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Abstract 
 

The urgent need for sustainable technological solutions to environmental and energy challenges 

is driving extensive research into innovative nanomaterials. This work investigates the 

synthesis, modification, and application of metal oxide nanostructures in sustainable green 

technologies such as microalgae biomass harvesting for fuel production, hydrogen evolution, 

and enhancement of the electronic properties of environmental optoelectronic devices. 

In this work, photocatalytic ZnO-coated membranes are developed for microalgae harvesting 

from a pre-concentrating solution. The fabrication involves ZnO deposition via reactive 

magnetron sputtering onto two types of membrane substrates: porous stainless-steel and 

alumina membranes. The deposition produces crystalline, hydrophilic ZnO coatings on both 

membrane substrates. In the case of the stainless-steel substrate, the ZnO-coated membranes 

exhibit enhanced water permeability, achieving a two-fold increase in water flux after ZnO 

coating. Additionally, their photocatalytic cleaning properties enable 60% permeability 

recovery within 30 minutes of UV exposure after complete fouling. For alumina membranes, 

the ZnO coating significantly enhances membrane hydrophilicity, reducing water contact 

angles by approximately 50% and limiting flux decline to 5% over three filtration cycles, 

compared with 32% decline for uncoated membranes. Furthermore, 100% flux recovery is 

achieved within 30 minutes of exposure to a solar simulator. These studies demonstrate that 

incorporating ZnO coatings into membrane filtration systems offers a robust, cost-effective 

solution for microalgae harvesting processes. 

For hydrogen evolution, a novel method is developed to fabricate high-performance ZnO 

photoanodes for PEC water splitting. The post-growth oxidation of metallic Zn films produces 

a randomly oriented, nanorod-like ZnO film enriched with oxygen vacancies. Characterization 

via cathodoluminescence (CL) spectroscopy, X-ray photoemission spectroscopy (XPS), and 



 

xviii 
 

electrochemical analysis reveals the role of oxygen vacancies in enhancing PEC performance 

by improving light absorption and charge transfer. These photoanodes achieve a remarkable 

photocurrent density of 1.14 mA/cm² at 1.23 VRHE under simulated sunlight, representing one 

of the highest performances reported for ZnO-based electrodes. 

Finally, the thesis investigates the incorporation of fluorene (F) donors in β-Ga2O3 nanowires 

(NWs) and their effects on luminescence, defect structure, and carrier dynamics. F doping is 

achieved using remote SF6 plasma treatment, which introduces F atoms at oxygen sites while 

preserving the monoclinic crystal structure. CL mapping and time-resolved spectroscopy 

reveal the emergence of an additional UV emission peak, attributed to shallow F donor–deep 

acceptor pair recombination, accompanied by the suppression of visible defect-related 

emissions. F doping also increases the carrier lifetime from 9.2 ns to 17.0 ns, demonstrating 

the role of F dopants in passivating intrinsic point defects and enhancing the optical properties 

of β-Ga2O3 for deep UV optoelectronic applications. 
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Chapter 1. Introduction and thesis overview  
 

Metal oxides play a crucial role in advancing green environmental technologies, mainly due to 

their unique electronic and optical properties [1, 2]. These materials exhibit a wide range of 

semiconducting behaviors that enable their interaction with light, governed by their respective 

bandgaps. Semiconductor oxides, such as titanium oxide (TiO2), tungsten oxide (WO3), zinc 

oxide (ZnO), and gallium oxide (Ga2O3), offer distinctive advantages due to their exceptional 

chemical stability, high breakdown electric field and high electron mobility [3]. These 

properties make them highly suitable for applications in environmental technologies. 

ZnO is a wide bandgap semiconductor with a bandgap of 3.4 eV [4]. It is known for its high 

conductivity, and biocompatibility, which makes it essential in a wide range of applications, 

including photocatalytic electrodes for water splitting, photodegradation, solar cells, thin-film 

transistors and piezoelectric devices [4, 5]. Similarly, monoclinic β-Ga2O3, an emerging ultra-

wide bandgap semiconductor with a bandgap of 4.9 eV, exhibits an exceptionally high 

breakdown field of 8 MV/cm. In addition, β- Ga2O3 demonstrates high electron mobility, and 

excellent chemical and thermal stability [6]. These characteristics make it a strong candidate 

for developing next-generation power electronic devices including solar-blind photodetectors, 

field-effect transistors and deep UV emitters [6-8].  

This thesis aims to explore the potential applications of ZnO and β-Ga2O3 in addressing 

challenges associated with microalgae biomass harvesting for fuel production, hydrogen 

evolution, and enhancement of the electronic properties of environmental optoelectronic 

devices. Each chapter investigates the fabrication, characterization, and application of these 

materials, providing insights into their electronic structure, morphology, chemical 

composition, and optical properties. The findings highlight the significant potential of ZnO and 
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β-Ga2O3 to drive innovations in green and sustainable environmental applications. The 

structure of this thesis is organized as follows: 

Chapter 1. Introduction and thesis overview: This chapter provides a general overview of 

the research scope and the structure of this thesis. 

Chapter 2. Literature review: This chapter focuses on the applications of metal oxides in 

environmental technologies. It highlights the photodegradation properties of ZnO in 

antifouling and self-cleaning membranes, its role as a photoanode for hydrogen evolution 

through photoelectrochemical cell (PEC), and the utilization of Ga2O3 nanostructures in 

optoelectronic devices. 

Chapter 3. Photocatalytic oxide-based membranes for microalgae harvesting: This 

chapter investigates the photocatalytic degradation performance of ZnO coatings integrated 

with two types of membranes, stainless steel and ceramic, and their application in microalgae 

biomass harvesting.  The outcome of this chapter is published in “Improved flux and anti-

fouling performance of a photocatalytic ZnO membrane on porous stainless steel substrate for 

microalgae harvesting. Salih, Amar K., et al. Journal of Membrane Science 718 (2025): 

123700.” and “Photocatalytic Self-Cleansing ZnO-coated Ceramic Membranes for 

Preconcentrating Microalgae. Salih, Amar K., et al. Journal of Membrane Science 694 (2024): 

122405” 

Chapter 4. Enhanced solar-driven water splitting performance using oxygen vacancy rich 

ZnO photoanodes: This chapter introduces a straightforward and economical approach for 

fabricating ZnO photoanodes enriched with oxygen vacancies (VO) for enhanced solar-driven 

hydrogen evolution via PEC water splitting. The outcome of this work is published in 

“Enhanced solar-driven water splitting performance using oxygen vacancy rich ZnO 
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photoanodes. Salih, Amar K., et al. Solar Energy Materials and Solar Cells 259 (2023): 

112436” 

Chapter 5. Defect passivation and enhanced UV emission in β-Ga2O3 via remote fluorine 

plasma treatment: This chapter investigates the impact of fluorine doping, achieved via SF6 

plasma treatment, on native defects in β-Ga₂O₃ nanowires, and its role in improving the 

electronic and optical properties of Ga₂O₃ crystals. The outcome of this chapter is published in 

“Defect passivation and enhanced UV emission in β-Ga2O3 via remote fluorine plasma 

treatment. Salih, Amar K., et al. Applied Surface Science 687 (2025): 162250” 

Chapter 6. Conclusion: This chapter summarizes the key findings from all the studies 

presented in this thesis and offers recommendations for future research to further enhance the 

material performance and address remaining challenges. 
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Chapter 2. Literature review 

Metal oxides play a key role in environmental remediation through various applications, 

including photocatalytic pollution degradation and green fuel production [1]. Their functional 

properties are highly diverse and strongly influenced by factors such as crystal structure, 

morphology, composition, intrinsic defects, and doping. These factors collectively determine 

their optical, electrical, chemical, and catalytic properties [2]. 

2.1. Metal oxides for photocatalytic degradation 

Metal oxides such as TiO₂, ZnO, Fe₂O₃, WO₃ have been investigated as effective photocatalysts 

for degrading organic pollutants in water and air. When exposed to light with energy exceeding 

their bandgap, electron-hole pairs are generated, which can trigger the formation of reactive 

oxygen species (ROS) such as hydroxyl radicals (•OH) and superoxide anions (•O₂⁻) [3]. These 

ROS oxidize complex organic pollutants into simpler compounds or mineralize them into CO2 

and H2O [4], as illustrated in Fig.2.1. 

Figure 2.1. Metal oxide photocatalysts for organic pollutant degradation. This figure is taken 

from [5]. 

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]
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A major advantage of metal oxide-based photocatalysts is their ability to target a wide spectrum 

of pollutants, including synthetic dyes [6], antibiotics [7], hydrocarbons [8], nitroaromatic 

compounds and refinery oils [9] due to their low valence band position, which increases the 

oxidation potential of ROS. These pollutants pose serious environmental risks due to their 

toxicity, persistence, and potential to bioaccumulate. The effectiveness of these photocatalysts 

can be further enhanced through modifications such as introducing mid-gap electronic states or 

doping with metal or non-metal elements, which improve light absorption into the visible 

spectrum and suppress electron-hole recombination [10]. Additionally, factors like pH, 

pollutant concentration, catalyst loading, and light intensity are crucial in optimizing 

degradation efficiency [11]. 

2.1.1. ZnO for photocatalytic degradation 

ZnO is a widely studied semiconductor for pollutant degradation via photocatalysis, owing to 

its outstanding optical, electronic, and catalytic properties, alongside its resistance to fouling 

and bacterial growth [12]. ZnO also offers advantages, including broader solar spectrum 

absorption and lower production costs, approximately 75% cheaper than Al₂O₃ and TiO₂ [13]. 

Moreover, ZnO has proven to be a competitive alternative to TiO₂ for wastewater treatment, 

showing superior photocatalytic activity, especially in degrading dye pollutants [14, 15]. 

Additionally, ZnO possesses electron mobility two orders of magnitude higher than TiO₂, 

allowing for more efficient charge transport. Its tunable film structures enable control over 

nanostructure size and morphology, while its intrinsic high oxygen vacancy density further 

enhances photocatalytic efficiency by promoting hydroxyl ion generation and accelerating 

reaction kinetics [16]. These properties make ZnO a promising alternative to TiO₂ for 

wastewater treatment and other environmental applications. 
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The degradation process begins with pollutant adsorption on the ZnO surface, followed by 

oxidation-reduction reactions and the subsequent desorption of reaction products. When ZnO 

is illuminated with light energy equal to or greater than its band gap, electrons are excited from 

the valence band to the conduction band, creating electron-hole pairs that migrate to the surface 

to drive redox reactions. Scavengers like oxygen and hydroperoxyl radicals inhibit 

recombination, enabling conduction band electrons to react with oxygen to produce superoxide 

(O2
∙−), hydroperoxyl (HO2

∙ ), and eventually hydroxyl (∙ OH) radicals via a series of reactions, 

Eqs. (2.1 – 2.7) [17]:  

 𝑍𝑛𝑂 +  ℎ𝜈 →  𝑒− + ℎ+ (2.1)

𝑂2 +  𝑒− →  𝑂2
∙− (2.2)

𝑂2
∙− +  𝐻+ →  𝐻𝑂2

∙ (2.3)

2𝐻𝑂2
∙ →  𝐻2𝑂2 + 𝑂2 (2.4)

𝐻2𝑂2 +  𝑂2
∙− → ∙ 𝑂𝐻 +  𝑂𝐻− + 𝑂2         (2.5) 

𝐻2𝑂2 +  ℎ𝜈 →  2 ∙ 𝑂𝐻     (2.6) 

𝐻2𝑂2 +  𝑒− → ∙ 𝑂𝐻 + 𝑂𝐻−       (2.7) 

In the valence band, holes react with water and hydroxyl ions to generate additional hydroxyl 

radicals, Eqs. (2.8 – 2.9) [17]:  

𝐻2𝑂 + ℎ+ → ∙ 𝑂𝐻 + 𝐻+       (2.8)

𝑂𝐻− + ℎ+ → ∙ 𝑂𝐻         (2.9)

These hydroxyl radicals are potent oxidizing agents that degrade pollutants into intermediates, 

which are further mineralized into harmless end products such as water and carbon dioxide, 

Eq. (2.10) [17]:  

∙ 𝑂𝐻 +  𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 →  𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠 → 𝐶𝑂2 +  𝐻2𝑂     (2.10) 
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This series of reactions highlights the efficiency of ZnO in transforming contaminants into non-

toxic substances under photocatalytic conditions. Figure 2.2 summarized the proposed 

photocatalytic degradation reactions. 

Figure 2.2. Schematic diagram illustrating the photoactivation process in metal oxides and the 

primary surface reactions involved in photocatalytic degradation. This figure is adapted from 

[17]. 

While ZnO is a powerful photocatalyst, it faces several limitations that hinder its practical 

applications. A primary challenge is the rapid recombination of photogenerated electron-hole 

pairs [18], which reduces quantum efficiency by releasing energy as heat. Additionally, ZnO's 

wide band gap restricts its light absorption to the UV region, making it inefficient under visible 

light [18]. The tendency of ZnO nanoparticles to aggregate further diminishes their 

photocatalytic efficiency by reducing the available surface area for light exposure and active 

site generation [19]. This aggregation can also lead to shielding effects that lower the photon 

flux in slurry systems and encourage the recombination of charge carriers. Additionally, 

prolonged UV exposure induces photo-corrosion, leading to ZnO dissolution and reduced 

photoactivity and stability, with reusability compromized under extreme pH conditions [18]. 

These limitations necessitate modifications to enhance ZnO's photocatalytic properties, such 

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]
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as reducing recombination rates, extending light absorption into the visible spectrum, and 

improving the stability and recovery of the photocatalyst. 

Immobilizing ZnO on substrates such as clay, glass, silica, polymeric, or ceramic porous 

materials, Fig. 2.3, offers a promising solution. Ideal supports provide high surface area, strong 

catalyst adherence, effective pollutant adsorption, and maintain reactivity, thereby reducing 

agglomeration, enhancing contact time, and preventing catalyst loss in water treatment 

applications [20-23]. 

Figure 2.3. Immobilization of ZnO-based photocatalyst on various supporting substrates. This 

figure is taken from [24]. 

2.1.2. ZnO based membranes for waste-water treatment 

Membranes for water treatment are semipermeable barriers (porous materials) designed to 

selectively remove contaminants, such as dissolved salts, microorganisms, organic compounds, 

and suspended solids, from water. These membranes operate through physical, chemical, or 

pressure-driven processes, including microfiltration (MF), ultrafiltration (UF), nanofiltration 

(NF), and reverse osmosis (RO), to produce water suitable for drinking, industrial use, or 

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]
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environmental discharge [25]. ZnO-based membranes, incorporating ZnO nanoparticles or 

nanostructured thin-film coatings, are developed to enhance water treatment performance. 

These membranes function by reducing nanoparticle agglomeration, increasing pollutant 

contact time, and preventing catalyst loss. Incorporating ZnO into membrane systems offers 

key advantages, such as enhanced hydrophilicity, improved resistance to fouling, and higher 

efficiency in contaminant removal [23]. 

2.1.2.1. ZnO-based polymeric membranes 

Polymeric membranes with embedded ZnO nanostructures enhance membrane performance by 

addressing fouling, durability, and permeability issues. ZnO improves hydrophilicity, UV 

resistance, and antimicrobial activity, thereby extending membrane lifespan [26]. The 

integration of ZnO into polymeric membranes is typically achieved using two main 

approaches: blending and surface coating. In the blending method, ZnO nanoparticles are 

mixed with polymers such as polyvinylidene fluoride (PVDF) to ensures the uniform 

dispersion of ZnO throughout the membrane matrix, reducing the risk of blockages in surface 

pores compared to coated membranes [27]. In contrast, surface coating involves applying ZnO 

onto pre-formed membranes, which modifies surface characteristics without altering the bulk 

properties [26]. This method mainly enhances the hydrophilicity of the membrane surface and 

reduces the adhesion of foulants, which results in a significant increase in the permeate water 

flux compared to the ZnO-based membrane prepared by blending method [28, 29]. Figure 2.4 

displays examples of ZnO-based polymer membrane preparation by blending and surface 

coating. Although ZnO-based polymer membranes offer enhanced hydrophilicity, low 

fabrication cost and greater flexibility for surface and bulk modification, they suffer from lower 

thermal and chemical stability, and reduced mechanical strength compared to ceramic-based 

membranes [30]. 
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Figure 2.4. Schematic illustration of ZnO-based polymer membrane fabrication via (a) 

blending and (b) surface coating. This figure is adapted from [27, 31]. 

2.1.2.2. ZnO-based ceramic membranes

Ceramic membranes with ZnO deliver exceptional performance for high thermal and chemical 

stability applications, such as treating industrial effluents and high-temperature processes [32]. 

Compared to polymeric membranes, ceramic membranes, such as TiO2, Al2O3 and SiO2 are 

more resistant to chemical degradation and mechanical stress, making them ideal for harsh 

environments [32, 33]. While ceramic membranes offer superior durability, chemical stability, 

and high-temperature resistance compared to polymeric alternatives, their production is 

energy-intensive, relies on expensive raw materials, and their brittle nature increases the risk 

of mechanical failure under stress, all of which contribute to higher overall operational costs

[34]. Efforts are ongoing to reduce manufacturing expenses and develop cost-effective ceramic 

materials. Some of the common methods for preparation of ZnO-containing ceramic 

membranes involves immersing ceramic supports into ZnO precursor solutions (such as 

zinc(II) nitrate), sol–gel, atomic layer deposition (ALD), slip-casting, and chemical vapour 

deposition (CVD) [35-37]. These techniques produce films with compact structures and 

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]
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controlled thickness, ensuring stability and durability under harsh conditions. Figure 2.5 shows 

an SEM images of the ZnO-based membrane deposited on alumina membrane. 

