3. Raman spectra of Bare FTO (black curve) and as-deposited film on FTO (blue curve). 

Peaks expected for γ-FeOOH are labeled with circles. 

 

Then the catalytic performance of as-deposited films towards oxygen 

evolution reaction was evaluated in alkaline solution. As can be seen from Figure 5.4, 

the catalytic activity was increased along with the amount of deposited species (a) 

and an on-set potential of 1.42 V versus RHE (b) was observed for all groups. 

The mechanism of oxygen evolution reaction with our oxyhydroxide catalyst 

remains unclear as the tafel slop of kinetic current decreased from ~109 mV/decade 

to ~90 mV/decade when the amount of deposited species increased (shown in 

Figure 5.4 c). It is worth noting that the enhancement of activity did not possess a 

linear relationship against the deposition time, which indicates that the active site of 

as-deposited film was not increased as much as the deposition time. As expected, 
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bare FTO showed negligible activity.    
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Figure 5.4. FeOOH/FTO electrodes for water oxidation in Na2SO4 solution (pH = 13).  

a, oxygen electrode activities within the big OER potential window. b, within a smaller potential 

window. c, Tafel plots of OER currents in b. 

 

Electrophoretic deposition (EPD) is an easy technique to deposite materials 

on conductive substrate. The weight deposited can be controlled by adjusting the 

potential and time applied in EPD procedure. Figure 5.4 (a) shows image of 

fabricated Ta3N5/FTO electrode by EPD method. A homogenous layer was formed on 

substrate. Figure 5.5 (b) shows the typical SEM image of fabricated Ta3N5/FTO 

photoanode after the TaCl5 treatment and calcination. The picture indicates that the 

Ta3N5 particles formed during nitridation were irregular in size and had a porous 

surface structure.  

 

 

 

a 
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Figure 5.5. Photo picture (a) and SEM image of Ta3N5/FTO photoanode (b) after necking 

treatment and calcination at 773 K for 30 min (NH3 flow rate: 150 mL/min).  

 

Photoelectrochemical performance of bare and modified Ta3N5 photoanodes 

were investigated later. Figure 5.6 plots the photocurrent densities versus voltage for 

as-prepared Ta3N5 photoanode and that after necking treatment followed by 

calcination in ammonia flow. The TaCl5-dropped sample resulted in significant 

improvement of photocurrent, which is due to the facilitated charge transfer 

between Ta3N5 particles and FTO substrate[14,16-17]. 

b 

500 nm 
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Figure 5.6. Current-potential curve over Ta3N5 photoanodes (post-necking sample and 

as-prepared sample) measured in 1 M NaOH solution (pH = 13.44) under chopped AM 1.5G 

simulated sunlight at 100 mW/cm2. 

 

It has been reported that proper modification of Ta3N5 photoanodes can 

greatly enhance the photocurrent as IrO2 and Co3O4 had been employed as oxygen 

evolution cocatalyst for higher solar utilization efficiency[13-15]. FeOOH was studied in 

this case. The photodeposition was carried out on the Ta3N5 electrode immersed in 

0.2 M FeCl2 aqueous solution (pH = 4.5). All electrodes were illuminated from back 

under AM 1.5G simulated sunlight at 100 mW/cm2. In order to achieve FeOOH 

deposition effectively, an external bias was applied to obtain a constant oxidation 

current (10 μA/cm2). Potential-time curve was plotted in Figure 5.7.  
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Figure 5.7. Applied Potential-Time curve during the photodeposition of FeOOH on Ta3N5 

electrode. (Constant current density = 10 μA/cm2 ). 

 

As shown above, applied potential experienced an increase in the beginning 

probably due to growth stage of FeOOH on Ta3N5 surface. From Along with the 

increasing amount of FeOOH deposited, the oxygen evolution kinetics was improved, 

which resulted in the decrease of applied bias since the contribution of photocurrent 

from water oxidation was improved[35]. The deposited FeOOH reached its optimal 

amount when the applied potential met its minimum. The SEM image of FeOOH 

modified Ta3N5 was shown in Figure 5.8. As can be seen, the surface of Ta3N5 

particles started to show some extent of roughness compared with untreated Ta3N5 

electrode. The PEC measurement was then carried out based on same Ta3N5 

photoanode to minimize the experimental error. Figure 5.9 plots the photcurrent 

densities versus voltage for bare Ta3N5 compared to FeOOH/Ta3N5 under simulated 

sunlight at 100 mW/cm2. As we expect, FeOOH modified Ta3N5 photoanode showed 
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better performance than bare Ta3N5 photoanode in full tested potential range. It is 

interesting that the promotional effect is more considerable in the higher potential 

range than in the lower potential range, which is different from the Co(OH)x case 

reported elsewhere. The sole photoresponse of FeOOH on FTO substrate was 

negligible as shown in the figure. 

