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Abstract  

      

The world energy problem has been facing harsh challenges in the last few decades due to the 

increase in energy consumption of the growing world population and decreasing reserves of 

traditional carbon-based energy resources. Photoelectrochemistry (PEC) based solar water 

splitting is one of the potential paths for transforming renewable solar energy into green 

hydrogen fuel to meet energy expectations. In PEC water splitting, hydrogen is generated using 

semiconductor materials that can absorb sunlight and decompose water molecules into hydrogen 

and oxygen gases. Fabrication of highly effective, stable, and economically viable semiconductor 

photoelectrode materials, to increase their performance, and enhancing their photocatalytic 

activity has been proved to be a vital task for PEC solar water decomposition. 

Among all the suitable materials, WO3 has been reputed as a promising photoelectrode in the last 

decade due to the many criteria that it fits. The main current problems in WO3, based PEC water 

splitting systems  are their low solar to hydrogen efficiencies and poor photocatalytic properties. 

Developing and applying new methods of surface modifications and engineering are favorable 

strategies to enhance photocatalytic properties of WO3.  

This thesis work is devoted to the study of surface modification of WO3 photoelectrodes with 

intense pulsed ion beam (IPIB) irradiation for photocatalytic properties enhancement and 

studying the effect of IPIB irradiation on solid state dewetting shape formation of plasmonic Ag 

nanoparticles (NPs). The thesis also reports strategies of combining plasmonic nanoparticles and 

downshifting photoluminescent NPs with WO3.  

IPIB irradiation is a method for modification of surfaces of materials with few hundreds keV 

energetic ions that penetrate deep into 1-2 micrometers.  

The outcomes of experiments show that surface engineering of WO3 photoelectrode with IPIB 

can enhance its photocatalytic properties and promote charge-carrier characteristics. The IPIB 

also gives opportunity to study shape formations of silver NPs and results exhibit huge influence 

of super-fast annealing on sphericity of the silver NPs. Simultaneous use of plasmonic NPs and 

fluorescent materials also proven to be effective method of photoactivity enhancement of WO3 

thin films.       

      

In Chapter 1, the current situation in energy perspectives as well as future energy problems are 

discussed. Energy shortage resulting from a scarcity of traditional fossil resources and caused by 

an increase in global population and increased energy consumption is considered and potential 
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solutions to close that by using solar energy are identified. Additionally, the chapter gives insight 

into the current state of synthesis of solar-generated hydrogen. 

In Chapter 2, the text is devoted to discussion of theoretical concepts of PEC solar water 

splitting and photoactivity of photoelectrodes, working principles of three electrode cells and role 

of plasmonic NPs in photoactivity enhancement. Additionally, operational principles of the 

accelerator for IPIB irradiation are broadly discussed. In addition to discussing the most recent 

developments in the synthesis of new composite materials and compositions of WO3, other 

tactics for improving photocatalytic performance of photoelectrodes are also covered. 

In Chapter 3, experimental equipment and modification tools used in current work are reviewed. 

Mostly used techniques for examining photoelectrode performance and various types of 

efficiency measurements are also considered in this chapter. 

In Chapter 4, magnetron sputtered double-layered WO3 photoelectrode is modified with IPIB 

irradiation to increase its photocatalytic property. Irradiation effect on morphology and induced 

sponge-like microstructure of WO3 with increased absorbance are investigated.  

In Chapter 5, shape formation of plasmonic Ag NPs on fused silica are examined after 

irradiating with IPIB. Creation of NPs with more sphericity because of super-fast heating and 

cooling is broadly reviewed in terms of ion beam current density, number of ion beam pulses, and 

substrate roughness.  

In Chapter 6, a new composite material consisting of WO3 photoelectrode combined with Au 

NPs, and down conversion Y2O3:Eu3+ NPs is obtained and examined for PEC performance. Main 

reasons of light trapping mechanism as well as light absorbance enhancement is thoroughly 

investigated.  

The Chapter 7 covers the case when WO3 thin film without FTO substrate irradiated with IPIB. 

Decreasing substrate effect gives more information how the pulsed intense ion beam influences 

the structural and morphological properties of thin WO3 films on TEM membranes.  

 

 

 

 

 

 

 

 



 

4 

Contents 

 

Acknowledgements ………………………………………………….......…………...…………..1 

Abstract …………………………………………………………………....…………………….. 2 

List of Abbreviations …………………………………………………...……….…..……………6 

List of Figures ………………………………………………………………….…………………7 

List of Tables ………………………………………………………………….…………………11 

1 Introduction …………………………………………………………………...………………12 

1.1 Global energy overview and solar energy utilization…………………….…………........……12 

1.2 The solar hydrogen generation………………………………………………………………..15 

1.3 Thesis scopes: key objectives and novelty………………………….………...……………….17 

2 WO3 thin films as photoelectrode materials for PEC photocatalysis and their modifications 

intense pulsed ion beam and plasmonic nanoparticles……….…….……………………….…18 

2.1 PEC water decomposition. . . . . . . . . …………………………….………………….. . . . . . . 18 

 2.1.1 Theoretical concept . . . . . . …………………………….……………….... . . . . . . . 18 

2.1.2 Requirements for materials to be used as photocatalytic materials in water 

splitting……………………………………………………...………...…………….……20  

2.2 WO3 as photoelectrode for PEC water oxidation . . . . . ……. . . . . . ….. . . . . . . . . . . ….……22 

2.2.1 WO3 and its forms. . . . . . . . . . . . …………………………………..………….……22 

2.2.2 Synthesis of WO3. . . . . . . . . . ………………………………….………...…….….. 25 

2.3 Modification methods of WO3≤x for PEC photocatalysis. . . . . . . ……….…………..….…...28 

2.3.1 Modifications with annealing…. . ……………………………….……………...... . 29 

2.3.2 Modifications and synthesis with laser-based technology……….…………….....…29 

2.3.3 Modification with ion beam irradiations……………………………………..……..29 

2.4 Modification of materials with ion beam irradiation…………...…………….…..................…31 

2.5 Plasmonic NPs and their applications in PEC…………………………………...……………33 

3 Experimental methods…………………………………………………………………….…..36 

3.1 Methods used for synthesis of WO3 thin films…………...……………....………….………..36   

3.2 “INURA” accelerator facility characteristics used to modify WO3 thin films…….……….…36  

3.3 Surface modification of WO3 thin films with INURA……………………..…………...……..37 

3.4 WO3 thin films characterization techniques……………………………….………………….38 

 3.4.1 X-Ray Diffraction…………………………………………………………..………38 

 3.4.2 X-Ray Photoelectron Spectroscopy………………………………….……..……….38 



 

5 

 3.4.3 Ultraviolet-Visible Spectroscopy………………….…………..……………………38 

 3.4.4 Transmission Electron Microscopy………………………………........……………39 

 3.4.5 Scanning Electron Microscopy ………………………………………..……………39 

3.5 Photocatalytic activity measurement techniques……….…………...…..……….……………40 

3.5.1 Linear Sweep Voltammetry measurement…………………………………...……..40 

3.5.2 Electrochemical Impedance Spectroscopy………………………………...………..40 

3.5.3 Incident photon-to-current efficiency……………………………………………….42 

3.5.4 Absorbed photon-to-current efficiency……………...……….…………….……….42 

4 Improving PEC properties of magnetron-sputtered two-layer WO3 photoanodes by IPIB 

irradiation…………………………………………………………………………..……………43 

4.1 Focus of the Chapter………………………………………………………………………….43 

4.2 Introduction…………………………………………………………………………………...43 

4.3 The amorphous, crystalline, and two-layer WO3 photoanodes synthesis and 

characterizations…………………………………………………………………...……….…….45 

4.4 Irradiation of amorphous and crystalline WO3 photoanodes…………………………...……..46 

4.5 Irradiation of the two-layer WO3 photoanode………………………………………..……….48 

4.6 Conclusion of the chapter………………………………………………………………..……58 

5. Shape tuning of a thin silver coating into spherical nanoparticles through the process of 

solid-state dewetting under the influence of high-current pulsed ion beam irradiation. 

………………………………………………………..……………..……………………..……..59 

5.1 Focus of the Chapter…………………………………………………………….…………….59 

5.2 Introduction…………………………………...……………………………………………....59 

5.3 Experimental Part……………………………………...………………………….…………..60 

5.4 Results and discussions…………………………………...…………...……………………...62 

5.5 Conclusion of the chapter…………………………………………………..…………………72 

6 The photoactivity enhancement of WO3 photoanodes using combined effect of plasmonic 

Au NPs and photoluminescent Y2O3:Eu3+ NPs …………………………….………………….73 

6.1 Focus of the Chapter………………………………………………………...….……………..73 

6.2 Introduction…………………………………………………………………..…………….....73 

6.3 Experimental: photoanode synthesis methods………………………………..………………74 

6.4 Results and discussions…………………………………………………………..…………. .76 

6.5 Conclusion of the chapter……………………………………………………………..………82 



 

6 

7 Modification of WO3 thin films without substrate by IPIB 

irradiation……………………………………………………………………………….…….....82 

7.1 Focus of the Chapter………………………………………...……………………..………….82 

7.2 Introduction……………………....………………...…………………………..…......……....83 

7.3 Experimental methods………………………………………………..……..………….....…..84 

7.4 Results and discussions……………………………………………..………………….…… .85 

7.5 Conclusion of the chapter………………………………………..……………………………91 

8 Conclusions and Outlook …………………………………..……………………………...….91 

8.1 Summary and conclusions: ………………………….. . . . . . . .... . …………. . . . . . . . . . . . . 91 

8.2 Outlook . . . . . . . . . . . . . . . . . . . . …………………………………...……….... . . . . . . . . . . . 92 

Bibliography ……………………………………………………………….…………...……….93 

Appendix A. ………………………………………………………………….………..………. 121 

A1 …………………………………………………………………………..…..……. . . . . . . . . 121 

A2 …………………………………………………………..…………………..……. . . . . . . . . 122 

A3 ……………………………………………………………………...………….. . . . . . . . . . . 123 

 

List of Abbreviations 

 

AC   Alternating Current 

AFM    Atomic Force Microscopy 

ALD    Atomic Layer Deposition 

CVD    Chemical Vapor Deposition 

CB   Conduction Band 

CE   Counter Electrode 

DC   Direct Current 

EIS   Electrochemical Impedance Spectroscopy 

FIB    Focused Ion Beam 

GIXRD   Grazing Incidence X-Ray Diffraction 

GLAD   Glancing angle deposition 

HER    Hydrogen evolution reaction 

HRTEM   High Resolution Transmission Electron Microscopy 

IPIB    Intense Pulsed Ion Beam 

LSV   Linear Sweep Voltammetry 



 

7 

NPs   Nanoparticles 

NSs   Nanostructures 

NHE   Normal Hydrogen Electrode 

MOS   Metal Oxide Semiconductor 

MS   Magnetron sputtering 

OER    Oxygen evolution reaction 

PEC   Photoelectrochemistry 

PLD   Pulsed laser deposition 

PVD    Physical Vapor Deposition 

RPM    Revolutions Per Minute 

RE   Reference Electrode 

RHE   Reversible Hydrogen Electrode 

RTA    Rapid Thermal Annealing 

SEM    Scanning Electron Microscopy 

STH    Solar to hydrogen  

TEM    Transmission Electron Microscopy 

VB   Valence Band 

WE   Working Electrode 

XPS    X-Ray Photoemission Spectroscopy 

XRD    X-Ray Diffraction 

 

 

List of Figures 

 

Figure 1.1. Global fossil fuel consumption. 

Figure 1.2. Global renewable energy consumption. 

Figure 1.3. Schematic design of solar hydrogen production methods. 

Figure 2.1. Schematic design of the PEC water splitting in a simple cell consisting of a) 

photoanode and b) photocathode with metal Pt contact. 

Figure 2.2. Band edges of semiconductor materials while contacting electrolyte of pH = 0 relative 

to vacuum level and NHE scale. Reprinted with permission from RSC. 

Figure 2.3. Schematic diagram of a) DC-MS process, b) cycloidal drift of electron and c) plasma 

created by sputter deposition. 



 

8 

Figure 2.4. Schematic demonstration of collision cascades and lattice modifications induced by 

ion irradiation. 

Figure 2.5. Schematic illustration of the a) SPR and b) LSPR effects around metallic Au as it 

interacts with light.  

Figure 3.1. The pictures of a) the Kurt Lesker magnetron system, b) spin coating system and c) 

RTA system that were used for this thesis work. 

Figure 3.2. The INURA accelerator. 

Figure 3.3. a) The three-electrode cell and b) Ag/AgCl reference electrode. 

Figure 3.4. Typical Nyquist Plot. 

Figure 4.1. SEM images of the surface of crystalline (a–d) and amorphous (e–h) WO3 thin films 

following ion beam irradiation at different current densities: (a,e) 10 A/cm2, (b,f) 16 A/cm2, (c,g) 

26 A/cm2, and (d,h) 32 A/cm2.  

Figure 4.2. LSV curves of irradiated crystalline WO3 thin films as the ion beam current density 

increases. The black arrows signify a decrease in photocurrent generation with higher ion beam 

current densities. 

Figure 4.3. Surface SEM images depict (a) the non-irradiated and (b) the irradiated double-layer 

WO3 at 6 A/cm2, while cross-sections illustrate (c) the non-irradiated and (d) the irradiated 

double-layer WO3 at 6 A/cm2. The inset features the calculated energy loss cross-section profile 

of protons with an initial kinetic energy of 350 keV. 

Figure 4.4. GI-XRD patterns for two-layer WO3 thin films are presented for both non-irradiated 

and irradiated samples. The lower plot displays the GI-XRD lines corresponding to the FTO 

substrate. 

Figure 4.5. GI-XRD patterns of a WO3 thin film, initially amorphous, both pre- and post-

irradiation with an ion beam current density of 6 A/cm2. 

Figure 4.6. GI-XRD patterns of amorphous WO3 and FTO substrates performed in high-

resolution mode. 

Figure 4.7. (a) Absorbance and (b) Tauc plot of two-layer non-irradiated and irradiated WO3 

photoanodes. Band gap estimations are marked. 

Figure 4.8. a) XPS survey spectra of non-irradiated and irradiated two-layer WO3 samples. 

Figure 4.9. a) XPS high resolution spectra of core W4f and O1s peaks of non-irradiated and 

irradiated two-layer WO3 samples. 

Figure 4.10. EIS Nyquist plots of irradiated and non-irradiated two-layer WO3. 



 

9 

Figure 4.11. LSV measurements of two-layer WO3 prior and after the irradiation with IPIB of 6 

A/cm2 ion beam current density. 

Figure 4.12. Chopped LSV measurements of two-layer WO3 prior and after the irradiation with 

IPIB of 6 A/cm2 ion beam current density. 

Figure 5.1. SEM images of the Ag coating before and after intense pulsed ion beam (IPIB) 

irradiation. a) Represents the as-deposited non-irradiated sample. For the irradiated samples, b-e) 

depict various stages of IPIB irradiation with an ion beam current density of 10 A/cm2 and 

different pulse numbers: b) 1 pulse, c) 2 pulses, d) 3 pulses, e) 4 pulses. f-j) show samples 

irradiated with a single pulse of IPIB at various ion beam current densities: f) 10 A/cm2, g) 20 

A/cm2, h) 30 A/cm2, i) 40 A/cm2, j) 60 A/cm2. It's important to note that images b) and f) are 

identical.  

Figure 5.2. Histograms illustrating the distribution of diameters for annealed Ag nanoparticles, 

where a) represents irradiation with different numbers of IPIB pulses, and b) represents 

irradiation with a single pulse of IPIB at varying ion beam current densities. 

Figure 5.3. Mean diameter of annealed Ag nanoparticles, where a) corresponds to irradiation with 

different numbers of IPIB pulses, and b) pertains to irradiation with a single IPIB pulse at varying 

ion beam current densities. 

Figure 5.4. SEM images of pre-irradiated Ag coating (a); and RTA annealed Ag coatings at b) 

600 °C, c) 700 °C, d) 800 °C, e) 900 °C, f)1000 °C. 

Figure 5.5. Ag NPs' diameter distribution histogram after RTA annealing at 800, 900, and 1000 

degrees Celsius. 

Figure 5.6. SEM cross-sectional images of Ag NPs after being a) 40 A/cm2 irradiated and b) 

rapidly thermally annealed at 1000 °C. 

Figure 5.7. GIXRD patterns of as-deposited Ag coatings after they have been annealed with RTA 

at 1000 °C and exposed to IPIB at a current density of 40 A/cm2. 

Figure 5.8. GIXRD patterns of as-deposited Ag coatings and following treatments: a) with 

various ion beam current densities, b) with increasing pulse numbers at the same 10 A/cm2 ion 

beam current density, and c) RTA annealed at various temperatures. 

Figure 5.9. AFM surface image (a), AFM profile view (b), and corresponding 3D image of Ag 

NPs irradiated with ion beams of 40 A/cm2 current density. 

Figure 5.10. Ag NPs absorption spectra following a) IPIB irradiation with variable ion beam 

current density and b) RTA annealing at various temperatures. 



 

10 

Figure 6.1. Surface SEM images of a) WO-R, b) WO-A, c) WO-Y and d) WO-YA on FTO 

substrates.  

Figure 6.2. XRD patterns of a) WO-R, WO-A, WO-Y, WO-YA, and b) separate Y2O3:Eu3+ SPs. 

Figure 6.3. PL spectra of Y2O3:Eu3+ SPs.  

Figure 6.4. Absorbance spectra of WO-R, WO-Y, WO-A, and WO-YA samples.  

Figure 6.5. Schematics for WO3 photoanode covered by Au NPs and Y2O3:Eu3+ SPs for light 

management. 

Figure 6.6. a) LSV and b) EIS measurements of WO-R, WO-Y, WO-A, and WO-YA samples. 

Figure 6.7. a) Conducting LSV measurements on WO3 photoanodes incorporating Au NPs and 

Y2O3:Eu3+ SPs with the following parameters: a) spin-coating Y2O3:Eu3+ SPs onto a initially 2 

nm thick layer of Au at 2000 rpm, b) spin-coating Y2O3:Eu3+ SPs onto a initially 3 nm thick layer 

of Au at 1000 rpm and c) depositing Y2O3:Eu3+ SPs onto a initially 5 nm thick layer of Au using 

the drop-casting method. 

Figure 6.8. LSV testing of WO3 photoanodes with Y2O3 NPs was carried out through two 

different approaches: a) via the spin-coating method and b) drop-casting method. 

Figure 6.9. Surface SEM images of WO3 photoanodes with Y2O3 NPs were carried out through 

two different approaches: a) via the spin-coating method and b) drop-casting method. 

Figure 7.1. The schematic diagram of IPIB irradiation effect on WO3/FTO/Glass photoanode. 

Figure 7.2. TEM images of of WO3 thin films: a) as-deposited (amorphous) a-WO3 and b) after 

annealing at 500°C, c-WO3. 

Figure 7.3. TEM images of a) sample WO-2 at 60 kx magnification, b) sample WO-2 at 500 kx 

magnification and c) sample WO-6 at 60 kx magnification, d) sample WO-6 at 1000 kx 

magnification. Images e and f shows sample WO-6 with and without crack and their 

corresponding diffraction patterns in insets. 

Figure 7.4. TEM images:  a) sample WO-3 and b) sample WO-7 both at 6 kx magnifications with 

their corresponding diffraction pattern insets at right top; images c) and e) show sample WO-3 at 

80 kx, 500 kx magnification respectably; images d) and f) exhibit sample WO-7 at 1200 kx 

magnification. Image f shows distinct dislocation induced by ion beam irradiation at 10 A/cm2. 

Figure 7.5. Initially amorphous and crystalline WO3 thin films a), b) with substrates on 

FTO/glass and c), d) without substrates on TEM membranes irradiated at 10 A/cm2 ion beam 

current density (sample WO-7). 

 

 



 

11 

List of Tables 

 

Table 5.1. IPIB current densities and number of pulses used for samples irradiation. 