Figure 2.5. SEM images: (a) cross-sectional view and (b) surface view of the ZnO-based 

membrane deposited on a 200‐nm pore-sized alumina membrane. This figure is taken from 

[37]. 

2.1.3. Purification of Water Contaminants Using ZnO Photocatalysts 

ZnO is an efficient photocatalyst for water purification, degrading various pollutants via 

reactive oxygen species (ROS) generated under light. Its versatility spans multiple contaminant 

classes. For example, dyes used in the textile industry significantly contribute to environmental 

pollution due to their synthetic, non-biodegradable nature, which stems from complex aromatic 

structures [38]. Their persistence in water systems poses carcinogenic and mutagenic risks to 

humans and aquatic organisms [39]. For example, Yulizar et al. [40] reported 91% removal of 

malachite green (MG) within two hours under visible light. ZnO nanomaterials have also been 

effective against a wide range of dyes, including methylene blue, methyl orange, and reactive 

dyes, and have shown promise in treating dye mixtures in real wastewater applications [41, 42]. 

The presence of pharmaceutical endocrine-disrupting compounds (EDCs) in water has raised 

significant concern due to their ability to interfere with hormonal functions in humans and other 

organisms, causing adverse health effects [43]. ZnO based photocatalysts utilized ROS to 

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]
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completely mineralized the EDCs into carbon dioxide and water. For instance, Selvakumar et 

al. [44] demonstrated the effectiveness of a Gd₂WO₆-loaded ZnO/bentonite nanocomposite, 

achieving 97.9% degradation of ciprofloxacin within 60 minutes under visible light. 

Agriculture plays a pivotal role in meeting the global demand for food, but the extensive use 

of agrochemicals, particularly pesticides, has led to serious environmental challenges. These 

chemicals are persistent, bio-accumulative, and pose significant risks to ecosystems and human 

health [45]. Photocatalysis has emerged as an efficient and sustainable technology, capable of 

transforming these toxic compounds into harmless substances through advanced oxidation 

processes. For instance, Yadav et al. [46] demonstrated the successful degradation of the 

herbicide triclopyr using ZnO/SnO₂ nanocomposites. 

The removal of heavy metals from water is a critical environmental challenge due to their 

extreme toxicity and persistence even at trace levels. Heavy metals such as cadmium, arsenic, 

lead, mercury, and chromium are commonly found in industrial wastewater and surface water, 

primarily due to industrial discharges and anthropogenic activities like fossil fuel combustion 

[47]. Their toxicity is associated with severe health risks, including chronic fatigue, 

gastrointestinal disorders, mental impairments, and degenerative diseases [47]. Traditional 

methods such as ion exchange and adsorption are limited as they only transfer contaminants 

between phases without eliminating their toxicity [48]. ZnO-based photocatalysts are used to 

convert heavy metals into less harmful states or reducing them to their elemental forms. For 

instance, Bao et al. [49] reported the successful reduction of toxic Cr(VI) to the less harmful 

Cr(III) using surface-hybridized PANI/ZnO nanosheets under UV light. The hybrid material’s 

enhanced photocatalytic performance was attributed to efficient charge separation and the 

interaction of ZnO’s hydroxyl groups with PANI’s amine groups. Le et al. [50] compared 

heavy metal ion removal efficiencies using ZnO under UV and visible light. ZnO particles 
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effectively removed Cu(II), Pb(II), and Cr(VI) ions, achieving 100%, ~60%, and ~40% removal, 

respectively, under visible light, but showed lower efficiency for Cd(II), Mn(II), and Ni(II). 

Petroleum refinery wastewater (PRW) is also a major environmental concern due to its complex 

composition, including aliphatic and aromatic hydrocarbons, halogenated aromatic substances, 

and ammonia, which contribute significantly to ammonia nitrogen levels and chemical oxygen 

demand (COD), making PRW harmful to humans and ecosystems [51, 52]. ZnO-based 

photocatalysts has been successfully integrated into combined systems to enhance PRW 

remediation. Keramati and Ayati [53] demonstrated a combined electrocoagulation and 

photocatalytic process using ZnO nanoparticles immobilized on a concrete surface. This 

approach optimized both processes, reducing COD by 95.8% after 180 minutes. 

Microalgae have emerged as a promising feedstock for bioenergy production, offering 

solutions for sustainable energy development [54]. These microorganisms, which include both 

eukaryotic and prokaryotic species, offer diverse advantages, such as nutrient recycling, 

wastewater treatment, and applications in biotechnology and economic sectors [55]. 

Additionally, microalgae produce high-value bioproducts (e.g., biodiesel, bioethanol, biogas, 

biohydrogen) and can absorb nitrogen and phosphorus from wastewater while reducing 

atmospheric carbon dioxide levels from industrial emissions [56]. Their rapid growth and high 

lipid content position them as a viable alternative to conventional energy crops and fossil fuels. 

Figure 2.6 summarizes the use of microalgae biomass in several environmental and sustainable 

energy applications. 
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Figure 2.6. Application of microalgae feedstock in environmental, medical, and energy 

applications. This figure is taken from [57]. 

The efficient harvesting of microalgal biomass remains a critical bottleneck due to the small 

cell size (a few micrometers) and the dilute nature of cultures, typically below 1 g/L [58]. 

Conventional methods such as coagulation, flocculation, flotation, and centrifugation are 

widely used to concentrate biomass [59-61]. However, these techniques often require high 

energy inputs or substantial chemical usage, leading to significant operational costs. 

Dewatering alone accounts for 90% of equipment expenses and 20–30% of total production 

costs [62], posing a major obstacle to large-scale commercialization. On the other hand, 

membrane filtration has gained increasing attention for microalgal harvesting due to its high 

performance, scalability, and energy efficiency, as well as the elimination of chemical additives 

[63]. Compared to centrifugation, flotation, and flocculation, membrane-based separations 

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]
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offer distinct advantages, including ease of operation and the potential to streamline 

downstream processes such as lipid, protein, and carbohydrate extraction [55, 64]. The absence 

of chemical inputs simplifies subsequent processes such as refining and conversion while 

allowing the effective utilization of residual biomass [64]. 

2.2. Metal Oxides for Photoelectrochemical Water Splitting 

The quest for clean and sustainable energy sources has driven extensive research into 

alternative energy technologies to address the ever-increasing global energy demand and 

mitigate the impacts of climate change. Among these, hydrogen stands out as a promising 

candidate due to its exceptional energy-to-mass efficiency (~ 140 MJ kg⁻¹) and its potential for 

zero-carbon energy production [65]. Hydrogen can be produced through various methods; 

however, generating hydrogen via PEC is regarded as one of the most environmentally friendly 

and economically viable approaches [66]. PEC cells utilize solar radiation to convert water into 

hydrogen and oxygen. A typical PEC consists of at least one photoelectrode designated for 

sunlight absorption and a metallic counter electrode, both connected by an external circuit and 

submerged in an electrolyte. Figure 2.7 depicts the fundamental components of a PEC system, 

where an n-type semiconductor serves as the photoanode for water oxidation and a metallic 

cathode facilitates water reduction.  
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Figure 2.7. Schematic diagram illustrating the basic components of a PEC system for water 

splitting.

When exposed to sunlight, electrons in the semiconductor photoelectrode (photoanode) can be 

excited from the valence band (VB) to the conduction band (CB). Although a large portion of 

the photoinduced electron-hole pairs recombine almost immediately, some electrons 

successfully migrate to the cathode, where they participate in the reduction of water to generate 

hydrogen gas (H2). Concurrently, photogenerated holes can travel to the photoanode surface, 

where they drive the oxidation of water into oxygen gas (O₂) [67]. The charge transfer at the 

interface between the photoelectrode and the electrolyte induces upward band bending [68]. 

This band bending is crucial as it enhances the separation of photoinduced electrons and holes, 

thereby mitigating their undesired recombination. This unique characteristic of band bending 

makes n-type semiconductors (with electrons as majority carriers) and p-type semiconductors 

(with holes as majority carriers) well-suited for use as photoanode and photocathode materials, 
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respectively. The redox reactions occurring at each PEC electrode are described in the 

following equations [68]:  

Cathode: 2𝐻+ + 2𝑒− → 𝐻2        𝐸𝑟𝑒𝑑
𝑜 = 0 𝑉 (2.11) 

Photoanode: 2𝐻2𝑂 + 4ℎ+ → 𝑂2 + 4𝐻+     𝐸𝑜𝑥
𝑜 = +1.23 (2.12) 

Where 𝐸𝑟𝑒𝑑
𝑜  and 𝐸𝑜𝑥

𝑜  are the minimum energy required for water reduction and oxidation, 

respectively, relative to the normal hydrogen electrode (NHE). These equations indicate that a 

minimum voltage of 1.23 V is necessary for water splitting. Therefore, photoelectrodes must 

be capable of absorbing photons with an energy of at least 1.23 eV to meet this condition. 

Typically, the photon energy required exceeds this theoretical minimum due to various energy 

losses, such as voltage drops at electrode/wire interfaces. Consequently, selecting suitable 

semiconductor materials for light absorption is crucial for the development of efficient PEC 

systems for solar-driven water splitting [69]. 

The process of PEC water splitting consists of three main steps: light absorption, which affects 

the efficiency of sunlight utilization and the generation of electron-hole pairs; charge 

separation, where losses occur due to electron-hole recombination; and charge injection into 

the electrolyte to facilitate water oxidation or reduction [69]. For optimal performance, the 

photoelectrode's CB edge potential should be below the hydrogen evolution potential (0 V vs. 

NHE), and its VB edge above the oxygen evolution potential (1.23 V vs NHE) [68]. 

Additionally, photoelectrodes need to effectively absorb solar spectrum to produce significant 

numbers of photo-excited pairs, but materials with large band gaps, which might possess 

appropriate band edges, are less effective due to poor visible light absorption. Efficient charge 

transport and separation within the semiconductor are crucial to minimize recombination and 

enhance water splitting efficiency [70]. Finally, the chosen materials should be cost-effective 

and durable under the oxidative and reductive conditions of PEC operations [71]. 
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As previously mentioned, the water-splitting process consists of two reactions: the hydrogen 

evolution reaction (HER), which occurs at the cathode, and the oxygen evolution reaction 

(OER), which takes place at the anode (photoanode) of the PEC. According to Equations (2.11) 

and (2.12), four equivalents of holes are required for each mole of O2, making this half-reaction 

kinetically sluggish [72]. Consequently, oxygen evolution is often considered the kinetic 

bottleneck of the entire water-splitting process, and enhancing the kinetics of this reaction 

remains a significant challenge [72]. A range of metal oxides, including Fe2O3, CdO, TiO2, 

WO3, BiVO4, and ZnO [73], have been explored as potential photoanodes for PEC water 

splitting due to their low production costs and superior stability in aqueous environments 

compared to conventional semiconductors. Despite these advantages, most metal oxide 

photoanodes have demonstrated limited suitability for PEC applications. For example, hematite 

(α-Fe2O3) suffers from inefficient charge separation within its surface depletion layer, primarily 

due to low hole drift mobility and short hole diffusion lengths [74]. CdO is considered 

unsuitable because of the high toxicity associated with cadmium [75], while TiO2 exhibits poor 

solar radiation absorption and suboptimal hole transport properties resulting from its wide 

bandgap [75]. Figure 2.8 illustrates the bandgaps and band edge positions of common metal 

oxides relative to the redox potentials necessary for water splitting. 
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Figure 2.8. Bandgaps and band-edge positions of common metal oxides relative to the redox 

potentials necessary for water splitting (pH 0) [76].

2.2.1. ZnO for Photoelectrochemical Water Splitting

ZnO is an n-type, direct wide-bandgap semiconductor with a bandgap energy of around 3.3 eV. 

Its CB is derived from the 4s state of Zn²⁺, while the VB originates from the 2p orbital of O²⁻ 

[77].  ZnO exists in three crystal phases: hexagonal wurtzite, zinc blende, and the rare rock salt 

structure. Among these, the hexagonal wurtzite phase is the most stable and commonly 

observed [78] . Additionally, ZnO nanomaterials are abundant, eco-friendly, easy to synthesize, 

and exhibit high biocompatibility, making them ideal for several green technology applications 

[78]. ZnO is a promising photoanode material for PEC water splitting due to its unique 

properties, such as low reflectivity, which enhances light absorption, while its abundant surface 

states facilitate O2 adsorption, aiding in the trapping of photogenerated holes. This process 

extends the lifetime of photogenerated electrons and improves the efficiency of electron-hole 

pair separation. Furthermore, its band structure imparts strong oxidation capabilities to 

photogenerated holes, ensuring high efficiency in PEC water-splitting [78].

[Production note: This figure is not included in 
this digital copy due to copyright restrictions.]



39 

However, ZnO exhibits limited visible light absorption due to its wide bandgap  (~3.3 eV) [77]. 

To addresses this limitation and enhance its visible light response, various strategies have been 

employed, including bandgap modification through metal doping with elements like Co, Ag, 

Cr, Al, Ga, and Ni [79, 80]. Another approach involves introducing oxygen vacancies into the 

ZnO lattice. These intrinsic defects modify the bandgap, influence the surface chemical and 

electrical properties, and act as active sites for water oxidation [81]. 

2.2.2. Synthesis methods of nanostructured ZnO photoanodes 

The synthesis of nanostructured ZnO for PEC applications involves diverse techniques, each 

imparting material properties that influence the performance of ZnO-based photoelectrodes. 

Commonly employed methods include chemical vapor deposition, hydrothermal, sol-gel, and 

sputtering deposition, each yielding ZnO photoanodes with specific structural and electronic 

advantages that can enhance PEC efficiency.  

2.2.2.1. Chemical Vapor deposition 

Chemical Vapor Deposition (CVD) is a versatile vapor-phase technique for synthesizing high-

quality ZnO thin films. It employs gaseous precursors like zinc acetate or diethylzinc, with 

carrier gases such as nitrogen or oxygen. The chemical reactions on heated substrates produce 

ZnO films with precise control over thickness, uniformity, and crystal orientation [82]. 

Parameters such as precursor flow rates, temperature, and pressure are adjustable, enabling the 

production of films with high crystallinity and low defect density. Swathi et al. [83], for 

instance, applied CVD to fabricate ZnO nanorods on ITO substrates, achieving well-ordered, 

hexagonal-phase nanorods with excellent crystallinity and light absorption. The branched 

nanorods demonstrated high PEC photocurrent density, showcasing their suitability for PEC 

and energy storage technologies. Despite these advantages, CVD faces challenges such as high 

costs, slow deposition rates, and environmental concerns related to precursor gases [84]. These 
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limitations highlight the need for more sustainable, efficient, and cost-effective alternatives to 

meet industrial demands for ZnO-based materials. 

2.2.2.2. Hydrothermal 

Hydrothermal synthesis is a solution-based technique using elevated temperature and pressure 

to fabricate ZnO nanostructures with varies morphologies, such as nanowires, nanorods, and 

nanosheets [85]. This process involves immersing substrates or precursor solutions in an 

autoclave containing aqueous zinc salts or complexes, where controlled temperature and 

pressure regulate nucleation and growth. As example, Worasawat et al [86]. developed ZnO 

nanorods using hydrothermal approach combined with dip-coating for seed layer formation 

and subsequent annealing. This method resulted in a controlled hexagonal ZnO nanorods by 

adjusting seed layer solvent concentrations and synthesis temperatures. However, 

hydrothermal synthesis is constrained by high-temperature and high-pressure conditions and 

extended reaction times [87], which limits is suitability for large scale production at industrial 

levels. 

2.2.2.3. Sol-gel 

The sol-gel method is a feasible technique for synthesizing ZnO photoanodes by dissolving 

precursors like zinc acetate or zinc nitrate in solvents such as ethanol or water [88]. The process 

involves hydrolysis and condensation reactions to form a gel-like intermediate, which 

undergoes thermal treatment to eliminate solvents and organics, resulting in formation of ZnO 

thin films. sol-gel fabrication method enables good control of ZnO structures such as 

nanospheres, nanorods, nanowires, or thin films with customized thickness and orientation, 

which affect the light absorption, charge separation, and transport properties of ZnO 

photoanodes [88]. Ghorbani et al. [89] employed sol-gel method to fabricate hierarchical 

porous ZnO films. By modifying parameters such as solvent type, sol concentration, and 



41 

withdrawal speed, they achieved highly crystalline porous ZnO films with enhanced optical 

properties suitable for PEC applications. On the other hand, sol-gel method has also shown 

some chemical synthesis complexity and fabrication time demands [90], which lead to lower 

material quality and higher fabrication costs. 