 

 

Figure 5.8. SEM image of FeOOH modified Ta3N5/FTO photoanode. 

500 nm 
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 Figure 5.9. Current-potential curve of bare Ta3N5 photoanode, FeOOH-modified Ta3N5 

photoanode and FeOOH/FTO electrode measured in aqueous 1 M NaOH solution (pH = 13.44) 

under chopped AM 1.5G simulated sunlight at 100 mW/cm2. 

 

Poor photocurrent stability during water splitting reaction has always been 

pursued for a practical application of nitride photoanodes. As one of major aims, 

stability of bare Ta3N5 and FeOOH modified Ta3N5 photoanodes was tested here with 

a bias of E = 1.2 V vs. RHE applied all the time. As can be seen from Figure 5.10, a 

large initial spike in photocurrent under illumination was observed for both cases, 

which may be due to the capacitance component at the liquid-solid interface. A rapid 

decrease of photocurrent for bare Ta3N5 electrode was observed because of the poor 

photostability of Ta3N5. To our knowledge, the slow oxygen evolution kinetics always 

results in holes accumulation at the surface, which subsequently leads to the 

oxidative decomposition of Ta3N5. However, evident photocurrent decay was still 
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present for the case of FeOOH modified Ta3N5 photoanode as the photocurrent 

decreased to ~50% of initial value after illuminating for 20 min, indicating that the 

photostability of such photoanodes was far from satisfying. As perfect coverage is 

always necessary to completely prevent the photocorrosion as demonstrated for the 

BiVO4 case, the decay of photocurrent is most likely due to the non-uniform 

distribution of FeOOH at the surface of Ta3N5 partciels.  
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Figure 5.10. Time courses for the photocurrent of bare Ta3N5 photoanode (blue curve) and 

FeOOH-modified (Black curve) Ta3N5 photoanode measured in 1 M NaOH solution  

(pH = 13.44) at 1.2 VRHE under AM 1.5G simulated sunlight at 100 mW/cm2. 

 

5.4. Conclusion 

In summary, FeOOH as a novel cocatalyst for water oxidation in alkaline 

condition was depositied on FTO substrate by electrochemical method. An onset 

potential of 1.42 V versus RHE towards oxygen evolution was observed. Moreover, 
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Ta3N5 photoaodes for use in a photoelectrochemical water splitting cell was 

prepared experimentally by electrophoretic deposition method. The photocurrent of 

Ta3N5 photoanode was clearly enhanced after FeOOH modification due to the 

improved water oxidation kinetics. However, the poor photostability still remained 

in the case of modified photoanode because of the poor coverage of Fe-cocatalyst at 

the surface of Ta3N5 particles. More effort is being made to achieve the modification 

in a more uniform way. 
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6. Summary 

 

The development and understanding on robust cocatalyst and methodology 

to improve the efficiency of photocatalyst is still a main challenge. A controllable 

arrangement of platinum pattern has been obtained on hydrophilic surface such as 

Mica and modified Si wafer. To start with, SiO2 spheres gained surface 

hydrophobicity by reflux method and a monolayer was subsequently formed on 

substrate through self-assembly approach. Then metal sputtering was utilized as the 

metal source and finally a hexagonal pattern of platinum was achieved after removal 

of silica template. This method is also valid for fabrication of other semiconductor 

monolayer. 

The combination of semiconductor with carbon species such as graphene 

oxide (GO) attracted our attention for the purpose of synthesizing photocatalyst with 

enhanced activity. A SrTiO3 (strontium titanium oxide)-GO composite was 

successfully obtained by impregnation method from SEM images. However, after 

modifying with Rh/Cr core/shell cocatalyst, the improvement of photoactivity was 

not observed compared with bare SrTiO3 towards overall water splitting under UV 

light. More careful modification and deeper investigation need to be done. 

The photoelectrochemical water splitting under visible light was achieved on 

Ta3N5/FTO photoanode. The electrode was fabricated by electrophoretic deposition 

method and a new type of water oxide cocatalyst (FeOOH) was investigated. The 

photocurrent was clearly improved in alkaline condition after bias-assisted 
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photodeposition of FeOOH from aqueous solution under simulated solar light. The 

PEC activity of Ta3N5 electrode can be further improved by optimizing the necking 

procedure. More uniform distribution of Fe-cocatalyst is considered to be necessary 

for excellent photostability. 
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