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Abstract 

Synthesis of WO3 Nanoarchitecture 

for Highly Efficient 

Photoelectrochemical Device 

 

Sun Shin 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

Extrinsic and intrinsic properties of a PEC cell determine the 

performance of the PEC device. Many researches have been conducted with 

metal oxides such as ZnO and TiO2, but now that WO3 is being spotlighted as 

another promising material, it is worthwhile to further the study on WO3, 

especially nanoarchitectured WO3. Hence, this paper aims to figure out the 

optimal synthesis condition of WO3 nanoarchitecture which enables the PEC 

cell performance to maximize. 

Among various methods to synthesize nanoarchitecture, laser ablation 

method was adopted, and the experiment was designed to find the optimal 

combination of oxygen working pressure and growth temperature, which 
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allegedly are the primary experimental parameters in laser ablation. And it was 

derived from the experiment that WO3 nanoarchitecture demonstrates the 

highest efficiency when the temperature is 500 °C and the working pressure is 

300 mTorr. 

The increase of oxygen working pressure enhances the active surface 

area between electrode and electrolyte. On the other hand, the high oxygen 

working pressure leads to lower the conductivity and charge transfer efficiency 

at the interface. Furthermore, growth temperature controls the surface area, 

conductivity, and charge transfer resistance. The surface area decreased by 

increased growth temperature while conductivity and charge transfer efficiency 

were improved. 

This thesis focuses on the optimization of WO3 nanoarchitecture and 

the comparison with dense film to confirm the enhanced PEC performance by 

applying nanostructure. The results show the advantages of nanoarchitecture in 

that it improves charge transfer efficiency by shortening the hole diffusion 

pathway and suppressing the charge recombination rate. Extrinsic and intrinsic 

properties of a PEC cell determines the performance of the PEC device. Many 

researches has been conducted with metal oxides such as ZnO and TiO2, but 

now that WO3 is being spotlighted as another promising material, it is 

worthwhile to further the study on WO3, especially as a nanoarchitectured WO3.  
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 Chapter 1. Introduction 

 

Dramatic increase of world population calls for a new energy source, 

which is stable and sustainable in supply. International Energy Outlook 2013 

projects that the global consumption of energy is estimated to rise by 56 percent 

between 2010 and 2040.1 Currently, energy sources exist in various forms and 

among them the primary sources are nuclear energy, fossil energy, and 

renewable energy. Energy production efficiency of those sources is expected to 

be enhanced in the years to come. However, nuclear energy and fossil energy 

confront a lot of issues such as an exhaustion of resources and an environmental 

pollution. As a result, renewable energy sources, which include but not limited 

to hydroelectric, solar, wind, and hydrothermal energy, rose as the promising 

energy supplier. 

Among the renewable sources, solar energy has drawn attention for its 

environmental friendliness and abundance. Solar energy is the most abundant 

energy resource on the earth, 173,000 terawatts per day, which is more than 

10,000 times the world’s total energy use. Moreover, the utilization of 

inexhaustible solar energy is cost-effective and pollution-free. There are several 

ways to utilize solar energy, and the three most prominent formats are solar 

cells, phosphor, and photoelectrochemical (PEC) cells. Particularly, PEC cell 

has been receiving high attention for its ability to produce hydrogen.  

The PEC water splitting cell has been investigated since 1972, when 

Honda and Fujishima reported n-type TiO2 PEC cell2 and considerable 

efforts have been subsequently made to enhance the solar-to-

hydrogen(STH) conversion efficiency. 
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The three decision factors of the PEC performance are 

represented in Fig. 1, (i) electron-hole separation efficiency η
𝑒−/ℎ+, (ii) 

charge transport efficiency thruogh semiconductor η
𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡

, and (iii) 

charge transfer efficiency at the solid-liquid interface η
𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

. 

As a material for PEC photoanode, metal oxides such as TiO2
3-5 and 

ZnO6-8 are widely used because of their stability, non-toxicity and low cost. 

Several strategies have been adopted to fabricate metal oxide material as a 

photoanode to enhance the PEC performance, which are phase and morphology 

control, doping, and heterojunction structure. However, TiO2 and ZnO are 

incapable of utilizing visible light, which accounts for approximately 47 

percent of the energy distribution within the solar spectrum, due to the large 

bandgap energies, 3.2 and 3.4 eV, respectively.  

Tungsten oxide (WO3), on the other hand, has also attracted notable 

attention due to its versatility, which is for example to be used as a gas sensing 

material, a photocatalyst, or a component for a photoelectrochemical device.9-

11 In addition, WO3 is a favored material for a photoelectrode, since it can 

absorb visible lights shorter than 460 nm due to its small bandgap energy of 

~2.7 eV with photocorrosion stability and good electron transporting property. 

The light absorption property of WO3, however, is limited because of its 

indirect bandgap. Synthesis of nanoarchitectured WO3 can be a solution for the 

drawback. It is widely recognized that nanoarchitectured semiconductor has 

numerous advantages compared to bulk materials. The nanoarchitecture is 

superior in terms of photon absorption, charge separation, charge migration, 

and surface reaction owing to their large surface area and size dependent 

properties.12-15  
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 The importance of nanoarchitecture for WO3 films is related to 

the relatively small absorption coefficient of WO3 due to its indirect 

bandgap transition. Because of its small absorption coefficient, which 

requires significant thickness to absorb sufficient amount of light, WO3 

films should be as thick as few μm to maximize light absorption. 

However, thickness hinders the electron-hole separation because its 

small hole diffusion length, ca. 0.15 μm.16  

Nanoarchitecture tungsten oxide is desirable with significant thickness 

because nanoarchitecture provides not only large surface area but shorten the 

hole diffusion pathway which leads to reduce recombination rate. 

 In this study, we synthesize hierarchically organized 

nanoarchitecture of WO3 via laser ablation method. The method has an 

advantage in that it enables high quality films to be synthesized directly 

from the target. It improves the photoelectrochemical water splitting 

performance of the films by increasing the electrolyte accessible area, 

carrier concentration, and life time as well as reducing charge transfer 

resistivity, compared to densely aligned films. 
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Fig. 1 Principle of operation of n-type semiconductor 

photoelctrochemical cells 
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Chapter 2. Literature survey 

 

2.1 Photoelectrochemical devices 

 A photoelectrochemical (PEC) cell was introduced by Hujishima 

and Honda,2 as a desirable approach to convert solar energy into 

chemical energy such as hydrogen. However, due to its low conversion 

efficiency, PEC cell for hydrogen generation is far from 

commercialization. The principle of PEC cell is shown in Fig. 1. A PEC 

cell consists of anode and cathode (Pt) electrodes for a separate 

production of hydrogen and oxygen gas. The electrode for the anode is 

made of a semiconducting material, which absorbs radiant light and 

make the electrode’s potential higher than 1.23 eV to generate oxygen 

and hydrogen through electrolysis.17 

 There are several factors required for the photoanode materials to 

enhance PEC performance. The bandgap must be small enough to absorb 

sufficient light spectrum, but large enough to split the water. In addition, 

water electrolysis requires that the bottom level of the conduction band 

should be located at more negative potential than the reduction potential 

of H+/H2, and the top of the valence band should be more positive than 

the oxidation potential of H2O/O2. Besides, overpotential loss amounts 

to 1.7-1.9 eV at least in practical experiments. Taking this into 

consideration, the optimum value of the semiconductor bandgap is 

between 1.9 and 3.5 eV, which is within the visible range of the solar 

spectrum. 