2.2.2.4. Sputtering 

Sputtering is a physical vapor deposition technique used to fabricate high-quality ZnO thin 

films with precise thickness and uniformity [91]. The process involves bombarding a Zn or 

ZnO target with high-energy ions, ejecting atoms that deposit onto a substrate, allowing fine 

control over film properties. Sputtering techniques are categorized into Direct Current (DC) 

and Radio Frequency (RF) sputtering [92]. While DC sputtering is unsuitable for non-

conductive targets due to charge build-up, RF sputtering overcomes this limitation by using an 

alternating voltage at 13.56 MHz, enabling the deposition of conductive, semi-conductive, and 

insulating coatings [92]. Compared to methods like chemical vapor deposition, sputtering 

offers advantages such as high reproducibility, stoichiometric compound deposition, strong 

film adhesion due to energetic atom deposition, and uniform thickness [93]. As example, Cruz 

et al. [94] demonstrated the effectiveness of ZnO thin films fabricated via RF sputtering for 

photocatalytic hydrogen production. In their study, annealing the ZnO films in air and nitrogen 

atmospheres led to variations in PEC activity due to differences in oxygen deficiencies, which 

acted as active sites for the reaction. Furthermore, they showed that controlling ZnO film 

thickness significantly affects conductivity and light absorption, directly influencing 

photocatalytic performance. However, sputtering deposition often falls short in creating the 

complex nanostructures necessary to enhance photoanode performance for PEC [95]. The lack 

of nanostructures in sputtered films can reduce surface area and light absorption efficiency, 

which are critical for efficient photoanodes. To address this limitation, researchers frequently 
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modify sputtering parameters or integrate post-deposition treatments to induce nanostructure 

features and improve the material's photoelectrochemical properties [96]. 

2.2.3. Intrinsic defects in ZnO photoanodes 

Non-stoichiometric ZnO exhibits structural imperfections, including vacancies such as missing 

Zn atom (VZn) or missing O atom (VO), or additional atoms in interstitial lattice positions (Oi  

and Zni), or anti-sites where Zn and O atoms occupy each other's lattice sites (ZnO and OZn). 

Among these, VO and OZn are particularly significant due to their low formation energy, making 

them highly probable during ZnO synthesis process [97]. 

Figure 2.9. Thermodynamic transition levels for native point defects in ZnO. This figure is 

reprinted from [98]. 

As shown in Fig. 2.9, Zni, ZnO, and VO exhibit donor-like behaviour, shifting the Fermi level 

toward the conduction band and enhancing n-type conductivity by introducing extra electrons. 

On the other hand, Oi, OZn, and OZn display acceptor-like characteristics, reducing electron 

availability and opposing n-type conductivity. These defects may exist independently or 

combine into defect complexes. Depending on their nature, they can either restore 

stoichiometry and electrical neutrality or increase defect density, affecting charge carrier 

dominance [98].  

[Production note: This figure is not included in 
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2.2.3.1. Oxygen Vacancies 

Oxygen vacancies are the most energetically favourable donor-type defects in ZnO [99]. These 

vacancies exist in three charge states: the neutral vacancy (𝑉𝑂
0), singly ionized vacancy (𝑉𝑂

+), 

and doubly ionized vacancy (𝑉𝑂
+2). Theoretical studies indicate that 𝑉𝑂

0 and 𝑉𝑂
+2 are 

thermodynamically stable, whereas 𝑉𝑂
+ is unstable with an extremely short lifetime [100]. 

Consequently, 𝑉𝑂
+ formation requires highly metastable conditions. The charge state of oxygen 

vacancies depends on the Fermi level (EF) position within the band gap. When EF is near the 

conduction band, 𝑉𝑂
0 dominates. Conversely, when EF is closer to the valence band, 𝑉𝑂

+2 

becomes predominant. Oxygen vacancies significantly influence ZnO's lattice structure and 

chemical bonding. For 𝑉𝑂
0, the four nearest Zn atoms shift inward by ~12% relative to the 

equilibrium Zn-O bond length. In contrast, the formation of 𝑉𝑂
+2causes lattice expansion, with 

the nearest Zn atoms displacing outward by ~23% [98], as shown in Fig. 2.10 below. 

Figure 2.10. Local atomic relaxations around oxygen vacancies exhibit distinct behaviours 

depending on the charge state: (a) In 𝑉𝑂
0, the four nearest Zn atoms are displaced inward by 

12% of the equilibrium Zn–O bond length. (b) In 𝑉𝑂
+2, the Zn atoms are displaced outward by 

23%. This figure is reprinted from [98]. 

Multiple physical and chemical methods have been used to fabricate ZnO with oxygen 

vacancies. For example, high-energy ball milling generates localized high temperatures (>1000 

°C) through friction and collision, leading to the ejection of oxygen atoms from the ZnO lattice. 

[Production note: This figure is not included in 
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The concentration of VO in this method can be tuned by controlling parameters such as milling 

time, temperature, and rotation speed [101]. Chemical reduction is another method for creating 

VO [102]. In this approach, a reducing agent, which can be a gas-based agent such as H2 or 

Ar/H2 or a solution-based agent such as sodium borohydride (NaBH4) [103], reacts chemically 

with the oxygen atoms from ZnO, resulting in the formation of VO by extracting lattice oxygen. 

Another method involves growing ZnO in oxygen-deficient environments [104]. This 

technique is suitable for CVD and PVD fabrication methods, which allow fine control over the 

synthesis environment, such as regulating the oxygen partial pressure required for fabricating 

ZnO, or by introducing inert gases like Ar and N2 as a post-treatment step, which facilitate the 

deoxidation process. 

2.3. Gallium Oxide Synthesis, Properties and Applications 

Gallium oxide (Ga₂O₃) is a semiconductor with an ultra-wide band gap of 4.8 eV, surpassing 

materials such as silicon (1.1 eV), silicon carbide (3.26 eV), and gallium nitride (3.4 eV). Its 

high electrical conductivity, attributed to intrinsic point defects, positions it as a superior 

material for low-resistance electrical contacts compared to GaN and SiC [105, 106]. 

Additionally, its classification as a Transparent Conductive Oxide (TCO) enhances its 

suitability for optoelectronic applications, particularly in solar cells. 

Gallium, though discovered in the 19th century, gained significant attention in the 1960s for 

its various oxide structures, and by 2000, arc discharge methods were widely used to synthesize 

monoclinic β-Ga₂O₃ nanowires [107]. While silicon has dominated power electronics since the 

1950s due to its abundance, its narrow band gap limits its use in high-voltage and high-power 

applications [108]. Materials such as SiC and GaN, with wider band gaps, have partially 

addressed these limitations; however, gallium oxide provides even greater potential due to its 

lower power losses [109]. The synthesis of gallium oxide nanostructures allows for further 
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enhancement of its properties, making it essential to optimize fabrication methods. The 

structural and functional characteristics of the material are highly dependent on the techniques 

and parameters used during synthesis [110]. 

2.3.1. Gallium oxide crystal structures 

Ga₂O₃ exhibits multiple polymorphic forms, including α-Ga₂O₃ (rhombohedral), β-Ga₂O₃ 

(monoclinic), γ-Ga₂O₃ (defective spinel), δ-Ga₂O₃ (cubic), and ε-Ga₂O₃ (orthorhombic) [111]. 

These polymorphs arise from variations in lattice parameters and atomic arrangements, with β-

Ga₂O₃ being the most thermodynamically stable form. In contrast, α-Ga₂O₃ is metastable, and 

other phases typically transform to β-Ga₂O₃ at temperatures exceeding 600 °C [112]. High-

pressure conditions can induce irreversible transformations, such as the conversion of β-Ga₂O₃ 

to α-Ga₂O₃, which becomes stable under such conditions. The ε-phase, known for its 

ferroelectric properties, transitions to β-Ga₂O₃ above 870 °C, offering potential for high-

temperature and high-power applications [112]. Notably, γ-Ga₂O₃ demonstrates advantageous 

properties over β-Ga₂O₃ in certain contexts. García-Carrión et al. [113] observed that γ-Ga₂O₃ 

enhances the carrier lifetime of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) in hybrid solar cells. This phase also exhibits inter-band luminescence, a 

property absents in β-Ga₂O₃, enabling real-time monitoring of band gap variations under 

photon energy [113]. Such characteristics expand the scope of applications for gallium oxide 

in optoelectronics and photovoltaic devices. Figure 2.11 shows the transformations between 

the polymorphs of gallium oxide. 



46 

Figure 2.11. Transformation conditions between different Ga2O3 crystal phases. This figure is 

reprinted from [114]. 

2.3.2. Gallium oxide crystal growth 

Numerous techniques have been developed for the synthesis of Ga2O3, each offering specific 

advantages based on process requirements and material properties. For example, the sol-gel 

method is a straightforward and cost-effective approach that operates efficiently at low 

fabrication temperatures. This method involves preparing a gallium precursor solution (sol), 

depositing it onto a substrate via dip- or spin-coating, and subsequently curing through heat 

treatment [115]. Magnetron sputtering is another widely used technique for Ga2O3 thin film 

deposition, where noble gas ions bombard a Ga2O3 or Ga target material in a controlled 

chamber, releasing particles that deposit onto a substrate. This method offers precise control 

over deposition parameters, enabling efficient material synthesis [116]. Moreover, CVD is an 

adaptable method that facilitates controlled deposition of Ga2O3 thin films in a vacuum 

environment. In particular, Metallo-organic CVD (MOCVD) is particularly effective for 

[Production note: This figure is not included in 
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gallium oxide, as it provides precise control over growth parameters, enabling the formation of 

high-quality Ga2O3 nanostructures [117]. Pulsed Laser Deposition (PLD) is another efficient 

technique for synthesizing Ga2O3 thin films. In this method, a high-energy laser ablates the 

gallium based target material, and the ejected particles deposit onto a substrate within a gas-

filled chamber [118]. Molecular Beam Epitaxy (MBE) is a high-precision technique commonly 

employed for producing high-quality Ga2O3 films. This process involves heating metal sources 

in effusion cells under ultra-high vacuum, allowing atom-by-atom deposition onto a substrate. 

Surface morphology is monitored in real-time using Reflection High-Energy Electron 

Diffraction (RHEED). While MBE delivers superior film quality, its high cost and complexity 

make it a resource-intensive process [119]. 

2.3.3. Defects in Gallium oxide 

Despite advancements in fabrication techniques, Ga₂O₃ invariably contains defects, including 

vacancies and deep-level imperfections, which profoundly influence its material properties and 

device performance [120]. These defects act as scattering centres, reducing carrier mobility and 

degrading device output and responsiveness [120]. Additionally, they serve as trapping centres, 

compromising photodetector sensitivity [121]. Surface and interface defects further exacerbate 

device instabilities, contributing to threshold voltage shifts, reduced channel mobility, and 

diminished reliability. Hence, a detailed understanding of vacancies, interstitials, and related 

defects in β-Ga₂O₃ is critical. Metal oxides are typically insulators when they maintain a 

stoichiometric ratio, but their growth is highly influenced by the surrounding atmospheric 

composition. Deviations in the number of oxygen atoms lead to oxygen vacancies (Vₒ) or 

interstitial oxygen atoms (Oᵢ). These defects act as donors or acceptors, respectively, altering 

the material's conductivity in response to oxygen levels at room temperature [122]. Other 

defects such as gallium vacancies (VGa) or interstitial gallium atoms (Gai) and complex defects 

can also form depending on growth conditions, such as oxygen- or gallium-rich environments 
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[123]. Controlling doping in β-Ga₂O₃ is challenging due to issues like self-compensation and 

defect formation, particularly point defects [124]. Luminescence studies have provided insight 

into defect-related mechanisms, as the light-emitting properties of β-Ga₂O₃ are closely linked 

to the behaviour of intrinsic and extrinsic defects [124]. Research shows that β-Ga₂O₃ lacks 

emission peaks near its band edge but exhibits luminescence in the ultraviolet (UVL, 3.2–3.6 

eV), blue (BL, 2.8–3.0 eV), and green (GL, 2.4 eV) regions [124]. As illustrated in Fig. 2.12, 

these emissions arise from different mechanisms. The UVL band is attributed to recombination 

between electrons and holes, the BL band to self-trapped holes (STH) or electrons associated 

with oxygen vacancies, and the GL band to interactions between self-trapped holes and 

electrons trapped at clusters of oxygen vacancies [125]. 

Figure 2.12. Schematic diagram describing the luminance mechanism in β-Ga₂O₃. This figure 

is reprinted from [125]. 

The luminance spectra are also influenced by factors such as temperature. For instance, for 

undoped β-Ga₂O₃, at lower temperatures (below 200 K), the UVL band is more pronounced. 

As the temperature rises, the intensities of the GL and BL bands increase, while the UVL band 

diminishes. This behaviour is likely due to enhanced recombination at deep-level defects at 

elevated temperatures [125]. 

[Production note: This figure is not included in 
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2.3.4. Environmental Applications of Gallium Oxide 

2.3.4.1. Solar-blind detectors 

Ga₂O₃ possesses a wide bandgap, high breakdown voltage, optical transparency, and tuneable 

conductivity, making it an ideal candidate for environmental applications such as deep-

ultraviolet photodetectors (DUV-PDs) [126]. Natural UV radiation from sunlight encompasses 

various wavelengths; UVA (315-400 nm), UVB (280-315 nm), UVC (100-280 nm), and 

extreme UV (EUV) (10–120 nm) [126]. UVC radiation is completely absorbed by atmospheric 

diatomic oxygen and ozone [110], Consequently, the UV range between 200 and 280 nm, 

referred to as the “solar-blind” region, as it has low background level on earth surface. Solar-

blind photodetectors are designed with a cut-off wavelength below 280 nm, ensuring sensitivity 

exclusively to shorter wavelengths that do not penetrate the atmosphere. These detectors are 

immune to interference from typical outdoor lighting, making them suitable for applications 

such as ozone monitoring, flame detection, communications, military application, 

biochemistry, and UV leakage detection, due to their reliability and thermal stability [127]. To 

meet the requirements for solar-blind photodetectors, a bandgap of ~4.42 eV is needed. Ga₂O₃, 

particularly its monoclinic β-phase, is highly suitable as it exhibits a wide bandgap of 4.4–4.8 

eV, corresponding to the solar-blind wavelength range of 258–280 nm. This property enables 

β-Ga₂O₃ to achieve high sensitivity across the entire solar-blind spectrum [127]. Ye et al. [128] 

fabricated solar-blind deep-ultraviolet photodetectors based on β-Ga₂O₃ thin films deposited 

on mica substrates. The schematic diagram and photocurrent response of this UV photodetector 

is shown in Fig. 2.13 below. 
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Figure 2.13. (a) Schematic diagram of a β-Ga₂O₃-based photodetector. (b) Photocurrent 

response under different UV (254 nm) intensities. This figure is taken from [128].

2.3.4.2. Gas sensors

Ga₂O₃ emerged as a key material for high-temperature gas sensing due to its exceptional 

melting point (~1800 °C). Pearton et al. [129] highlighted the fabrication and applications of 

gallium oxide-based devices, emphasizing its versatility in detecting oxygen at temperatures 

above 900 °C and reducing gases at lower temperatures. Among the various phases of Ga₂O₃, 

the monoclinic β-phase is particularly advantageous due to its superior thermal stability and 

ease of preparation at annealing temperatures between 800 °C and 900 °C [129]. In high-

temperature environments, such as internal combustion engines and furnaces, Ga₂O₃-based gas 

sensors play a critical role in monitoring exhaust gas composition by detecting changes in 

resistivity proportional to oxygen concentration. The conductance of Ga₂O₃ is influenced by its 

carrier concentration and electron mobility, both of which vary with temperature. During gas 

sensing, at elevated temperatures, changes in conductance are primarily driven by fluctuations 

in free electron density [130]. Bartic et al. [131] developed resistive oxygen sensors optimized 

for high-temperature applications, specifically for detecting oxygen at 1000 °C. These sensors 

utilized single-crystal gallium oxide with a platinum interdigital electrode configuration using 

[Production note: This figure is not included in 
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RF sputtering and chemical deposition methods. The results showed that the choice of 

technique significantly influenced the sensor performance. In addition to oxygen gas, Ga2O3 is 

capable of detecting various other gases, including hydrogen (H₂) [132], carbon oxides (CO, 

CO2) [133], nitrogen oxides (NOₓ, NO₂) [134], and ammonia (NH₃) [135]. 

2.3.4.3. Photocatalytic Degradation 

 The photocatalytic degradation efficiency of a semiconductor is determined by the energy of 

its charge carriers, which depend on the positions of its CB and VB. Consequently, a suitable 

band gap and efficient charge carrier separation are crucial criteria for selecting photocatalysts. 

Among metal oxide semiconductors, Ga2O3 stands out due to its wide band gap and strong 

redox properties (CB at −1.55 eV vs. NHE, VB at 3.25 eV vs. NHE) [136] . For example, Yoo 

et al.  [137] compared the photocatalytic degradation performance of Ga2O3 and TiO₂ 

nanostructures for volatile organic compounds (VOCs) such as formaldehyde, acetaldehyde, 

toluene, and styrene. Their findings revealed that Ga2O3 exhibited significantly higher 

degradation rate compared to TiO₂ by a factor of 7 times higher for toluene, 8 times for styrene, 

3 times for formaldehyde, and 2 times for acetaldehyde. The enhanced performance of Ga2O3, 

particularly for aromatic VOCs, is attributed to the highly energetic photo-generated carriers at 

its band edges, which enable efficient bond dissociation for compounds with high bond 

energies. The photocatalytic performance of Ga2O3 can be further enhanced by incorporating 

other metals or metal oxides. For example, Li et al. [138] studied the effects of adding Ag, Pt, 

Pd, and their oxides on the photodegradation performance of Ga2O3 for contaminants such as 

ciprofloxacin (CIP) and ronidazole (RNZ), as shown in Fig. 2.14 below. 
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Figure 2.14. Photocatalytic degradation performance of Ga2O3-based film for (a) CIP and (b) 

RNZ contaminants. This figure is replotted from [138]. 

 However, due to its wide band gap, pure Ga₂O₃ is primarily active in the UV region. Efforts to 

extend its activity to the visible light spectrum include strategies such as introducing trap states 

during synthesis or doping with elements like rhodium (Rh) [139, 140]. 