Table 7.1. Parameters and modification information of WO3 thin films on TEM membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

12 

1. Introduction 

 

1.1 Global energy overview and solar energy utilization 

 

Global energy overview. Energy is the most essential resource for sustaining human life on Earth. 

The breakthroughs in science, technology, medicine, and industry within the last century resulted 

in an increase of human life quality and led to population growth on Earth. Those advancements 

in life standards are often accompanied by increased demand for energy. Such rapid rise in 

energy requirements and consequent growth in supply lead to the depletion of existing oil and gas 

reserves of the world and seeking an alternate route for energy production.  

There is another effect from carbon-based energy sources: pollution. Fossil fuel based traditional 

energy sources are the main causes of greenhouse gas emissions in the world. They rapidly 

increase air pollution by worsening air quality. The greenhouse effect arising from greenhouse 

gas emissions has an enormous impact on global climate change (Santos et al., 2022). It causes 

temperature increase on Earth by preventing reflection of solar energy. Carbon dioxide (CO2) 

gas, that is produced from burning fossil fuels, traps solar energy in the atmosphere by 

contributing to the planet's heating. Vehicles, planes, and ships involved in manufacturing, 

logistics, air transportation, and waterways are big contributors of the greenhouse effect as well 

as city heating systems. There is a consonance between rise of global average surface temperature 

and increase in fossil fuel consumption of the world (Al-Ghussain, 2019; Hannah Ritchie et al., 

2022; Hansen et al., 2006). In 2020, world fossil fuel consumption is estimated as 128,800 TWh 

as seen in Figure 1.1. It is much higher compared to a century ago (10,955 TWh in 1920). Air 

pollution, water contamination, and lessening of flora and fauna are the major challenges caused 

by fossil fuel-based power     .  
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Figure 1.1. Global fossil fuel consumption. The figure is adapted from (Hannah Ritchie et al., 

2022). 

      

To solve the above-mentioned major issues, world countries have signed agreements and 

launched common activities to decrease global average temperature by shifting to renewable 

sources of energies, etc. (Agreement, 2015; Crowley-Vigneau et al., 2023).  

Renewable energy sources include hydropower, wind, tides, geothermal, and solar, etc. have 

promising potential to meet discussed expectations in energy consumption within the foreseeable 

future (Uğurlu, 2022). Hydropower production is the conversion of potential energy stored in 

running water into electricity (Wagner & Mathur, 2011). Wind power generation is energy 

production in the form of electricity from wind turbines (Nazir et al., 2020). The tidal energy is 

an everlasting source obtained by the movement of tides in oceans, seas, and rivers resulting from 

the centrifugal and gravitational interactions of the Earth, Moon and the Sun (Shetty & Priyam, 

2022). An increasing heat gradient towards the Earth center and release of this heat to the surface 

via natural underground water lines allows the production of geothermal energy (Stober & 

Bucher, 2021). Solar energy, as the name indicates, energy obtained from the Sun (Hayat et al., 

2019). It is broadly studied, and new technologies based on that are being developed. World 

strategies to mitigate CO2 emission induce increasing interest in research on alternating energy 

sources mentioned previously. Most of those renewable energy sources have been 
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commercialized and demonstrate increasing market share in energy supply in recent years (L. Li 

et al., 2022).  It can be seen from Figure 1.2 that renewable energy consumption shows rapid 

increase in the last century (Hannah Ritchie et al., 2022). 

 

 

Figure 1.2. Global renewable energy consumption. The figure is adapted from (Hannah Ritchie et 

al., 2022). 

  

Solar energy utilization. The Sun has a paramount amount of energy for the entire ecosystem on 

earth to exist. Capturing and storing the sun's energy are fundamental steps for the replacement of 

conventional power resources.  

The energy that the sun generates may be captured in a variety of ways. Firstly, using solar 

photovoltaic cells, it is possible to generate energy from sunshine. High efficiency of 

contemporary solar cells made them possible to employ in large scale commercial industry. 

Despite such progress in solar cells, other approaches for solar energy collection are being 

developed.       

Secondly, using      mirrors or lenses to focus sunlight onto a specific region to create heat that 

may be converted into energy is known as concentrated solar power. Another type, solar water 

heating is the process of heating water for usage in houses and other structures using solar panels.  
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Thirdly, solar energy can be collected by semiconductor thin films or powders to help split water 

and generate hydrogen or oxygen gas; to eliminate organic wastes such as dye, pesticides, etc. 

Solar water splitting is one of the potential clean types of hydrogen fuel generation. 

 

1.2 The solar hydrogen generation 

 

The hydrogen generation. Hydrogen is high quality fuel that may create and transfer heat and 

energy. It shows huge potential to be used instead of all other energy sources. However, it is 

limited due to complicated and expensive production processes      (Abohamzeh et al., 2021). 

Additionally, storing and transporting hydrogen fuel are big issues due to high safety 

requirements (Abohamzeh et al., 2021). It shows low ignition energy and high flame velocity as 

well as fast diffusion property (Abohamzeh et al., 2021). Considering energy production 

performance, hydrogen shows the uppermost energy producing per unit mass (Akal et al., 2020; 

Gupta, 2008; Hassanpouryouzband et al., 2020). To deal with above mentioned major challenges, 

the production process should be well controlled, and costs should be decreased.  

Currently, industry hydrogen production is carried out by burning petrochemical products and 

using the process of water electrolysis.  However, producing hydrogen in such a way does not 

fulfill expectations in global air pollution. Instead, it is viable to use alternative methods with less 

damage to the environment. Hydrogen which is produced using renewable energy is called green 

hydrogen. Green hydrogen production encompasses the techniques where alternative energy 

sources such as geothermal, wind and solar are used to produce hydrogen. Such productions are 

still under development and has not been considered yet as a potential option for widespread 

industrial applications (Ayodele et al., 2020; Raka et al., 2020). 

The solar hydrogen producing methods. Currently, in the laboratory environment, hydrogen 

production is being developed using various above-mentioned renewable energy sources 

including sunlight. Hydrogen can be produced by photoelectrochemical (PEC), photochemical 

(PC), and photovoltaic – electrolysis (PV + E) techniques as seen in Figure 1.3.  
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Figure 1.3. Schematic design of solar hydrogen production methods.  

 

In the PC method, water reduction and oxidation take place in a single photocatalytic material. 

This material should possess good stability against photodegradation, should have an appropriate 

narrow band gap and suitable band alignment with water redox potentials for the prevention of 

electrons and holes from recombining. In the literature, PC systems are considered to be one-step 

photoexcitation systems, while PEC is a two-step system or Z-scheme due to the involvement of 

two different photocatalytic materials (Bin Adnan et al., 2018).       

The PEC water splitting is a method where a semiconductor material absorbs solar light and 

consequently generates electron-hole pairs to oxidize or reduce water. Hydrogen production in 

PEC allows easy separation of generated gases due to its suitable configuration. Such water 

decomposition via photocatalysis using three-electrode cells      was firstly reported by Akira 

Fujishima and Kenichi Honda in 1972, in their work devoted to study PEC properties of TiO2 

(Fujishima & Honda, 1972). Since then, many good photocatalyst materials have been discovered 

and developed. They offer a cheap and clean way of producing hydrogen fuel. However, PEC 

water splitting is far away from being used on a commercial scale due to low solar to hydrogen 

(STH) efficiency. It was predicted that if STH efficiency surpasses 10 % estimation, solar 

hydrogen generation might be a robust competitor of solar cells in commercial renewable energy 

enterprises (Sankir, N. D & Sankir, M. (Eds.), 2018).  

The current state of semiconductor photoelectrode preparation for solar hydrogen generation 

requires further development. Up to now, many strategies have been implemented: surface 

engineering, making composite materials, creating heterostructures, and doped nanomaterial 

preparation, etc. Surface engineering includes several surface treatments to modify nanomaterial 

surfaces. Implementation of modifications with ion beam irradiation and plasmonic nanoparticles 

in this thesis work are well known surface treatments for PEC photoelectrodes to enhance 
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photocatalytic efficiency. The PEC water splitting process can be facilitated using various 

catalytic strategies and co-catalysts.   

 

1.3 Thesis scopes: key objectives and novelty 

The main tasks of the thesis work:  

1. Synthesis and optimization of the WO3 photoelectrode for PEC applications.   

2. Implementing surface engineering by means of ion beam irradiation to WO3 photoelectrodes to 

boost photocatalytic activity. Developing strategies to successfully use pulsed ion beam 

irradiation to modify WO3 photoelectrodes. 

3. Studying pulsed ion beam irradiation induced noble metal thin films solid state dewetting. 

4. Developing new strategies for photocatalytic enhancement of WO3 photoelectrode using 

plasmonic nanoparticles and downconversion materials. 

5. Defect generation studies in WO3 thin films without substrate as result of pulsed ion beam 

irradiation. 

The novelty of the thesis work:  

1. Crystalline WO3 thin films successfully synthesized with magnetron sputtering method by 

optimizing deposition parameters and annealing conditions (thickness, oxygen partial pressure, 

deposition power, annealing environment, and temperature) for further usage in PEC 

photocatalysis. 

2. Investigation of the effect of intense pulsed ion beam irradiation on morphology, PEC activity 

and crystalline structure of amorphous and crystalline WO3 thin films.  

3. Development of new strategy for PEC enhancement of double-layer architecture WO3 thin 

films photoanodes with IPIB irradiation. 

4. Studying generation of plasmonic nanoparticles by solid state dewetting induced by intense 

pulsed ion beam irradiation. 

5. Developing light management strategies for PEC enhancement of WO3 using plasmonic 

nanoparticles and photoluminescent materials. 

6. Studying the intense pulsed ion beam irradiation effect on the WO3 thin films with decreased 

substrate effect.  

 

Thesis outputs. 

Journal papers: 
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1. Abduvalov, A.; Kaikanov, M.; Atabaev, T.S.; Tikhonov, A. Improving Photoelectrochemical Activity of 

Magnetron-Sputtered Double-Layer Tungsten Trioxide Photoanodes by Irradiation with Intense Pulsed Ion 

Beams. Nanomaterials 2022, 12, 2639. https://doi.org/10.3390/nano12152639. (IF 5.7). 

2. Alshyn Abduvalov, Marat Kaikanov, and Alexander Tikhonov. Solid-State Dewetting of Thin Silver Films 

into Spherical Nanoparticles under High-Current Pulsed Ion Beam Irradiation. ACS Omega 2023 8 (35), 31954-31961. 

DOI: 10.1021/acsomega.3c03743. (IF 4.132). 

3. Alshyn Abduvalov, Kamila Zhumanova, Marat Kaikanov, Timur Atabaev, and Alexander Tikhonov. The 

photoactivity enhancement of WO3 photoanodes using combined effect of plasmonic Au and photoluminescent Eu3+ 

doped Y2O3 NPs. (Submitted). 

4. Kaikanov, M., Nauruzbayev, D., Abduvalov, A., & Baigarin, K. (2023). Investigation of intense pulsed ion 

beam generation by a magnetically insulated ion diode at a reduced impedance. Vacuum, 217, 112496. 

https://doi.org/10.1016/j.vacuum.2023.112496. (IF 4.11). 

5. M Kaikanov, A Abduvalov. Improvement of Conductivity and Adhesion of AgNW Flexible Transparent 

Conductive Coatings by the Capillary Forces Effect and Polyvinyl Alcohol. Advanced Electronic Materials, 2024, 

2300876. (IF 6.2). 

 

2. WO3 thin films as photoelectrode materials for PEC photocatalysis and their 

modifications intense pulsed ion beam and plasmonic nanoparticles.  

 

2.1 PEC water decomposition. 

 

2.1.1 Theoretical concept. 

 

PEC as a concept involves electrochemical processes triggered by solar light. Those processes 

occur as a result of absorbance of light by photoelectrode material, when electrons undergo 

excitation from normally occupied levels to higher energy states by absorbing light photons. 

Some portion of absorbed energy might be transferred into lattice vibrations in the form of heat 

due to strong interaction between electrons themselves with lattice ions. Materials band gap 

defines absorbent photon energy.  

Electrochemical water splitting is a process in which water molecules can be decomposed by 

semiconductor material as a result of solar light absorption. Solar energy absorption provokes 

generation of electron-hole pairs inside the semiconductor material. Generated charge carriers 

diffuse through the semiconductor material and reach the semiconductor surface/interface to run 

chemical processes. Depending on the material's nature of being p or n type, holes or electrons 

separate and move to the surface of photoelectrode to oxidize or reduce water.  

In our work, we use three electrode PEC cells which are composed of a working electrode 

(semiconductor), Pt as a counter electrode, and reference electrode. Such configuration of cells 

https://doi.org/10.3390/nano12152639
https://doi.org/10.1016/j.vacuum.2023.112496
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=kBrmR1UAAAAJ&sortby=pubdate&citation_for_view=kBrmR1UAAAAJ:IjCSPb-OGe4C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=kBrmR1UAAAAJ&sortby=pubdate&citation_for_view=kBrmR1UAAAAJ:IjCSPb-OGe4C
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for studying PEC water splitting was firstly offered by Fujishima and Honda (Fujishima & 

Honda, 1972). It is suitable for driving oxygen or hydrogen evolution half-reactions on separate 

interfaces. Schematic illustration for n type material is given in Figure 2.1.   There are other 

configurations where two half reactions may occur at two sides of the same semiconductor 

material.  

 

 

Figure 2.1. Schematic design of the PEC water splitting in a simple cell consisting of a) 

photoanode and b) photocathode with metal Pt contact. 

 

Electron-hole pair separation can occur due to pn junction if photoelectrode consists of more than 

one layer of materials. Also, it can happen when external bias is applied to the circuit. After 

reaching the surface of an electrode, electrons or holes induce the reaction in electrolyte (acidic 

electrolyte, pH = 0) shown in Equations 2.1 - 2.3, to produce oxygen or hydrogen gas (Bard & 

Fox, 1995). 

Anodic reaction at pH = 0, 𝐸0
red =1.229 V vs NHE: 

 

2𝐻2𝑂 (𝑙𝑖𝑞𝑢𝑖𝑑) + 4ℎ+  ⇋ 4𝐻+ + 𝑂2 (𝑔𝑎𝑠)   Equation 2.1 

 

Cathodic reaction at pH =0, 𝐸0
red =0.00 V vs NHE: 
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4𝐻+ + 4𝑒−  ⇋  2𝐻2 (𝑔𝑎𝑠)    Equation 2.2 

 

Overall reaction at pH=0, 𝐸0 =0.00 V vs NHE: 

 

𝐻2𝑂 + 2ℎ𝜐 → 𝐻2 +  
1

2
𝑂2 (𝑔𝑎𝑠)   Equation 2.3 

If the electrolyte is basic (pH = 14), means concentration of the ions in solution is lower, OH- 

ions have more activity than H+ ions, while opposite can be observed in acidic media undergoing 

reactions shown in Equations 2.1 - 2.3. 

To define the impact of pH of the solution on standard potential 𝐸0, Nernst equation is used: 

 

𝐸 =  𝐸0 +  
𝑅𝑇

𝑛𝐹
𝑙𝑛 𝑙𝑛 (

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
)                 Equation 2.4 

 

where, 𝐸 is reaction potential, 𝐸0 is standard potential, 𝑅 is universal gas constant, 𝑇 is 

temperature in kelvin, n is number of transferred electrons per ion, 𝐹 is Faraday constant and 

𝑎𝑂𝑥/𝑎𝑅𝑒𝑑 is reaction quotient, e.g. activity of oxidized and reduced species (Rajeshwar et al., 

2008). If we use Nernst equation for standard conditions when 𝑇 is room temperature (298 K), 

then threshold potential for the water splitting varies at Nernst rate of - 0.059 V per pH 

(Rajeshwar et al., 2008). Considering this, photocatalytic activity measurements can be compared 

for various materials in electrolytes in reversible hydrogen electrode (RHE) scale, with      pH 

influence counted:  

 

𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 0.059 ∗ 𝑝𝐻    Equation 2.5 

 

where,  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0  is 0.205 V at room temperature (Ag/AgCl reference electrode in 3.5 KCl 

solution). 

If material is n type, e.g., photoanode, holes go to the surface and oxidize water and electrons go 

to Pt contact as shown in Figure 2.1. If material is p type, e.g., photocathode, electrons diffuse to 

reach surface and reduce water, holes go to Pt contact.  

 

2.1.2 Requirements for materials to be used as photocatalytic materials in water splitting.  
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There are many materials that show photoactivity, but only few of them can be used for PEC 

water splitting applications. Suitable semiconductor materials should possess several properties 

to be used as water decomposition materials.  

Firstly, the required material should have a suitable band gap that is larger than minimum water 

splitting energy (1.23 eV) to absorb more photons from the solar irradiation and properly aligned 

band gap edges relative to water decomposition potentials. Material’s CB minimum should have 

more negative value than HER potential and VB maximum should have more positive value than 

OER potential. 1.23 eV is minimum energy to water decomposition to happen at normal 

hydrogen electrode scale, but real-case process needs semiconductor material with band gap of at 

least 1.6-1.7 eV due to different losses.  

Secondly, less defects and favorable electrical conductivity of photoelectrodes are crucial 

properties that allow photo-induced charge carriers to be extracted and transferred.  

Thirdly, stability of photoelectrode materials in the aqueous environment is one of the big issues 

that scientists must be concerned about. Often many materials have poor stability against photo 

corrosion and photodegradation. To overcome this issue, protective and passivation layers should 

be investigated and used (Paracchino et al., 2011). Lastly, semiconductor materials for PEC water 

splitting should be robust and economically viable. 

Since the majority of n or p type materials do not meet all the requirements, it has been extremely 

challenging to identify viable water-splitting photoelectrodes due to these tight restrictions. 

Anyway, a long journey is expected to find a future material for being a potential photoanode that 

satisfies all those criteria. Materials must be thoroughly examined in terms of their atomic 

structure, electronic nature and must show better functional performance as photoelectrode in 

PEC cells.   

Metal oxide semiconductors (MOS) are a class of materials with weak electronic and optical 

properties compared to such photovoltaic materials as perovskites (Xu et al., 2019), dye 

sensitized solar cells (Sarkar et al., 2018), etc. However, abundance and prominent stability of 

MOS make them advantageous for usage as photoelectrode semiconductors in water splitting. 

Late developments in PEC solar water splitting encompass a variety of metal oxide materials. 

Recently, TiO2, WO3, BiVO4, CuO2, and their combinations with other materials have made the 

most progress among the most investigated materials in solar water splitting (Hamdani & 

Bhaskarwar, 2021). Materials including MOS with proper band gap and alignments are shown in 

Figure 2.2. It is seen that p type materials such as MoS2, CuO, Cu2O, etc. are suitable for 
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hydrogen evolution and n type materials including BiVO4, WO3, Fe2O3, etc. are best suited for 

oxygen evolution process. 

 

 

Figure 2.2. Band edges of semiconductor materials while contacting electrolyte of pH = 0 relative 

to vacuum level and NHE scale. Reprinted with permission from RSC. Ref.  (Tamirat et al., 

2016). 

 

Recent strategies for photocatalytic property enhancement of MOS. 

Some of the most recent approaches rely on using 2D materials in conjunction with TiO2, WO3, 

BiVO4, and CuO2 photoelectrodes (Masoumi et al., 2022; Rahmani et al., 2017). The main work 

should be devoted to decreasing the band gap from 2.6-2.8 to 2.4 eV using various strategies and 

shifting band gap edges to HER potential. Increasing electrical conductivity, improving charge 

separation via combining with other materials in tandem might considerably enhance STH 

efficiency. Band gap shifting or changing could be achieved by doping (Kalanur et al., 2020), 

surface modification (Markhabayeva et al., 2020; Y. Wang et al., 2013) and by making 

composites with other materials (G. Zheng et al., 2019).  