  Incident photon-to-current efficiency (IPCE), which is 
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equivalent to the external quantum efficiency, is one of the most 

important diagnostic figures for PEC devices. It displays the quantity of 

photocurrent collected per incident photon flux as a function of 

illumination wavelength, and is determined by three fundamental 

process involved in PEC. Those are (i) photon absorption, defined as 

charge generated per incident photon flux (η
𝑒−/ℎ+), (ii) charge transport 

efficiency to the solid-liquid interface ( η
𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡

), and (iii) the 

interfacial charge transfer efficiency (η
𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

).18 

IPCE = ECE =  η
𝑒−ℎ+ ×  η

𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡
× η

𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
 

 

2.2 Metal oxides as photoanodes 

 Metal oxides such as TiO2,
19-23 ZnO,7, 8, 24-26 WO3,

27-29 and 

BiVO4
30-32 have been widely used as photoanodes of PEC cell. TiO2 and 

ZnO were paid great attention for their photocorrosion stability, low cost, 

and natural abundance. However, these two were confronted by a serious 

problem. Their wide bandgaps (3.2 eV and 3.37 eV, respectively) made 

it hard to utilize solar energy. Metal oxides with large bandgap can 

straddle the water reduction and oxidation potentials nevertheless 

limitation of light absorption region, which can only absorb ultraviolet 

light. Therefore, PEC performance is limited with TiO2 and ZnO. 

 Metal oxides with low bandgap have been studied widely to solve 

this problem. Among the candidates, WO3 (2.7 eV), which has a smaller 

bandgap than TiO2, is regarded as a promising material for its 

photocorrosion stability,33 good electron transport property,34 and 

moderate hole diffusion length (~150 nm).35  
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2.3 Synthesis of nanoarchitecture materials 

 Developing nanoarchitectured films is a great way to improve 

photoelectrochemical (PEC) cell performance due to its large 

semiconductor/electrolyte interfacial area and short diffusion distance 

for minority carriers, which can improve the charge separation and 

reduce the electron-hole recombination.17, 26, 36 Moreover, 

nanoarchitecture enhances light absorption efficiency by reducing 

surface reflection and increasing light scattering. Various methods such 

as sol-gel, hydrothermal, chemical vapor deposition, and laser ablation 

methods have been tried to synthesize nanoarchitecture in WO3 films.  

 

2.3.1 Laser ablation method  

 Laser ablation method has conventionally been used to fabricate 

thin films. The advantage of laser ablation method is the stoichiometric 

growth. When high energy laser is focused on the target surface and 

ablates it, the ablated species are deposited on the substrates without 

compositional change in most cases. The morphology of 

nanoarchitecture is systematically controlled by the kinetic energy 

exerted to the ablated species, and the energy is determined by the 

temperature of the chamber and oxygen pressure during the ablation 

process. Although the complete fabrication mechanism is not yet 

established, the formation of nanoarchitectured films can be roughly 

explained by reducing the sum of kinetic and thermal energy of the 

particle which limits surface diffusion and coalescence of atoms and 

synthesizes porous nanoarchitecture.                                                                                                                                                                                                              
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Chapter 3. Experiment 

 

3.1 Laser ablation method 

 Laser ablation technique is used for the deposition of metal oxide 

on the substrates with a KrF (248nm) excimer laser. The WO3 target for 

laser ablation was prepared from a pure WO3 (99.9%, High purity 

Chemicals) and pressed to a pellet and sintered in air at 1000 °C for 10 

hours. The base pressure of the vacuum chamber was 2 × 10-2 Torr and 

the oxygen working pressure was controlled by a mass-flow controller. 

The energy density of the laser beam was 1.5 J/cm2 and the pulse-

repetition rate was set at 5 Hz. The experiment was carried out by 

controlling two parameter, oxygen working pressure and growth 

temperature. Firstly, the oxygen working pressures were set to 100, 300, 

500, and 700 mTorr while the chamber temperature was remain at 

500 °C. Secondly, the chamber temperatures of 300, 400, 500, and 

600 °C in each chamber, and the oxygen working pressure was remained 

unchanged during the deposition process at 300 mTorr. The Fluorine 

doped SnO2 (FTO 8) coated glass was used as a substrate and the location 

of target and the substrate is shown in Fig. 3.1. 

 

3.2 Characterization 

3.2.1 Characterization of WO3 film 

 The morphology of the fabricated samples was observed by field 

emission scanning electron microscopy (FE-SEM, SU70, Hitachi). The 

crystalline phases were analyzed by X-ray diffractometer (XRD, D8-
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Advanced, Bruker), X-ray photoemission spectroscopy (XPS, Sigma 

Probe, Thermo VG), and RAMAN spectrometer (RAMAN, T64000, 

Horiba). The electrical properties were measured with Hall measurement 

system (Lakeshore) under 5000 G magnetic field. The dye adsorption 

amount was measured with N719 dye, after adsorbing dye onto the films 

for 3 days and desorbing it by a NH4OH solution in water and ethanol 

(50:50, v/v). Optical property of the samples was measured by a UV-VIS 

spectrophotometer (Cary 5000, Agilent Technologies). The reflectance 

(R) and transmittance (T) spectra were obtained by air reference from 

300 to 800 nm. The absorption (A) plus scattering (S) is calculated with 

the formula A + S = 100 – T – R and the plot is presented along the 

wavelength. 

 

3.2.2 Photoelectrochemical property measurement 

 Photocurrent density and Electrochemical Impedance 

Spectroscopy (EIS) of films were measured with a solar simulator (AM 

1.5, 100 mW/cm2) (PEC-L11, pecell, Japan) and a potentiostat (CHI 

608C, CH Instruments, USA) in a three-electrode system with the WO3 

samples as a working electrode, Pt wire as a counter electrode, and 3 M 

NaCl saturated Ag/AgCl as a reference electrode. The frequency range 

of EIS was 0.1~100 kHz. RHE potential was calculated by following 

equation.37 

VRHE = VAgCl + 0.059pH + EAgCl
° 

EAgCl
°(3.0 M NaCl) = 0.209 V at 25 °C 

The illuminated area of working electrode was fixed to 0.28 cm2 and the 
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phosphate buffer solution (pH 7) was used as an electrolyte after being 

purged by argon to remove the dissolved oxygen before measuring. The 

capacitance was measured by double layer capacitive current with 

voltammetric patterns with the potential range from 0.57 to 0.77 VRHE 

and a scan rate was varied from 25 to 300 mV/s. 