2.4. Characterization of metal oxides in environmental applications 

The use of metal oxides in environmental applications, such as pollutant degradation and water 

splitting, is governed by the complex interplay of their surface chemistry, crystal structure, 

morphology, and optical properties. A thorough understanding and precise control of these 

features are essential for the rational design and optimization of functional metal oxide-based 

materials. For example, examining the surface chemistry of metal oxides using X-ray 

photoelectron spectroscopy (XPS) can reveal the presence of surface functional groups (e.g., 

hydroxyls) and oxygen vacancies, both of which play critical roles in catalytic cycles and redox 

reactions [93]. Moreover, the optical properties of metal oxides, such as bandgap energy and 

light absorption capability, directly influence  their ability to harness solar energy for 

photocatalytic applications. UV–Vis spectroscopy is commonly employed to estimate bandgap 
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energies via Tauc plots [141], while techniques such as cathodoluminescence (CL) provide 

valuable insights into charge carrier recombination dynamics [142], which are crucial for 

understanding photocatalytic performance. Morphological features, including size, shape, 

surface roughness, and porosity, typically analyzed using scanning electron microscopy (SEM) 

and atomic force microscopy (AFM), influence the accessible surface area and the distribution 

of active sites, often resulting in improved photocatalytic activity [24]. Furthermore, the 

crystallographic phase and structural order of metal oxides, usually characterized by X-ray 

diffraction (XRD), significantly affect their electronic structure, stability, and charge transport 

properties of the photocatalytic systems [142]. 

This thesis presents a comprehensive investigation of ZnO and Ga₂O₃ photoactive materials, 

establishing correlations  between their physicochemical properties and their performance in 

photodegradation and water splitting. The findings contributetothe rational design of metal 

oxides for sustainable environmental remediation.  
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Chapter 3. Photocatalytic oxide-based membranes for 
microalgae harvesting 
 

This chapter investigates the photocatalytic degradation performance of ZnO coatings 

integrated with membrane technology for microalgae harvesting. The chapter is divided into 

two main sections: 

Section 3.1 focusses on the development of ZnO-coated stainless-steel membranes with self-

cleaning properties. A ZnO coating layer was applied to porous stainless-steel substrates to 

enhance microalgae harvesting efficiency in a cross-flow filtration system. The coated 

membranes demonstrated significant improvements in water permeate flux and self-cleaning 

capabilities after microalgae harvesting, which is essential for sustainable biofuel production. 

However, despite the initial improvement in antifouling properties due to the ZnO coating, the 

large pore size of the stainless steel substrate led to rapid clogging of the filtration module, 

limiting its filtration performance to a short period of time. 

Section 3.2 addresses the limitations of the stainless-steel membrane system by presenting a 

significant improvement in the ZnO photocatalytic filtration system. This enhancement was 

achieved by incorporating the ZnO coating layer into ceramic membranes with smaller pore 

sizes. These ceramic membranes were used into a submerged filtration setup with an integrated 

backwashing cleaning process. This approach demonstrated superior performance compared 

to the previously reported stainless-steel membrane system. 
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3.1. Improved flux and anti-fouling performance of a photocatalytic ZnO 
membrane on porous stainless steel substrate for microalgae 
harvesting 

 

 

Abstract 

Photocatalytic self-cleansing ZnO membranes were developed and used for pre-concentrating 

microalgae solution prior to harvesting. The inorganic membranes were fabricated via two 

different methods: (i) direct deposition of ZnO onto a porous stainless steel substrate and (ii) 

post-growth oxidation of a deposited metallic Zn layer. Systematic surface characterisation 

revealed a thin layer of homogeneous, crystalline ZnO on the porous membrane. Direct ZnO 

deposition resulted in a thicker layer with higher UV light absorption capability compared with 

the post-growth oxidization method. The ZnO coating made the membrane surface highly 

hydrophilic, resulting in two-fold increase in water permeability compared to the base stainless 

steel substrate. The high hydrophilicity of the ZnO-coated membrane also led to an increase in 

the permeate flux of the microalgae solution by up 100%, making it suitable for microalgae 

pre-concentration. Upon UV light irradiation, the ZnO membrane demonstrated self-cleansing 

capability due to the photocatalytic activity of the ZnO coating layer. After 30 minutes of UV 

irradiation, the ZnO membrane could achieve 60% permeability recovery after complete 

fouling. No recovery was observed with the base stainless steel membrane, which was used as 

the control. 

Keywords: ZnO coating; inorganic microfiltration; photocatalysis; membrane cleaning; self-

cleansing; algae harvesting. 
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3.1.1. Introduction 
 

New and improved technologies are required to address the climate change and global warming 

challenge. This is also evidenced in the field of membrane separation by many dedicated works 

to explore new and functional materials that can be used for unconventional separation 

applications such as resource recovery and the production of renewable fuel [1, 2]. A notable 

example is the current research and development effort to commercialize microalgae-based 

biofuel to support hard to abate sectors such as aviation and marine time-freight [3, 4], where 

electrification has not proven to be viable. Microalgae-based biodiesel production has been 

demonstrated at pilot scale [5], however, this approach cannot currently compete with 

petroleum-based fuel due to the high cost of microalgae harvesting. Thus, new technique to 

cost-effectively separate and harvest microalgae at scale for subsequent lipid extraction and 

biodiesel production is urgently needed.   

Microalgae-based biofuel has been identified as the most suitable option to complement with 

renewable energy (e.g. solar and wind) to sustainably support the transition of the global 

economy toward net zero emission [6]. There are several added advantages from microalgae 

production including the removal of nutrients (e.g. nitrogen and phosphorous) from wastewater 

and carbon dioxide from the atmosphere [7-9]. If left untreated, nutrients in wastewater can 

lead to eutrophication and other environmental consequence. Microalgae are fast-growing 

photosynthetic microorganisms, ubiquitous in all surface waters. They can photosynthesize 40 

times faster than terrestrial plants and can provide a direct and viable route toward a net-zero 

economy [10]. Microalgae are more commercially competitive for biofuel production than any 

other crops. Biofuel yield per hectare from microalgae is 13 times higher than palm oil and five 

times higher than land-based energy crop [11]. However, high harvesting and extraction costs 

remain a major key hurdle to large-scale microalgae-based biofuel production. Harvesting 

alone can account for up to 60% of the total cost of biofuel production. Conventional processes 
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for microalgae harvesting including centrifugation and polymer flocculation to separate 

microalgal biomass from water. These processes are expensive because at maturity, biomass 

content of the microalgae culture is only about 1 kg/m3. Recent works have shown the potential 

of preconcentrating microalgae using membrane separation prior to harvesting to lower the cost 

[8, 12, 13].  

Innovative techniques such as membrane vibration and frequent aerated-backwashing have 

been developed to address the challenge of membrane fouling due to the high biomass content 

[8, 13]. While these techniques are effective in recovering the membrane flux, highly viscous 

extracellular polymeric materials from microalgae cells can cause a gradual process 

deterioration over time [8]. Moreover, acid cleaning can degrade membrane components and 

alter its surface properties, as well as raise additional concerns regarding the safe handling and 

disposal of acidic waste [14].  Thus, functionalized membrane materials with self-cleansing 

capability are needed to overcome this additional challenge. Several strategies have been 

explored, for example, Zheng et al. has recently developed a microporous carbon-based 

electro-Fenton membrane for microalgae harvesting [12]. Their results showed that the 

membrane could effectively prevent irreversible fouling during microalgae harvesting. There 

have been few studies using stainless steel (SST) membranes for microalgal filtration. Xu et 

al. [15] found the highest pure water flux recovery of 39.92% using chemical free backwashing 

method for the harvesting of cyanobacteria microalgae. Ahmed et al. [16] reported 68% flux 

recovery with NaOH cleaning at ambient temperature and 98% flux recovery when the cleaning 

solution temperature increased to 60 ⁰C.  

The potential of developing photoactive membrane materials to produce reactive oxygen 

species (ROS) such as superoxide ( O2
−)  and hydroxyl radicals ( OH□)  for self-cleansing 

capability have been suggested [17, 18]. ZnO is a widely used photocatalyst that has the ability 

to degrade organic materials and kill various bacteria through induced oxidative stress [19, 20]. 
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Additionally, ZnO films have been shown to have good stability at pH above 5 [21], thus ZnO-

coated membranes are expected to be robust in water treatment applications at near neutral pH. 

Although modifying the membrane surface with hydrophilic and photocatalytic oxides can 

improve fouling resistance, the formation of poor quality coating can cause particle aggregation 

and severely reduce the membrane performance [22]. Several membrane coating methods, such 

as dip coating [23], electrospinning [24], acid-catalyzed sol–gel [25], vacuum filtration [26], 

and atomic layer deposition [27], have been used; however, most of these fabrication methods 

suffer from drawbacks such as the fragility of coatings, non-uniformity and a shortage of 

suitable membranes. Sputter deposition, on the other hand, is a versatile technique that is 

capable of producing uniform, strongly adhered large-area coatings for a wide range of 

substrates with non-flat or curved surface morphologies, such as porous membranes [28]. The 

thickness and composition of the coated layer can significantly influence the membrane’s 

photocatalytic activity, hydrophilicity, and pores size [28-30]. It is noteworthy that the use of 

photocatalytic ZnO coatings on porous membranes for microalgal filtration and harvesting has 

not been studied to date. 

This work reports a new technique to prepare photocatalytic ZnO membranes on a porous 

stainless steel substrate for microalgae harvesting. We demonstrate two viable approaches for 

fabricating ZnO-coated membranes, the first involving post-oxidation of a sputtered Zn film 

and the second reactive sputtering deposition of ZnO coating. The ZnO membranes were 

systematically characterized using a range of morphological, compositional, structural and 

optical analytical techniques. The filtration performance of the coated membranes is analyzed 

in terms of the permeability of microalgae solutions and microalgae rejection. The role of the 

ZnO coating on biofouling reduction in microalgae filtration is also investigated using 

ultraviolet (UV) light irradiation and explained by the photoactivity of ZnO under UV 

activation.  
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3.1.2. Materials and Methods 
 

3.1.2.1.  Membrane preparation 
 

The base material used in this study was a porous and highly corrosion resistant 316L SST 

sheet from Mott Corporation. The SST sheet has a thickness of 1.6 mm and average pore size 

of 10 µm. Before coating with ZnO, the SST sheet was successively cleaned with acetone, 

isopropanol, and deionized water in an ultrasonic bath for 20 minutes for each solvent, dried 

by instrument grade N2 gas, and stored in an airtight container. The SST membrane was 

continuously rotated at a distance of approximately 10 cm from the sputtering target. After that 

the sputtering chamber was plumbed to reach a base pressure of 9×10-6 torr. 

Two different methods were used to prepare ZnO-coated SST membranes as illustrated in Fig. 

3.1. In the first method (denoted as Zn-SST), a layer of metallic Zn was sputtered onto the SST 

sheet using a Zn target (DC sputtering power 50 W in Ar atmosphere at 4 × 10-3 torr), and 

subsequently oxidized in ambient air for 2 hours at 500 oC to form ZnO. In the second method 

(denoted as ZnO-SST), a ZnO layer was deposited onto the SST sheet using DC reactive 

sputtering of a Zn target in a gas mixture of Ar and O2 at the ratio of 3/1 (sputtering power of 

200 W, gas pressure of 4 × 10-3 torr). The ZnO-coated membrane was also annealed under 

similar condition to produce a crystalline coating layer. In all coating experiments, a glass slide 

was also placed in the sputtering chamber to obtain a film of ZnO with identical thickness for 

XRD and UV-Vis analysis. For comparison, the uncoated SST membrane was also annealed 

in ambient air for 2 hours and used as the control sample.  
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Figure 3.1. Schematic diagram of (a) Zn-SST and (b) ZnO-SST membrane fabrication by DC 

sputtering deposition.

3.1.2.2. Membrane characterisation

The coated and uncoated membranes were characterized in terms of surface morphology, 

thickness, and hydrophobicity of the ZnO coating layer. Crystallinity of the ZnO film was 

examined using X-ray diffraction (XRD, Bruker D8 Discovery diffractometer) using Cu Kα 

radiation. Optical properties were investigated using an Agilent Cary 7000 UV-Vis 

spectrophotometer. The XRD and UV-Vis measurements were performed on ZnO film on a 

glass slice (section 3.12.1). The membrane surface was examined using field emission scanning 

electron microscope (Zeiss Supra 55VP) equipped with an Oxfords Instruments Energy 

Dispersive Spectrometer (EDS). X-ray photoelectron spectroscopy (XPS) data were collected 

at photon energies of 650 eV and 1486.6 eV on the soft x-ray spectroscopy beamline at the 

Australian Synchrotron. The thickness and hydrophilicity of the ZnO coatings were determined 
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using a profilometer (Bruker DektakXT) and contact angle measurements (Attension optical 

tensiometer), respectively.

3.1.2.3. Membrane filtration system

A lab scale membrane filtration system was used. The system consisted of a membrane 

module, circulation pump, flow meter, digital balance, feed reservoir, and permeate water 

reservoir (Figure 3.2). The membrane module was made of two symmetric and identical 

acrylic semi-cells. The flow channel of the membrane has a surface area of 1.8×1.8 cm2. The 

feed solution was circulated using a Cole-Parmer pump (model 75211-15), while the flow rate 

was fixed by a Cole-Parmer flow meter (model 32461-42). The transmembrane pressure was 

measured using a digital pressure gauge (Pressure Meter SDL700). The permeate water was 

collected on the permeate storage and the water flux was measured by the digital balance (PGL 

8001).

Figure 3.2. Schematic diagram of the membrane filtration system.

During the filtration experiment, microalgae solution was circulated to the filtration cell in a 

cross-flow mode then returned the feed reservoir. When required, the trapped air was removed 
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through the air vent line. The permeate was collected in the permeate reservoir on a digital 

balance and its flux was calculated from the permeate mass.  

3.1.2.4. Microalgae 
 

Green microalgae strain Scenedesmus sp. (UTS-LD), isolated in Australia by the University of 

Technology Sydney (UTS), was used in this study. Scenedesmus sp. occurs in a group of four 

cells called a coenobium, each coenobium has a comb shape of approximately 3–5 μm in width 

and 12 μm in length (Fig.3.2). Scenedesmus sp. cells have a zeta potential of −23.2 ± 1.3 mV. 

The culture of Scenedesmus sp. was preserved at the Algae Production Facility at UTS, using 

MLA. It was cultivated in laboratory conditions using pilot scale photobioreactors of 120–350 

L as described in a previous study [31]. 

3.1.2.5. Effects of the ZnO coatings on the performance of the SST membrane 
 

The influence of the ZnO coatings on SST membrane performance was studied by measuring 

the permeation flux rates of Milli-Q water and microalgal solutions, as well as the rejection 

rate of microalgae with and without coating. The flux was determined for 1 h, the feed flow 

was 200 mL/min, while the pressure for the permeation of the algal solution was kept at 1000 

Pa. All the microalgae filtration was performed at the same microalgal biomass concentration 

of 0.7 mg/mL (OD680nm of 0.4 for Scenedesmus sp.). All filtration experiments were conducted 

in triplicate, and the variability of data will be presented by error bars. To fully recover fouled 

membranes, each was rinsed with water and then sonicated for 30 min. in isopropyl alcohol 

(IPA), followed by 15 min. of sonication in Milli-Q water. The flux (𝐽), the permeability 

(permeance) (𝑃), and rejection rate (𝑅) are calculated by the following equations: 

𝐽 =
𝑉

𝐴𝑡
                                                            (Eq. 3.1) 

𝑃 =
𝐽

𝐷𝑝
                                                            (Eq. 3.2) 
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𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100%                                              (Eq. 3.3) 

where 𝑉 is the volume of permeate, 𝐴 is the effective filtration area, 𝑡 filtration time, 𝐷𝑝 is the 

trans-membrane pressure, 𝑅 is the rejection rate, 𝐶𝑓 and 𝐶𝑝 are the concentrations of the feed 

solution and permeate solution, respectively. Both 𝐶𝑓 and 𝐶𝑝 were measured by OD680nm.  

3.1.2.6. Recovery of SST membranes by photocatalysis 
 

For all membranes in this study, Milli-Q water was initially used to determine the clean water 

flux. Milli-Q water was then replaced with a microalgae solution to establish the membrane 

fouling profile over 1 hour as illustrated in Figure 3.3. At the end of the fouling experiment, 

the membrane was removed from the filtration cell and rinsed to remove the cake layer. This 

rinsing process involved agitating the membrane in Milli-Q water for 3 minutes. To determine 

the effectiveness of membrane cleaning by UV light irradiation, the membrane was removed 

from the cell, rinsed again for 3 minutes with Milli-Q water, and then placed at a distance of 

5 cm directly under a UV LED source for 30 minutes. The UV light source with the main 

emission at 365 nm wavelength (9 W/m2 intensity) was chosen to enhance the optical 

absorption of the ZnO coating. UV sources with similar spectral characteristics have previously 

been used for photoactivation of modified membranes [28, 32]. After UV irradiation, the 

membrane was placed back into the filtration cell and Milli-Q water was also used to determine 

the clean water flux. The recovered flux was calculated using Eq. (3.1) and Eq. (3.2).   
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Figure 3.3. Schematic diagram of the ZnO-coated SST membrane cleaning protocol. 