 

2.2 WO3 as photoelectrode for PEC water oxidation 

 

2.2.1 WO3 and its forms  

 

Pure WO3. Among MOS WO3 has undergone significant research studies for improving its 

structural, morphological, optical, electrical, and catalytic properties to be used as photoelectrode 

in solar water splitting (Costa et al., 2022). Pure WO3 has a band gap around 2.6 eV (H. Zheng et 

al., 2011), comparable stability (Costa et al., 2022; Dias et al., 2016; Sarnowska et al., 2016) and 
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cheaper synthesis cost to utilize in PEC. Band gap structure represents difference of valence 

maximum (mostly filled with O2p orbitals) and conduction band minimum (empty W5d orbitals) 

(Hjelm et al., 1996, p. 3). Nevertheless, such a wide band gap, poor charge transport/separation 

characteristics, and far low position of valence band edge from OER potential substantially limit 

extensive implementation in effective production of oxygen gas (Shandilya et al., 2022; Y. Wang 

et al., 2019). 

The photocatalytic property of WO3 was first published by Gary H et al. in 1976 by measuring 

photocurrent generation on illumination of photoelectrode (Hodes et al., 1976). The 

stoichiometry of WO3 is constructed from corner and edge allocation of WO6 octahedra. 

Depending on distortion (tilt angle and rotation direction) from WO6 octahedra it might possess 

polymorphism in crystalline structure and exhibit the following phase structures: cubic (c-WO3), 

hexagonal (h-WO3), triclinic (δ-WO3), orthorhombic (β-WO3), tetragonal (α-WO3), monoclinic II 

(ε-WO3) (Gutpa et al., 2022; X. Liu et al., 2012; Migas et al., 2010, p. 3; Ramana et al., 2006; H. 

Yang et al., 2019) and the most favorable for catalytic reactions is monoclinic I (γ-WO3) (de 

Respinis et al., 2013; Fàbrega et al., 2016; Shabdan et al., 2020). Phase transitions are dependent 

mostly on annealing and cooling conditions as well as surface morphology treatments (Righettoni 

& Pratsinis, 2014). Optoelectronic properties and photocatalytic activities of WO3-based 

photoelectrodes are significantly affected by oxygen-deficiency (non-stoichiometric) (Bandi & 

Srivastav, 2021; Huang et al., 2015; Song et al., 2015; Yan et al., 2015), crystallographic grain 

size distribution (Gullapalli et al., 2010; Vemuri et al., 2012), coating thickness (Apolinário et al., 

2019), phase structure and impurities of other elements (doping) (Kalanur et al., 2020; Zych et 

al., 2022b). 

Optical features of WO3 can be tuned if exposed to various physical and chemical stimulations: 

thermal treatments, light irradiation, applied electric bias, and various reducing gases (Boateng et 

al., 2022; S. Wang et al., 2018). Based on those facts, WO3 and its non-stoichiometric forms 

(WOx) are widely involved for the preparation of multifunctional materials with chromism effects 

(Lee et al., 2006; Y. Zhao et al., 2022), and gas sensing properties (Hwan Cho et al., 2022; 

Mirzaei et al., 2019). Its chromism property gives opportunity to implement it in a range of 

applications as light filter windows, segmented or pixel displays, etc. in industry and for 

household needs (Gu et al., 2022; Y. Li et al., 2018; L. Wang et al., 2023).       

Physical, chemical characterizations and photocatalytic activity of WO3-based photoanodes can 

also be modified by doping, e.g., by ion intercalation. The eventual condition of the ultimate 

photoanode material can be affected by numerous doping-related parameters. Doping brings 
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about complex phase alterations that are not monitored in stoichiometric WO3. Intercalation of 

ions causes origination of additional impurity states in WO3 and leads to the shifting of the 

material’s conduction and valence edges (Kalanur, 2019, p. 3; Kalanur et al., 2020). 

Nevertheless, many reports maintain crystalline phase stability of WO3 for induced oxygen 

vacancies and crystalline structure defects (Kalanur et al., 2019; Song et al., 2015). Sometimes, 

WO3 might have a single stable pure phase or a mix of monoclinic-hexagonal phases after doping 

(Kalanur et al., 2020). Locations of doped impurities within the lattice structure inside the host 

material also depend on dopants being either transition metal ions, alkali metal ions or alkaline 

earth metal ions. For instance, transition or post-transition metal dopants undergo substitution at 

lattice positions (Chandrasekaran et al., 2019; Kalanur et al., 2017, 2018, 2021; Kalanur & Seo, 

2018), whereas alkali metal ions like Li+, Na+  and alkaline earth metal such as Ba2+ also take 

positions in interstitial cavity (Hjelm et al., 1996, p. 3; Kalanur & Seo, 2019). Most latter 

mentioned works confirm that introduced impurity inside the WO3 may induce additional oxygen 

vacancies, may contribute additional electrons to the conduction band of WO3 and may change 

crystalline phases depending on the dopant element radius.       

Oxygen deficient WO3-x. As mentioned before, WO3 lattice can bear an abundant number of 

oxygen vacancies. This feature allows fabrication of non-stoichiometric, oxygen deficient WO3-x 

thin films. The presence of oxygen vacancies can boost photocatalytic properties of 

photoelectrode by increasing conductivity and decreasing photoelectrode band gap (Bandi & 

Srivastav, 2021; Bao et al., 2017; Yoon et al., 2011). Visual appearance of WO3-x thin films 

differs from pure WO3 in the sense that they possess enhanced absorbance for the wavelengths 

longer than 480 nm in visible range of light (Yan et al., 2015). Such enhanced absorbance on 

WO3-x materials is assigned to the creation of additional states by oxygen vacancies right under 

the conduction band of semiconductor and furthermore, assigned to LSPR effect induced by 

oscillation of excess free electrons in conduction band of oxygen deficient WOx (Yan et al., 

2015). However, they have a transmission slot in the blue-green region of the spectrum which 

makes them light-green or olive grab in appearance (Woodward et al., 1997; H. Zheng et al., 

2011). 

WO3 Hydrates. Recently, hydrated WO3 photoelectrodes have been broadly implemented in 

photocatalysis for their better charge transfer and splitting properties and unique structure with 

water intercalation (WO3⋅nH2O) (Jaiswal & Choudhury, 2022). There are several most studied 

types of hydrated WO3 with various phase structures and different bonding of water molecules 
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with WO3 lattice positions:  WO3·2H2O (dihydrate), WO3·H2O (monohydrate), WO3·0.5H2O 

(hemihydrate), and WO3·0.33H2O (H. Zheng et al., 2011).  

 

2.2.2 Synthesis of WO3 

 

Solution-phase synthesis. WO3 and its oxygen deficient counterparts can be obtained by 

uncomplicated and fast solution-phase methods such as hydrothermal, sol-gel, and solvothermal 

(Azam et al., 2018; Ghazal et al., 2022; Hu et al., 2020; Y. Wang et al., 2021; M. Yang et al., 

2021). They allow to synthesize nanostructures with diverse shapes: nanorods (Nakate et al., 

2021), nanoparticles (D. Zhang et al., 2019), nanosheets (Yu et al., 2022), plate-like (Jamali & 

Shariatmadar Tehrani, 2020), hollow-microspheres (Y. Wang et al., 2021), nanoflowers (L. Zhao 

et al., 2020).   

Among all, the sol-gel spin-coating method gives scalable straightforward deposition of 

homogeneous, ultrathin thin films for usage as photoanode in PEC (Chen et al., 2018; Sang & 

Kim, 2022). B. Chen et al. deposited thin film thickness of as thin as 10-15 nm from one layer 

sol-gel spin-coating of prepared solution (Chen et al., 2018). Spin-coating parameters such as 

rotational speed, rotation time, rotation increasing ramp, and number of layers can be justified to 

deposit thin film with desired thickness and homogeneity. It's interesting to note that the coupling 

of the sol gel spin-coating method with a subsequent solvothermal procedure creates a path for 

the fabrication of nanorods and tilted nanocolumns as well as other heterojunctions onto the spin-

coated seed layer (Su et al., 2011; J. Zhang et al., 2015). Such nanostructures boost light trapping 

by increasing light pass through the material by scattering, increase surface area at electrode-

electrolyte interface, facilitate charge separation by creating junctions, and ultimately promote 

photocurrent conversion efficiencies in PEC. 

Vapor-phase synthesis. Vapor-phase deposition techniques are divided into two categories in this 

context: chemical vapor deposition (CVD) and physical vapor deposition (PVD). Those methods 

cover sputter deposition, electron beam evaporation (pulsed e-beam), laser beam evaporation 

(pulsed-laser), molecular beam epitaxial growth method, etc. CVD methods have long scale 

usage in semiconductor preparation and include atomic layer deposition (ALD), CVD tube 

furnace deposition, etc. Overall, the advantages of vapor-phase synthesis include complete 

control over film growth during deposition, wide area thin film synthesis, ideal homogeneity and 

good adhesion of films, possibility of low temperature deposition, reproducibility of films, 
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minimization of human interaction (Guerin & Hayden, 2006; Reichelt & Jiang, 1990; 

Shishkovsky & Lebedev, 2011).    

PVD vapor-phase synthesis often requires a high or ultra-high vacuum environment that prevents 

collisions of evaporated or sputtered ions with chamber atmosphere constituents, to reduce thin 

film contaminations during the growth. Consequently, the cost of such equipment, supporting 

facilities, supplementary components and maintenance services make it economically inadequate.  

Despite this, numerous papers report WO3≤x photoelectrodes obtained by PVD methods with 

good quality and superior performance for miscellaneous applications (Gutpa et al., 2022; Najafi-

Ashtiani, 2019). Most of the time, during the PVD operations, the substrate temperature has a 

significant impact on the thin film properties (Chaabouni et al., 2004). Each PVD method can be 

divided into subclasses where they differ from one another with distinguishable characteristics. 

For instance, magnetron sputtering with direct current (DC-MS), magnetron sputtering with radio 

frequency (RF-MS), dual MS, magnetron sputtering with high power impulse (HiPIMS) (Lou et 

al., 2022), unbalanced-balanced MS (Svadkovski et al., 2002), etc.  

DC-MS allows to fabricate WO3≤x coatings reactively from a tungsten target. Reactive DC-MS 

deposition means employment of reactive gas for the process. Our results in the following 

chapters show that room temperature DC-MS coatings of WO3≤x exhibit homogeneous thin films 

with amorphous nature. The coating of WO3≤x thin film with DC-MS method begins in a 

chamber (initially high-vacuum) which contains an atmosphere of non-reactive noble gas such as 

argon. Then, reactive gas, oxygen, is sent      into the chamber. Schematic representation is given 

in Figure 2.3-a. As a result of applied bias voltage, electrons start to escape the target material 

(cathode) and move through the generated electric field to reach the second electrode (anode). 

However, as in most planar magnetrons, magnetic fields near the target material and its 

perpendicular arrangement with electric fields force electrons to undergo cycloidal drift and be 

confined in the vicinity of the surface of target material (Figure 2.3-b). Confined electrons collide 

with gas molecules by ionizing them and creating plasma (Figure 2.3-c). Heavy gas ions affected 

by electric fields begin bombardment of the target material surface and enter target material 

(tungsten) by making collision cascades inside. Accordingly, three particle types alter their 

momentum with impending gas ions: target material ions, secondary electrons, and neutral atoms 

of target material. Target material ions cannot escape proximity to the      surface due to the 

electric field and come back to punch the target. Secondary electrons are also imprisoned near the 

surface and participate further in ionization of gas molecules. Neutral atoms of target material 

will not be affected by anything and go through the schematically arranged path to land on 
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substrate material. Despite such harmony, contamination of target material surface and substrate 

is inevitable, and it is called target poisoning. Target poisoning often happens when the reactive 

gases are involved and to avoid this effect, target plasma cleaning is needed before each process 

or a pulsed regime should be used.  

The sputtering process regime in which incident material ions land      onto a substrate under 

specific angle (angle between substrate and its normal is less than 90°) is called glancing angle 

deposition (GLAD) regime. GLAD is a versatile method for controlling the growth shape of WO3 

by means of shadowing effect (Ai & Zhao, 2018). Regulating substrate holder rotation under the 

GLAD regime helps to produce columnar (Ollitrault et al., 2015), nanorod (Pihosh et al., 2015), 

helix (Figueroa et al., 2007), etc. shaped WO3 nanostructures. For the confirmation, recent work 

of S. Limwichean et al. reports precise control of morphology and influence of GLAD angle on 

PEC performance of WO3 photoelectrode (Limwichean et al., 2021).   

 

 

Figure 2.3. Schematic diagram of a) DC-MS process, b) cycloidal drift of electron and c) plasma 

created by sputter deposition.         

 

Other synthesis methods. There are other ways to create WO3-based materials: electrochemical 

methods, using templates, meshes or pre-treated substrates.   

Anodization and electrodeposition are two electrochemical methods widely used for WO3≤x 

synthesis. Anodization is performed in an electrochemical cell system by applying bias between 
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two electrodes, which one is anodic metal that oxidizes to create pure and non-stoichiometric 

tungsten-based oxides (Fernández-Domene et al., 2023; Zhu et al., 2014). Mohammad B. R. and 

co-workers fabricated WO3 hydrogen gas sensors from pre-sputtered W film on quartz substrates 

by anodization (Rahmani et al., 2017). Marta Zych et al. investigated that anodization allows co-

doping of WO3 with C, N and opens a way to tune its photocatalytic activity by managing applied 

bias voltage and electrolyte ion concentration (Zych et al., 2022b). Report by Tao Zhang et al. 

also confirms significance of anodization temperature and voltage on changing porosity of 

created thin films (T. Zhang et al., 2020). Hydrated monoclinic WO3·2H2O nano platelets as 

powders were successfully obtained by Shizhao Wu et al. using ethylene glycol (EG) in 

electrolyte (Wu et al., 2019). 

As for electrodeposition, WO3-based materials are produced by gathering tungsten ions on 

substrate acting as working electrodes in three electrode cell systems, and in the electrolytes that 

contain sodium tungstate (Demir, 2020), tungstic acid (Mandlekar et al., 2023), and other 

precursors. In electrodeposition, as in last cited references, the process time, substrates contribute 

significantly to film properties. 

Utilization of pre-prepared templates, differently shaped meshes, and pre-texturing for WO3 

synthesis gives additional opportunity for light management (Martins et al., 2022), thin film 

porosity (Yanagishita et al., 2022). Recently, Xueming Dang et al. discussed synthesis methods     

, importance, and future application perspectives of WO3-based inverse opal photonic crystals 

(Dang et al., 2021). Such porous material with unique characteristics is prepared by filling 

specially designed templates with relevant precursors and subsequently removing templates with 

dissolving process or chemical corrosion. 

Ultimate synthesis pathways for industrial scale should be economically viable, fast and should 

support preparation of photoanodes of large area. 

 

2.3 Modification methods of WO3≤x for PEC photocatalysis.  

 

Overall, WO3≤x structures and their composites might have amorphous or crystalline nature after 

synthesis. For PEC applications it is favorable to utilize crystalline phased WO3≤x due to their 

narrow band gap. Amorphous or crystalline WO3≤x photoelectrodes are often subjected to 

diverse annealing, irradiation approaches and composite making strategies for the photocatalytic 

application purposes.  
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2.3.1 Modifications with annealing 

 

Post-synthesis annealing leads to crystallization to a particular lattice phase by WO3≤x. Important 

to note that annealing temperature, atmosphere, temperature ramp, annealing time, cooling rate 

and time considerably influence consecutive material’s photocatalytic nature (C. Ng et al., 2013; 

Roselló-Márquez et al., 2020). Additionally, texturing can be carried out by different annealing 

scenarios to make high-performance photoactive single crystal WO3≤x, or to induce more stable 

facets for photocatalytic activity (M. Yang et al., 2021; J. Zhang et al., 2015). Up to now, most 

annealing methods include annealing in ordinary furnace, rapid thermal annealing, annealing 

with flash lamp, and hot plate annealing (Efkere et al., 2021; Jiang et al., 2020).  

 

2.3.2 Modifications and synthesis with laser-based technology.   

 

Laser beam synthesis and modifications in pulsed or continuous regimes might be performed to 

synthesize WO3≤x thin films or alter their properties after fabrication (Di Fonzo et al., 2006). 

Pulsed laser deposition (PLD) approach involves exposing metallic tungsten to laser beams of 

pulse duration of 10-15 ns or7ns in chambers with different atmospheric conditions in order to 

induce WO3≤x phases (Besozzi et al., 2019; Dellasega et al., 2015). Photoactivity of most PLD 

created nanomaterials, as in DC-MS, is dependent on oxygen partial pressure, for instance, Sun 

Shin et al. created tree-like WO3 photoanodes at 100 mTorr chamber O2 partial pressure that 

showed better photocatalytic performance after subsequent annealing (Shin et al., 2015).  In 

2012, Chao Zhang et al. studied WO3≤x by exposure to laser irradiation for the improvement of 

gas sensing properties (C. Zhang et al., 2012). Recently, Sainan Ma and co-workers used laser 

beams for drilling of WS2/WO3 heterostructure to create porous structured electrodes for 

photocatalysis (S. Ma et al., 2017). 

 

2.3.3 Modification with ion beam irradiations.  

 

Synthesis or annealing can be followed by ion beam irradiations to modify surface or bulk nature 

of nanomaterials. Previous reports show the possibilities of using ion beam irradiations for the 

modification of WO3≤x for studying photocatalytic activity (Kozlovskiy et al., 2021), 

ferromagnetic properties (X. Zheng et al., 2021), gas sensing properties (Ram et al., 2020), etc.  
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Overall, modifications with ion beam irradiation can be divided into several types depending on 

ion-nanomaterial interactions: ion implantation, annealing, sputtering, defect generation and 

engineering (X. Wang et al., 2020). Those modifications make it possible to create 

heterostructures, various type nanostructures, and band gap tuning and change of opto-electronic 

properties of materials. 

Particularly, ion beam irradiation is used for the implantation of element atoms into a host 

material to alter its properties. Implanted elements induce additional electronic states in the host 

material and change its electronic, optical, etc. properties and tunes band gaps (Anpo et al., 2001; 

Yamashita et al., 2003, p. 2). Ion implantation via irradiation is an easy and efficient doping 

method compared to chemical doping since chemical doping needs suitable precursors and has 

other limits.       

Sputtering processes take place on ion beam irradiation of material along with annealing or 

implantation. It may be used to clean up or modify the surface of the material for further 

integration      into various applications.  

Defect generation and engineering can be done using irradiation methods with ion beams. Ion 

beam induces point defects, dislocations, vacancy creations or amorphization processes in the 

relevant material. In the most oxide-based materials, ion beam irradiation leads to oxygen 

vacancy generation, which is the most widespread point defect favorable for many applications.  

Oxygen vacancy creation occurs when energetic ions go deep into the WO3 material and 

penetrating ions knock out O or W atoms from their equilibrium lattice locations. This provokes 

creation of vacancies inside the material. Ion energy, fluence and type can be governed to induce 

a proper type or number of vacancies. Very recent study by Yuki Nakagawa et al. revealed that 

irradiation by He+ and Ar+ ions with fluence of 1016 ions/cm2 (100 keV) induces oxygen 

vacancies in WO3≤x (Nakagawa et al., 2022, p. 3). Oxygen vacancy creation was also confirmed 

by Xudong Zheng et al. in their work on irradiation WO3 with Ar+ ions (130 keV) (X. Zheng et 

al., 2021). As mentioned previously, optimum concentrations of oxygen vacancies in PEC 

photoelectrodes have a positive effect on photocatalytic activity (Tan et al., 2014). Artem L. 

Kozlovskiy et al. studied low-energy helium ion irradiation of WO3 microparticles for usage as 

catalyst in the decomposition of Rhodamine B and it was revealed that He+ irradiation increases 

photocatalytic activity (Kozlovskiy et al., 2021). Non-optimized, excess number of oxygen 

vacancies might act as recombination centers for electrons and holes in PEC.  