 The Incident photon-to-current Conversion Efficiencies (IPCE) 

was measured with 1000W Xe source (LAMP POWER, Newport 

corporation) and a monochromator with the measuring wavelength range 

from 350 to 500 nm with a bandwidth of 10 nm. The IPCE was measured 

at 1.23 VRHE using a specially designed IPCE system in a three-electrode 

system. Transient photocurrent plot was measured under air mass (AM) 

1.5G simulated solar light illumination (100 mW cm-2) at a constant 

potential (1.23 VRHE). 
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Fig. 3 Schematic view of the laser ablation system 
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Chapter 4. Synthesis of WO3 nanoarchitecture via 

laser ablation 

 

4.1 Introduction 

The morphology, or the active surface area of photoanode is the 

primary extrinsic property to decide PEC performance. The morphology 

of WO3 nanoarchitecture photoelectrodes can be controlled by 

manipulating the experimental parameters such as oxygen pressure and 

working temperature during the laser ablation process. In addition, the 

intrinsic properties of WO3 nanoarchiteucture such as electrical 

properties, charge transfer resistance, and crystallinity are influenced by 

those two experimental parameters. 

In the present experiment, WO3 nanoarchiteuctured photoanodes 

were prepared via laser ablation process and it was studied how the 

alteration of the two parameters affect the extrinsic and intrinsic 

properties of the nanoarchiteucture, thus to find the optimal combination 

of parameters for WO3 synthesis in the end. 

 

4.2 Effect of oxygen working pressure on WO3 

nanoarchitecture 

Fig. 4.2.1 shows the effect of the working pressure on 

morphology of WO3 nanoarchitecture deposited on FTO substrates using 

laser ablation at 500 °C. The FESEM images represent that the grain size 

and the porosity of films are strongly affected by the oxygen working 
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pressure varying from 100 mTorr to 700 mTorr. The film onto which 

WO3 was deposited at 100 mTorr (Fig. 4.2.1 (a) and (b)) shows a rod 

shape nanoarchitecture with a round tip, agglomerated to each other with 

a few open channels.  

The porosity of the nanoarchitecture increases gradually as the 

grain size decreases, and this is fundamentally caused by the increasing 

working pressure (Fig. 4.2.1 (c) ~ (h)). The cross section view shows that 

all samples are synthesized at the thickness level of ~1 μm.  

The relationship between the working pressure and the 

morphology of films is shaped from the surface diffusion of the deposited 

materials,38 and the surface diffusion is influenced by the kinetic energy 

of the ablated species. For example, the kinetic energy of the ablated 

material is low at high oxygen working pressure due to the frequency of 

the collision between the ablated species and oxygen molecules rises and 

the species loses the kinetic energy. The degree of surface diffusion when 

the ablated material arrives at the surface of the substrate is determined 

by two factors – kinetic and thermal energy of the ablated material. 

Since the thermal energy of each sample is considered the same 

for all samples were deposited at the same working temperature, the 

diminished kinetic energy of ablated materials delimits the surface 

diffusion level after the deposition on the substrate. Consequently, WO3 

deposited films at high oxygen working pressures show porous 

nanoarchitectures with rougher surface due to their weak driving force 

for surface diffusion which is not enough for the rearrangement and the 

densification of atoms.5 
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The XRD patterns of the four films are shown in Fig. 4.2.2, and 

the peaks of 23.11, 23.58, 24.35 correspond to (002), (020), and (200) 

planes of the WO3 monoclinic phase (JCPDF 43-1035). The XRD 

patterns of 300, 500, and 700 mTorr films show the films have preferred 

orientation in (020) direction.  

The difference in surface area induced from the morphological 

transformation is known as one of the critical factors which decide PEC 

performance.39 The larger surface area indicates not only the increase of 

contact site between semiconductor/electrolyte interface but the decrease 

of hole diffusion pathway. Decreased hole diffusion pathway leads to the 

diminished recombination rate and contributes to enhanced PEC 

performance. The relative surface areas of each nanoarchitecture were 

measured using capacitance and dye adsorption property which are 

proportional to the surface area. The capacitance was measured by 

double layer capacitive current with voltammetric patterns at different 

scan rates from 25 to 300 mV/s. A positive linear dependence of the 

current of the sweep rate is observed in Fig. 4.2.3 (a), and the positive 

intercept is owing to the presence of ohmic drop effects introduced by 

grain boundary in the films.40 The capacitance of the 

semiconductor/electrolyte interface was estimated by the following 

equation, where s is the scan rate (
𝑑𝑉

𝑑𝑡
), I is a capacitive current and C is 

capacitance: 
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The capacitive current as a function of the scan rate is shown in Fig. 4.2.3 

(b) in which the slope represents capacitance of nanoarchitecture. Since 

the capacitance is proportional to the surface area, the relative active 

surface area of the films can be calculated by measuring the slope against 

each other. The surface area of 300, 500, and 700 mTorr films are 2.03, 

3.47, and 4.77 times larger than that of the 100 mTorr film. The 

capacitance property indirectly shows that increased working pressure 

from 100 mTorr to 700 mTorr causes enlargement of active area of 

nanoarchitecture by varying the morphology with smaller grain size, 

increased roughness and the cracks of films. 

Furthermore, the number of dye molecules (N719) absorbed into 

the surface area was measured to compare the relative surface area of 

WO3 nanoarchitecture. The large amount of dye adsorption indicates the 

large active area of film. The N719 dye was adsorbed onto the 5 mm x 5 

mm WO3 films for 3 days and desorbed by a NH4OH solution in water 

and ethanol (50:50, v/v). The amount of adsorbed dye molecules was 

investigated using UV-vis spectroscopy with dye desorption solution and 

the result is represented in Fig. 4.2.4. The intensity of the dye molecule 

adsorption was heightened with the increasing oxygen pressure, with the 

amount of adsorbed dye molecules as 5.4 × 10-9, 5.7 × 10-9, 5.8 × 

10-9, and 6.1 × 10-9 moles, for 100, 300, 500, and 700 mTorr pressured 

I=C
𝑑𝑉

𝑑𝑡
=Cs 

C=
𝐼

𝑆
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films, respectively. This result is consistent with the capacitance of the 

films. Therefore, it is concluded that the increasing oxygen working 

pressure increases the surface area of WO3 photoanode.  

The light absorption properties of the WO3 films at thickness level 

of about ~1 μm were measured and compared for a wavelength range 

from 300 to 800 nm. Fig. 4.2.4 (a)-(c) show reflectance (R), 

transmittance (T), and the sum of absorption and scattering (A+S=100-

R-T) spectra of the films on FTO substrates. The spectra indicate that the 

all samples have similar absorption properties under the light absorption 

region of WO3 (λ< 460 nm), which indicates that the variation of 

oxygen working pressure does not affect the light absorption property of 

films. 