3.1.3. Results and discussions

3.1.3.1. Structural properties of ZnO-coated SST membranes

Coating the membrane with ZnO and Zn films does not significantly change the pore structure 

of the membrane as shown in the SEM images. This is attributed to the relatively large pore 

size of the SST membrane substrate (average pore size ~ 10 µm), which exceeds the thickness 

of the deposited coatings (Figure 3.4a). The presence of Zn in the coating layer on the SST 

substrate is confirmed by the EDS spectra of the membrane surface that show characteristic Zn 

X-ray peaks (Figure 3.4b). The EDS spectra also reveals Fe, Cr, Ni and Ti from the SST 

substrate. EDS elemental maps of the ZnO-SST in Figure 3.4c show uniform distribution of 

Zn over the SST base. Measurement of coating thickness using profilometer on a flat glass 

slide that is half-coated with a ZnO or Zn layer under the same deposition conditions reveals a 

thickness of 820 and 120 nm for the ZnO-SST and Zn-SST membrane, respectively (Figure 

3.4d). This difference in the ZnO and Zn coating thicknesses can explain stronger Zn peaks in 
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the EDS spectrum from the ZnO-SST membrane compared to the Zn-SST membrane. Both the 

ZnO-SST and Zn-SST membranes are highly porous with an average pore size of about 10 µm. 

It is worth noting that no visible changes were observed in the ZnO coating after applying the 

cleaning procedure involving IPA and ultrasonication.

4 5 6 7 8 9 10

0
3×

10
2

0
3×

10
3

0
2×

10
3

Energy (keV)

SST

Cr Ka

Cr K

Fe Ka

Ni Ka

Zn Ka

Fe K Zn K

Ti Ka

X-
ra

y 
in

te
ns

ity
 (c

ou
nt

s)

(b)

 Zn-SST

 ZnO-SST

0

500

1000

0.0 0.2 0.4 0.6
0

50

100

150

 ZnO-SST

 Zn-SST

He
ig

ht
 (n

m
)

120 nm

coated side

substrate side820 nm

Distance (mm)

(d)

Figure 3.4. (a) SEM images of the SST, Zn-SST and ZnO-SST membranes; (b) EDS spectra 

of the ZnO-SST and Zn-SST membrane and the SST base. (c) EDS elemental maps of ZnO-

SST coating showing ZnO on the surface. (d) Surface profiles showing the coating thickness 

of the ZnO and Zn coating films, respectively. 

Figure 3.5a shows the XRD pattern of ZnO-coated membranes. The XRD pattern of the ZnO-

SST reveals characteristics of the hexagonal wurtzite ZnO with all the diffraction peaks 

indexed to (100), (002), (101), (102), (110), (103), (112), and (201) planes according to the 

reference data to JCPDS 36-1451 [33]. On the other hand, only three weak peaks corresponding 
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to (002), (101) and (102) planes are observed in the Zn-SST membrane. This could be due to 

the Zn-SST membrane having a thinner ZnO coating layer and hence lower crystallinity [34]. 

The optical properties of the ZnO coating layer were also investigated using UV-Vis 

spectrometer (Figure 3.5b). In this analysis, an optically transparent glass substrate is 

positioned next to the SST membrane during the deposition inside the disposition chamber, 

and hence a coated ZnO layer with the same thickness deposited under identical conditions. 

Both ZnO-SST and Zn-SST coatings exhibit high transparency in the visible region, with a 

sharp absorption edge around 390 nm, indicating strong light absorption in the UV region. The 

absorption fluctuation observed in the ZnO spectrum is due to thin film interference. The Tauc 

plot (Figure 3.5c), yields a bandgap of 3.21 ± 0.01 eV and 3.25 ± 0.01 for the ZnO-SST and 

Zn-SST coatings, respectively. The narrower bandgap of the ZnO-SST coating leads to 

stronger optical absorption of and higher photocatalytic activity in the visible range and hence 

better photocatalytic anti-fouling behaviour. 
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Figure 3.5. (a) XRD patterns of the ZnO-SST and Zn-SST coatings. (b) Optical absorption 

spectra of the ZnO-SST and Zn-SST coatings. (c) The Tauc plot for the coatings yielding the 

direct bandgaps shown in the graph. 

 

The surface chemistry of the ZnO membrane is analyzed by XPS. Figure 3.6a presents the 

survey spectrum of the ZnO-SST membrane, showing photoemission and Auger peaks 

associated with Zn and O in the ZnO coating (a small C 1s peak is due to adventitious carbon). 

The depth-dependent chemical state of the ZnO coating is investigated by using two different 

photon energies of 1486.6 and 650 eV, which correspond to a probe depth of ~ 6 and 2 nm, 

respectively [35]. Deconvolution of the high-resolution O 1s spectra, shown in Figure 3.6b, is 

conducted using three fitted peaks corresponding to three different chemical states of oxygen: 

O2– ions (O-Zn) in the fully coordinated ZnO at a binding energy of 530.6 eV, O2- with a nearby 

oxygen vacancy (VO) at 532.0 eV, and surface hydroxyl groups (Zn-OH) at 533.0 eV [36]. 

Notably, the VO/O-Zn peak intensity ratio is found to be 0.21 and 0.49 for the top 6 nm and 2 

nm layers of the coating, respectively, indicating a high density of VO on the ZnO-SST surface. 

These surface VO defects can attract water molecules and increase the wettability of the ZnO 

coating [37, 38]. Figure 3.6c shows the Zn 2p spectrum of the ZnO-SST coating. The spectrum 

shows the characteristic doublet peaks with binding energies of 1021.6 eV (Zn 2p3/2) and 

1044.7 eV (Zn 2p1/2) with spin-orbit splitting energy of 23.1 eV, manifesting the Zn+2 oxidation 
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state in the ZnO coating [39]. The XPS analysis of the Zn-SST coating shows its behaviour is 

qualitatively similar (Supplementary Data, Figure 3.10). 
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Figure 3.6. (a) XPS survey spectrum of the ZnO-SST coating, showing peaks associated with 

Zn, O in the coating and adventitious C. (b) High-resolution O 1s spectra of ZnO-SST coating, 

collected at two photon energies of 1486.6 and 650 eV, which correspond to a probe depth of 

~ 6 and 2 nm, respectively. (c) Zn 2p spectrum of the coating, showing the characteristic 

doublet peaks of Zn 2p3/2 and Zn 2p1/2.  

 

3.1.3.2. Membrane hydrophilicity 
 

The hydrophilicity of the SST and the ZnO-coated membranes is investigated by contact angle 

measurement (Figure 3.6a). The uncoated SST membrane shows a hydrophobic surface with a 

contact angle of 140o (Figure 3.7a). By contrast, after ZnO or Zn coating, the membranes 

becomes significantly more hydrophilic with a contact angle of 65 and 68o, respectively. 
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Changes in hydrophobicity after coating can be attributed to the presence of the hydroxyl ―OH 

group on the ZnO surface that can interact with water molecules [40]. The membrane pure 

water permeate flux of the uncoated SST membrane was stable at around 2.7×105 L.m-2.h-1.bar-

1 over 60 minutes (Figure 3.7b). Corresponding to the improvement in surface hydrophilicity, 

the ZnO-SST and Zn-SST membranes also show a significantly improved permeate flux at 

about 6.2 × 105 L.m-2.h-1.bar-1. The permeability (permeance) remain constant for both the Zn-

SST, and ZnO-SST membranes throughout the 60-minutes filtration duration, indicating the 

stability of the coating layer. Although the coating layer of the ZnO-SST membrane (0.8 µm) 

is thicker than that of the Zn-SST membrane (0.12 µm), both the membranes are highly porous 

with pore size of approximately 10 µm (Figure 3.4). Consequently, they have comparable water 

permeability (Figure 3.7b). 
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Figure 3.7. (a) Photos of the water droplet on the SST, Zn-SST, and ZnO-SST membranes 

with the corresponding contact angle displayed in the column graph. (b) The permeate flux of 

the pure water through SST, Zn-SST, and ZnO-SST membranes. Error bars show the standard 

deviation obtained from three replicate experiments. 

 

3.1.3.3. Microalgae filtration performance 
 

The base SST, Zn-SST and ZnO-SST membranes show similar filtration profiles for 

preconcentrating Scenedesmus sp. at the initial biomass concentration of 0.7 g/L (Figure 3.8a), 

albeit the apparent difference in the initial permeability as discussed above. The decrease in the 

permeate flux over filtration time for all three membranes is due to the accumulation of 

microalgae on the membrane surface. The ZnO-SST membrane exhibited the highest initial 
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flux during the first 10 minutes, possibly due to a slight reduction in pore size caused by the 

thicker coating. This was followed by the Zn-SST membrane, while the uncoated SST 

membrane showed the lowest initial flux. The initial permeate flux increases by 45% and 100% 

for the Zn-SST and ZnO-SST membranes, respectively. Moreover, the coated membranes 

exhibits a slower permeate flux decline over time due to their high hydrophilicity, consistent 

with the notion that higher surface hydrophilicity facilitates membrane fouling prevention [41]. 

After 20 mins of filtration, all three membranes have a similar permeability due to the 

deposition of microalgae, forming a cake layer on the membrane surface, which itself  acts as 

a secondary filtration layer during the initial filtration stage [42, 43]. After 40 minutes, the 

permeate flux of the membranes are stabilized at around 4.0 × 103 L.m-2.h-1.bar-1, which could 

be due to the relatively stable adsorption of the microalgal cells caused by the cross-flow 

shearing on the membrane surface [44]. All three membranes show high microalgae rejection 

of above 94% (Figure 3.8b). The membrane coating results in a more hydrophilic surface and 

higher water permeability compared with the uncoated membrane. These changes in membrane 

surface properties could have contributed to the small but discernible variation in microalgae 

rejection as shown in Figure 3.8b. The ZnO-SST membrane showed the highest microalgae 

rejection of 99.7%, indicating that it is suitable for pre-concentration prior to harvesting. 
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Figure 3.8. (a) Variations of the permeate flux for the base SST, Zn-SST and ZnO-SST 

membranes during the filtration of the microalgae solution. (b) The rejection rate of microalgae 

for the membranes. Error bars show the standard deviation obtained from three replicate 

experiments. 

 

3.1.3.4. Photocatalytic cleaning properties of the ZnO-coated SST membranes  
 

The self-cleansing property of the ZnO-coated SST membranes is demonstrated in Figure 3.9a. 

For all membranes, water cleaning alone could only result in up to 30% flux (permeability) 

recovery. No further flux recovery could be observed when the uncoated SST membrane was 

irradiated with UV for 30 mins. This result confirms that UV irradiation has no effect on 

degrading the biofilm nor increasing the hydrophilicity of the SST membrane. On the other 
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hand, water cleaning followed by 30 minutes UV radiation resulted in a significant 

permeability improvement of the ZnO and Zn coated membranes. The permeability recovery 

of the ZnO-SST membrane was 60%, which is higher than that of the Zn-SST membrane. This 

improvement is attributed to the higher photocatalytic activity of ZnO, which is facilitated by 

its narrower bandgap and more efficient generation of reactive species under UV illumination. 

These results confirm photocatalytic activity and effective self-cleansing performance of the 

coated membranes. The Zn-SST and ZnO-SST membranes both exhibit endurance over three 

repetitive filtration cycles with stable permeability recovery of about 60% (standard deviation 

of 6%). Results in Figure 3.9a confirm the stability of the ZnO coating layer and self-cleansing 

performance of the membrane. A higher power UV light source (intensity 190 W/m2) and 

longer irritation times were also investigated; however, no further improvement could be 

observed. This is possibly because self-cleansing is driven mostly by photocatalysis at the 

membrane surface with limited UV penetration into deep membrane pores. Successive 

filtration and cleaning cycles with UV irradiation show that the permeate flux of water can be 

restored to approximately 75% after each cycle (Supplementary Data, Figure 3.11). Although 

the results are promising, self-cleansing was unable to completely recover the membrane flux. 

Thus, addition research is necessary to further improve the membrane cleaning efficiency, 

possibly by increasing the strength of UV radiation and ZnO density on the membrane surface.    
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Figure 3.9. (a) The permeate water flux of the SST, Zn-SST, and ZnO-SST membranes (i) 

before fouling, (ii) after fouling and cleaning with water, and (iii) after fouling and cleaning 

with water and UV irradiation. Error bars show the standard deviation of three replicate 

experiments. (b) Proposed photocatalytic self-cleansing mechanism for the ZnO-coated SST 

membrane.

The self-cleaning capability of the coated SST membranes under UV light irradiation is 

illustrated in Figure 3.9b. Since the energy of UV light (3.4 eV) is greater than the bandgap of 

the coating layer (3.25 eV for Zn-SST and 3.21 eV for ZnO-SST), free electrons and holes can 

be generated. The photogenerated holes have a strong ability to oxidize organic compounds 

and generate radicals, such as superoxides (O2−•), peroxides (O22−), and hydroxides (OH•); these 

radical species are highly reactive and can degrade organic materials from microalgae [45] to 
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ensure effective cleaning. It is noteworthy that these radical species can also penetrate to the 

membrane pores for effective cleaning. Optical microscope images of the coated SST 

membranes before and after cleaning with water and UV light irradiation are presented in 

Supplementary Data, Figure 3.12. Following the cleaning procedure, residual microalgae were 

still observed on the Zn-SST membrane, whereas no visible fouling layer was detected on the 

surface of the ZnO-SST membrane. This underscores the economic potential of ZnO coating 

for self-cleansing to significantly improve membrane cleaning efficiency and durability. As a 

result, the outcome from this research will lead to a reduction in operational and maintenance 

costs.  

 

3.1.4. Conclusion 
 

Durable ZnO-coated SST membranes for microalgae pre-concentration have been successfully 

fabricated using two surface-coating approaches, the first involving post-growth oxidation of 

a sputtered Zn film and the second involving reactive sputter deposition of a ZnO coating. 

Surface characterization of the membrane coatings reveals a homogeneous, crystalline ZnO 

layer on the membrane surface. It is found that the ZnO coating fabricated by reactive sputter 

deposition has a larger thickness and a narrower optical bandgap than the ZnO layer 

synthesized via post-growth oxidation. Contact angle measurements show the transformation 

of the SST membrane from a hydrophobic to a hydrophilic state due to the ZnO coating, which 

leads to an improvement in the permeate water flux by more than twofold. The high 

hydrophilicity of the ZnO-SST membranes results in an increase in the permeate flux of the 

microalgae solution by up 100% and a slower flux decline over filtration time. Moreover, the 

ZnO-coated SST membranes can be effectively recovered by water rinsing and UV light 

irradiation by exploiting the UV photocatalytic activity of the ZnO coating. After UV 
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irradiation of a completely fouled ZnO-coated SST membrane for 30 minutes, the permeate 

flux can be recovered to 60% of the original value. 
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3.1.6. Appendix A: Additional surface chemistry and membranes 
photocatalytic cleaning data    
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Figure 3.10. (a) XPS survey spectrum of the Zn-SST coating collected at a photon energy of 
1486.6 eV showing photoemission and Auger peaks corresponding to Zn and O in the ZnO 
film (the small C 1s peak arises from adventitious carbon). (b) Depth-dependent O 1s XPS 
spectra of the Zn-SST coating acquired at two photon energies of 1486.6 eV and 650 eV, which 
correspond to a sampling depth of ~6 and 2 nm, respectively. The spectra are fitted with three 
Gaussian peaks: O2− ions (O-Zn) in the fully coordinated ZnO, O2- with a nearly oxygen 
vacancy (VO), surface hydroxyl (Zn-OH) at binding energies of 530.6, 532.2, and 533.3 eV, 
respectively. The VO/O-Zn peak intensity ratio is 0.20 and 0.73 for the top 6 and 2 nm layer 
respectively, indicating a high density of VO defects on the coating surface. (c) High resolution 
Zn 2p spectrum of the film, showing the characteristic doublet peaks with binding energies of 
1021.6 (Zn 2p3/2) and 1044.7 eV (Zn 2p1/2) with spin-orbit splitting energy of 23.1 eV, 
manifesting the Zn+2 oxidation state. 
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Figure 3.11. Water permeation performance of the ZnO-SST membrane in three successive 

tests after complete fouling and cleaning with water and UV light irradiation. The results show 

that the permeate water flux can be restored to more than 75% of the original by this cleaning 

method. 

Figure 3.12. Optical microscope images of a fouled ZnO-SST membrane, and cleaned Zn-SST 

and ZnO-SST membranes after 30 minutes of UV light irradiation and water rinsing.

3.2. Photocatalytic Self-Cleansing ZnO-coated Ceramic Membranes for 
Preconcentrating Microalgae
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Abstract 

Microalgae present strong potential for biofuel and bioproduct production; however, efficient 

harvesting methods remain a critical challenge to enhancing the economic competitiveness of 

microalgal products. This study introduces a simple approach for fabricating self-cleaning 

microfiltration membranes tailored for Scenedesmus sp. microalgae solutions by coating 

alumina substrates with ZnO. The ZnO layer was deposited using reactive magnetron 

sputtering and the functional properties of the membrane were tailored through controlled 

coating thicknesses. Surface characterization confirmed the formation of a uniform, crystalline 

ZnO layer. The solar light absorption of the ZnO-coated membrane was found to vary with 

coating thickness. The water contact angle of the membrane decreased from 80° to 42° after 

ZnO coating, demonstrating a substantial increase in hydrophilicity. While both uncoated and 

ZnO-coated alumina membranes initially exhibited a permeate flux of about 55 L·m⁻²·h⁻¹ 

(LMH), the ZnO-coated membranes demonstrated superior fouling resistance, with only a 5% 

flux decline after three filtration cycles compared to a 32% reduction in uncoated membranes. 