Annealing via ion beam irradiation occurs while energetic ions strike the material surface and 

give their kinetic energy to the surface layer by increasing temperature. Using high-current ion 
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beams, it is possible to achieve annealing temperature rise by hundreds or thousands of degrees 

(Remnev et al., 1999). Annealing in such a way may induce phases recrystallization in the 

material.    

Ion beam irradiation with relatively low ion beam intensity is extensively used to modify WO3 

for PEC applications, while effects of IPIB irradiation, to the best of our knowledge, were not yet 

studied Theoretical concepts, interactions and subsequent consequences of ion beam irradiations 

are broadly discussed in the next section. 

 

2.4 Modification of materials with Ion beam irradiation 

 

Ion beam irradiation. In general, ion beam irradiation of materials can be categorized into low-

energy (several keV), medium-energy (from 10 to MeV), and high-energy (more than MeV) 

irradiations depending on energy per nucleon (Xiang et al., 2021). In addition, ion beams can be 

of relatively low current, resulting in the rise of annealing temperature by just a few degrees, or 

the high current ion beams – leading to the temperature rise of hundreds or thousands of degrees. 

During the irradiation process, upcoming ions having specific energy undergo electromagnetic 

interaction (Coulomb interaction) with each atom of the nanomaterial lattice (X. Wang et al., 

2020). As a result of interaction, elastic or inelastic collisions and energy exchange may occur 

between incident ions and lattice atoms or electrons. Consequently, penetrating ions induce 

several modifications in material lattice by making collision cascades as demonstrated in Figure 

2.4: doping, vacancy creation, interstitial exchange as well as substitutional location exchange 

between ions and lattice constituents. All of those modifications alter material’s optoelectronic, 

structural and morphological properties.     
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Figure 2.4. Schematic demonstration of collision cascades and lattice modifications induced by 

ion irradiation.         

 

Furthermore, point defects in the form of vacancies or interstitial dopants may diffuse through the 

material lattice structure and cause generation of lattice distortions and dislocations. Creation of 

dislocation-defects (dislocation -loops, -lines) often arise from formation, accumulation, and 

again breaking up of vacancies and interstitial defects as ion interacts with the material 

constituents (Sivakumar et al., 2007). Lattice dislocations can be type of edge dislocations and 

screw dislocations or mix (Introduction to Dislocations, 2011). Depending on concentration of 

such dislocations, photoactivity of photoanode can be tuned. In the very recent work of Sihan Ma 

et al. BiOI nanosheets were obtained and irradiated with N+ ions, after which they observed high-

concentration of lattice line dislocations in BiOI nanosheets that caused photocatalytic property 

enhancement (2.5*1015 ions/cm2, 300 keV) (S. Ma et al., 2023). In our experiments on WO3 thin 

films, we observed the dislocation presence after IPIB irradiation of WO3 under TEM imaging 

which we broadly discussed in upcoming chapters. Ion induced clustering and migration of point 

defects may further lead to the creation of dislocation loops or voids (Hwang et al., 2016). Fast 

temperature increase/decrease and ion beam action induce various morphological and structural 

alterations in WO3.  
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Intense Pulsed Ion Beam Irradiations. IPIB irradiation is one-pulse high current ion beam 

irradiation process in which energy is transferred within the time slot of 10-100 nanoseconds 

inducing ultra-fast annealing of irradiated materials.       

Three main phenomena or their combinations may arise in the vicinity of the surface of solid 

material while it is irradiated with short intense ion beams: thermal influence, thermal influence 

with mass transport, and shock wave creation (Piekoszewski & Langner, 1991). During the 

thermal influence, one-     pulse ion irradiation delivered energy converted into the heat by raising 

temperature to the several hundred Celcius degrees.  For the second case, the ion beam thermal 

effect is combined with mass transport and should have an ion beam dose from 1014 to 1018 

ions/cm2. Therefore, those doses are enough to make doping, create vacancies and dislocations or 

change structural composition in the host material. Shock wave creation leads to rebound or 

evaporation of irradiated part of material from the surface because of newly generated pressure 

pulses. Occasionally, generation of pressure pulses by shock waves may occur with only quick 

expansion of irradiated parts of material without evaporation (Piekoszewski & Langner, 1991).       

There are several uses for pulsed ion beam irradiation, including nuclear fusion and plasma 

physics research, semiconductor manufacturing, and materials science. It may be used to alter the 

surface characteristics of materials, make nanostructures, thin films, and research how materials 

behave in harsh environments (Solovan et al., 2023).  

 

 

 

2.5 Plasmonic NPs and their applications in PEC 

      

Incorporation of co-catalysts into PEC photoanodes is a one of the good strategies to increase 

efficiency of water splitting      (Rosman et al., 2022).  Briefly, the main function of co-catalysts 

is supply of more catalytically active sites that need lower activation energy for chemical 

processes than bare photoelectrodes. Plasmonic nanoparticles as the one of co-catalysts, might be 

directly deposited onto semiconductors or incorporated within semiconductors and take part in 

many processes.  

Nanoscale particles of noble metals such as gold, copper or silver have unique properties due to 

their plasmonic effect while interacting with incident ultraviolet (UV) and visible (VIS) 

electromagnetic waves. Surface plasmon resonance (SPR) or localized surface plasmon 

resonance (LSPR) occurs when valence electrons of noble metals oscillate collectively in 
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resonance with the frequency of incident photons. Resonant photon wavelengths strongly depend 

on noble metal nature, size, and shape (Marhaba, 2018). By managing the shape, size and type of 

metal nanoparticles, it is possible to fabricate nanoparticles with plasmonic effects that cover the 

whole solar spectrum (Jain et al., 2008) for further usage in solar cells, water splitting, etc.       

SPR happens frequently on the surface of thin metal films, whereas LSPR is induced in metallic 

nanoparticles of various shapes as shown in Figure 2.5. SPR or LSPR is described by a non-

uniform, intensive and oscillating electric field in the vicinity of thin films or NPs.   

 

 

Figure 2.5. Schematic illustration of the a) SPR and b) LSPR effects around metallic NP as it 

interacts with light.  

 

Interest in using plasmonic NP co-catalysts with photoelectrodes is shown due to the SPR 

properties of plasmonic nanostructures that enhance light absorbance of electrodes in visible 

range. A variety of mechanisms in which plasmonic nanoparticles might interact with 

semiconductor materials are well discussed in many reports and include hot electron supply, 

surface plasmon resonance effect for electron-hole creation (near field mechanism) and scattering 

of incident light and its concentration for trapping inside the material (Abouelela et al., 2021; 

Atabaev, 2018; J. Li et al., 2021).       

Direct charge injection or hot electron supply mechanism. In this mechanism, plasmonic metal 

nanoparticles embedded in semiconductors absorb photon energy from light irradiation and 

directly transfers energetic charge carriers to the semiconductor (Gomes Silva et al., 2011; Hou et 

al., 2017). This electron transfer mechanism works if plasmonic NPs and photoelectrodes are in 

touch with each other supporting quick transfer of electrons. For the process to occur, electrons 

should possess enough energy to overcome the energy barrier (Schottky barrier) that is present at 

plasmonic metal NP/semiconductor interface (B.-T. Zhang et al., 2017). 
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Near field mechanism. There have been increases in photocatalytic properties of photoelectrodes 

while having plasmonic NPs located in the vicinity that are not in direct contact. SPR induced 

photocatalytic boost arises in cases of plasmonic NPs/photoelectrode separation with thin film of 

other materials or dielectric spacers. In these cases, photocatalytic enhancement occurs due to 

near field mechanisms or light scattering. The near field mechanism is described by the 

generation of spatially non-homogeneous electric fields around plasmonic NPs by oscillating free 

electrons in plasmonic metal NPs due to interaction with light. The intensity of these fields 

decays exponentially as distance from NP increases. The highest intensity of these fields is 

present at the surface of plasmonic NPs. When photoelectrode material is brought into the 

vicinity of plasmonic NPs it encounters these intense fields. It is known that electron-hole 

generation rate for a semiconductor material is dependent on the local power of the electric fields 

(Z. Liu et al., 2011). Consequently, extreme presence of built-up electric fields around plasmonic 

NPs boost photocatalytic rate at the interface between NPs and semiconductors (D. Liu & Xue, 

2021). Plasmonic NPs are frequently deposited on the surface of photocatalytic materials. This 

highlights the fact that towards the surface as opposed to the bulk bottom region, the electron-

hole separation rate of photocatalytic material is higher. This fact increases the probability that 

holes or electrons will successfully generate oxygen or hydrogen by allowing them to go to the 

surface quickly.       

Light scattering mechanism. If bigger plasmonic NPs are embedded into semiconductors, 

resonant photon scattering may take place (Evanoff & Chumanov, 2005). By trapping and 

lengthening the average path of input photons, those NPs' primary function can be considered as 

scattering light further into semiconductors. In this mechanism, there is a higher chance that 

trapped photons will engage in photocatalytic activity.    

Designing the right alignment of plasmonic NPs connected to semiconductors is crucial for the 

mentioned mechanisms, in addition to size, shape, and composition. To achieve the best results, 

particle to particle distance, which affects the strength of the electric field, and particle to 

semiconductor distance, which affects photocatalytic characteristics, must be carefully planned 

and coordinated (Linic et al., 2011).    
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3. Experimental methods  

 

3.1 Equipment used for synthesis and annealing of thin films.   

 

In current work, DC MS was carried out using the Kurt Lesker magnetron system as seen in 

Figure 3.1-a with target-substrate distance of 13 cm. This magnetron system can provide a high 

vacuum condition before deposition and support two gas systems for Ar and O2/N2 gases.  

Spin-coating depositions were done using a spin coating system. Figure 3.1-b shows Brewer 

Science tool used for spin-coating of thin films and NPs on various substrates. Varying 

parameters such as spin-coating rotational speed, rotation time and speed ramp, it is possible to 

control thin film thickness. Figure 3.1-c shows RTA system MILA 5000 that was used for thesis 

work. It allows to anneal the nanomaterials up to 1000 °C with the increasing ramp up to 50 °C/s.  

 

a 

 

b 

 

 

c 

 

 

Figure 3.1. The pictures of a) the Kurt Lesker magnetron system, b) spin coating system and c) 

RTA system that were used for this thesis work. 

 

3.2 “INURA” accelerator facility characteristics.  

      

In current work, IPIB irradiation was carried out for the modification of amorphous and 

crystalline, or double-layer WO3 coatings as well as as-deposited Ag thin films with various 

thicknesses. For that, the Innovative Nazarbayev University’s Research Accelerator (INURA) 

high-current pulsed ion accelerator was used (Kaikanov et al., 2016). The INURA accelerator is 

an economically viable and adaptable system that can generate 100 ns high current proton ion 

beam pulses accelerated up to 400 keV. The proton ion beam current can reach up to the 10 kA 

reaching the current density up to 400 A/cm2. The overall view of the accelerator is given in 
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Figure 3.2. Accelerator has accessory systems such as water cleaning and preparation system, gas 

system, automatic controlling system and pumping system. 

 

 

Figure 3.2. The INURA accelerator. 

 

3.3 Beam formation in INURA accelerator and surface modification of WO3 thin films.  

 

Modification for all samples is performed in the accelerator diode chamber (Figure 3.2) under 

high vacuum conditions at working pressure of 0.8 kPa. In the chamber, the target material, 

which is going to be irradiated, is placed in front of the diode with focusing geometry where ions 

are generated and accelerated. Shortly, the energy is accumulated in the 3 μF capacitor bank and 

then given to the Blumlein (pulse generator) via pulse transformer. The Blumlein's highest 

charging voltage ranges from 180 to 200 kV. Subsequently, N2 gas containing spark-gap in 

Blumlein gives self-breakdown. The high-voltage pulse is given to the B-applied ion diode via 

transmission lines and the step-up transformer. Flash-over discharging happens on the surface in 

the vicinity of the anode made up of copper covered with a polymer dielectric when subjected to 

such a high applied voltage pulse. Furthermore, due to the influence of the similar second voltage 

pulse, ions are taken from the flashover discharge plasma and accelerated through the gap 

between anode and cathode gap of the ion diode where there are no magnetic field lines.  

 

 



 

38 

3.4 Photoanode thin films characterization techniques.  

 

3.4.1 X-Ray Diffraction 

      

XRD is a non-destructive method used for analysis of atomic crystalline structures and physio-

chemical properties of thin films by detecting scattered from the sample X-ray beams at specific 

angles (Hammond, Christopher., 2015). Principle of XRD analysis is based on Bragg’s formula: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 

where n is reflection order, 𝑑ℎ𝑘𝑙 is distance between planes of the crystalline lattice indicated by 

Miller indices, 𝜃 is angle of incidence of X-ray beam, 𝜆 is wavelength of beam equivalent to the 

crystalline lattice spacing (Hammond, Christopher., 2015). Constructive interference of the 

reflected beams from lattice planes gives the highest intensity in detector at specific 𝜃  angle. The 

real reason for the scattering is due to electrons in the lattice.  

 

3.4.2 X-Ray Photoelectron Spectroscopy 

 

XPS is a method for analyzing the surface of thin films to determine their chemical states as well 

as elemental composition by using photoelectric effect principles (Watts, John F., and John 

Wolstenholme, 2019). The working principle is described by an X-ray beam directed to the 

surface of the sample where it ejects core electrons of atoms comprising the material. After, 

kinetic energy and numbers of ejected electron are detected by the XPS machine detector and 

analyzed to construct XPS spectrum. Binding energies 𝐸𝑏 of the peaks in spectrum are individual 

for specific element and can be obtained by the following formula: 

𝐸𝑏 = ℎ𝜐 − 𝐸𝑘 − 𝜙 

where 𝐸𝑘 is electron kinetic energy, ℎ𝜐 is energy of incident X-ray photons, 𝜙 is equipment work 

function (equipment correction factor) (Watts, John F., and John Wolstenholme, 2019).  

      

3.4.3 Ultraviolet-Visible Spectroscopy 

 

UV-VIS spectroscopy is a spectroscopic technique for measuring optical characteristics of thin 

films in ultraviolet and visible regions of the electromagnetic spectrum. While radiation in UV-

VIS region interacts with thin films, particular processes can happen such as reflections, 

scatterings, absorbing, fluorescent absorbance and re-emittance, photon induced other chemical 

reactions. Commonly, absorbance is obtained when measuring the sample with UV-VIS 
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spectroscopy. Absorbing processes happen when electrons in atoms take incident photon energy 

and are excited to high energy states. In the case of semiconductor thin films, UV-VIS 

spectroscopy suggests the simple method to determine the band gaps of the materials. Since, it 

examines electronic transitions concerning valence and conduction bands of semiconductor thin 

films. However, optical properties data obtained by UV-VIS spectroscopy do not always give 

exact band gap estimation due to several factors such as exciton dissociation energies, d-d 

transitions that can be considered as electron transformations rather than transitions, and phonon 

interactions. Even though the elaboration of optical properties is dependent on many factors, 

better understanding of optical band gaps for semiconductors is reachable with UV-VIS 

spectroscopy. Obtained optical data can give information about the band gap of thin films based 

on the Tauc method (Makuła et al., 2018).  

      

3.4.4 Transmission Electron Microscopy 

 

TEM is an electron microscopy method that images using      transmitted electrons that propagate 

through      a very thin sample (Brandon & Kaplan, 2010). Its high resolution can be used      to 

image crystallographic lattice plane orientations, dislocations, grains with their boundaries and 

defects. Additionally, diffraction patterns obtained by TEM can give information about the 

crystallographic structure of thin film and its corresponding lattice plane indices. 

 

3.4.5 Scanning Electron Microscopy 

 

SEM is a microscopic technique that images surface landscape of the thin films in high vacuum 

conditions by visualizing with focused electron beams. The signals that are detected either 

secondary electrons which were ejected by incident electrons from the sample surface or 

backscattered electrons which are reflected (Reimer, 1998). Along with secondary or 

backscattered electrons, electron-matter interaction includes signals such as characteristic X-rays, 

cathodoluminescence, transmitted and diffracted electrons. Surface topography of some non-

conductive samples may need additional covering with thin conductive layers of metals for better 

imaging due to charging effects at      the sample surface. 
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3.5 Photocatalytic activity measurement techniques 

 

All the PEC measurements are done using the three-electrode cell - 5 ml inner volume, made-up 

of polytetrafluoroethylene, quartz window 20 mm in diameter with Ag/AgCl reference electrode 

shown in Figure 3.3. Sunlight induced water electrolysis and PEC measurements are carried out 

in Na2SO4 electrolyte due to low conductivity of pure water.   

 

Figure 3.3. a) The three-electrode cell and b) Ag/AgCl reference electrode.  

 

3.5.1 Linear Sweep Voltammetry measurement       

 

Linear sweep voltammetry (LSV) (also called polarization curve measurements) is an 

electrochemical method for assessing performance of photoelectrode materials. In this technique, 

photocurrent density is measured at low scan rate and using standard AM 1.5G light radiation 

(100 mW/cm2) at WE while potential between WE and RE changes linearly by time. It gives 

information about onset current where photocurrent density goes up to positive current and where 

oxidation starts. Plateau current is steady state current where photocurrent does not change after 

reaching some value while increasing applied bias.  

Photocurrent transient measurements (optically chopped LSV) are done during the LSV 

measurements by opening and closing the light source periodically with a shutter. It can be also 

measured during the photocurrent-time measurements where the potential is held constant.  

      

3.5.2 Electrochemical Impedance Spectroscopy 

 

EIS is a method in electrochemistry for studying surface charge transport properties of the 

photoelectrode materials. System impedance is used as a defining parameter instead of simple 

resistance due to the complex nature of the system involved in PEC. In this technique, impedance 



 

41 

is measured by applying AC bias to the cell and simultaneously measuring current over the cell. 

If we apply sinusoidal potential bias, then measured current also should be AC current. While 

doing EIS measurement, the system should be perturbed by a very small signal. Because in small 

enough bias excitation, the photocurrent response of the semiconductor electrode is pseudo-

linear. Only in linear systems current response to sinusoidally changing potential will be at the 

same frequency but with shifted phase. If perturbed signal potential has the following form: 

 

𝐸𝑡 =  𝐸0 𝑠𝑖𝑛  (𝜃𝑡)                Equation 3.1 

 

where 𝐸𝑡 – applied potential at t, 𝐸0 – potential amplitude, 𝜃 is frequency. As was mentioned, in 

linear system, response current has the following form with shifter phase: 

 

𝐼𝑡 =  𝐼0 𝑠𝑖𝑛  (𝜃𝑡 + 𝜑)                    Equation 3.2 

 

where 𝐼𝑡 – measured current at t, 𝐼0 – current amplitude. In analogy with Ohm’s Law, the 

system’s impedance (Z) can be found in the following manner: 

 

𝑍 =
𝐸𝑡

𝐼𝑡
=  

𝐸0𝑠𝑖𝑛 (𝜃𝑡) 

𝐼0𝑠𝑖𝑛 (𝜃𝑡+𝜑) 
=  𝑍0

𝑠𝑖𝑛 (𝜃𝑡) 

𝑠𝑖𝑛 (𝜃𝑡+𝜑) 
        Equation 3.3 

 

where 𝑍0 – impedance amplitude. If Euler’s formula is used, impedance can be expressed in 

complex function form: 

 

𝐸𝑡 = 𝐸0 𝑒𝑥𝑝       𝑗𝜃𝑡  and 𝐼𝑡 = 𝐼0 𝑒𝑥𝑝       (𝑗𝜃𝑡 − 𝜑)     Equation 3.4 

 

𝑍 (𝜃) = 𝑍0 𝑒𝑥𝑝       𝑗𝜑 =  𝑍0(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑)    Equation 3.5 

 

Equation for Z (𝜃) has two parts: real and imaginary. While plotting the real part on the X axis 

and the imaginary part on the Y axis, we come up with a “Nyquist Plot” as seen in Figure 3.4. 
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Figure 3.4. Typical Nyquist Plot. 