Electrical properties of WO3 nanoarchitecture was investigated 

by Hall effect measurement system with 5 mm × 5 mm squares 

samples on the quartz substrate with indium contact at the corners. The 

magnetic field was set to 5000 G. The conductivity of WO3 is 

represented by the following equation, where N is the electron 

concentration, e is the electron charge, and μ is the mobility. 

σ =  Neμ 

 Without an external doping, it is assumed that the difference in 

electron concentration of tungsten oxide nanoarchituectures originates 

only from oxygen vacancy and is governed by the non-stoichiometry of 

WO3. 
41 The formation of oxygen vacancy is expressed by the Kröger-

Vink notation.42 

𝑂𝑂
𝑋 = 𝑉𝑂

•• + 2𝑒′ +
1

2
𝑂2(𝑔) 
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The equilibrium constant is expressed as K: 

K = [𝑉𝑂
••][𝑒′]2𝑃𝑂2

1/2
 

It indicates that the reduction of oxygen working pressure leads to the 

formation of oxygen vacancy and the augmentation of electron 

concentration. Fig. 4.2.5 (a) shows the conductivity of the WO3 films 

under various oxygen working pressures. The conductivity of WO3 

nanoarchiteucture declines from 5.95 × 10-3 to 2.16 × 10-4 Ω-1cm-1 

when the oxygen working pressure changes from 100 to 700 mTorr. Thus, 

it is concluded from the above equation that the reduced conductivity is 

due to the diminished electron concentration from 1.13 × 1018 to 5.77 

× 1015 cm-3 as shown in Fig. 4.2.5 (b). Furthermore, oxygen vacancy 

which is associated with electron concentration decreases as working 

pressure decreases, agreeing with the previous reports.43 

The electrochemical impedance spectroscopy (EIS) was 

measured at 1.23 VRHE under illumination (Fig. 4.2.6). In the EIS-

equivalent Randle circuit (shown in the inset of Fig. 4.2.6), Rs, Q1, and 

Rct represent the solution resistance, the constant phase element for the 

electrolyte/electrode interface, and the charge transfer resistance across 

the interface of electrode/electrolyte. Therefore, the arcs in the Fig. 4.1.6 

indicate the charge transfer property of the WO3 nanoarchitecture at the 

photoelectrode/electrolyte interface. The efficient charge transfer 

prevents a charge recombination and induces the facile charge transport 

of electrons through the films.37 The Rct of WO3 photoanodes are 3050, 

4570, 12360, and 18630 Ω when the growth working pressures are 100, 

300, 500, and 700 mTorr in order. Thus, WO3 photoanode synthesized 
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when the oxygen working pressure was 100 mTorr shows the smallest 

charge transfer resistance across the interface, indicating that the 100 

mTorr deposited film efficiently hinders the charge recombination but 

transfer holes well at the interface. 

The relationship between the oxygen working pressure and the 

PEC performance was tested by J-V curve and IPCE spectra (Fig. 4.1.7). 

The photocurrent densities at different working pressures at 100, 300, 

500, and 700 mTorr are 1.23, 1.51, 1.34, and 1.07 mA/cm2 at 1.23 VRHE. 

To investigate this result further, monochromatic illumination was used 

to calculate IPCE for an applied potential 1.23 VRHE. The 300 mTorr film 

shows the highest IPCE spectra over a wavelength range from 350 to 500 

nm and the result corresponds with the current density analysis data.  

To summarize, we successfully optimized the oxygen working 

pressure utilizing laser ablation method to generate WO3 nanoarchitectire 

photoanode. When the oxygen working pressure varies, the extrinsic and 

intrinsic properties of the films change. First, with increasing oxygen 

working pressure, two extrinsic factors change. The grain size becomes 

smaller and the active surface area of nanoarchitecture increases. Second, 

as for the intrinsic properties, the conductivity of nanoarchitecture 

decreases and charge transfer resistance becomes larger. And from the 

comprehensive understanding of the individual analyses of the grain size, 

surface area, conductivity, and charge transfer resistance, it is concluded 

that the PEC performance is optimized when the oxygen working 

pressure is 300 mTorr. The laser ablation film deposited at 300 mTorr 

provides the best morphology for a photoanode for PEC, so further 
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investigation is conducted with a fixed oxygen working pressure at 

300mTorr. 
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Relative area 

700 mT 4.77 

500 mT 3.47 

300 mT 2.03 

100 mT 1 

Table 4.2.1 List of relative surface area measured by capacitance of 

nanoarchitecture with different working pressure 

Dye adsorption amount 

(x 10-8 mole) 

700 mT 0.6 

500 mT 0.59 

300 mT 0.57 

100 mT 0.54 

Table 4.2.2 List of dye adsorption amount on the WO3 

nanoarchitecture with different working pressure 
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 Conductivity 

(Ω-1cm-1) 

Electron 

concentration 

(cm-3) 

Hall 

mobility 

(cm2/Vs) 

100 

mTorr 

5.15 x 10-3 1.13 x 1018 2.85 x 10-2 

300 

mTorr 

3.13 x 10-3 4.468 x 1016 4.37 x 10-1 

500 

mTorr 

8.85 x 10-4 2.13 x 1016 2.60 x 10-1 

700 

mTorr 

5.00 x 10-4 5.77 x 1015 5.40 x 10-1 

Table 4.2.3 List of conductivity, electron concentration, and hall 

mobility of 100, 300, 500 , and 700 mTorr films measured by hall 

measurement 
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 Rct (Ω) 

100 mT 3.05 x 103 

300 mT 4.57 x 103 

500 mT 12.36 x 103 

700 mT 18.63 x 103 

Table 4.2.4 List of charge surface resistivity of nanoarchitecture 

measured by EIS with different working pressure 
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Fig. 4.2.1 FE-SEM images of the laser ablation film with different 

oxygen working pressure: (a) top view and (b) cross section of 100 

mTorr film (c) top view and (d) cross section of 300 mTorr film (e) 

top view and (f) cross section of 500 mTorr film (g) top view and (h) 

cross section view of 700 mTorr deposition film 

  

(c) 

(b) (a) 

(d) 

(e) (f) 

(g) (h) 
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Fig. 4.2.2 XRD patterns of laser ablation films with different 

oxygen working pressure from 100 mTorr to 700 mTorr. 
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Fig. 4.2.3 (a) Example cyclic voltammograms showing the 

capacitive current for the 300mTorr film at six different scan rate 

from 25 to 300 mV/s (b) Plot of the linear relationship between 

capacitive current and scan rate of WO3 photoanode deposited at 

different oxygen working pressure 

(b) 

(a) 
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Fig. 4.2.4 UV-vis absorption spectra of the dye (N719) detached 

from the WO3 nanoarchitecture synthesized under various oxygen 

pressure 
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Fig. 4.2.5 (a) reflectance (b) transmittance and (c) light absorption 

property (plus scattering) of WO3 nanoarchitecture with different 

oxygen working pressure 

 