Under optimal conditions, the ZnO-coated membranes achieved full flux recovery within 30 

minutes of solar simulator exposure, highlighting their excellent photocatalytic self-cleaning 

capabilities. The performance of the ZnO-coated membranes remained stable over three 

repetitive filtration cycles and membrane recovery, with the standard deviation of <5%, 

confirming the durability of the ZnO coatings. These findings highlight the potential of ZnO-

coated ceramic membranes as a cost-effective solution for sustainable microalgae harvesting.  

Keywords: Microalgae harvesting; ZnO coating; Ceramic microfiltration membranes; 

Photocatalysis; Fouling control; Self-cleansing. 
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3.2.1. Introduction 
 

Population growth and industrialization have improved the world economy, but they have led 

to a significant increase in global energy and fuel consumption. A large body of research has 

focussed on the development of eco-friendly energy resources to reduce reliance on fossil fuels, 

secure access to fresh water and mitigate global warming [1, 2]. Microalgae-derived biofuels 

and biochemicals have emerged as a sustainable alternative to fossil materials [3]. Microalgae 

are rich in proteins, carbohydrates, lipids, and nucleic acids, with lipid biomolecules such as 

fatty acids, triglycerides, phospholipids, and glycolipids offering a renewable source for the 

production of fuel and raw materials [4, 5]. However, despite their potential, microalgae 

refineries have not been realized at industrial scale due to the high cost of harvesting [6, 7]. 

Economically viable biofuel production requires efficient harvesting techniques that minimize 

energy and chemical consumption while enabling the recycling of water and nutrients [8]. 

There are currently no suitable harvesting techniques that satisfy both cost and environmental 

constraints for producing microalgae-derived biofuels and biochemicals [8, 9].  

Current microalgae harvesting techniques, such as centrifugation and chemical flocculation, 

are highly energy- and chemical-intensive, contributing significantly to the overall production 

cost. While centrifugation is effective and fast, it incurs high operational costs. Chemical 

flocculation, on the other hand, is less energy-intensive but requires flocculants like cationic 

polymers, which can increase maintenance requirements, complicate downstream processing 

and limit applications due to residual chemicals [10, 11]. Recent research has demonstrated the 

potential of microfiltration for preconcentrating microalgae for harvesting, improving biomass 

recovery efficiency and cost competitiveness [12, 13]. However, previous studies also reveal 

that algal organic matter, consisting of extracellular and intracellular components, plays a 

dominant role in fouling by accumulating on the membrane surface and within pores, forming 

dense and irreversible fouling layers [14, 15]. 
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Several techniques, such as membrane vibration and frequent aerated backwashing, have been 

developed to tackle membrane fouling caused by high biomass levels [15, 16]. Although these 

methods help restore membrane flux, the presence of thick extracellular polymeric materials 

from microalgae cells can lead to a gradual deterioration of the filtration process over time 

[15]. To mitigate membrane fouling effectively, incorporating and optimizing self-cleaning 

materials in microfiltration membranes is essential. Moreover, enhancing the membrane’s 

wettability and introducing a surface charge can significantly reduce membrane fouling. 

Increasing hydrophilicity creates a hydration layer on the membrane surface, preventing direct 

contact between foulants and the membrane surface [17, 18]. Additionally, electrostatic 

repulsion can inhibit foulants from attaching to the membrane surface, thereby reducing the 

fouling rate and improving filtration performance [19]. These techniques can alleviate but 

cannot completely remove fouling, and eventually membrane cleaning is still necessary.  

Advanced oxidation processes (AOP) based on photoactive materials, such as TiO2, ZrO2, 

Fe2O3, ZnO, and MOF, have been explored in combination with membrane filtration to degrade 

and remove bio-contaminants through the production of reactive oxygen species [20-23]. This 

approach provides a potential platform for developing self-cleansing membranes. When a 

semiconducting oxide material is illuminated with ultraviolet (UV) or solar light, electrons can 

be excited from the valence to the conduction band, generating free electron and holes. These 

electrons and holes can directly oxidize pollutants or interact with dissolved oxygen or OH− 

ions in water to create reactive oxygen species (ROS), which degrade pollutants and organic 

foulants on the membrane surface [21]. Although photocatalytic degradation using metal 

oxides has been demonstrated for synthetic wastewater and organic compounds [24, 25], few 

studies have investigated the use of coated membranes for microalgae harvesting, with 

membrane recovery rates of ~ 60% achieved after ultraviolet irradiation cleaning [26]. While 

surface coatings can enhance antifouling resistance and hydrophilicity, low-quality coatings 
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may cause particle aggregation, significantly impairing its performance [27]. Deposition 

techniques such as electrospinning [28], dip coating [29], sol–gel [30], atomic layer deposition 

[24], and pulsed laser deposition [31], have been used for membrane coating; however, most 

methods encounter issues like non-uniformity, fragility, and limited membrane compatibility. 

In contrast, sputter deposition offers distinct advantages by providing strongly adherent, 

uniform coatings over large areas and accommodating porous membranes with irregular or 

curved surfaces [32]. ZnO is an effective photocatalyst for AOP, offering superior organic 

degradation compared to alternatives such as TiO₂ due to its higher electron mobility and a 

lower valence band position, which increases the oxidation potential of hydroxyl radicals [33, 

34]. Moreover, ZnO has low toxicity and is stable in aqueous environments at pH levels above 

5 [35].  

This study develops a self-cleaning membrane system to enhance microalgae biomass 

harvesting. We hypothesize that integrating a ZnO coating layer onto an alumina membrane 

will enable photocatalytic cleaning while reducing fouling through enhanced wettability. The 

approach involves incorporating a hydrophilic and photocatalytic ZnO coating onto a ceramic 

membrane. The ZnO layer was systematically characterized to confirm its photocatalytic 

functionality. The performance of the ZnO-coated membrane was evaluated for 

preconcentrating microalgae solutions, with key performance parameters including water 

permeability, flux recovery through photocatalytic self-cleaning. 

 

 

 

3.2.2. Materials and Methods 
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3.2.2.1. Membrane preparation 
 

A flat sheet ceramic membrane made of alumina (ALO) from Suzhou Dasen Electronic 

Material Co. (Jiangxi, China) was used. The membrane, measuring 150 mm by 100 mm, has 

an average pore size of 0.1 μm (according to the manufacturer). Before coating, the membrane 

was sequentially cleaned in an ultrasonic bath for 20 minutes using acetone, isopropanol and 

deionized water. After cleaning, it was dried with dry N2 gas and stored in an airtight container. 

During deposition, the membrane was placed on a rotating stage approximately 10 cm from 

the sputtering target in a sputtering chamber, as described previously [26]. ZnO layers of 

varying thicknesses (200, 450, 750, and 1100 nm, denoted as T–ZnO/ALO, where T is the 

coating thickness) were deposited onto the membrane using direct current reactive sputtering 

(plasma power of 100 W) from a Zn target in a gas mixture of Ar and O2 with a ratio of 3:1. 

The thickness of the ZnO coating was monitored by a quart crystal thickness monitor. Post-

deposition, the ZnO-coated membranes were annealed in ambient air at 500 °C for 2 hours to 

improve the crystallinity of the ZnO layer. The uncoated membrane was also annealed under 

identical conditions and used as a control sample. Additionally, a glass slide was placed beside 

the membrane during deposition to obtain a ZnO film of identical thickness for optical analysis. 

3.2.2.2. Membrane characterization 
 

The ZnO-coated and uncoated ceramic membranes were characterized to evaluate their coating 

thickness, surface morphology, composition, crystallinity, and hydrophilic properties. X-ray 

diffraction (XRD) analysis was conducted using a Bruker D8 Discovery diffractometer with 

Cu Kα radiation. Optical absorption measurements were measured using an Agilent Cary 7000 

UV-Vis spectrometer. The coating thickness was determined using a Bruker DektakXT 

profilometer, while hydrophilicity and contact angles were measured using an Attension optical 

tensiometer. Surface morphologies of the membranes were investigated with a Zeiss Supra 
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55VP field emission scanning electron microscope (SEM) equipped with Oxford Instruments 

Energy Dispersive Spectrometer (EDS). SEM images were analysed using ImageJ software to 

determine membrane pore sizes. The membrane surface roughness was measured using Park 

XE7 atomic force microscopy (AFM). X-ray photoelectron spectroscopy (XPS) data were 

collected at the Australian Synchrotron's Soft X-ray Spectroscopy (SXS) beamline. 

3.2.2.3. Membrane filtration performance

The uncoated ALO and ZnO/ALO membranes were utilized in a submerged configuration (Fig. 

3.13a). A plate and frame membrane module was submerged in a rectangular glass reservoir 

with dimensions of 45 cm in height, 20 cm in length, and 5 cm in width. A Masterflex Peristaltic 

pump (Cole-Parmer) was used to facilitate the clean water extraction from the membrane 

module. The system contained a digital pressure gauge data logger (Pressure Meter SDL700) 

to monitor the transmembrane pressure (TMP). Permeate water was collected in a storage tank, 

while water flux was measured using a digital balance (PGL 8001).
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Figure 3.13. (a) Schematic diagram of the membrane filtration system, which includes a 

submerged membrane module, algae reservoir, flow meter, suction pump, pressure gauge, 

balance, and storage tank. (b) Schematic diagram of the cleaning protocol for the ZnO/ALO 

membrane. Step 1 entails backwashing and rinsing the membrane with permeate water to 

remove the cake fouling layer, followed by Step 2, which involves photocatalytic cleaning 

using solar irradiation.

Effects of the ZnO coating on filtration performance

The effects of the ZnO coating on the ceramic alumina membrane were investigated by 

measuring the TMP at a flow rate of 30 mL/min and the rejection rate of a microalgae solution 

for both coated and uncoated ALO membranes. The initial volume of the microalgae solution 

was 4.5 L, while each filtration cycle was set to recover 1 L of water. All filtration experiments 

were conducted in duplicate to ensure reproducibility and calculate uncertainty. Before each 

replicate measurement, the membranes were backwashed at a flow rate of 30 mL/min for 3 

minutes to remove the cake fouling layer, followed by rinsing with tap water, 30 minutes of 

sonication in isopropyl alcohol (IPA), and 15 minutes of sonication in Milli-Q water. The flux 

(𝐽), rejection rate (𝑅), and flux recovery rate (FRR) are calculated by the following equations:

𝐽 (𝐿𝑀𝐻) =
𝑉

𝐴𝑡
                                                            (Eq. 1)

𝑅 (%) = (1 −
𝐶𝑝

𝐶𝑓
) × 100%                                              (Eq. 2)
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𝐹𝑅𝑅 (%) = (
𝐽𝑐

𝐽𝑜
) × 100%                                               (Eq. 3) 

where 𝑉 is the volume of filtered water, 𝐴 is the effective filtration area, 𝑡 is the filtration time, 

𝐶𝑓 and 𝐶𝑝 are the concentrations of the feed solution and permeate solution, respectively, both 

measured using optical density at 680 nm (OD680nm). 𝐽𝑐 and 𝐽𝑜 are the flux of the cleaned and 

original membranes, respectively. The filtration performance of the membrane was also 

evaluated over three repetitive filtration cycles. After each cycle, the membrane was kept inside 

the algae reservoir and backwashed at a flow rate of 30 mL/min for 3 mins before starting the 

subsequent cycle. The TMP was monitored and recorded every minute during each filtration 

cycle. To investigate the effect of aeration on the permeate flux, a plastic tube connected to an 

air pump was placed at the bottom of the reservoir to deliver an airflow of 0.5 LPM (litre per 

minute) when required. 

Recovery of ZnO/ALO membranes by photocatalysis 
 

Milli-Q water was used to determine the initial clean water flux for ALO and ZnO/ALO 

membranes. To form a fouling layer, 1 L of the microalgae solution was filtered through the 

membrane at a flow rate of 30 mL/min. Two cleaning steps were performed to recover the 

membrane flux (Fig. 3.13b) and the recovery rate was examined after each step. The first step 

involved backwashing the membrane with permeated water to remove the cake layer deposited 

during filtration. The second step involved removing the membrane module and rinsing it with 

tap water to remove any remaining cake layer. Next, the membrane was placed inside a 

container and submerged in water with the water level maintained at approximately 1 cm above 

the membrane to minimize light scattering. The membrane was then exposed to a solar 

simulator for 30 mins. The solar simulator used was a 300 W xenon lamp (Perfect Light, PLS-

SXE 300) with a wavelength range of 320-780 nm and the light intensity was 100 mW/cm2, 

corresponding to1 Sun illumination. Long-term filtration performance of the alumina and 
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ZnO/ALO membranes was examined using 3 L of the microalgae solution over three repetitive 

filtration cycles (1 L in each cycle).  

 

3.2.2.4. Microalgae 
 

The green microalgae strain Scenedesmus sp. (UTS-LD), isolated in Australia by the University 

of Technology Sydney (UTS), was used in this study. Scenedesmus sp. typically forms clusters 

of four cells known as a coenobium, with each coenobium resembling a comb shape 

approximately 12 μm long and 3 – 5 μm wide. The cells of Scenedesmus sp. exhibit a zeta 

potential of −23.2 ± 1.3 mV. The culture was maintained at the UTS Algae Production Facility 

using MLA medium and grown under laboratory conditions in pilot-scale photobioreactors 

ranging from 120–350 L, as described in a previous study [7]. For all measurements, the 

microalgae solution was kept at a concentration of 1.5 OD680nm, corresponding to 0.7 mg/mL 

for Scenedesmus sp. 

3.2.3. Results and discussions 
 

3.2.3.1. Structural properties of the neat alumina and ZnO/ALO membranes 
 

Preliminary work was conducted to optimize the deposition time for desirable ZnO coating 

thickness. To validate the results, ZnO was initially coated on a flat glass slide at specific 

deposition times and the coating thickness was measured using a profilometer [36], as shown 

in Fig. 3.19(a). The results confirmed successful deposition with average thicknesses of 200 ± 

5 nm, 450 ± 5 nm, 750 ± 5 nm, and 1100 ± 5 nm. For clarity, these membranes are labelled 

as 200 nm–ZnO/ALO, 450 nm–ZnO/ALO, 750 nm–ZnO/ALO, and 1100 nm–ZnO/ALO, 

respectively.  

SEM imaging reveals that the neat (uncoated) alumina membrane has a rough surface whereas 

the ZnO coated membranes show micron-sized ZnO domains with lateral dimensions of 
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1 – 3 mm (Fig. 3.14a). The uncoated alumina membrane exhibits non-uniform pores 

characteristic of porous ceramic membranes [24]. For the 200 nm-ZnO/ALO membrane, near-

complete coverage by ZnO is observed with small visible gaps between ZnO domains. In 

contrast to the 1100 nm coating, which significantly obstructs permeate flow, the ZnO/ALO 

membranes with coating thicknesses of 450 nm and 750 nm exhibit a continuous coating layer 

on the alumina substrate without completely blocking the pores, thereby allowing water to pass 

through. The average pore size of the ALO membrane is approximately 100 nm. Based on SEM 

image analysis (Fig. 3.14a) using ImageJ software, the deposition of ZnO layers with 

thicknesses of 200 nm, 450 nm, 750 nm, and 1100 nm resulted in average pore size reductions 

of approximately 36%, 65%, 71%, and 92%, respectively. EDX elemental maps of Al and Zn 

as well as the EDX spectrum of the 450 nm-ZnO/ALO membranes (Fig. 3.14b, c) reveal 

complete coverage of the membrane surface by ZnO, demonstrating the effectiveness of the 

reactive sputtering technique and rotating stage during deposition. At the acceleration voltage 

of 15 kV, the electron beam penetrates the ZnO coating down to the alumina membrane, 

resulting in a uniform Al elemental EDX map (Fig. 3.14b). Coating the membrane with a 450 

nm-thick ZnO layer reduces its surface roughness from 372 nm to 195 nm [Fig. 3.19(b)]. 

However, thicker ZnO coatings (750 nm and 1100 nm) lead to vertical grain growth (Fig. 

3.14a), causing the surface roughness to exceed the measurement limit of the AFM. These 

results suggest a ZnO coating thickness of 450 nm is optimal as it effectively covers the 

membrane surface while minimizing surface roughness. The XRD patterns for the membranes 

(Fig. 3.14d), exhibit diffraction peaks (marked with black dots) attributed the α-Al2O3 phase of 

the alumina substrate [37], and the hexagonal wurtzite structure of ZnO layer, with diffraction 

peaks indexed to the (100), (002), (101), (102), (110), and (103) planes (JCPDS 36–1451) [26]. 

The optical absorption spectra of the ZnO coating layer (Fig. 3.14e) reveal a higher absorbance 

and a red shift in the absorption edge with increasing layer thickness. Tauc's plot analysis of 
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the ZnO layers (inset of Fig. 3.14e) shows a slight decrease in the band gap from 3.27 to 3.22 

eV as the ZnO thickness increases from 200 to 1100 nm. This decrease in the optical bandgap 

with increasing film thickness is consistent with previous results of ZnO film growth by sputter 

deposition and is attributed to larger grain sizes and higher crystalline quality with increasing 

film thickness [38].  
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Figure 3.14. (a) SEM images of the neat alumina and ZnO-coated membranes with ZnO layer 

thicknesses of 200, 450, 750 and 1100 nm. (b, c) EDX elemental maps and spectrum of the 

450 nm thick ZnO/ALO membrane acquired at 15 kV, showing a homogenous ZnO coating 

even over the membrane pores. (d) XRD patterns of neat alumina and 450 nm-ZnO/ALO 
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membranes. (e) UV-Vis absorption spectra and Tauc’s plots for the ZnO coating layers, 

yielding the optical bandgap values indicated within the graph. 