 

One of the disadvantages of a Nyquist Plot is that we cannot see where the frequency values are 

indicated. In Figure 3.4, it is given Nyquist Plot for a simple one-time equivalent circuit with one 

resistor and one capacitor in parallel. In real case measurements, photoelectrode with electrolyte 

compose more complex circuits where we can measure EIS data and fit it with different circuit 

configurations. By comparing the semicircles measured from samples in similar conditions, one 

can find information about coating impedance and its charge-transport properties. 

 

3.5.3 Incident photon-to-current conversion efficiency 

 

IPCE is abbreviation for the incident photon-to-current efficiency measurements. IPCE shows 

percentage of incident photon numbers (𝑛𝑝) on material that were converted to electrons 𝑛𝑒 as a 

function of light wavelength. In other words, it is called external quantum efficiency. The 

following expression give IPCE: 

 

𝐼𝑃𝐶𝐸 =  
𝑛𝑒

𝑛𝑝
=

1240∗𝐽

𝜆∗𝑃
 ,     Equation 3.6 

 

where, J is photocurrent density at wavelength 𝜆, P is intensity of used monochromatic light. 

IPCE gives information about which photon wavelengths      of the solar spectrum are absorbed 

by the material and contribute to the photocurrent generation. 

  

3.5.4 Absorbed photon-to-current conversion efficiency 

 

APCE is abbreviation for the absorbed photon-to-current efficiency measurements. In other 

words, it is called internal quantum efficiency. The following expression give APCE: 
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𝐴𝑃𝐶𝐸 =  
𝐼𝑃𝐶𝐸

𝑙𝑖𝑔ℎ𝑡 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
=  

𝑛𝑒
𝑛𝑝

(1−10−𝐴(𝜆))
=

1240∗𝐽

𝜆∗𝑃

(1−10−𝐴(𝜆))
 ,  Equation 3.7 

 

where, J is photocurrent density at wavelength 𝜆, P is intensity of used monochromatic light, A is 

absorbance at specific wavelength. Light harvesting efficiency can be calculated using the UV-

VIS spectra absorption data. APCE shows the quantity of light generated charge carriers that are 

donated to the creation of photocurrent per absorbed photon. 

 

4. Improving PEC properties of magnetron-sputtered two-layer WO3 photoanodes by IPIB 

irradiation 

 

4.1 Focus of the Chapter 

 

This chapter explores ways to enhance the photoactivity of WO3 photoelectrodes for water-

splitting purposes. We discovered that using intense pulsed ion beams (IPIB) irradiation of a 

nanosecond timescale on a two-layer (crystalline/amorphous) arrangement of WO3 thin films can 

significantly improve its PEC activity. The IPIB irradiation resulted in the formation of 

polycrystalline and WO3 structures resembling sponge shapes on the surface, leading to a greater 

active surface area for chemical reactions and light scattering in the irradiated samples. 

Consequently, the photocurrent production increased by about 80% at 1.23 reversible hydrogen 

electrodes (RHE). 

 

4.2 Introduction 

 

Currently, PEC water splitting is thought to be a potential way to meet the needs for renewable 

energy. As solar-light-based hydrogen manufacturing becomes a realistic option, it opens new 

opportunities for a variety of industry sectors (Dincer & Acar, 2015; Sazali, 2020). Nevertheless, 

further research is required to enhance its efficiency as it currently lags behind other renewable 

energy sources (Jia et al., 2016; K. H. Ng et al., 2021). 

Tungsten trioxide, WO3, is a well-studied wide band gap metal oxide semiconductor material. 

Through various modification techniques, this band gap can be changed from 3.2 eV to 2.5 eV 

(Kozlovskiy & Zdorovets, 2020; Mohamedkhair et al., 2021). WO3 has the potential to operate as 
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a photoanode material for the oxygen evolution by absorbing sun energy and generating electron-

hole pairs. However, it does have certain disadvantages, including insufficient charge separation, 

sluggish hole kinetics, and surface degradation brought on by the formation of peroxo-species (G. 

Zheng et al., 2019). Impurity doping, creating WO3 composites, making heterostructures, and 

surface engineering might be effective ways to deal with such drawbacks (Kalanur et al., 2020; 

Markhabayeva et al., 2020; Y. Wang et al., 2013; Zych et al., 2022a).  To study the 

photocatalytic effect of WO3 based photoelectrodes depending on their shapes, tungsten trioxides 

in the form of nanorods, -fibers, and -plates, and wedge- or sheet-like materials were fabricated 

and checked (Chae et al., 2017; Fang et al., 2015; Jiao et al., 2011; Su et al., 2017; Zhou et al., 

2017). As efficient strategies, surface and morphological treatments of photoelectrodes can 

enhance their performance (Samuel et al., 2020). Particularly, surface etching and passivating 

with other materials might promote charge carriers’ mobility, decrease the overpotential of 

photoelectrodes, and accomplish photocatalytically improved material characteristics (Y. Liu et 

al., 2018). Additionally, utilizing annealing in diverse settings is an additional method employed 

to enhance the photocatalytic characteristics of different photoelectrodes. This is due to the 

substantial impact of annealing on the phase structures of materials (Kalanur et al., 2019; 

Roselló-Márquez et al., 2020). Modification methods such as laser beam treatment and ion beam 

irradiation can be employed at the time of fabrication or after depositions for changing opto-

electrical, morphological, and phase-structural features (S. Ma et al., 2017; X. D. Zheng, 2019; 

X.-D. Zheng et al., 2018). 

The correct band arrangement of photoelectrode interfaces with water splitting potential gives 

opportunity to substantially increase photocurrent production due to superior charge separation in 

several-layered heterojunctions. Furthermore, the PEC activity of photoanodes might be 

improved by employing 2D nanomaterials for WO3 (Masoumi et al., 2022), by controlled 

texturing of material’s facets (Le et al., 2021), making unassisted solar cell tandem architectures 

(Y. Wang et al., 2020), and as mentioned before, combining with plasmonic structures and by 

inducing oxygen vacancies.   

In this work, we report a new technique for surface engineering of WO3 photoanode that 

integrates concurrent surface modification and annealing for improving PEC characteristics. The 

application of intense pulsed ion beam (IPIB) irradiation leads to the formation of a porous WO3 

surface resembling a sponge, in conjunction with the subsequent annealing process. Fabricated 

photoanodes were checked for the morphology change, structure alteration, optical and PEC 

performance improvements. This new technique of surface modification gives an opportunity to 
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fabricate thin sponge-type coating with high crystallinity and porosity that has expanded 

chemically active area and boosted absorbance straight from amorphous coating.  

      

4.3 The amorphous, crystalline, and two-layer WO3 photoanodes synthesis and 

characterizations. 

 

Sample Preparation. Initially, amorphous, crystalline, and two-layer WO3 photoanodes were 

prepared on commercial fluoride tin oxide (FTO) substrates. The FTO (350 nm) substrates on 

glass were washed with ethanol in an ultrasonic bath prior to fabrication. Kurt Lesker magnetron 

sputtering system (W, Kurt J. Lesker, 99.95% purity, 2.00” diameter) was utilized for the 

fabrication of WO3 reactively in DC mode and fixing oxygen/argon flow rates at 21/33 sccm. 

Fabrication was carried out with sputter power of 100 W, and the substrate holder was rotated at 

20 rpm for the homogeneity of coatings. Base pressure of fabrication was 11.4 mTorr. 

Firstly, amorphous WO3 thin coatings were fabricated for 45 min. It is well known that sputtered 

WO3 with magnetrons has an amorphous phase (B. Yang et al., 2020). Subsequently, fifty 

percent of the photoanodes underwent annealing on a hot plate at 500 °C for 20 minutes in 

ambient air to achieve a crystalline phase. Obtained amorphous and crystalline photoanodes were 

irradiated with IPIB by varying proton ion beam current densities starting from 10 A/cm2 up to 

32 A/cm2. IPIB irradiation was carried out using the INURA accelerator at Nazarbayev 

University (Astana, Kazakhstan) (Kaikanov et al., 2016). The INURA ion accelerator has a 

pulsed-power design that utilizes less than 10 kW of total power. At the target, the beam achieves 

a maximum power density of up to 10 MW/cm2. The accelerator's key specifications include an 

accelerating voltage range of 300 to 400 kV, a total beam current of 10 kA, and a beam pulse 

length of 100 ns (FWHM). When a single 100 ns pulse of ion beam irradiates the target, it 

initiates a rapid annealing process characterized by a heating phase that lasts a hundred 

nanoseconds, followed by a cooling phase that lasts for microseconds. Overall structure and 

characteristics of the accelerator are discussed more deeply in previous chapters.  

Next, two sets of WO3 photoanodes were produced, one subjected to irradiation and the other 

non-irradiated, each consisting of two layers with approximate thicknesses of 380 nm 

(comprising an amorphous top layer of about 120 nm and a crystalline bottom layer of 

approximately 260 nm). To create these, an amorphous WO3 layer was formed on two FTO 

substrates, followed by a 30-minute synthesis, and subsequently annealed on a hot plate for 20 

minutes in ambient air at 500 °C to induce a phase transition to the crystalline state. Then, on top 
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of that crystalline-phased WO3 coatings, a second layer of amorphous-phased WO3 coatings were 

sputtered for 15 min. The annealing and deposition processes were carried out under identical 

conditions for both FTO substrates. Next, we subjected one of the prepared two-layer WO3 

photoanodes to irradiation with IPIB using a current density of 6 A/cm2. 

The Carl Zeiss Crossbeam 540 GEMINI II Scanning Electron Microscope (SEM), Rigaku 

Smartlab Automated Multipurpose Grazing Incidence X-ray Diffractometer (GI-XRD) (with an 

omega angle of 0.5), and Evolution 300 spectrophotometer were employed to examine the 

morphological, structural, and optical properties of the modified photoanodes. 

 

PEC Characterization. For PEC (photoelectrochemical) properties checking, a three-electrode 

cell setup was employed where the two-layer WO3 was used as the working electrode. To 

measure the PEC, we used a reference electrode of Ag/AgCl (3.5 M KCl) and a counter electrode 

made of Pt wire. The photocurrent generation of the photoanodes was measured in 0.1 M Na2SO4 

(pH 7.2) electrolyte utilizing a potentiostat CHI660E and a PLS-EM solar simulator (100 

mW/cm2, AM 1.5). We converted the obtained potential to the reversible hydrogen electrode 

(RHE) scale using the following equation: 

 

VRHE= VAg/AgCl + 0.059 * pH + 0.205       Equation 4.1 

      

where, VAg/AgCl is the applied potential and 0.205 is the standard potential of the Ag/AgCl, KCl 

(3.5M) reference electrode. Electrochemical impedance spectroscopy (EIS) was performed with 

light exposure, employing an AC voltage amplitude of 50 mV at a DC bias of 0.68 V vs. RHE. 

The frequency range covered spanned from 0.01 Hz to 10 kHz. To fit the EIS data to a circuit 

model, we utilized the EIS Spectrum Analyzer software (Bondarenko, A.S. et al., 2005). 

 

4.4 Irradiation of amorphous and crystalline WO3 photoanodes 

 

Initially, amorphous and crystalline WO3 photoanodes were irradiated with IPIB. In Figure 4.1, 

the SEM images of WO3 photoanodes on FTO substrate after irradiating with varying current 

densities (ranging from 10 to 32 A/cm2) are presented. The SEM pictures of the crystalline 

photoanodes irradiated at 10 A/cm2 ion beam current density (Figure 4.1a) showed no noticeable 

changes when compared to non-irradiated photoanodes. Therefore, it can be inferred that 10 

A/cm2 irradiation has minimal or no impact on the surface morphologies of crystalline-phase 
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WO3 photoanodes. On the other hand, irradiating with ion beam current densities of 16 A/cm2 

and 26 A/cm2 (4.1b and 4.1c) significantly altered the morphology of the initial crystalline 

coatings, resulting in a porous coating with unfilled spaces opening the substrate material 

beneath. Increasing the ion beam current density to 32 A/cm2 had a similar impact on the 

photoanode, causing an expansion of the open spaces. However, when applied to amorphous 

samples, comparable ion beams current densities yielded distinct effects on morphology, as 

depicted in Figure 4.1e–h. After irradiation, all amorphous coatings exhibited a sponge-type 

morphological structure overall. With an increase in ion beam current density from 10 to 32 

A/cm2, the irregular shapes and sizes of the sponge-type morphology showed a proportional 

enlargement. It can be stated that IPIB irradiation leads to more significant morphology 

alterations on amorphous photoanodes than on crystalline ones. 
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Figure 4.1. SEM images of the surface of crystalline (a–d) and amorphous (e–h) WO3 thin films 

following ion beam irradiation at different current densities: (a,e) 10 A/cm2, (b,f) 16 A/cm2, (c,g) 

26 A/cm2, and (d,h) 32 A/cm2.  

 

Next, PEC properties of amorphous and crystalline samples were tested after irradiation with 

IPIB and investigated that rising ion beam current density decreases the photocurrent production 

of crystalline-phase WO3 photoanodes, as can be seen in Figure 4.2. For the irradiated amorphous 

photoanodes, photocurrent production was not detected at any ion beam current density. Such 

behavior might be assigned to the creation of different defects in photoanode structure and 

forming of open spaces, where substrate is available to electrolytes and causes short-circuit 

condition during the linear sweep voltammetry (LSV) measurement. 

  

Figure 4.2 LSV curves of irradiated crystalline WO3 thin films as the ion beam current density 

increases. The black arrows signify a decrease in photocurrent generation with higher ion beam 

current densities.  

 

4.5 Irradiation of the two-layer WO3 photoanode 

 

As bare amorphous and crystalline WO3 photoanodes do not show good photocatalytic properties 

after irradiation, it was proposed to create two-layer WO3 photoanode that gives opportunity to 

avoid creation of open holes with increased absorbance. Two-layer photoanode consists of the 

top amorphous layer and bottom crystalline layer. It was revealed that as irradiating two-layer 

WO3 photoanode with ion beam current density of 6 A/cm2, crystalline bottom layer showed no 

morphological changes and top amorphous layer turned into sponge-type coating. Figure 4.3 
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represents the surface and cross-sectional SEM images of non-irradiated and irradiated two-layer 

WO3 photoanodes, i.e. validating the presence of modification of top amorphous layer after 6 

A/cm2 irradiation.  

 

Figure 4.3. Surface SEM images depict (a) the non-irradiated and (b) the irradiated double-layer 

WO3 at 6 A/cm2, while cross-sections illustrate (c) the non-irradiated and (d) the irradiated 

double-layer WO3 at 6 A/cm2. The inset features the calculated energy loss cross-section profile 

of protons with an initial kinetic energy of 350 keV. 

 

To facilitate a clear understanding of the influences of ion beam irradiating on WO3-FTO-Glass 

material, the energy dissipation trajectory of a proton beam with a starting kinetical energy of 350 

keV in the target material was determined using the SRIM (Stopping and Range of Ions in 

Matter) open-source program (http://www.srim.org/, accessed on May 25, 2022). The outcomes 

of these calculations are given in the inset of Figure 4.3. Computations disclosed a ~1600 nm 

proton beam distance (penetration depth) in a two-layer WO3 on FTO photoanode material, 

which demonstrates that the energy of the IPIB is consumed mainly in the vicinity of the surface 

slab of target material. Consumed energy by the photoanode during the irradiation brings to 

super-fast heating of the material’s surface layer and its consecutive fast cooling, coming up in 

the morphological changes of the top amorphous surface layer and its crystallization. 

The morphological SEM view of non-irradiated photoanode possesses granular microstructure; 

yet, after IPIB modification, the surface turns into a sponge-type microstructure with open holes 

that has random distribution. Plus, as can be seen in Figure 4.3-b, the creation and agglomeration 

of some WO3 island clusters on the surface of modified photoanode. Figures 4.3-c, d present a 
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SEM cross-section view of the photoanodes prior and after the modification with irradiation and 

confirm the creation of sponge-type morphology and clustering. The modified two-layer 

photoanode coating in Figure 4.3-d obviously displays that the underneath crystalline layer stays 

unaltered after irradiating with IPIB. 

GI-XRD mode was utilized for determination of the structural characteristics of two-layer WO3 

photoanodes prior and after irradiation. Figure 4.4 displays the related GI-XRD results. The layer 

underneath possesses crystalline-phase since it was experienced to annealing process on the hot-

plate after fabrication, and top coating carries amorphous phase. The red line in Figure 4.4 

demonstrates the domination of a monoclinic phase of WO3 (PDF2, #01-075-2072) for the 

underneath layer that was subjected to annealing. On the other hand, it is seen that modification 

by irradiation turned phases of both layers of two-layer WO3 (amorphous /crystalline) into 

dominated tetragonal (PDF2, #01-089-1287), as can be seen in Figure 4.4 (blue line).  

The intensity peaks from the FTO substrate which are given by black line are less detectable due 

to the GI-XRD mode, because it measures only the extremely thin top layer of the coating. It was 

observed that peak (020) of the monoclinic phase disappeared after modification with IPIB. It 

was additionally checked that one-layer amorphous photoanode indeed crystallizes after IPIB 

modification at 6 A/cm2 ion beam current density.  

 

 

Figure 4.4. GI-XRD patterns for two-layer WO3 thin films are presented for both non-irradiated 

and irradiated samples. The lower plot displays the GI-XRD lines corresponding to the FTO 

substrate.  
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GI-XRD results showed that it does actually turn into a crystalline phase of WO3 with the 

dominance of tetragonal structure, as was depicted in Figure 4.5. As a result of the super-fast 

annealing caused by IPIB irradiation, the top and bottom layers of our two-layer photoanode 

crystallize with a dominant tetragonal phase. The GI-XRD peak-signals in Figure 4.5 for 

amorphous photoanode (blue line) are attributed to peaks of FTO material. High-resolution GI-

XRD lines in Figure 4.6 proves the amorphous phase of as-prepared WO3 photoanode, and it is in 

good agreement with the prior reports (B. Yang et al., 2020). 

 

 

Figure 4.5. GI-XRD patterns of a WO3 thin film, initially amorphous, both pre- and post-

irradiation with an ion beam current density of 6 A/cm2.  
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Figure 4.6. GI-XRD patterns of amorphous WO3 and FTO substrates performed in high-

resolution mode. 

 

Figures 4.7-a, b show the absorption spectra and Tauc plot analysis of non-modified and 

modified two-layer WO3 with the IPIB irradiation, correspondingly.  Clearly, as shown in Figure 

4.7-a, the irradiation modified two-layer photoanode possesses better absorbance than that of 

non-irradiated photoanode. It can be interpreted by the trapping of electrons in created oxygen 

vacancies, which appeared after modification with IPIB (Popov et al., 2018). Effect of light 

scatter along the interfaces of sponge-type porous inclusions and light capturing on the ion beam 

caused point defects of interstitial oxygen intralattice lead to absorption enhancement. The Tauc 

technique was utilized for analyzing the band gap of the photoanode after modification with 

irradiation (Makuła et al., 2018). Tauc plot results for both photoanodes in Figure 4.7-b exhibit 

the similar 3.35 eV band gap prior and after the modification with irradiation.  
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Figure 4.7. (a) Absorbance and (b) Tauc plot of two-layer non-irradiated and irradiated WO3 

photoanodes. Band gap estimations are marked. 

 

The surface compositions of non-irradiated and irradiated samples were further analyzed by XPS 

technique. XPS survey spectra in Figure 4.8 confirm appearance of O1s, W4f, W4d, C1s peaks 

associated with oxygen, tungsten, and carbon elements. The C1s peak appeared at 285 eV due to 

XPS scanning of surface of samples without cleaning with ion etching.  

 

  

Figure 4.8. a) XPS survey spectra of non-irradiated and irradiated two-layer WO3 samples. 