 

(c) 

(b) 

(a) 
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Fig. 4.2.6 (a) Electrical conductivity (b) electron concentration and 

(c) mobility of WO3 nanoarchitecture with various oxygen working 

pressure 

  

(c) 

(b) 

(a) 
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Fig. 4.2.7 Electrochemical impedance spectra of 100, 300, 500, and 

700 mTorr deposited films. The EIS was measured at 1.23 VRHE 

under simulated solar illumination in Phosphate buffer solution 

(pH 7) 

  

 

 

 

 

 

  

Rs 

Rct 

Q
1
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Fig. 4.2.8(a) J-V characteristics (b) IPCE spectra of WO3 

nanoarchitecture with different working pressure 

 

(b) 

(a) 
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4.3 Effect of growth temperature on WO3 

nanoarchitecture 

The growth temperature, which is the temperature kept during the 

laser ablation process, has a significant impact on the extrinsic and 

intrinsic properties of nanoarchitecture. Upon this premise, the 

morphology of the films was investigated with FESEM, using the growth 

temperature as an independent variable. The result is given in Fig. 4.3.1. 

Each image represents the morphology of the films deposited at the 

growth temperatures of 300, 400, 500, and 600 °C, while the oxygen 

working pressure and the thickness of films were fixed at 300 mTorr and 

~1 µm. When the working temperature was set to 300 and 400 °C, the 

films showed a similar porous structure, in which it had well-organized 

cauliflower-shape domains that stretches over several hundred 

nanometers. The domain was composed of nanoparticle clusters with the 

radius of ~50 nm (Fig. 4.3.1 (a) ~ (d)). 

The morphology and the particle size vary along the growth 

temperature. The grain size enlarges when the temperature grows. Fig. 

4.3.1 (e) and (f) show the morphology of the film grown at 500 °C. From 

a top-view, it is observed that the film has a petal shape structure with 

the radius of ~90 nm. However, no nanoparticle cluster was visually 

identified (by FE-SEM image). Fig. 4.3.1 (g) and (h) shows 

nanoarchitecture synthesized at 600 °C, which has a round tip shape from 

the top-view and the radius is greater than ~150 nm. As the temperature 

increases, the domains agglomerate and the gap between the domains 

reduces. The magnified images of WO3 nanoarchitecture are shown in 
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the inset images, which display a dramatic change of the morphology as 

the temperature grows. It is clear that the increased grain size at high 

growth temperature is resulting from the increased thermal energy of the 

ablated species.  

The ad-atom with high thermal energy provokes surface diffusion 

and atomic rearrangement. Thus, the grain size of polycrystalline WO3 

films increases at the increasing growth temperature.44  

X-ray diffraction patterns in Fig. 4.3.2 show the temperature 

dependence of WO3 nanoarchitecture. In the case of 300 °C film, no 

diffraction peaks are observed, implying that the film is amorphous. Thus, 

no further investigation was conducted with the 300 °C film. The 

nanoarchitecture film with the growth temperature at 400 °C shows a 

sharp peak at 23.1 and it is overlapped with 23.58 and 24.35 peaks 

indexed as monoclinic WO3 (offered from JCPDF #43-1035). Further 

increase of growth temperature to 500 °C and 600 °C renders the XRD 

patterns to have sharp peaks at 23.1, 23.58 and 24.35 and they are also 

indexed as monoclinic WO3 (offered from JCPDF #43-1035), which 

exhibits the best photoelectrochemical performance among WO3 

phases.20 

In addition to the XRD analysis, the Raman spectroscopy was 

measured to inspect the crystallinity of the nanoarchitecture at different 

temperatures. Fig. 4.3.3 shows the Raman spectrum recorded from the 

WO3 samples at 400, 500, and 600 °C. Most of the vibration modes are 

similar in all samples. There are four sharp peaks of the crystalline phase, 

and the peaks at 807 and 715 cm-1 represent W-O stretching modes and 



 

33 

 

other peaks at 324 and 270 cm-1 represent O-W-O bending modes which 

correspond with the characteristic of monoclinic WO3.
45 The full width 

at half maximum (FWHM) of the 807 cm-1 peak decreases by 25 percent 

when the growth temperature changes from 400 to 600 °C. The result 

indicates that a higher growth temperature brings a remarkable 

improvement in the structural order and crystallinity. 

The capacitance and dye adsorption properties were examined to 

determine relative surface area of WO3 nanoarchitecture. The 

capacitance properties show that the surface areas of 400 °C and 500 °C 

nanoarchitecture are 21.1 and it is 2.3 times larger than that of 600 °C 

growth film.  

In addition, the dye adsorption properties were congruous to the 

capacitance. It is shown in Fig. 4.3.4 that the amount of the dyes adsorbed 

declines from 7.1 × 10-7 to 5.7 × 10-7, and to 2.8 × 10-7 mol when 

the temperatures are 400, 500, and 600 °C. The capacitance and dye 

adsorption amount show the nanoarchiteucture grown at 400 °C has the 

largest surface area and the surface area reduced as increasing growth 

temperature. 

Furthermore, the light absorption properties of the WO3 

nanoarchitecture films with the same thickness about ~1 μm were 

measured and compared over a wavelength range from 300 to 800 nm. 

Fig. 4.3.5 (a)-(c) shows the reflectance (R), transmittance (T) and the 

sum of absorption and scattering spectra (A+S=100-R-T) of the films on 

FTO substrates. As indicated by the inset picture, the 400 °C growth film 

is more transparent compared to 500 °C and 600 °C films due to the high 



 

34 

 

porosity which leads to poor absorption property of film. The spectra 

indicate that the WO3 nanoarchitecture growth at 600 °C shows the 

highest absorption property within the light absorption region of WO3 

(λ< 460 nm). 

The electrical properties of WO3 nanoarchitecture were measured 

with a Hall measurement system as a function of growth temperature 

(Fig. 4.3.6). The conductivity can be express as:  

𝜎 =  𝑁𝑒𝜇 

The increased conductivity is caused by two factors, electron 

concentration (e) and hall mobility of the film (u). The 600 °C film shows 

the highest conductivity, 4.33 × 10-3 Ω-1cm-1. The reason that the 

600 °C growth film holds the highest conductivity is that both the hall 

mobility and the electron concentration are high at the same time.  