 

3.2.3.2. Membrane hydrophilicity 
 

Surface hydrophilicity of the alumina and ZnO/ALO membranes is reported as water contact 

angle in Fig. 3.15). The contact angle of the alumina membrane is approximately 80°, 

consistent with previously reported values for alumina membranes [39]. Upon coating with 

ZnO, the contact angle decreases to 42 ± 4° for ZnO coating thicknesses between 200 and 

750 nm, indicating an increase in the hydrophilicity of the coated membranes due to the 

hydrophilic nature of ZnO. This enhancement in hydrophilicity can be attributed to the 

presence of -OH groups on the ZnO surface, which interact with water molecules [26]. 

Furthermore, the contact angle of the 1100 nm–ZnO/ALO further decreases to 30°, likely due 

to the increased surface roughness associated with the thicker coating (Fig. 3.15a; ZnO-1100 

nm). This observation is consistent with Wenzel’s model, which states that increased surface 

roughness enhances the contact area between a droplet and the film surface, thereby increasing 

wettability [40]. Surface analysis of the oxygen chemical state in the alumina and ZnO/ALO 

coatings is analysed using XPS, with a photon energy of 650 eV (corresponding to a sampling 

depth of ~ 2 nm) (Fig. 3.20). Deconvolution of the O 1s spectra reveals two fitted peaks 

corresponding to two different chemical states of oxygen: O2− ions (O-Zn) in the fully 

coordinated ZnO at a binding energy of 530.6 eV, and surface hydroxyl groups (Zn-OH) at 

532.4 eV [41, 42]. The OH/O-Zn peak intensity ratio is found to be 0.24 for the neat alumina 

and 0.62 for the 450 nm-ZnO/ALO, indicating a higher proportion of surface -OH groups in 

the coated membranes.  

ZnO coating improves filtration performance considerably (Fig. 3.15b). The uncoated alumina 

membrane exhibits a water permeate flux of around 58 LMH. Remarkably, all ZnO/ALO 
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membranes show no significant flux reduction despite the decrease in pore size caused by the 

ZnO coatings, except for the membrane with a ZnO coating thickness of 1100 nm. This 

suggests that the increased hydrophilicity provided by the ZnO coating compensates for the 

reduced pore size, maintaining consistent water permeate flux. This observation, consistent 

with previous studies [25], indicates that coating ceramic membranes with hydrophilic metal 

oxide layers can sustain permeate flux even as pore size decreases. The permeate flux remains 

stable across all ZnO-coated membranes over the 90-minute filtration period. 
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Figure 3.15. (a) Contact angle measurements for the ALO and ZnO/ALO membranes, 

accompanied by the photo of the water droplet on the membrane surface. (b) Pure water flux 
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through the neat alumina and ZnO/ALO membranes. Error bars represent the standard 

deviation calculated from two measurements. 

 

 

3.2.3.3. Microalgae filtration performance 
 

A volume of 1 L of pre-concentrated Scenedesmus sp. microalgae solution with an initial 

biomass concentration of 0.7 g/L was used to test the filtration performance of the alumina and 

ZnO/ALO membranes (Fig. 3.16a). The uncoated alumina membrane as well as the 450 nm–

ZnO/ALO, and 750 nm–ZnO/ALO membranes also show a similar filtration profile. It took 

approximately 50 minutes to complete one filtration cycle (1 L) for each of the membranes. 

The decrease in permeate flux over time for the three membranes is due to the accumulation of 

microalgae on the membrane surface. The fouling rate is significantly less for the 200 nm–

ZnO/ALO membrane, which has a shorter filtration cycle of 40 minutes. This improvement in 

filtration performance could be attributed to the combined effects of a relatively larger pore 

size and the hydrophilic ZnO-coated layer [24]. However, the 1100 nm–ZnO/ALO membrane 

exhibits an immediate drop in permeate flux, followed by a continued decline over a longer 

filtration cycle (Fig. 3.16a inset). The increase in TMP caused by the membrane's pore blockage 

is shown in Fig. 3.16b. Except for the 1100 nm-ZnO/ALO membrane, all the ZnO/ALO 

membranes exhibit lower TMP at the end of the filtration cycle than the uncoated alumina 

membrane. This is due to the more hydrophilic coating layer possibly due to the presence of 

hydroxylic groups on ZnO surface (Fig. 3.20). At the end of the filtration cycle, the TMP for 

the 200 nm–ZnO/ALO membrane is around 10 kPa, followed by 20 kPa, 23 kPa, and 53 kPa 

for the 450 nm, 750 nm and 1100 nm–ZnO/ALO membranes, respectively, approximately 

proportional to the increase in the thickness of the coating layer. 
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Scenedesmus sp. has a cylindrical-fusiform shape and exists as a coenobium consisting of four 

cells, each larger than 10 μm in size [15]. Due to their size, these cells cannot pass through or 

fully cover the membrane pores, causing their accumulation and adherence to the membrane 

surface. As expected, the measured microalgae rejection by the neat alumina and ZnO/ALO 

membranes was all above 99.9%. Aeration effectively reduces membrane fouling (Fig. 3.21). 

Under the aeration filtration condition, both the uncoated ALO and 450 nm–ZnO/ALO 

membranes exhibit a significant increase in permeate flux rate and reduction in TMP. This 

improvement in filtration performance is attributed to the synergistic effects of buoyancy and 

drag force from flowing bubbles, which reduce fouling by the dense cell cake layer [15]. 
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Figure 3.16. Variations of (a) flux, (b) TMP of the neat ALO and ZnO-coated ALO membranes 

during the filtration of 1 L of microalgae solution under non-aerated filtration conditions. The 

insets display the performance of the 1100 nm–ZnO/ALO membrane over extended filtration 

cycles. The error bar represents the standard deviation from two measurements. 

 

3.2.3.4. Multi-filtration cycle performance 
 

The long-term filtration performance of the alumina and ZnO/ALO membranes was evaluated 

over three repetitive filtration cycles. After each cycle, the membranes were backwashed at a 

flow rate of 30 mL/min for 3 minutes. At the beginning of each filtration process, a cake layer 

forms and rapidly covers the entire membrane surface, resulting in an immediate and noticeable 

decline in permeate flux and an increase in transmembrane pressure (TMP), as observed in the 

case of the uncoated ALO membrane (Fig. 3.17a). Similar findings have been reported in the 

literature, indicating that algae cake layer formation can occur within the first 5 minutes of the 

filtration cycle [43]. At the end of the second cycle, the permeate flux decreased by 

approximately 25% compared to the end of the first cycle, and this reduction further increased 

to 34% after the third cycle. The TMP increased by 32% after the first cycle and by an 

additional 16% after the second cycle. The decline in filtration performance is caused by the 
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accumulation of Scenedesmus sp. on the membrane despite backwashing after each cycle. 

Conversely, the electrostatic repulsion between the negatively charged ZnO/ALO membrane 

surfaces due to the surface ―OH groups and negatively charged Scenedesmus sp. cells (zeta 

potential of −23.2 ± 1.3 mV) reduces the adhesion of algae cells to the membrane wall, making 

the backwashing process more efficacious [44]. For instance, the 200 nm–ZnO/ALO 

membrane (Fig. 3.17b) exhibits only a 5% decrease in flux and less than a 24% increase in 

TMP after each cycle. Similar behaviour was observed for the 450 nm–ZnO/ALO and 750 nm–

ZnO/ALO membranes (Fig. 3.17c and d). However, the smaller pore size in these two 

membranes results in a noticeable drop in permeate flux and an increase in TMP, although their 

filtration performance is still better than the uncoated alumina membrane. In the case of the 

1100 nm–ZnO/ALO membrane, the excessive coating reduced the average pores size by 

approximately 92%, leading to a significant increase in the TMP during the backwashing step. 

This elevated pressure resulted in the formation of multiple leakage points at the membrane 

terminals, limiting the membrane’s reusability in subsequent experiments. 
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Figure 3.17.  Comparison of permeate flux and TMP of (a) ALO, (b) 200 nm–ZnO/ALO, (c) 

450 nm–ZnO/ALO, and (d) 750 nm–ZnO/ALO membranes during the dewatering of the 

microalgae solution across three repetitive filtration cycles. Each cycle involves recovering 1 

L of water, followed by backwashing for 3 minutes. The error bars in the second and third 

cycles has been estimated from the first cycle. 

 

3.2.3.5. Self-cleansing performance of the ZnO/ALO membranes 
 

The self-cleaning property of the alumina and ZnO/ALO membranes is demonstrated in Fig. 

3.18. The permeate water flux for the fouled membranes was recorded after backwashing and 

after irradiation with a solar simulator, and then compared with the initial unfouled membrane 

flux (Figure 3.18a). The neat alumina membrane recovers around 68% of its initial permeate 

flux after backwashing and around 81% after 30 minutes of solar irradiation. The slight 

improvement in the uncoated alumina is due to its ability to absorb a portion of the UV light 
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from the solar irradiation [45, 46].  No further flux increase is observed with longer irradiation. 

In contrast, the ZnO/ALO membranes show a noticeable improvement in flux recovery after 

solar light irradiation, confirming the self-cleaning properties of the ZnO-coated layers. The 

450 nm–ZnO/ALO membrane shows a flux recovery rate of 82% after the backwashing step 

and 102% after light irradiation. Slightly lower filtration performance was observed in the case 

of the 750 nm–ZnO/ALO membrane, with flux recovery rates of 79% and 98% after the 

backwashing and light irradiation steps, respectively. The slight reduction in recovered flux 

can be attributed to the blockage of some pores, likely caused by the higher TMP resulting 

from the decreased pore size in the 750 nm–ZnO/ALO membrane, as shown in Fig. 3.17d. 

Although the 200 nm–ZnO/ALO membrane shows the highest recovery rate through the 

backwashing process (83%), only around 90% flux recovery rate is achieved after light 

irradiation, indicating a lower photocatalytic self-cleaning property compared to the ZnO/ALO 

membranes with thicker ZnO coatings. This is likely due to the lower solar absorbance of the 

200 nm–ZnO/ALO (Fig. 3.14e), which leads to a reduced generation of photogenerated 

radicals, limiting the oxidation of the deposited organic compounds [47, 48]. Among all tested 

membranes, the 450 nm–ZnO/ALO membrane demonstrated significantly higher recovery rate 

compared to both uncoated and 200 nm–ZnO/ALO membranes. Furthermore, when 

considering multiple performance indicators, including flux reduction, TMP and flux recovery 

rate, and the standard deviation (with error bars < 5%), 450 nm– ZnO/ALO membrane 

exhibited superior overall filtration performance compared to the 750 nm– ZnO/ALO 

membrane. Notably, prolonging the backwashing step does not significantly enhance the 

removal of biofouling. The self-cleaning mechanism of ZnO-coated membranes under solar 

light irradiation is illustrated in Fig. 3.18b. The simulated solar light used in this test has a 

wavelength range of 320 – 780 nm (corresponding to photon energies of 3.9 – 1.6 eV), which 

is partly absorbed by the ZnO coating layer (3.2 eV). Upon irradiation, the ZnO coating 
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generates free electrons and holes, triggering photocatalytic activity. The photogenerated holes 

are effective at oxidizing organic compounds through the generation of ROS, including 

superoxide (O₂⁻•), peroxide (O₂²⁻), and hydroxyl radicals (OH•). These reactive species 

effectively degrade organic materials such as microalgae residues, ensuring effective 

membrane cleaning [47]. Additionally, these radicals can penetrate the membrane pores, 

providing comprehensive cleaning.
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Figure 3.18. (a) Permeate water flux of the neat alumina and 450 nm–ZnO/ALO membranes 

under three conditions: (i) before fouling, (ii) after fouling and cleaning with backwashing 

(BW) and rinsing, and (iii) after fouling and cleaning with BW, rinsing and solar light 

irradiation. Error bars represent the standard deviation from two replicate experiments. (b) 

Schematic diagram illustrating the self-cleansing capability of photocatalytic ZnO/ALO 
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membranes. (c) Optical images of the fouled alumina and 450 nm–ZnO/ALO membranes 

before and after backwashing, followed by solar light cleansing. 

 

Table 3.1. Comparison of flux recovery methods and performance for different microalgae 

harvesting membrane systems  

Membrane Microalgae 
species Cleaning method 

Flux 
recovery 
rate (%) 

Ref. 

ZnO/ALO Scenedesmus sp. 
Backwashing + solar 

irradiation 100% 
This 
work 

PVDF/PEI Chlorella sp. Stirring in water 100% [49] 
PVDF/TA-

APTES@FeOOH Chlorella vulgaris H2O2 + solar irradiation 98.2% [50] 

PC@PDA/PEI/PS
S/PDADMAC Chlorella vulgaris Water rinsing ~ 94% [51] 

PVDF Chlorella 
pyrenoidosa 

Water rinsing 90.7% [52] 

Stainless steel Chlorella sp. NaOH rinsing 68% [53] 

Stainless steel Scenedesmus sp. Water rinsing + UV 
irradiation 

60% [26] 

Stainless steel Microcystis 
aeruginosa Backwashing 39.9% [54] 

 

Optical images of the neat alumina and 450 nm–ZnO/ALO membranes after fouling, 

backwashing and cleaning steps clearly demonstrate the effectiveness of photocatalytic self-

cleansing (Figure 3.18c). After each filtration cycle, a thick and compact cake layer of 

Scenedesmus sp. is deposited on the membrane surface. Following backwashing, the cake layer 

deposited on the ZnO/ALO membrane is less dense compared to the uncoated alumina 

membrane. Subsequent water rinsing and solar irradiation further remove the majority of the 

deposited biofilm on the ZnO/ALO membrane due to the high AOP activity of the ZnO coating, 

while a significant amount of the biofilm remains on the uncoated alumina membrane. These 

images, captured after 15 filtering cycles and the backwashing processes, confirm the excellent 
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durability and self-cleaning properties of the ZnO coating on the alumina membrane, ensuring 

more efficient and sustained performance over multiple filtration cycles. Table 3.1 compares 

the recovery methods and performance of various membrane filtration systems used for 

microalgae harvesting. The ZnO/ALO membrane demonstrate superior performance, 

achieving the complete recovery after backwashing and solar irradiation, outperforming most 

other cleaning methods [26, 53, 54]. Additionally, the ZnO/ALO membrane offers a 

straightforward fabrication process and greater durability compared to polymer-based 

membrane systems [49-52], making it highly competitive among microalgae harvesting 

systems. This highlights the economic promise of using ZnO/ALO membranes for microalgae 

harvesting. One drawback with the ZnO/ALO membrane is the potential release of by-

products, such as Zn²⁺ ions. While these ions can provide health benefits in controlled amounts, 

excessive release may lead to toxicity risks [55]. Therefore, it is necessary to quantify the Zn²⁺ 

ion release and the generation of ROS post-treatment, and to assess their potential impacts on 

human health. The enhanced self-cleaning properties minimize the need for frequent or 

prolonged physical cleaning methods, such as vibration, and reduce chemical use. This not 

only preserves membrane durability but also extends operational lifespan and lowers 

maintenance costs. This study demonstrates that incorporating a ZnO coating on a ceramic 

alumina microfiltration membrane is a robust and cost-effective solution for maintaining high 

membrane performance in microalgae harvesting. 

 

3.2.4. Conclusion 
 

ZnO-coated ceramic membranes with self-cleansing capabilities were successfully developed 

for preconcentrating Scenedesmus sp. microalgae prior to harvesting. The ZnO coating 

enhanced the membrane's hydrophilicity, maintaining high permeate flux despite a reduction 

in pore size. Results from multiple filtration cycles showed a significant reduction in flux 
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decline for ZnO-coated membranes (200–450 nm thickness) compared to uncoated 

membranes. However, excessive coating thickness led to pore blockage and reduced efficiency. 

The optimal 450 nm ZnO coating demonstrated 82% flux recovery after backwashing and 

rinsing, and 100% flux recovery after 30 minutes of solar irradiation, minimizing the need for 

intensive physical or chemical cleaning. Overall, this study presents an antifouling and 

photocatalytic ZnO-coated membrane filtration system. The approach offers a durable, scalable 

and cost-effective solution for efficient and sustainable microalgae harvesting, addressing the 

critical challenges associated with the economic competitiveness of microalgal products.  
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3.2.6. Appendix B: Additional characterization and membranes filtration 
data

Figure 3.19. (a) Surface profiles showing the thickness of the ZnO coating layers. (b) AFM 

images of the ALO membrane before and after coating with a 450 nm ZnO layer. The RMS 

roughness measured over an area of 25 ´ 25 mm2 is Rq = 372 nm the bare ALO membrane 

and 195 nm for the ZnO/ALO membrane.



 

126 
 

 

538 536 534 532 530 528 526

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

-OH

O-ZnALO membrane
(a)

     
538 536 534 532 530 528 526

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

O-Zn

-OH

(b) 450 nm ZnO/APO membrane

 

Figure 3.20. Surface-sensitive XPS O 1s spectra of the bare ALO and 450 nm-ZnO/ALO 

membranes, acquired at a photon energy of 650 eV. The spectra reveal a higher density of 

surface hydroxyl groups (-OH) on the coated membrane.  
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Figure 3.21. Variations of flux and TMP for (a) uncoated ALO and (b) 450 nm–ZnO/ALO 

membranes during the filtration of 1 L of microalgae solution in the aerated filtration 

condition. The error bars represent the standard deviation from two measurements. 
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Chapter 4. Enhanced solar-driven water splitting 
performance using oxygen vacancy rich ZnO photoanodes 

 

This chapter presents a scalable and economical approach for fabricating high-performance 

ZnO photoanodes to enhance hydrogen evolution via PEC water splitting. The study presents 

a comprehensive investigation into the development of nanostructured ZnO films enriched with 

VO for enhanced solar-driven water splitting. By engineering oxygen vacancies and ZnO film 

morphologies, this approach aims to enhance charge carrier separation, extend light absorption 

and improve PEC performance, offering a promising pathway toward efficient hydrogen 

production.  