 

The deconvolutions of the elements are given in Figure 4.9 for W4f and O1s. High resolution 

W4f core peak in Figure 4.9-a shows that surface layer of non-irradiated sample has peaks at 

38.43, 36.18, 37.79, 35.15 eV corresponding to W6+ (4f5/2), W6+ (4f7/2), W5+ (4f5/2), W5+ 
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(4f7/2) oxidation states, respectably. For irradiated sample in Figure 4.9-b, W4f deconvoluted 

peaks located at 38.1, 35.72, 37.25, 34.73 eV which correspond to W6+ (4f5/2), W6+ (4f7/2), W5+ 

(4f5/2), W5+ (4f7/2) oxidation states, respectably. Peaks located at 34.02, 31.75 for non-irradiated 

sample and at 33.79, 31.52 for irradiated sample can be assigned to Wx+ oxidation state 

(Mohamedkhair et al., 2020). In report Ref. (Xie et al., 2012), it was reported that the Wx+ state is 

an intermediate state between W4+ and W0, which might arise from the W3+, W2+ or W1+ 

oxidation states. Wx+ may be resulted from the ions of tungsten with incomplete unbroken ions of 

oxygen and W-W bonds. Authors conclude that it is difficult to attribute the transitional chemical 

state to a specific formal oxidation state. All deconvoluted peaks for irradiated sample have 

shifted to the lower binding energies compared to non-irradiated sample. The reason for that 

might be increased oxygen vacancies. Since, decreasing binding energy to lower energies means 

decrease of conduction electron concentrations and more oxygen vacancies. Additionally, 

increased ratio of W5+ to W6+ indicates presence of more oxygen vacancies in samples (Jaiswal & 

Choudhury, 2022). In our case, irradiated sample has ratio of 1.64 compared to non-irradiated 

sample with W5+ / W6+ ratio of 1.1, consequently, irradiated sample exhibits more oxygen 

vacancies. Areas were calculated by integrating deconvoluted peaks of core W4f. Calculated 

table is given in Appendix A1.       

Figure 4.9-c and 4.9-d show deconvoluted O1s high resolution peaks. Non-irradiated sample has 

peaks located at 531.24 and 532.29 which can be assigned to the lattice oxygen (OL) and oxygen 

vacancies (OV), respectively (Mohamedkhair et al., 2020). Similar behavior is observed for the 

irradiated sample at 530.96 eV (OL) and 531.75 eV (OV) of deconvoluted O1s peaks. It can be 

observed that the area under OV for the irradiated sample increased to 2.3 % compared to the 

non-irradiated sample. It might be assigned to the increasing oxygen vacancies on the surface 

layer of two-layer WO3 sample after the irradiation process which is beneficial for enhancement 

of photocatalytic activities of the surface layer.         
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Figure 4.9. a) XPS high resolution spectra of core W4f and O1s peaks of non-irradiated and 

irradiated two-layer WO3 samples. 

 

The EIS method was implemented for the determination of the charge transport characteristics of 

modified and non-modified two-layer photoanodes, as seen in Figure 4.10.  EIS measurement 

results show shorter semicircle radius for the modified photoanode compared to non-modified, 

i.e., it indicates that the irradiated photoanode is more favorable for the charge transport.  

Surface changes caused by irradiation promote the charge transfer characteristics of the 

photoanode, i.e., sponge-type morphology assists in better hole transferrance to the 

WO3/electrolyte interface and raises the surface-active areas. Additionally, light capturing in such 

morphology improves the better electron-hole pair creation by means of enhanced photon 

trapping.       
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Figure 4.10. EIS Nyquist plots of irradiated and non-irradiated two-layer WO3. 

 

LSV measurement results are shown for modified and non-modified photoanodes in Figure 4.11. 

Additional chopped LSV measurements in Figure 4.12 validates that the obtained photoanodes 

are photocatalytically active. Bare WO3 showed 0.32 mA/cm2 photocurrent at 1.23 RHE, whereas 

for irradiated two-layer WO3 photocurrent was 0.58 mA/cm2. Observed ~80 % increase in the 

photocurrent generation of modified sample related to non-modified sample might be assigned to 

the several factors. Firstly, sponge-type morphology of photoanodes caused by irradiation may 

act as light-capturing architecture, increasing absorption. Absorption might be further increased 

due to light seizure by point defects located in the oxygen sublattice (Popov et al., 2018). In the 

second place, modification induced by ion-photoanode interaction might increase the active area 

of the chemical surface at photoanode/electrolyte interface. Thirdly, IPIB modification turns an 

initial top amorphous WO3 into crystalline-phased material. It is well known that the crystalline 

phase of WO3 is more favorable for PEC application than amorphous (Valerini et al., 2016). 

Consequently, modification with IPIB of WO3 photoanode might be recognized as one of the 

techniques for making materials with good porosity and crystallinity with enhanced PEC 

properties.       
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Figure 4.11. LSV measurements of two-layer WO3 prior and after the irradiation with IPIB of 6 

A/cm2 ion beam current density. 

 

 

Figure 4.12. Chopped LSV measurements of two-layer WO3 prior and after the irradiation with 

IPIB of 6 A/cm2 ion beam current density. 

 

Generally, modification with ion beam irradiation is broadly utilized for property changing of 

various materials (X. Wang et al., 2020). Ion beam irradiation, in fact, can have several 
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influences on target materials such as temperature rise, doping with ions, displacements in atomic 

range, and other changes in material. Ion irradiation in continuous mode which has less current 

density is broadly applied for the tuning of the electrical, morphology, and structure 

characteristics of nanomaterials. For instance, in Ref. (X.-D. Zheng et al., 2018), WO3 coatings 

were modified with irradiation using 190 keV Ar+ ions with current densities of between 1 and 2 

μA/cm-2. It was presented that morphology change (pore creation) emerges when the Ar+ ion 

beam fluence of 1017 ions·cm-2. As for IPIB, the irradiating of nanomaterials with very short and 

high intensity pulses leads to a very quick and powerful energy transport to the surface part of the 

nanomaterial. In our experiment employed IPIB lasts for 100 nanoseconds and typically delivers 

a fluence of almost 1012 protons·cm-2 in a single pulse. This results in an ion rate reaching up to 

1019 protons·cm-2 per second and relates to a power density of 1 MW/cm2. Mentioned high power 

density delivered to the upper surface thin slab of the material lead to the quick temperature rise. 

This may be used to generate warm dense matter states, notably in the field of high energy 

density physics, with increased beam intensity (Stepanov et al., 2018). For the usage in materials 

science, the fast-heating annealing process might be utilized for the change of surface vicinity of 

the bulk nanomaterials (X. Ma et al., 2014). The focus of this chapter is studying effect of IPIB 

irradiation with various ion beam current densities for the beneficial changes of WO3-based 

photocatalytic electrodes. As ion penetration is fast, the fluence needed for pulsed irradiation 

(1012 ions·cm-2) is extremely reduced in comparison to continuous irradiations, which may have 

a fluence of more than 1016 ions·cm-2. 

      

4.6 Conclusion of the chapter 

 

In conclusion, the chapter presents a novel technique for making two-layer WO3 coating with 

good porosity and boosted PEC characteristics. Modification of two-layer WO3 photoanode with 

one pulse of ion beam creates a photoelectrode with sponge-type crystalline-phased surface layer 

with increased light trapping and improved charge transfer characteristics. We showed that 

photocurrent generation was enhanced to ~80 % due to the active surface area increase and better 

light capture. It is still a challenge to stabilize the irradiation-modified WO3-based photoanode 

and can be addressed in future works. Suggested method opens a new route for the usage of IPIB 

irradiation for the modification of photocatalytic nanomaterials to increase their PEC properties.       
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5. Shape tuning of a thin silver coating into spherical nanoparticles through the process of 

solid-state dewetting under the influence of high-current pulsed ion beam irradiation.  

 

5.1 Focus of the chapter 

 

Plasmonic metal NPs play a crucial role in many application areas such as energy harvesting by 

solar PV devices, hydrogen production using PEC photoelectrodes, etc. In this chapter we study 

shaping of silver (Ag) nanoparticles from initially prepared Ag thin films on fused silica 

substrates through solid-state dewetting caused by intense high-current pulsed ion (proton) beams 

(IPIB) irradiation. The impact of IPIB was investigated by altering ion beam current densities and 

the number of irradiation pulses. Samples modified by irradiation with IPIB were compared with 

samples annealed by an ordinary RTA system. IPIB modification makes it possible to heat 

nanomaterials at super-fast speed (more than 109  K/s) with cool down times occurring in 

microseconds. This feature supplies a super-fast annealing leading to the solid state dewetting 

mechanism. Our experimental outcomes show that irradiated Ag NPs have more spherical shape 

relative to RTA modified Ag NPs.           

 

5.2 Introduction 

      

Metal NPs such as gold, silver, copper and their thin coatings have been shown as outstanding 

structures for light control. This is made possible by their strong localized surface plasmon 

resonance (LSPR) and surface plasmon polariton (SPP) properties (Farhang et al., 2013; Fathima 

et al., 2021). Noticeably, Ag NPs and coatings extensively used in many applications: bacteria 

treatment (Patil et al., 2019), antimicrobial agent (Tehri et al., 2020), sensing of various gasses 

(Kalai Priya et al., 2021), for sensing by surface enhanced Raman spectroscopy (Malik et al., 

2022), etc. as well as plasmonic usage (Belessiotis & Kontos, 2022). As was reviewed in 

previous chapters, morphological and optical properties of Ag NPs in those reports strongly 

depend on NPs’ size, shape and concentrations. 

Various methods were invented to fabricate Ag NPs (Ankudze & Neglo, 2022). Solid state 

dewetting is a practical straightforward method in which metal coatings are fabricated on 

substrate material and heated. Thin metal coatings transmoform into small-scale islands or 

particles due to temperature rise. As a result of minimization of surface energy, during the 

annealing, arrays of Ag NPs form well adhered to the substrate.  Solid state dewetting of metal 
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coatings into isolated NPs or islands occurs through the diffusion on the surface of the substrate 

at lower temperatures than melting. Reasons for that are the meta-stable state in which 

nanomaterials exist due to their high surface to volume ratio and acting tension forces on the 

surface (Leroy et al., 2016; Thompson, 2012). Ag is vulnerable to dewetting as it does not attach 

well to many substrate materials. In every step of fabricating Ag NPs by solid state dewetting, it 

is possible to manage size, shape, and concentration. The characteristics of Ag NPs depend      on 

the heating criteria such as thickness of as-deposited coating (Badán et al., 2022), heating 

temperature (Gangwar & Agarwal, 2021), fixed temperature hold period (Badán et al., 2022), 

substrate type (wetting ability and surface roughness) (Araújo et al., 2016; Bhalla et al., 2019; 

Hooshmand et al., 2016) and rate of temperature rise (Araújo et al., 2018). 

Usually, the annealing procedure is done by utilizing the conventional tube furnace operated for a 

long period of time (more than one hour). RTA is a fast-annealing method which has relatively 

less annealing time due to rapid temperature increase properties (up to 150 °C/s). Using RTA for 

the annealing of Ag thin films into NPs at high temperature ramps leads to the fabrication of 

more homogeneous sized particles and helps to decrease concentration of small particles (Araújo 

et al., 2018; Bai et al., 2014).       

In the current chapter, we investigated solid state dewetting of magnetron sputtered Ag coatings 

into the NPs collections caused by super-fast annealing with temperature rising ramps of ~109  

K/s. This super-fast annealing is obtained by the IPIB induced modification occurring within      

100 ns and followed by μs cooling (Kaikanov et al., 2021).  

Morphological changes, structural evolutions, and shape formations of Ag NPs on fused silica 

glass substrates fabricated using IPIB were compared with the properties of conventional RTA 

modified samples. We revealed that super-fast IPIB irradiation brings to the formation more 

spherical in shape Ag NPs that can be utilized in plasmonic applications. 

 

5.3 Experimental part 

 

Preparation of Ag thin coatings. The Kurt Lesker magnetron sputtering system chamber was 

loaded with fused silica (FS) substrates, which had been cleaned in an ethanol using ultrasonic 

bath for 15 minutes. The chamber's base pressure was then 3-5 * 10-7 Torr. Using an Ag target 

(99.99%) with a diameter of 2 inches, Ag coatings were fabricated at room temperature. At a 

distance of 13 cm, an Ag target was deposited in the perpendicular direction to the substrate 

plane. Sample fabrication was done in an atmosphere of Ar gas at a pressure of 10 mTorr in the 
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chamber. Applied power to the target was 5 W, while substrate rotation speed was 20 rpm to 

ensure uniformity of the coatings. According to measurements made from cross-sectional SEM 

images, entire Ag coatings had a thickness of 8–10 nm and deposition time was 4.5 min. 

A Rigaku SmartLab Automated Multifunctional Grazing incidence X-ray diffractometer 

(GIXRD) was used for the phase-structure study using CuKa irradiation at a wavelength of 

0.1541 nm. Carl Zeiss Crossbeam 540 GEMINI II scanning electron microscope (SEM) and 

SmartSPM 1000 atomic force microscope (AFM) were used to capture surface and surface 

morphology pictures of the materials. The optical characteristics were identified with the use of 

the Evolution 300 UV-VIS spectrometer. 

Modification of Ag thin coatings with IPIB and RTA. Samples were prepared through      a 

solid-state dewetting procedure using IPIB annealing and RTA. RTA modification was carried 

out in the Ar gas environment at 1 L/min flow rate and temperature rising rate of 10 °C/s till the 

maximum temperature, after which it was instantly allowed to cool down to room temperature. 

Those maximum temperatures range from 600 °C to 1000 °C (with a step of 100 °C). 

The modification of Ag coatings through intense pulsed ion beam (IPIB) was carried out by 

adjusting current densities of ion beams and the number of irradiation pulses. The Innovative 

Nazarbayev University Research Accelerator (INURA) system was employed for irradiation, 

utilizing a 100 ns (FWHM) proton (H+) beam. The specifications of the INURA pulsed ion 

accelerator include an accelerating voltage of up to 400 kV, a total beam current of 10 kA, a 

beam pulse duration of less than 100 ns (FWHM), a beam diameter of approximately 5 cm, and a 

beam composition consisting mainly of protons with a minor component of carbon ions (90/10). 

The varied IPIB beam current densities and the corresponding number of pulses for each sample 

are presented in Table 5.1.  

 

Table 5.1. IPIB current densities and number of pulses used for samples irradiation. 

Sample # Number of pulses Beam current density, A/cm2 

1 1 10 

2 1 20 

3 1 30 

4 1 40 
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5 1 60 

6 2 10 

7 3 10 

8 4 10 

 

5.4 Results and discussion 

 

Figure 5.1a exhibits the SEM picture of as-prepared Ag coatings prior to modifications. Initial Ag 

coatings show granular microstructure with open holes, because 8-10 nm Ag coatings are not 

packed enough to assemble homogeneous thin coating. In common, while Ag coatings are 

fabricated on glass substrates by sputtering, they pursue several steps of Volmer-Weber growth 

mode (Bulíř, 2011). Initially, diffusion of incident ions happens on the material and followed by 

the nucleation to create initial-stage tiny islands. Then, those tiny islands become larger by 

merging. Those synthesized large irregular shaped islands coalesce to become bulk thin films. 

Figures 5.1b-5.1e represent SEM pictures of the Ag NPs obtained by irradiating as-deposited 

samples with IPIB varying number of pulses (from 1 to 4) and fixing ion beam current density at 

10 A/cm2.  Figures from 5.1f to 5.1j show SEM pictures of irradiation induced samples modified 

by varying ion beam current densities from 10 to 60 A/cm2. 

All obtained samples exhibit fine circular NPs structures of various size distributions. Previous 

reports of Ag NPs dewetting confirm that Ag thin films of several nanometers turn into irregular 

islands at low temperature values, whereas at high temperature annealing they get circular shapes 

(Bhattacharyya et al., 2009; Kunwar et al., 2017). But still, we discovered fine circular shapes 

from all our obtained Ag NPs. We maintain that IPIB modification with 10 A/cm2 induces high 

temperature annealing which is high enough to create fine circular NPs. The parameters of IPIB 

caused modification procedure: irradiating ions (H+ with up to 400 keV energies) go through the 

substrate material into the 2-3 micrometers depth. Consequently, kinetic energy of the incoming 

ions are delivered to the target material surface by raising its temperature in a time period of ~100 

ns (ion striking pulse time) (Kaikanov et al., 2020). The heated surface layer then quickly cools 

down in a matter of microseconds by transmitting the thermal energy deeper into the substrate. In 

general, we are certain that the substrate surface conducts temperatures high enough for circular 
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NP creation during the dewetting procedure despite the annealing process being extremely quick, 

with a heating time of around 100 nsec and a cooling time of only a few microseconds.  

SEM pictures in Figure 5.1 and distribution of their related sizes in Figures 5.2a and 5.2b exhibit 

that all irradiation modified Ag NPs possess size variation from 20 nm to 180 nm and result in 

double-peak histograms. Double-peak histograms show that two specific types of NPs prevail: 

small NPs (with diameters of less than 40 nm) and large NPs. Average diameter of particles 

shows slight increase with the increasing IPIB irradiation pulse numbers (identified using ImageJ 

free program from surface SEM pictures). Such creation of energetically preferable larger 

particles resulted from the influence of extra irradiation that forces particles to aggregation and 

shapes recreation. Average particle size increment appeared with decreasing of small particle 

numbers and decreasing of whole NPs concentration (Figure 5.2a). 
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Figure 5.1. SEM images of the Ag coating before and after intense pulsed ion beam (IPIB) 

irradiation. a) Represents the as-deposited non-irradiated sample. For the irradiated samples, b-e) 

depict various stages of IPIB irradiation with an ion beam current density of 10 A/cm2 and 

different pulse numbers: b) 1 pulse, c) 2 pulses, d) 3 pulses, e) 4 pulses. f-j) show samples 
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irradiated with a single pulse of IPIB at various ion beam current densities: f) 10 A/cm2, g) 20 

A/cm2, h) 30 A/cm2, i) 40 A/cm2, j) 60 A/cm2. It's important to note that images b) and f) are 

identical.  

 

We observe lessening of the number of smaller NPs as current density of ion beams increases. 

We see a rapid fall of average particle diameter and corresponding rise of NPs concentration at 

60 A/cm2 current density of ion beams (Figures 5.2b and 5.3b). The reason for such behavior 

might be enhanced substrate roughness resulting from IPIB modification. Previous works 

confirm that substrate material roughness has a huge impact on the formation of NPs and their 

shape, morphology (Araújo et al., 2016). The diffusion of Ag atoms on the surface and their 

coalescence into the bigger Ag NPs are inhibited by increasing substrate roughness. Our 

experimental results show that IPIB modification increases the surface roughness of the FS 

substrate. 

 

    

Figure 5.2. Histograms illustrating the distribution of diameters for annealed Ag nanoparticles, 

where a) represents irradiation with different numbers of IPIB pulses, and b) represents 

irradiation with a single pulse of IPIB at varying ion beam current densities.  
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Figure 5.3. Mean diameter of annealed Ag nanoparticles, where a) corresponds to irradiation with 

different numbers of IPIB pulses, and b) pertains to irradiation with a single IPIB pulse at varying 

ion beam current densities.  

 

For the comparison of IPIB modification effect on Ag NPs with conventional RTA method, we 

carried out RTA modification at temperature values extending from 600°C to 1000°C. As was 

mentioned in prior works, heating temperature, duration of annealing, temperature increasing rate 

greatly influence the shapes, sizes and concentrations of Ag NPs samples (Araújo et al., 2018). 

Figure 5.4 represents SEM surface pictures of RTA modified Ag films. We see irregular-shaped 

and worm-like big islands of Ag NPs at 600°C and 700°C. At temperatures higher than 800°C, 

Ag coatings turn into fine circular particles. Our experimental outcomes are consistent with the 

literature data of Ag shape evolution on temperature change: at low temperature heating Ag film 

turns into worm-like irregular islands, and at higher temperatures depending on substrate and 

atmospheric condition inside the chamber, Ag film turns into fine circular particles as 

temperature rises. This last procedure is accompanied by the decreasing number of small 

particles. Then, further increase of temperature brings coalescence of Ag film into big particles 

followed by the sublimation, volatilization and removal of Ag films from the substrate (Quan et 

al., 2017). Size distribution histograms in Figure 5.5 show that a 1000°C heated sample has high 

concentration of smaller NPs related to 800 and 900°C heated samples. It might be assigned to 

the start of the volatilization process. 
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Figure 5.4. SEM images of pre-irradiated Ag coating (a); and RTA annealed Ag coatings at b) 

600 °C, c) 700 °C, d) 800 °C, e) 900 °C, f)1000 °C. 
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Figure 5.5. Ag NPs' diameter distribution histogram after RTA annealing at 800, 900, and 1000 

degrees Celsius. 