In the previous Raman spectroscopy, it was observed that the 

crystallinity of films increases at the increasing growth temperature. And 

the increased crystallinity causes the enhancement of hall mobility in the 

nanoarchitecture. When growth temperature varies from 400 to 600 °C, 

the mobility changes from 0.262 to 0.83 cm2/Vs. Furthermore, the 

equilibrium constant of oxygen vacancy generation (K) increases as the 

temperature increases, because the reaction is endothermic. The amount 

of oxygen vacancy is the only variable related to the electron 

concentration in the system since no external doping was allowed. Thus, 

increased equilibrium constant leads to the increased electron 

concentration. The electron concentrations decreases from 1.91 × 1016 

to 3.27 × 1017 cm-3 while the growth temperature changes from 400 to 
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600 °C. In short, it is observed that increasing the growth temperature 

increases electron concentration and hall mobility, which consequently 

contributes to the enhancement of the conductivity of the film. This 

observation is congruent with previous studies.46 

The EIS was measured under illumination at 1.23 VRHE at the 

frequency range from 0.1 to 100 kHz. The Nyquist plots of WO3 

nanoarchitecture with different growth temperatures were shown in Fig. 

4.3.7. Since the charge transfer process at the interface of 

photoelectrode/electrode is slower than in the bulk, a low frequency 

response is assigned to the semiconductor/electrolyte charge transfer. In 

the equivalent Randle circuit, Rct values of each films are 8.09 × 103, 

4.3 × 103, and 1.07 × 103 Ω at the growth temperatures of 400, 500, 

and 600 °C. The charge transfer resistance across the interface of 

photoanode/electrolyte gradually decreases with the temperature rise. It 

is depicted that 600 °C growth film shows the most improved charge 

transfer rate and the most reduced recombination rate at the interface, 

compared to 400 and 500 °C growth photoanodes. It is the high 

crystallinity of WO3 nanoarchitecture that caused the small resistance of 

600 °C film. 

The PEC performance of films with different growth 

temperatures was evaluated by the J-V curves as well. The photocurrent 

density of the films synthesized at 500 °C is the highest, 1.51 mA/cm2 at 

1.23 VRHE when those of 400 °C and 600 °C samples are merely 0.6 and 

1.09 mA/cm2 respectively. Furthermore, the 500 °C sample shows 

saturated current over 1 VRHE while the photocurrent of the 600 °C film 



 

36 

 

increases and outdoes the 500 °C film over 1.6 VRHE. The 400 °C sample 

has a side-reaction at the range from 0.1 to 0.7 VRHE regardless of 

illumination. The phenomena is known as electrochromism in WO3 

which occurs only when a voltage is applied between electrolytes 

containing M+ ions (M = H, Li, Na and K) and a WO3 electrode. The 

reaction is called a double injection/extraction of hydrogen ions and 

electrons. Below is the reaction mechanism: 47, 48  

𝑥𝑀+ + 𝑥𝑒− + 𝑊𝑂3  ⇔  𝑀𝑥𝑊𝑂3 

The electrochromic phenomenon is hindered when the growth 

temperature of samples is over 500 °C. It is the crystallization of the 

structure that inhibits the electrochromism reaction.49 

The wavelength dependent PEC activity is further characterized 

by the IPCE spectra. As shown in Fig. 4.3.7 (b), the IPCE data was 

consistent with the J-V curve results, with the 500 °C films giving the 

highest efficiency. Below 400 nm, the 500 °C growth films gave IPCE 

value higher than 70 percent.  

The PEC performance of the WO3 nanoarchitecture photoanodes 

is dependent to temperature. The growth temperature affects and shapes 

the extrinsic and intrinsic properties of films. The grain size and surface 

area significantly decrease with the increasing growth temperature. 

Meanwhile, the conductivity of the WO3 film is improved owing to the 

increased electron concentration and increased mobility. The charge 

transfer resistance at the interface across semiconductor/electrolyte is 

reduced with the increasing growth temperature. Therefore, it is 

concluded that PEC performance demonstrates best performance when 
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the growth temperature is 500 °C, taking all of the factors – the surface 

area, conductivity and charge transfer resistance – into consideration. 

The WO3 nanoarchitecture synthesized via laser ablation 

demonstrates the best PEC performance when the deposition 

temperature and oxygen working pressure are 500 °C, 300 mTorr 

respectively. Hence, the following comparison study with the dense film 

in the next chapter is conducted only with this optimal film. 
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Relative area 

400 °C 21.1. 

500 °C 2.3 

600 °C 1 

Table 4.3.1 List of relative surface area of WO3 nanoarchitecture 

growth with different temperature calculated by capacitance 

 

Dye adsorption amount  

(x10-7 mol) 

400 °C 7.1 

500 °C 5.7 

600 °C 2.8 

Table 4.3.2 List of dye adsorption amount on WO3 

nanoarchitecture with different growth temperature 
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Table 4.3.3 List of conductivity, electron concentration, and hall 

mobility of 400, 500, and 600 °C films measured by hall 

measurement 

 

  

 Conductivity 

(Ω-1cm-1) 

Electron 

concentration 

(cm-3) 

Hall mobility 

(cm2/Vs) 

400 °C 8 x 10-4 1.91 x 1016 2.62 x 10-1 

500 °C 3.13 x 10-3 4.468 x 1016 4.37 x 10-1 

600 °C 2.72 x 10-2 2.07 x 1017 8.30 x 10-1 



 

40 

 

 Rct (Ω) 

400 °C 8.09 x 103 

500 °C 4.3 x 103 

600 °C 1.07 x 103 

Table 4.3.4 List of charge transfer resistivity of nanoarchitecture 

measured by EIS with different working pressure 
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Fig. 4.3.1 FE-SEM images of the laser ablation film with different 

temperature: (a) top view and (b) cross section of 300 °C (c) top 

view and (d) cross section of 400 °C (e) top view and (f) cross 

section of 500 °C (g) top view and (h) cross section of 600 °C-

deposited films 



 

42 

 

 

Fig. 4.3.2 XRD patterns of laser ablation films with various 

temperatures 300 °C, 400 °C, 500 °C and 600 °C  
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Fig. 4.3.3 (a) Raman spectroscopy (b) FWHM of 807 peaks of 

400 °C, 500 °C and 600 °C growth film. 

(b) 

(a) 
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Fig. 4.3.4 Scan rate capacitive current coordinate with various 

temperatures 
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Fig. 4.3.5 UV-vis absorption spectra of the dye (N719) detached 

from the WO3 nanoarchitecture synthesized under different 

temperatures 
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Fig. 4.3.6 (a) reflectance (b) transmittance and (c) light absorption 

property (plus scattering) of WO3 nanoarchitecture with different 

deposition temperatures 

  

(c) 

(b) 

(a) 
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Fig. 4.3.7 (a) electrical conductivity (b) electron concentration and 

(c) mobility of WO3 nanoarchitecture with various growth 

temperatures 

  

(c) 

(b) 

(a) 
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Fig. 4.3.8 Electrochemical impedance spectra of 400, 500, and 

600 °C deposited films. EIS was measured at 1.23 VRHE under 

simulated solar illumination in Phosphate buffer solution (pH 7) 
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Fig. 4.3.9 (a) J-V characteristics (b) IPCE spectra of WO3 

nanoarchitecture with different growth temperatures 

  

(b) 

(a) 
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Chapter 5. Comparison with WO3 

nanoarchitecture to dense film 

 

 Fig. 5.1 shows top view and cross-sectional view FESEM images 

of nanoarchitecture (NA), densely aligned nanoarchitecture (DNA), and 

dense film (DF). NA is prepared at working temperature of 500 ºC and 

under the oxygen pressure of 300 mTorr. DN is synthesized at the 

temperature of 500 °C and oxygen working pressure of 50 mTorr. DF is 

deposited at a room temperature and annealed in air at 500 °C for 2 hours. 