Ag NPs arrayed in the form of spherical caps are the end product of Ag thin films’ solid-state 

dewetting at high enough heating temperature values. The NPs’ sphericity, obtained from the 

measuring contact angle between NPs and substrate material, is dependent on the NPs’ wetting 

properties (energy of adhesion) to the substrate. Reported results in literature maintain that NPs 

spherical shape formation is caused mostly by substrate properties and independent of annealing 

temperature and annealing time (Araújo et al., 2016; Bai et al., 2014; Quan et al., 2017). 

Figure 5.6 shows comparison of cross-sectional SEM pictures of Ag coatings after IPIB 

modification with 40 A/cm2 current density of ion beams and RTA heating at 1000°C. We 

distinctly see IPIB modifying created Ag NPs exhibit more spherical form than RTA modified 

Ag NPs, as shown in Figures 5.6a and 5.6b respectively. The cause of sphericity improvement of 

Ag NPs created by IPIB irradiation might be the influence of super-fast annealing-heating and 

annealing-cooling rate. In gradual heating, Ag NPs form semi-spherical shapes by minimization 

of their surface free energies at dynamic equilibrium conditions. In IPIB irradiation, cooling-

down happens in microseconds, so Ag NPs ‘freeze’ into semi-spherical form in non-equilibrium 

manner. Consequently, dependences of adhesive forces and wetting characteristics on 

temperature may influence the latter sphericity properties of Ag NPs. An additional cause of 

sphericity improvement might be an increase of substrate roughness by IPIB irradiation. This 

factor was tested by modifying FS substrate with 20 A/cm2 IPIB irradiation and indeed we saw a 

rise of substrate roughness. Obviously, the full understanding of causes of sphericity 

enhancement of Ag NPs after IPIB irradiation is still unknown. 
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Figure 5.6. SEM cross-sectional images of Ag NPs after being a) 40 A/cm2 irradiated and b) 

rapidly thermally annealed at 1000 °C. 

Figures 5.7 and 5.8 show GIXRD patterns of Ag coatings that have been RTA modified and IPIB 

beam treated with differing ion beam current densities and pulse numbers. According to observed 

GIXRD peaks, the usual face-centered cubic Ag phase may be identified at 38.1°, 44.3°, 64.4°, 

and 77.4° (card # 01-087-0719 PDF-2). AgO has no identifiable peaks. Conclusion: when 

compared to as-prepared Ag coatings, both RTA and IPIB annealing induces better crystallinity 

after modification (Figure 5.7). 

 

 

Figure 5.7. GIXRD patterns of as-prepared Ag coatings after they have been annealed with RTA 

at 1000 °C and exposed to IPIB at a current density of 40 A/cm2. 

 



 

70 
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Figure 5.8. GIXRD patterns of as-deposited Ag coatings and following treatments: a) with 

varying ion beam current densities, b) with increasing pulse numbers at the same 10 A/cm2 

current density of ion beam, and c) RTA annealed at various temperatures.  

 

AFM measurement analysis of Ag NPs modified with IPIB at 40 A/cm2 are depicted in Figure 

5.9: surface AFM image, profile view, and 3D AFM image. Along the inset line in Figure 5.9a, 

the AFM profile of Figure 5.9b is produced. Ag NP distribution, sizes and height from AFM 

results are very congruent with SEM findings. 

 

 

Figure 5.9. AFM surface image (a), AFM profile view (b), and corresponding 3D image of Ag 

NPs irradiated with ion beams of 40 A/cm2 current density. 

 

Next, optical characteristics of solid-state dewetted Ag NPs are studied by UV-VIS spectroscopy. 

All samples show distinct plasmon peaks on their absorption spectra associated with Ag NPs, 

e.g., dipolar peaks around 450 nm and quadrupolar peaks around 360 nm. IPIB irradiation 

induced Ag NPs’ absorption spectra with varying ion beam current density (Figure 5.10a) in 

good agreement with average diameter change data in Figure 5.3b. The enhanced absorption and 

narrow line spectrum are shown for the Ag NPs obtained by IPIB at 60 A/cm2. 

In Figure 5.10b, optical properties of RTA modified Ag NPs are shown. They show clear dipole 

absorption peaks from 445 to 460 nm for the temperature values of 800-1000°C, whereas for 600 

and 700°C they exhibit broad and low intense absorption of worm-like structured Ag NPs 

(Araújo et al., 2016). 
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Figure 5.10. Ag NPs absorption spectra following a) IPIB irradiation with variable ion beam 

current density and b) RTA annealing at various temperatures. 

 

In general, IPIB modified samples show plasmonic peaks of low intensity, with broad linewidth, 

redshifting and more distinct quadrupolar peaks compared to RTA modified Ag NPs. It is 

assigned to the creation of particles with bigger sizes after IPIB irradiation than RTA and it is 

clearly shown in results depicted in Figures 5.2 and 5.5.    

 

5.5 Chapter conclusion 

 

Ag NPs are created from Ag coatings by solid-state dewetting using IPIB modification varying 

ion beam current densities and number of pulses. Similar Ag coatings are also annealed with the 

standard RTA method. 100 ns annealing with IPIB irradiation creates Ag NPs with good 

crystallinity and improved sphericity in comparison with RTA. Previous research demonstrated 

that the sphericity of the solid-state dewetted NPs at normal and RTA annealing is independent of 

the annealing factors such as annealing temperature. In contrast, we have demonstrated that the 

shape and sphericity of Ag NPs are significantly affected by extremely rapid rates of temperature 

increase and cooling. However, there are still many unanswered questions regarding exact 

mechanisms Ag NPs create their spherical shape. 
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6. The photoactivity enhancement of WO3 photoanodes using combined effect of plasmonic 

Au NPs and photoluminescent Y2O3:Eu3+ NPs 

 

6.1 Focus of the chapter 

This chapter reports combinational usage of Eu3+ doped Y2O3 nanoparticles with Au NPs to 

increase photocatalytic activity of WO3 photoanodes. Photoactive WO3 for PEC applications 

suffers from poor light absorbance in visible range. To use      better light absorbance in visible 

range, plasmonic noble Au NPs have      been employed to facilitate photocatalytic activity and 

increase overall modified photoanode absorbance in the      visible range of the electromagnetic 

spectrum. Further depositing Y2O3:Eu3+ submicron particles (SPs) on Au NPs/ WO3 photoanode 

enhances light scattering and enforces utilization of Au NPs plasmonic effect. Such improvement 

is due to the downconvertion properties of Y2O3:Eu3+ SPs, e.g., it converts ultraviolet photons 

into visible photos. As a result, we observed absorbance enhancements, increased electron-hole 

separation, and improved photocurrent generation from the modified photoanode.     

 

6.2 Introduction 

 

The WO3 is suitable material for photocatalysis, sensor application and electrochromism (Huang 

et al., 2015; Lee et al., 2006; Najafi-Ashtiani, 2019). It is widely used for photoelectrochemical 

(PEC) solar water splitting purposes due to its suitable alignments of conduction and valence 

band edges with water oxidation/reduction potentials (G. Zheng et al., 2019). However, it suffers 

from poor solar light utilization in visible range and inefficient charge separation and transport 

properties (G. Zheng et al., 2019). Up to now, various strategies have been employed to deal with 

above mentioned drawbacks: surface engineering (J. Li et al., 2021), facet modification (M. Yang 

et al., 2021), composite creation (Ram et al., 2020), utilization of 2D structures and MXenes 

(Makola et al., 2023), various doping protocols (Kalanur et al., 2020).   

Along with listed strategies,      photoluminescence materials can be also combined with      

photocatalytic WO3-x materials (Dai et al., 2019; Tsai et al., 2016). Previously, fluorescent carbon 

quantum dots were successfully used for perovskite solar cells (Maxim et al., 2020). The 

efficiency enhancement of perovskite solar cell was due to the ability of quantum dots to convert 

UV light into visible light which is beneficial for high absorbance of perovskites in visible range 

of light. For WO3 that has poor absorbance in visible range of light, to benefit from 

photoluminescence downconverting materials, some co-catalyst material is needed. Plasmonic 
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Au NPs have distinct absorbance peaks depending on size and shape of NPs in visible range of 

the light. It is also widely used as co-catalyst material for photocatalytic WO3 photoanodes. Near 

field and scattering mechanisms of Au NPs/WO3, while interacting with light, facilitate electron-

hole separation and help to increase hydrogen/oxygen evolution rates (Abouelela et al., 2021; 

Atabaev, 2018). 

In this chapter, we report a method of combining Y2O3:Eu3+ SPs with Au NPs on WO3 for 

photocatalytic enhancement. Scattering of light from Y2O3:Eu3+ SPs and their emission in visible 

range of light absorbed by Au NPs increase      overall photocatalytic activity of WO3 

photoanodes.   

 

6.3 Experimental: photoanode synthesis methods 

 

Overall, 4 samples were prepared referenced as following: reference WO3 as WO-R, WO3 with 

Y2O3:Eu3+ SPs as WO-Y, WO3 with Au NPs as WO-A, and WO3 with Y2O3:Eu3+ SPs + Au NPs 

as WO-YA.WO3 photoanode preparation and its combination with Au NPs. Initially, FTO glass 

substrates underwent a cleaning process in ethanol, employing an ultrasonic bath for a duration of 

20 minutes. Subsequently, an oxygen plasma treatment using a Plasma Cleaner set to 'High 

Mode' was utilized to eliminate any remaining contaminants on the surface. Following this, four 

identical samples of WO3 were deposited onto the FTO glass substrates for 33 minutes using the 

magnetron sputtering technique. The sputtering process was done using a Kurt Lesker DC      

magnetron system equipped with a W target (W, Kurt J. Lesker, purity of 99.95%, and a diameter 

of 2.00 inches). The deposition was conducted at a power of 100 W, a base pressure of 11.4 

mTorr, and a gas flow rate of 16 sccm for argon and 40 sccm for oxygen. To ensure uniformity in 

the film, the substrate holder was rotated at a speed of 0.5 rpm during the deposition process. All 

obtained samples had a film thickness of 55 nm, with an initial amorphous structure. Following 

synthesis, all four samples were annealed in air at 500°C for 20 minutes, maintaining identical 

annealing conditions. Next, Au sputter coating with a 3.7 nm thickness was applied to two of the 

samples using a Q150T ES sputter coater. To convert the top Au film into nanoparticles through 

solid-state dewetting, all samples underwent hot plate annealing once more in air at 500°C for 20 

minutes. 

Y2O3:Eu3 SPs synthesis. Europium nitrate hydrate (Eu (NO3)3*5H2O) with a purity of 99.99%, 

yttrium nitrate hexahydrate (Y(NO3)3*6H2O) with a purity of 99.8%, and urea were purchased 

from Merck and used without any need for purification throughout the experiment. The 
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preparation of luminescent Y2O3:Eu3+ SPs followed a previously reported protocol, with slight 

adjustments, Ref (Askerbay et al., 2020). The combination of yttrium and europium was done in 

a 97:3 ratio, totaling 1 mmol. In a brief, 0.5 g of urea, 371.5 mg of (Y(NO3)3*6H2O), and 12.8 

mg of (Eu (NO3)3*5H2O) were accurately blended in 40 ml of deionized water. This obtained 

mixture was annealed at 90°C in a sealed container for 2 hours. The resulting precipitate of the 

oxide product was subjected to multiple washes with deionized water, followed by drying and 

calcination at 600°C for 1 hour in an air environment. 

 

WO-Y and WO-YA preparation. After Y2O3:Eu3+ SPs synthesis, 2 samples were coated with 

Y2O3:Eu3+ SPs using spin-coating method. For that, Y2O3:Eu3+ SPs were dispersed in DI water in 

300 microL volume and poured on sample. The spin rotation was at 1500 rpm with 250 ramps for 

30 s. Alternatively, we also used drop-casting deposition of Y2O3:Eu3+ SPs. Finally, the samples 

were dried in air at 60 C to enhance adhesion. Materials characterizations. Characterization of 

the materials and samples was conducted as follows: Scanning Electron Microscopy (SEM) 

images were acquired using the Carl Zeiss Crossbeam 540 GEMINI II Scanning Electron 

Microscope. Phase structural analysis was carried out using a Rigaku SmartLab Automated 

multipurpose X-ray diffractometer (XRD) with CuKa irradiation at a wavelength of 0.1541 nm. 

Optical properties were measured using the Evolution 300 spectrophotometer. The thickness of 

thin films was checked using the Dektak XT Stylus profilometer. 

For specific characterizations of Y2O3:Eu3+ SPs, SEM (Auriga Crossbeam 540, Carl Zeiss, 

Oberkochen, Germany), and energy-dispersive X-ray spectroscopy (EDX, Aztec, Oxford 

Instruments, Abingdon, UK) were used to examine morphological changes and elemental 

analysis, respectively. The photoluminescence (PL) characteristics of the resulting Y2O3:Eu3+ SPs 

were examined using an absolute quantum yield spectrometer (C9920-02, Hamamatsu Photonics 

K.K., Hamamatsu, Japan). 

Linear Sweep Voltammetry (LSV) measurements of the photoanodes were carried out using a 

CHI660E potentiostat in three-electrode cells with an Ag/AgCl reference electrode (3.5 M KCl). 

The electrolyte used for LSV measurements was 0.16 M Na2SO4 with a pH of 7. A PLS-

FX300HU solar simulator (100 mW/cm2, AM 1.5) served as the light source for all PEC 

measurements. The obtained potential was then converted to the reversible hydrogen electrode 

(RHE) scale using the Equation 4.1.  

Electrochemical impedance spectroscopy (EIS) was performed in a frequency range from 1 Hz to 

10 kHz with an AC voltage amplitude of 50 mV at a DC bias of 0.68 V vs. VAg/AgCl on light 
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illumination. Circuit model fitting of EIS data was carried out using the EIS Spectrum Analyzer 

software (Bondarenko, A.S. et al., 2005). 

 

6.4 Results and discussions 

 

In figure 6.1, SEM pictures of WO-R, WO-Y, WO-A, and WO-YA are shown. Pure WO3 (WO-

R) shows granular surface structure with slanted small hills-like morphology (white bars in 

Figure 6.1-a) up to 220 nm in size. Au on WO3 (sample WO-A) shows non-uniformly distributed, 

irregular-shaped NPs in size range from 8 to 53 nm (in some places up to 100 nm) as shown in 

Figure 6.1b as white colored particles indicated with yellow arrows. Y2O3:Eu3+ SPs on WO3 

(sample WO-Y) in Figure 6.1c indicated by blue arrows exhibit distinct uniform sizes of 100 nm 

in diameter. Lastly, sample WO-YA, all combined, shows successful deposition of all three 

components in one place (Figure 6.1d). EDS analysis in Appendix A2 confirms successful 

synthesis of Y2O3:Eu3+ SPs on WO3.       

 

 
 

Figure 6.1. Surface SEM images of a) WO-R, b) WO-A, c) WO-Y and d) WO-YA on FTO 

substrates. 

 

Structural phases of samples were identified by using GI-XRD measurements as shown in Figure 

6.2a. The monoclinic crystalline phase (card #: 00-036-0102) of WO3 is shown in reference WO-
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R and in all other samples. No other peaks related to Au or Y2O3:Eu3+ SPs are detected from GI-

XRD patterns. Absence of peaks corresponding to Au or Y2O3:Eu3+ SPs is assigned to low 

concentration of materials on WO3. For that reason, phases of Y2O3:Eu3+ SPs were identified 

separately as shown in Figure 6.2b. It shows crystalline cubic phase of Y2O3 (card #01-076-

8044).  

 
 

Figure 6.2. XRD patterns of a) WO-R, WO-A, WO-Y, WO-YA, and b) separate 

Y2O3:Eu3+ SPs. 

 

The downconvertion properties of Y2O3:Eu3+ SPs were tested by PL spectroscopy. Figure 6.3 

represents the PL excitation and emission results of Y2O3:Eu3+ SPs with absolute quantum yield 

of 78.3% at excitation of 250 nm. Four distinctive emissions of Y2O3:Eu3+ SPs 

5D0→7F0, 
5D0→7F1, 

5D0→7F2, 
5D0→7F3 were identified in spectra (W. Wang & Zhu, 2018). The 

strength of the 5D0→7F2 transition located at 610.8 nm is largest. It clarifies emission of the red 

color and demonstrates the effective integrating of ions into the yttria matrix.  The emissions of 

Y2O3:Eu3+ SPs in the visible portion of light can possibly increase absorption of Au NPs followed 

by the energy transfer to the WO3.  



 

78 

 
Figure 6.3. PL spectra of Y2O3:Eu3+ SPs.  

 

The absorbance spectra of samples WO-R, WO-A, WO-Y and WO-YA can be seen in Figure 

6.4. Sample WO-R has typical absorbance for UV region of light (< 400 nm) due to its wider 

band gap. Combining WO-R with Y2O3:Eu3+ SPs (sample WO-Y) shows absorbance 

enhancement along the spectra from 350 nm to 800 nm (blue colored line). It is due to slight 

scattering effect from circular forms of Y2O3:Eu3+ SPs and their emissions in visible region of the 

light. Absorbance of the sample WO-A, with Au NPs, shows the characteristic plasmonic 

resonance peak ~ 540 nm (red colored line). Shape and peak position of plasmonic resonance of 

Au NPs strongly dictated by their forms and sizes (J. Li et al., 2021). The maximum absorbance 

is seen on sample WO-YA (Figure 6.4, teal colored line). It can be assigned to the overlay of 

absorbances from Au NPs, WO3, and Y2O3:Eu3+ SPs. One key observation is that the increase in 

absorbance when using WO-YA is greater compared to WO-Y in a specific spectral range 

centered at 550 nm. This could confirm effective utilization of photoluminescent material to 

increase absorption of Au NPs in conjunction with PEC photoanodes. 
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Figure 6.4. Absorbance spectra of WO-R, WO-Y, WO-A, and WO-YA samples.  

 

Robust light scattering from Y2O3:Eu3+ SPs can boost both Au NPs’ and WO3 capability to 

benefit from extra light photons. Additionally, the light emitting from Y2O3:Eu3+ SPs (seen from 

550 and 600 nm) can be absorbed by Au NPs with resonance peaks located at the red region of 

the light. Resultantly assisted by Au Nps with near field mechanism and improved charge-carrier 

creation would improve efficiency in WO3 photoanode. Figure 6.5 provides a visual depiction of 

the integrated photoanode, illustrating the concept. It illustrates how light harvesting occurs with 

combined assistance of Au NPs and Y2O3:Eu3+ SPs.   

 

 
Figure 6.5. Schematics for WO3 photoanode covered by Au NPs and Y2O3:Eu3+ SPs for 

improved efficiency. 

 

The photocatalytic activity of prepared photoanodes is tested with LSV measurements as shown 

in Figure 6.6a. Total photocatalytic current generation raised by 37.5 % on sample WO-YA 
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compared to WO-R at 1.23 V vs RHE. Samples WO-Y and WO-A also show slight increase in 

photocurrent generation. Still, usage of both Au NPs and Y2O3:Eu3+ SPs provides significant 

effect for photoactivity of WO3. We ascribe such enhancement to light managing caused by the 

above-mentioned combination. EIS measurement results in Figure 6.6-b clearly indicate (inset) 

that sample WO-YA, WO3 combined with Au and Y2O3:Eu3+, has improved charge-transport 

characteristics compared to other samples.  

 

 
Figure 6.6. a) LSV and b) EIS measurements of WO-R, WO-Y, WO-A, and WO-YA samples. 