In top view image of NA (Fig. 5.1 (a)), the open channels through which 

electrolyte can permeate inside the photoanode are observed. However, 

DNA and DF, densely packed films, do not have any open channels to 

permeate electrolyte (Fig. 5.1 (c) and (e)). Cross-sectional views of NA, 

DNA and DF (Fig. 5.1 (b), (d), (f)) also confirm the difference in porosity 

of films. 

 One point to be considered in the synthesis process of the films is 

oxygen partial pressure. NA and DNA are prepared in oxygen-deficient 

atmosphere which leads to increased carrier concentration via generation 

of oxygen vacancies. Oxygen vacancies can act as donors to enhance the 

electrical conductivity of photoanode and thus improve the PEC 

performance.  

 To investigate the existence and relative amount of oxygen 

vacancies, X-ray photoelectron spectroscopy (XPS) analysis was 

performed. The XPS spectra of NA is shown in Fig. 5.2 (a). The W 4f5/2 
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and W 4f7/2 peaks for WO3 were detected at a binding energy of 37.2 and 

35.1 eV respectively. The W 4f5/2 and W 4f7/2 peaks at 36.4 and 34.3 eV 

represent the presence of W5+ site. As shown in Fig. 5.2 (b), NA and DNA 

which are prepared at oxygen-deficient atmosphere have W 4f5/2 and W 

4f7/2 peaks at 36.4 and 34.3 eV, whereas there is no detection in DF, post 

annealing process of which was performed in air. The relative amount of 

W5+ site can be calculated by integrating the W5+ satellite peaks at 36.4 

and 34.3 eV (Fig. 5.2.(c)). 

 The calculated peak area for W5+ site increased as oxygen 

working pressure decreased. This result indicates that the concentration 

of oxygen vacancies increases in photoanode and it improves the 

electrical conductivity of the photoanode.  

 The relative surface area of the samples was investigated by dye 

adsorption amount (Fig. 5.3). Almost the same amount of dye was 

adsorbed on the surface of DNA and DA (5 × 10-8 mole), while the 

amount of dye adsorption in NA (7.1 × 10-7 mole) is 14 times larger 

than that of DNA and DA and these results are well in agreement with 

the morphology data in FESEM images. 

Furthermore, EIS was measured to compare charge transfer 

property of structures at the electrode/electrolyte interface (Fig. 5.4). The 

charge recombination rate could be assumed by the Rct value. NA has 

small Rct value, 4.28 x 103 Ω, which indicates that the hole is efficiently 

transferred at the electrode/electrolyte interface. 

Reducing charge recombination rate in metal oxide photoanode 

should be considered for achieving efficient PEC performance. 
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Photocurrent transient measurement is used to estimate the charge 

recombination rate in photoanode. Transient photocurrent plot (Fig. 

5.5(a)) was measured under air mass (AM) 1.5 G simulated solar light 

illumination (100 mW cm-2) at a constant potential (1.23 VRHE). The 

normalized parameter (D) is introduced to compare the charge 

recombination behavior quantitatively where It, Ist and Iin are the instant, 

steady-state, and initial photocurrent, respectively:  

 

 

  In the normalized plots of ln D versus time as shown in Fig. 

5.5(b), transient time constant () is defined at the time at which ln D is 

-1 and this value indicates general behavior of charge recombination and 

life time in the semiconductor. The value of for NA is estimated to be 

3.95 s, which is about 3 times larger than those of DNA (1.25 s) and DF 

(1.35 s). The larger value of represents that NA has lower charge 

recombination rate compared to DNA and DF, which leads to higher PEC 

performance, consequently. 

 Combination of lager surface area, higher conductivity, and more 

efficient charge transfer at the electrode/electrolyte interface let NA 

photoanode have much higher photocurrent density compared to DNA 

and DF photoanode. The photocurrent density plots as a function of film 

thickness obtained at 1.23 VRHE in Fig. 5.6 represent the superiority of 

NA PEC performance. NA, DNA, and DF photoanodes are individually 

optimized at different thickness. For the entire range of the film thickness, 

NA photoanode shows significantly higher photocurrent compared to 

D = 
𝐼𝑡−𝐼𝑠𝑡

𝐼𝑖𝑛−𝐼𝑠𝑡
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DNA and DF photoanode. The photocurrent density of DNA photoanode 

reaches 0.8 mA/cm2 with the thickness of ~1.5 µm and decreases as 

thickness increases. DF photoanode shows the lowest photocurrent 

density of 0.254 mA/cm2 with ~300 nm thickness film and photocurrent 

density decreases as thickness increases. In contrast, the photocurrent 

density of NA photoanode reaches 1.88 mA/cm2 with thickness of ~3 µm 

and is saturated. 

 The result is mainly caused by the difference in area of catalytic 

reaction between semiconductor and electrolyte. For the DNA and DF, 

the films are densely formed with few open channels and the specific 

surface area of the film remains the same although the thickness 

increases. Increase of film thickness lengthens the hole diffusion 

pathway, which is an indicator of an increased charge recombination rate. 

However, diffusion pathway is shorter in NA film because NA’s porous 

structure facilitates the permeation of the electrolyte into the electrode 

through its open channels. This structural advantage for NA photoanode 

enables the enhancement in photocurrent density with increasing of film 

thickness.  

 The PEC performance as a function of thickness of a 

nanoarchitecture has a trade-off relationship between absorption 

property of the films and charge carrier transport property in the devices. 

That is the reason to have optimized thickness for each film. The result 

shows the advantages of nanoarchitecture which efficiently transfers the 

minority carriers at the electrode/electrolyte interface and suppresses the 

charge recombination rate.  



 

54 

 

Dye adsorption amount 

 (x10-8 mol) 

NA 0.71 

DNA 0.05 

DF 0.05 

Table 5.1 List of dye adsorption amount on DN, DNA, and DF 

 

 Rct (Ω) 

NA 4.28 x 103 

DNA 6.02 x 103 

DF 1.26 x 104 

Table 5.2 List of charge transfer resistance of DN, DNA, and DF 
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Fig. 5.1 FE-SEM images of the (a) top view and (b) cross section of 

NA (c) top view and (d) cross section of DNA (e) top view and (f) 

cross section of DF  

(c) 

(b) (a) 

(d) 

(e) (f) 
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Fig. 5.2 (a) X-ray photoelectron spectroscopy (XPS) spectra of WO3 

films of NA (b) XPS of W 5+ satellite peak at 36.4 and 34.3 eV of 

NA, DNA and DF (c) area value of the W5+
 satellite peak, 

normalized to the value of the DNA 

  

(b) 

(a) 

(c) 
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Fig. 5.3 Relative dye adsorption amount (N719) detached from NA, 

DNA, and DF 
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Fig. 5.4 Electrochemical impedance spectra of NA, DNA and DF. 

EIS was measured at 1.23 VRHE under simulated solar illumination 

in Phosphate buffer solution (pH 7) 
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Fig. 5.5 (a) Transient photocurrent plot (b) normalized parameter 

(D) of NA, DNA, and DF  

(b) 

(a) 



 

60 

 

 

Fig. 5.6 The relationship between photocurrent density at 1.23 VRHE 

and the film thickness of NA, DNA, and DF 
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Chapter 6. Conclusion 

 

 We successfully synthesized nanoarchitectured WO3 film via 

laser ablation method by modifying two experimental parameters, 

oxygen working pressure and growth temperature. The two parameters 

have influence on the extrinsic and intrinsic properties of WO3 

nanoarchituecture concurrently.  

 The increased oxygen working pressure increases porosity of the 

structure which enlarges the contact area between electrode and 

electrolyte which plays an important role in determining PEC 

performance. However, the conductivity improves with decreasing 

working pressure due to the generation of oxygen vacancy increases at 

the oxygen deficient environment. The sample deposited at oxygen 

working pressure 100 mTorr exhibits outstanding charge transfer 

efficiency at the interface with diminished recombination rate and the 

facile charge transport of electrons through the films. In brief, the WO3 

nanoarchitecture synthesized at the 300 mTorr oxygen pressure shows 

the optimized photocurrent density, 1.51 mA/cm2 . 

 The extrinsic and intrinsic properties of nanoarchitecture can be 

controlled by the growth temperature. The active surface area of 

nanoarchitecture shrinks when the temperature rises, for the rise of the 

temperature induces the thermal energy of ad-atom to increase. After the 

atoms are deposited on the substrate, the high energy atoms provoke the 

surface diffusion which enlarges grain size and lessen the surface area of 

nanoarchitecture. The intrinsic properties of the WO3 photoanodes 
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change with various temperatures. The WO3 monoclinic phase was 

synthesized over 400 °C and the crystallinity of nanoarchitecture 

improved with the increased temperature. The film synthesized at 600 °C 

shows enhanced conductivity and charge transfer efficiency. The 

increased conductivity is owing to the electron concentration and 

mobility. Increased temperature provokes oxygen vacancy generation 

and enhanced crystallinity improved electron mobility in the 

nanoarchitecture. Thus, 600 °C nanoarchitecture exhibits highest 

conductivity with increased electron concentration and mobility. The 

PEC performance was optimized when the growth temperature was 

500 °C. 

 Synthesis of WO3 photoanode is optimal when the condition is 

500 °C and 300 mTorr. The optimized nanoarchitecture was compared to 

a dense film. The nanoarchitecture photoanode was superior to the dense 

film in terms of large surface area, efficient charge transfer property, and 

increased electron life time. The different optimized thickness between 

nanoarchitecture and dense film exhibits exceptional properties of the 

nanoarchitecture. The performance of WO3 nanoarchitecture film is 

maximized with the thickness of ~3 μm, 10 times higher compared to 

the dense film which was optimized at 300 nm. The PEC performance of 

dense film decreases with increasing thickness over 300 nm despite the 

absorption property increases with thickness. The primary cause of the 

phenomenon is that the hole in the dense film rarely reaches the interface 

but remains in the semiconductor which hinders the charge transport and 

increases charge recombination rate. However, the nanoarchitecture 
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provides large contact area between photoande and electrolyte at which 

the hole arrives and is efficiently transferred to the electrolyte. In other 

words, the nanoarchitecture successfully reduces hole diffusion pathway 

and obtains the increased PEC performance, 1.88 mA/cm2. 
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초    록 

본 연구에서는 광전 에너지 변환 디바이스 중 광전기 

화학전지에 효율 향상을 위한 방법으로써 WO3를 laser 증착법을 

이용하여 합성하였다. Laser 증착법은 나노구조체의 합성에 용이한 

합성법으로써, 두 가지 변수, 산소 분압과 증착 온도를 변화시킴에 

따라 구조체의 내적, 외적인 특성을 동시에 변화시킬 수 있다는 

특징을 갖는다. 합성된 광전극을 이용하여 변수에 따라 나노 

구조체의 내적, 외적인 특성이 동시에 변화함을 확인하였으며, 각 

광전기화학전지 효율을 측정하여 봄으로써 최적화 된 합성 조건을 

찾을 수 있었다.  

산소 분압이 증가함에 따라 구조체의 다공성이 증가하여 

전해질과의 비표면적이 증가하는 반면, 증가된 산소 분압에 의하여 

구조체 내의 산소 원자 결함의 수와 전자 농도가 감소하였고 이에 

따라 전기전도도가 감소하였다. 전극과 전해질 사이 계면의 저항 

또한 산소 분압이 증가함에 따라 증가하는 경향을 보였다.  

온도 변화에 따라 구조체를 합성 한 경우 400도 이상에서 

WO3 monoclinic 상이 합성됨을 확인하였다. 온도가 증가함에 따라 

구조체의 비표면적과 전극/전해질 간의 계면저항은 감소하였으며, 

전자 농도와 mobility가 모두 증가하여 구조체 내의 전기전도도 또한 

증가하였다. 이러한 요소들이 결합하여서 300 mTorr 500도에서 

증착된 나노 구조체가 가장 높은 광전기화학전지 효율을 보임을 

확인하였다.  

나노구조체의 구조적 장점을 알아보기 위하여 최적화 된 

나노구조체와 dense한 필름을 비교하여 보았다. 그 결과 

나노구조체는 넓은 비표면적과 전해질의 침투가 쉬운 open 
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structure를 가짐으로써 정공이 전해질로 쉽게 빠져나갈 수 있었으며, 

이로 인하여 구조체 내에서 정공과 전자의 재결합 빈도가 

감소하였다. 이는 나노구조체가 필름에 비하여 긴 전자의 life time 

을 갖는 것을 통하여서 확인할 수 있으며, 이를 통하여 향상된 

효율을 갖는 WO3 나노구조체가 합성되었음을 확인할 수 있었다. 

본 연구를 통하여 laser 증착법의 산소 분압과 증착 온도 두 

변수를 변화시킴으로써 WO3 나노구조체의 내적인 특성과 외적인 

특성을 동시에 조절할 수 있음을 확인하였으며, 필름에 비하여 

향상된 광전기화학전지의 효율을 갖는 나노 구조체를 성공적으로 

합성하였다.  

 

주요어: 나노구조체, 광전기화학전지, WO3, laser ablation 
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