 

To check the repeatability of the results, extra experiments were done while changing      

parameters such as Au film thickness and concentrations of Y2O3:Eu3+ SPs. Concentrations of 

Y2O3:Eu3+ SPs on WO3 can be managed by adjusting spin-coating rotating speed. To be certain, 

Y2O3:Eu3+ SPs were deposited on the same photoanodes where Au NPs coated after LSV 

measurement, and LSV measurements are done again in the similar settings. Experiment 

outcomes are shown in Figure 6.7, where for (a) Au thin film thickness was 1.9 nm and speed of 

Y2O3:Eu3+ SPs’ spin-coating was 2000 rpm, for (b) Au – 2.9 nm and Y2O3:Eu3+ SPs spin-coating 

speed was 1000 rpm, for (c) Au – 5.1 nm and Y2O3:Eu3+ SPs deposited by drop-casting method. 

All cases show photocatalytic enhancement after using both Au and Y2O3:Eu3+ SPs, where the 

highest photocurrent enhancement was 73 % at 1.23 RHE for drop-casting employed sample 

(Figure 6.7-c) due to larger concentrations of Y2O3:Eu3+ SPs.   
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Figure 6.7. a) Conducting LSV measurements on WO3 photoanodes incorporating Au 

NPs and Y2O3:Eu3+ SPs with the following parameters: a) spin-coating Y2O3:Eu3+ SPs 

onto a initially 2 nm thick layer of Au at 2000 rpm, b) spin-coating Y2O3:Eu3+ SPs onto a 

initially 3 nm thick layer of Au at 1000 rpm and c) depositing Y2O3:Eu3+ SPs onto a 

initially 5 nm thick layer of Au using the drop-casting method. 

 

To confirm downconversion effect or scattering effect for photocatalytic enhancement on sample 

WO-YA, additional experiments are performed. To check, Y2O3 NPs were fabricated with no Eu 

doping and coated onto WO3 with drop casting and spin-coating method at 1500 rpm. We 

observed that Y2O3 NPs/WO3 photoanode has no enhanced photocatalytic activity as seen in 

Figure 6.8a, whereas drop casted Y2O3 NPs on WO3 sample shows slight increase of 

photocurrent compared to sample results (drop casted Y2O3:Eu3+ SP) in Figure 6.7c. It is 

obviously seen that the main role was played by downconversion of Y2O3:Eu3+ SP in 

photocatalytic improvement of sample WO-YA. SEM pictures in Figure 6.9 show successful 

coating of Y2O3 NPs on WO3. 

 

 

Figure 6.8. LSV testing of WO3 photoanodes with Y2O3 NPs was carried out through two 

different approaches: a) via the spin-coating method and b) drop-casting method. 
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Figure 6.9. Surface SEM images of WO3 photoanodes with Y2O3 NPs were carried out through 

two different approaches: a) via the spin-coating method and b) drop-casting method. 

 

6.5 Chapter conclusion 

 

This chapter reports novel way to employ photoluminescent downshifting material combined 

with Au nanoparticles for improved photocatalysis efficiency. We prepared using magnetron 

sputtering identical WO3 photoanodes and added both Au NPs and photoluminescent Y2O3:Eu3+ 

SP. Our findings show that integration of Au NPs and Y2O3:Eu3+ SP with WO3 significantly 

increase photocurrent generation due to combined effects of plasmonic, downconversion and 

scattering. We believe that our study opens new opportunities for the utilization of 

photoluminescent materials in various applications, including photocatalysis and water splitting. 

 

7. Modification of WO3 thin films without substrate by IPIB irradiation 

 

7.1 Focus of the chapter 

 

The WO3 is a cheap, relatively stable, and easy synthesized metal oxide material that has high 

potential usage in many fields: water oxidation and purification, electrochromic, sensors, etc. 

Required optoelectronic properties of WO3 for those applications can be achieved by using IPIB 

irradiation. For that purpose, it is important to study IPIB irradiation effect on WO3 thin films. In 

previous chapters, IPIB irradiation of WO3 thin films were conducted on FTO substrates where 

we observed WO3 sponge-like structures after irradiation. There is fast heat transfer (fast cooling) 

to the substrate during and after the irradiation in WO3/substrate configuration. Energy delivered 

by IPIB to the WO3 layer increases its temperature typically to several hundred degrees of 

Celsius and, in the absence of substrate, WO3 layer cools down slowly.  Since heat diffusion into 
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the substrate (in particular, into commercial crystalline FTO used in previous chapters) is 

significantly fast than environmental heat dissipation.  

In this chapter, modification of WO3 thin films by intense pulsed proton beam irradiation was 

carried out on TEM membranes to see modification results while IPIB annealing cools down 

slowly. The used TEM membranes have open window with SiN (of 15 nm) support film on it 

which is enough to minimize substrate effect. Results show creation of non-sponge structures at 

10 A/cm2 compared to WO3 with FTO substrates. Additionally, creation of single crystalline 

plates and distinct dislocations in crystalline WO3 samples are observed at 4 and 10 A/cm2 ion 

beam current densities of IPIB irradiation.       

 

7.2 Introduction 

 

The WO3≤x thin films have great applications in many fields due to their photocatalytic 

activities, electrochromic properties and stability. Improvement of their optoelectronic properties 

and functionalities often result from modifications that create beneficial defects such as oxygen 

vacancies, lattice distortions, dislocations, etc.  

Ion irradiation is a powerful technique to create and control defects in thin film nanomaterials by 

altering, particularly, optical, electrical, and structural properties (X. Wang et al., 2020). Point 

defects such as oxygen vacancies, lattice dislocations, interstitial ion doping can increase 

performance of photocatalyst materials such as WO3 (Kozlovskiy et al., 2021; Kozlovskiy & 

Zdorovets, 2020). It was shown that proper concentration of oxygen vacancies can give positive 

influence to improve photocurrent generation, to charge carrier generation, separation and 

transport properties of photoelectrodes (Y. Li et al., 2016; Y. Zhang et al., 2019). In our case, the 

IPIB irradiation of the material leads to surface annealing and strongly depends on the underneath      

substrate’s thermal diffusion properties. During the IPIB irradiation, proton ions penetrate the 

material to few microns including substrate, and give temperature rise to anneal the near-surface 

layer as seen in Figure 7-1. After the initial heat-up during the IPIB irradiation, the hot surface 

layer cools down by conducting heat deeper into substrate and radiating heat outside. In this 

sense, the cooling time      dominantly controlled by substrate material (FTO in our case) and it 

has a huge impact on crystallization processes of irradiated WO3. In previous chapters we used 

FTO glass substrates, therefore cooling happens fast due to intense heat diffusion into the 

substrate. In the absence of a substrate, the energy supplied by IPIB raises the temperature of the 

WO3 layer to several hundred degrees Celsius, which then cools down slowly. 



 

84 

In this chapter, we studied the influence of IPIB irradiation on free-standing WO3 thin film 

without the substrate. Amorphous (a- WO3) and crystalline(c-WO3) WO3 thin films were 

prepared on TEM membranes by magnetron sputtering method. c-WO3 thin films were prepared 

from a-WO3 thin films by subsequent hot plate annealing in air.  

 

Figure 7.1. The schematic diagram of IPIB irradiation effect on WO3/FTO/Glass photoanode.  

 

  

7.3 Experimental methods 

 

WO3 thin films were deposited by Kurt Lesker magnetron system by reactive sputtering W 

(purity 99.99 %) target with identical thicknesses ( ⁓ 30 nm) on commercial TEM membranes 

(Ted Pella, Si wafer with window that has 15 nm SiN). Deposition parameters are as following: 

power – 100 W, dep. time – 1min 30 s, oxygen, and argon flow rates – 21/33 sccm, chamber 

pressure during the deposition – 11.4 mTorr.    

After deposition, half of the samples were annealed to crystallize the structure at 500°C on a 

hotplate in air for 1 hour. Samples denoted from WO - 1 to WO - 8 and their IPIB irradiation 

parameters are given in Table 7.1  

 

Table 7.1. Parameters and modification information of WO3 thin films on TEM membranes. 

Phase Amorphous Crystalline 

Sample 

name 

WO-1 

(amorphous-

reference) 

WO-2 WO-3 WO-4 WO-5 

(crystalline-

reference) 

WO-6 WO-7 WO-8 
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Ion beams 

current 

density 

(A/cm2) 

0 4 10 17 0 4 10 17 

 

 

 

7.4 Results and discussions 

 

Overall, 8 WO3 thin film samples were prepared (4 c-WO3, 4 a-WO3) and 6 of them were 

irradiated with IPIB at 4, 10, 17 A/cm2 ion beams current densities. We observed that samples 

both amorphous and crystalline irradiated at 17 A/cm2 have been broken and flown away as a 

result of surface pressure induced by such high ion beam current density. Consequently, only 

results from samples WO-1, WO-2, WO-3, WO-5, WO-6, WO-7 are considered for further 

analysis. 

As-deposited thin films show amorphous nature (sample WO-1), but after annealing at 500°C in 

air, they are converted into polycrystalline WO3 (sample WO-5) as shown on TEM images in 

Figures 7.2a and 7.2b.  

 

 

Figure 7.2. TEM images of WO3 thin films: a) as-deposited (amorphous) a-WO3 and b) after 

annealing at 500°C, c-WO3. 

 

Polycrystalline TEM imaging of annealed sample (c-WO3) shows grains of various sizes up to 30 

nm. No distinct defects or dislocations are observed in this step. 
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Figure 7.3 shows TEM images of a-WO3 and c-WO3 samples after irradiation at 4 A/cm2 ion 

beams current density. Sample WO-2 in Figure 7.3-a at 60kx magnification with diffraction 

pattern inset and magnified at 500kx in 7.3-b show that a-WO3 turned into polycrystalline thin 

films with distinct grains after irradiation. Surface and bulk structure of the became uniformly 

distributed irregular mountain structured morphology with no cracks. No dislocations or other 

defects are seen in thin film after irradiation as seen from Figure 7.3-a,b. After irradiation c-WO3 

at 4 A/cm2, WO-6 has separate distinct regions (plates) with cracks at boundaries (indicated with 

green arrows) that appeared due to thermal expansion during the annealing process as seen in 

Figure 7.3-c, 7.3-d, and 7.3-e. WO-6 sample exhibits homogeneous morphology with long hills 

(dark regions in Figure 7.3-c) that stop at boundary cracks. We conclude that irradiation at 4 

A/cm2 turned polycrystalline c-WO3 into plates of single crystalline order. This fact can be 

observed from WO-6 TEM image in Figure 7.3-d (1000 kx magnification) that shows atomic 

lattice patterns of three separate plates grown in three different directions and separated by 

cracks. To confirm, we checked diffractions from the sample region that contain five different 

plates (Figure 7.3-e) and the region with only one plate (Figure 7.3-f).       
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Figure 7.3. TEM images of a) sample WO-2 at 60 kx magnification, b) sample WO-2 at 500 kx 

magnification and c) sample WO-6 at 60 kx magnification, d) sample WO-6 at 1000 kx 

magnification. Images e and f shows sample WO-6 with and without crack and their 

corresponding diffraction patterns in insets. 

 

Corresponding diffraction patterns of chosen regions reveal that indeed each single crack plate 

has single crystalline nature. It might be explained by the combined effect of annealing and 

directional influence from the ion beam irradiation. Initially crystalline samples recrystallizes and 

under ion flow directional influence creates single crystalline structures, aligned with the ion 

flow. We believe that 4 A/cm2 is suitable ion beam current density to have directional influence 

for this thickness of the WO3 thin film with plates. Overall, morphological changes show that 

initially crystalline sample has more morphological resistance to IPIB ion beam irradiation at 4 

A/cm2 than initially amorphous sample, since more energy needed to change atomic positions of 

stable crystalline structures.  

Figure 7.4 shows TEM images of samples WO-3 and WO-7 that were irradiated at 10 A/cm2 ion 

beams current densities. The WO-3 shows non-homogeneous thin film with separate plates and 

accumulated nanoparticles (indicated with green arrows, up to 100 nm in size) as seen from TEM 

images in Figure 7.4-a, 7.4-c and 7.4-e. Corresponding diffraction pattern inset in Figure 7.4-a 

and atomic order pictures in high resolution TEM image in Figure 7.4-e confirm its 

polycrystalline nature after irradiation. Usually, separate plates separated by cracks at boundaries 

occurs during the annealing processes in thin films. Cracks separating plates appear after 

irradiation induced high temperature rise followed by with mechanical strains and cracking 

during the cool down. This short pulsed high temperature rise causes material to melt and then 

recrystallize again. Most of the sample WO-3 flew away compared to initially crystalline WO-7 

sample due to sputtering induced by IPIB irradiation. The TEM image of initially crystalline 

sample (WO-7) in Figure 7.4-b shows homogeneous thin films with distinct separate 

polycrystalline plates with cracks at boundaries. Diffraction pattern inset in Figure 7.4-b and 

high-resolution TEM images in Figure 7.4-d show that sample WO-7 also has polycrystalline 

nature. It was revealed that IPIB irradiation of c-WO3 thin films with 10 A/cm2 induces many 

dislocations, shown at high-resolution TEM image in Figure 7.4-f. Such dislocations were not 

observed from initially amorphous WO-3 sample or from samples irradiated at 4 A/cm2. More 

dislocation images from the same sample (WO-7) can be found in Appendix A3. 
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Figure 7.4. TEM images:  a) sample WO-3 and b) sample WO-7 both at 6 kx magnifications with 

their corresponding diffraction pattern insets at right top; images c) and e) show sample WO-3 at 

80 kx, 500 kx magnification respectably; images d) and f) exhibit sample WO-7 at 1200 kx 

magnification. Image f shows distinct dislocation induced by ion beam irradiation at 10 A/cm2. 

 

Figure 7.5 shows initially amorphous and crystalline WO3 thin films with substrates on 

FTO/glass and without substrates on TEM membranes irradiated at 10 A/cm2 ion beam current 

density. As was explained previously, irradiation of WO3 thin films on FTO/glass substrates 

happens with consequent fast cooling due to intense heat diffusion to the substrate layer, 

otherwise, without substrate subsequent cooling is slow. This explains creation of sponge-like 

structures on initially amorphous WO3 with substrates compared to initially amorphous WO3 

without substrates as seen in Figures 7.5-b and 7.5-d. As melting and crystallization happens 

during the irradiation, with substrate, sample freeze on that sponge like morphology due to fast 

cooling in non-equilibrium way.   

 

 

Figure 7.5. Initially amorphous and crystalline WO3 thin films a), b) with substrates on 

FTO/glass and c), d) without substrates on TEM membranes irradiated at 10 A/cm2 ion beam 

current density (sample WO-7). 

 

In conclusion, we show that ion beams current density of 10 A/cm2 might be optimum value for 

irradiating WO3 thin films to induce maximum number of dislocations and point defects which 

are beneficial at some extend for usage in PEC applications. Also, we report the optimum IPIB 
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irradiation current density 4 A/cm2 ion, at which initially polycrystalline WO3, free standing (no 

substrate), turn into the collection of large size (up to few microns in lateral size) single 

crystalline plates. 

 

 

7.5 Conclusions 

 

WO3 thin films of ~30 nm thicknesses were synthesized onto TEM membranes and irradiated 

with IPIB to study structural and morphological changes. Our initially deposited samples have an      

amorphous nature and they become polycrystalline after hot plate annealing in air. IPIB 

irradiation of the amorphous sample at 4 A/cm2 changes its morphology into uniformly 

distributed polycrystalline film. IPIB irradiation at current density of 4 A/cm2 of polycrystalline 

WO3 sample turns into homogeneous film with long hills, structure changes into single 

crystalline plates. No defects or dislocations are observed for both the amorphous and crystalline 

samples after 4 A/cm2 irradiation. However, irradiation at 10 A/cm2 induces substantial 

morphological changes on both crystalline and amorphous samples. Amorphous sample obtains 

polycrystalline nature with non-homogeneous thin film structure with separate plates.           

Polycrystalline film irradiated at 10 A/cm2 turned to      homogeneous polycrystalline film with 

distinct plates separated with cracks and many dislocations. It can be concluded that 10 A/cm2 is 

the optimum ion beam current density for inducing large number of dislocations and defects that 

can have a beneficial role in PEC usage. 

 

8. Conclusions and Outlook  

 

8.1 Summary and conclusions 

 

In conclusion, this thesis has been dedicated to advancing the surface modification of magnetron 

sputtered WO3 photoelectrodes through a comprehensive exploration of of effect of intense 

pulsed ion (proton) beam (IPIB) irradiation. The primary objective was to enhance the 

photocatalytic properties of WO3, with a specific focus on studying the impact of IPIB irradiation 

on WO3, on the shape formation of plasmonic Ag NPs and studying combined plasmonic NPs 

and fluorescent NPs with WO3. 
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IPIB method, which uses energetic ions that penetrate up to few micrometers of the material and 

modify its surface with superfast annealing, served as a robust tool in this investigation. 

Additionally, the application of IPIB opens new opportunities of silver NP sphericity control at 

solid-state dewetting, revealing a significant influence of super-fast annealing on the sphericity of 

these nanoparticles. 

Magnetron technology, renowned for its efficiency in thin film deposition and coating processes, 

contributed additional dimensions to the surface modification strategies employed in this work. 

The synergy between IPIB and magnetron techniques not only enhanced the efficacy of surface 

engineering but also opened paths for innovative approaches in tailoring material surfaces for 

improved photocatalysis. 

Furthermore, the concurrent utilization of plasmonic NPs and fluorescent materials, strengthened 

by the advantages of both IPIB and magnetron technologies, emerged as a highly effective 

strategy for increasing the photoactivity of WO3 thin films. Consequently, this research not only 

propels the frontier of surface modification techniques but also illuminates the intricate interplay 

between WO3 and IPIB while substrate effect is decreased. The results obtained open promising 

novel pathways for future advances in advanced materials and photocatalysis.       

 

8.2 Outlook  

 

Looking ahead, the future trajectory of research in the field of photoelectrochemical (PEC) water 

splitting holds great promise, particularly in the context of advancing materials beyond WO3. In 

this pursuit, the intense pulsed ion beam (IPIB) technique, proven to be effective in surface 

modification, presents a compelling path for exploration and application across a broader 

spectrum of materials. 

The versatility of IPIB, with its ability to introduce energetic ions deep into materials and induce 

super-fast annealing, positions it as a valuable tool for tailoring the surfaces of diverse 

compounds. By extending its application beyond WO3, we believe that we can unlock the full 

potential of IPIB in optimizing the performance of different photoelectrode materials for PEC 

water splitting. This strategic shift towards a broader materials palette encompasses 

semiconductors, metal oxides, and other promising candidates, thereby expanding the scope of 

possibilities in the quest for efficient and sustainable hydrogen production. 
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Appendix A. 

A1. Table showing deconvoluted peak positions and area calculations of core W4f and O1s of 

two-layer non-irradiated and irradiated WO3 samples of Chapter 5. 

  

W4f and O1s Irradiated Non-irradiated 

Peaks (eV) Area (a.u.) Peaks (eV) Area (a.u.) 

OL  530.69 2687379.85 531.24 2724055.15 

OV  531.75 2530902.99 532.29 2473908.51 

W6+ 4f5/2 38.1 60114.73 38.43 99712.23 

W6+ 4f7/2 35.72 259365.47 36.18 318516.13 

W5+ 4f5/2 37.25 476045.96 37.73 398839.99 

W5+ 4f7/2 34.73 49563.30 35.15 63994.14 

Wx+  33.79 379755.18 34.02 390656.57 

Wx+  31.52 149246.60 31.75 168194.68 

Area ratio W5+ /W6+ 1.64 1.1 
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A2. EDS elemental analysis of sample WO-7 of Chapter 6.  
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A3. Additional TEM images of sample WO-7 of Chapter 7. Dislocations are indicated with 

yellow arrow and grain boundaries indicated by green arrow. 

 

 

 

 

 

 

 

 