 

Abstract 

This work reports a facile two-step method of producing highly efficient ZnO photoanodes for 

photoelectrochemical (PEC) water splitting under solar light conditions and describes the role 

of surface oxygen vacancies (VO) in their enhanced PEC performance. The photoanode 

fabrication involves post-growth oxidation of a metallic Zn layer, which produces a 

nanostructured ZnO film consisting of ~50 nm diameter nanorods containing a high 

concentration of VO defects. The PEC activity of the ZnO films is investigated by studying 

water oxidation in an aqueous electrolyte under simulated solar illumination. The relationship 

of PEC and charge transfer characteristics of the ZnO photoanodes with ionized surface VO 

defects is established using cathodoluminescence, X-ray photoemission, voltammetry, 

electrochemical impedance spectroscopy and chronoamperometry. The combined results show 

that the photoanode fabricated in this work possesses a high surface density of ionized VO states 

that facilitate the effective transportation of holes for water oxidation. It is found that the 

photoanode exhibits an exceptional photocurrent density of 1.14 mA/cm2 at 1.23 VRHE, being 
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one of the best performances reported in the literature for ZnO-based photoelectrodes so far. 

Our results demonstrate a simple, low-cost method for fabricating highly efficient VO rich ZnO-

based PEC photoanodes that is suitable for large scale production.  

Keywords: photoelectrochemical water splitting; oxides; photoanodes; surface defects; 

oxygen vacancies 

4.1. Introduction 
 

Utilizing renewable energy from hydrogen sources is currently attracting considerable attention 

to address energy and environmental issues. Photoelectrochemical (PEC) water splitting is 

widely considered to be a viable technique to generate sustainable, clean and storable hydrogen 

energy from water using solar radiation.[1-3] During water slitting, two separate half-reactions 

are involved in the PEC redox process: a water reduction reaction (H2 reduction, 2H2O +

2e− → H2 + 2OH−) and a water oxidation reaction (O2 production, 2H2O + 4h+  → O2 +

4H+).[3] When an n-type ZnO photoanode is immersed in a suitable water-based electrolyte, 

conduction band (CB) electrons flow from the ZnO electrode to the solution since the ZnO 

Fermi level is above the electrolyte redox potential. This outward flow of electrons to the 

electrolyte creates a depletion layer at the ZnO photoanode surface with a build-in potential 

and an associated electric field pointing towards redox interface that causes upward bending of 

the near-surface band edges.[4, 5] Under solar illumination, e-h pairs generated within the 

surface depletion layer by photoionization are formed and subsequently charge separated by 

the electric field. Consequently, photogenerated holes drift towards the 

semiconductor/electrolyte interface, where they oxidize water molecules creating O2, while 

photogenerated electrons are transported to the cathode through an external bias voltage to 

reduce water molecules generating H2.[6] Of these two-half reactions, the water oxidation 

process is considered to be a bottleneck in the PEC water splitting efficiency because it is a 
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sluggish reaction requiring the rapid transfer of four holes to the electrolyte to create one 

molecule of oxygen. In comparison, the water reduction needs the transfer of a single electron 

to generate a molecule of hydrogen. 

Several metal oxides such as Fe2O3, CdO, TiO2, and ZnO have been evaluated as potential 

photoanodes for PEC water splitting because of their low fabrication cost and high stability in 

aqueous media compared with other types of traditional semiconductors.[1, 7-9] However, to 

date most of most metal oxide photoanodes have been proven to be unsuitable for PEC 

applications. For example, hematite (𝛼-Fe2O3) exhibits poor charge separation in its surface 

depletion layer due to a low hole drift mobility and short hole diffusion length,[10] CdO is not 

suitable as Cd is highly toxic while TiO2 absorbs solar radiation poorly due to its wide bandgap 

and poor hole transport.[11] In contrast, ZnO is an attractive PEC candidate due to its favorable 

band edge energy positions with respect to the redox potentials of water, low toxicity, ability 

to be grown in a variety of bespoke nanostructures, and significantly larger hole mobility 

compared with TiO2 and Fe2O3.[12-14] Recently, it has been reported that the introduction of 

oxygen vacancy (VO) defects can be used to increase the PEC efficiency of oxide-based 

photoanodes [15-18]. Different methods have been attempted to create VO defects in ZnO, 

including hydrogenation, growth under oxygen-deficient conditions, post-growth annealing 

under a reducing atmosphere, as well as lowering the VO formation energy by the incorporation 

of acceptor dopants.[19-22] Significantly, Duan et al.[17] used electrochemical reduction to 

increase the VO density in ZnO and observed a threefold increase in the PEC photocurrent 

density. While the benefits of VO incorporation into oxide photoanodes on the PEC 

performance are clear,[1] no phenomenological model currently exists to explain the role of 

this defect in the underlying electrical processes at metal oxide photoanodes. This work focuses 

on the incorporation of VO defects in ZnO photoanodes by the oxidation of metallic Zn films 

and their role in mediating the PEC performance. It is found that VO rich ZnO photoanodes 
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fabricated using this approach exhibit an exceptional photocurrent density of 1.14 mA/cm2 at 

1.23 VRHE, being among the best ZnO-based PEC performance values reported in the literature 

so far. These ZnO photoanodes exhibit an intense signature green luminescence (GL) band 

associated with VO defects. Accordingly, we present a model that explains the relationship 

between the density of VO defects in ZnO photoanodes and their PEC activity, shown in the 

schematic in Figure 4.1. Here, e-h pairs are separated by the electric field across the depletion 

layer efficiently transporting holes to the ZnO photoanode/electrolyte interface rich in reactive 

charged 𝑉O
2+ surface sites that enhance the PEC water redox reaction. The high concentration 

of near interface 𝑉O
2+ is produced by the transformation of bulk 𝑉O

𝑂 due to the surface upward 

bending of the 𝑉O
2+/0 charge transfer level (CTL) above the Fermi level of the n-type ZnO 

photoanode. The model is supported by cathodoluminescence (CL) and X-ray photoemission 

spectroscopy (XPS) studies, which both confirm that the ZnO photoanode with the highest PEC 

performance has the largest VO concentration. We further present a facile, inexpensive method 

for producing high-performance ZnO-based photoanodes that exhibit a high absorption 

efficiency in the visible spectral range and low charge-transfer resistance. 
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Figure 4.1. A schematic representation of the PEC and GL processes in a VO rich ZnO 

photoanode. Since the surface pinned Fermi level (EF) of the n-type ZnO photoanode is 

typically above the electrolyte redox potential (Eredox), CB electrons flow from ZnO to the 

electrolyte. This charge equalization produces a surface depletion layer (blue region) with an 

associated outward pointing electric field that causes upward bending of the band edges. The 

e-h pairs photoexcited within the depletion layer are charge separated by the electric field, 

which transports holes (electrons) to the photoanode (cathode)/electrolyte interface to drive the 

oxidation (reduction) reaction. Notably, the 𝑉O 
2+/0 CTL also bends upwards and when it rises 

above EF a near surface layer of reactive 𝑉O 
2+ defects (blue shaded region) is produced that 

promotes the PEC water redox process. The 𝑉O 
2+ defects can also capture a free electron 

forming the 𝑉O 
+  ( 𝑉O 

2+ + eT) state with a deeply trapped electron (eT) that can radiatively 

recombine with a photogenerated free hole, producing the observed GL (green arrow) and 

restoring the 𝑉O 
2+ state.[23] Ultraviolet emission (purple arrow) arises from the near-band-edge 

(NBE) e-h recombination in the ZnO bulk.  

 

4.2. Experimental 
 

4.2.1. Fabrication of ZnO thin films for photoanodes 
 

Two fabrication approaches were used to produce ZnO photoanodes. The first approach 

involved depositing a metallic Zn films of ~ 200 nm thickness on an FTO-coated glass substrate 

(Sigma-Aldrich, 8 Ω/sq resistivity) using a DC sputtering system (NSC-4000, Nanomaster). 

The sputtering target was metallic Zn (99.995 % purity, ACI alloys Inc.). The sputtering 

chamber had a base pressure of 8 × 10−6 torr and was maintained at a working pressure of 

3 × 10−3 torr during film deposition at a DC sputtering power of 100 W, a constant Ar flow 

of 75 sccm for 10 mins. The deposited Zn films were oxidized in ambient air using a tube 

furnace at 450, 550, and 650 oC (denoted as Zn-450oC, Zn-550oC, and Zn-650oC, respectively). 

The furnace was heated at a rate of 10 °C/min to the set temperature and the films were annealed 

for two hours. The second approach was to deposit a ZnO film via DC reactive sputtering 
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deposition in a 1:1 Ar/O2 gas mixture, and a thickness of ~ 200 nm. The film was then annealed 

for 2 hours at 550 oC separately in argon or air atmosphere (denoted as ZnO-argon, and ZnO-

air, respectively, and ZnO-AG for as-grown ZnO). The annealing temperature of 550 °C was 

selected to ensure high film crystallinity without deforming the FTO substrate, consistent with 

previous studies [21]. This temperature allows for a systematic comparison with the highest 

performance achieved using the previous fabrication approach. It is worth noting that the 

fabricated ZnO photoanodes will exhibit upward surface bending of the band edges due to 

chemisorbed oxygen species depleting electrons from the ZnO surface. 

 

4.2.1.1. Structural and optical characterization 
 

The fabricated ZnO films were characterized using a broad variety of complementary analytical 

techniques. First, the crystallinity of the ZnO films was examined using X-ray diffraction 

(XRD, Rigaku Miniflex-600) using Cu Ka radiation λ = 1.5406 Å. The ZnO film morphologies 

were investigated using Zeiss Supra 55VP scanning electron microscope (SEM). The optical 

properties of the films were studied using a double-beam UV-Vis spectrometer (Jasco V-570). 

CL measurements were performed on a FEI Quanta 200 SEM equipped with a parabolic mirror 

collector and an Ocean Optics QE65000 spectrometer; all CL spectra were corrected for the 

total system response. Chemical state analysis of the films was conducted using XPS 

(ESCALAB250Xi, Thermo Fisher); binding energies were calibrated using the C 1s peak at 

286 eV. All samples were etched with Ar+ ions for 30 seconds before XPS analysis. 

4.2.1.2. Photoelectrochemical and photocatalytic measurements 
 

The PEC performance of the ZnO photoanodes was investigated using chronoamperometry, 

linear sweep voltammetry, and electrochemical impedance spectroscopy in a quartz cell 

connected to a Voltalab PGZ 402 potentiostat via a three-electrode measuring setup as 
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described previously.[24] ZnO thin-films, saturated calomel electrode (SCE), and platinum coil 

were used as working electrodes, reference electrode, and counter electrode, respectively. The 

measured potential (VSCE) was converted to the reversible hydrogen electrode (VRHE) potential 

using Nernst equation:[25] 

VRHE =  VSCE + 0.0591 ×  pH + VSCE
0                                    Eq. (4.1) 

where VSCE is the applied potential versus the SCE, and VSCE
0  (= 0.244 V) is the standard redox 

potential of the SCE at 298 K. A 0.5 M Na2SO4 solution was utilized as an electrolyte. The 

photocatalytic activity of the ZnO photoanode was assessed under simulated solar light 

irradiation using a Xenon lamp (Max-303, 300 W) with a light intensity of 100 mW/cm2 in the 

wavelength range of 300 – 600 nm The charge transfer resistance (Rct) of the deposited films 

was determined using electrochemical impedance spectroscopy (EIS) in the dark and under 

illumination. The EIS measurements were made over the frequency range from 10 mHz to 

100 kHz. 

 

4.3. Results and discussion 
 

4.3.1. Fabrication of ZnO photoanodes rich with oxygen vacancies 
 

Typical SEM images of the ZnO films studied are displayed in Figure 4.2. The as-grown ZnO-

AG film has a granular texture comprised of irregular shaped ~ 100 nm plate-like particles, 

suggesting that the FTO substrate is responsible for the rough morphology and voids in the 

films. The ZnO-air and ZnO-argon films, shown in Figure 4.2(b, c), consist of closely packed, 

uniform crystal grains with a ~ 50 nm diameter. The morphology of the oxidized Zn films is 

distinctly different, exhibiting randomly oriented nanorod-like structures with an average 

diameter of approximately 20 nm (inset of Fig. 4.2e). These nanorods are formed during the 

annealing process as a result of the interaction between the metallic Zn layer and atmospheric 
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oxygen. Initially, the top layer of the Zn film oxidizes to form ZnO. As annealing continues for 

2 hours, Zn ions diffuse through the grain boundaries of the ZnO layer to the air/ZnO interface, 

and subsequently oxidize, leading to the formation of nanowire-like structures [26]. The 

nanorods are found to enlarge with increasing annealing temperature. These results are 

significant as the active surface area of a ZnO photoanode is directly proportional to its PEC 

activity.

Figure 4.2. Typical SEM images of the ZnO films (a, b, and c) and the oxidized Zn films (d, e 

and f). The ZnO films grow in the form of closely packed crystal grains, while the oxidized Zn 

films are comprised of randomly oriented nanorods. The nanorods in the oxidized Zn films 

become larger in both diameter and length as the post-oxidation temperature is raised from 450 

to 650oC.

The XRD patterns for both the ZnO and oxidized Zn film sets are shown in Figure 4.3. All the 

diffraction patterns contain peaks (indicated by a red circle) corresponding to the FTO coating 

layer of the substrate. The fabricated ZnO films by the DC reactive sputtering method (ZnO-

AG, ZnO-argon, and ZnO-air) exhibit a strong preferential growth along the c-axis parallel to 

the surface normal as expected. The (0002) diffraction peak is weak in the ZnO-AG and 

enhanced substantially after annealing as the film crystallinity improves. For the oxidized Zn 
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films (Zn-450oC, Zn-550oC, and Zn-650oC), multiple diffraction peaks are observed and can 

be indexed to (11-20), (0002), (10-11), (10-12), (11-20), (10-13), and (11-22) planes of wurtzite 

ZnO since their XRD patterns are governed by the growth of crystalline nanorods along random 

directions on the substrate (see Figure 4.2). These XRD findings are consistent with the 

compositional and chemical state analysis results by XPS for both the ZnO and oxidized Zn 

film sets shown in Supplementary Material Figure 4.6, which confirms the successful 

conversion of the metallic Zn films to highly crystalline ZnO by oxidative annealing. Based on 

the higher intensity and narrower full width at half maximum (FWHM) of the (11-20), (0002), 

and (10-11) diffraction peaks, the Zn film annealed at 650 °C exhibits a slight improvement in 

crystallinity compared to the films annealed at 450 °C and 550 °C. 
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Figure 4.3. XRD patterns for the oxidized Zn and ZnO films. The peaks are indexed as follows: 

the red dots correspond to the FTO substrate while the dashed lines indicate reflections from 

the ZnO films. All the ZnO peaks can be identified as the wurzite phase of ZnO, indicating the 

successful conversion of the metallic Zn films (Zn-450oC, Zn-550oC and Zn-650oC) to highly 

crystalline ZnO by oxidative annealing. The oxidized Zn films comprises of crystallites with 

multiple orientations such as (0002), (11-20), (10-11) and (11-20), while the ZnO films (ZnO-

AG, ZnO-argon, and ZnO-air) have a predominantly (0002) growth orientation. 
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The optical properties of the ZnO films are determined using UV-Vis spectrometry [Figure 

4.4(a, b)]. The ZnO films exhibit absorption only in the UV spectral region with a sharp 

absorption edge at 387 ± 3 nm (3.24 ± 0.02 eV from the Tauc plot extrapolation), close to the 

bandgap of bulk ZnO, while the optical absorption spectra of the oxidized Zn films display an 

exponential absorption edge over the visible spectral range. The extended absorption tails in 

the spectra of the Zn-450oC, Zn-550oC, and Zn-650oC films can be attributed to light scattering 

in the nanostructured films and the Urbach tail effect [27] caused by band edge potential 

fluctuations produced by a high density of VO defects. The light scattering effect in these films 

could be significant since the size of the nanorods is of the order of the wavelength of visible 

light. From the Tauc plot, the bandgap of these oxidized Zn films can be determined to be 

3.01 ± 0.02 eV, which is significantly narrower than that of the ZnO films. The narrowed 

bandgap together with the exponential absorption edge enable these films to expand the 

absorption range thus enhances the PEC activity in the visible region.  
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Figure 4.4. (a) UV-Vis absorption spectra measured from the as-grown and thermally annealed 

ZnO and oxidized Zn films at 450°C, 550°C and 650°C. The ZnO films exhibit a sharp optical 

absorption edge at 402 nm. In contrast, the spectra from the oxidized Zn films display an 

exponential absorption tail due to the presence of a high concentration of VO defects. (b) Tauc 

plots for the films, yielding Eg = 3.24 ± 0.02 eV and 3.01 ± 0.02 eV for the ZnO and oxidized 

Zn films, respectively. (c) CL spectra of the ZnO and oxidized Zn films acquired under 

identical conditions (300 K, 9 kV and 12.3 nA). The ZnO-AG film exhibits only a RL peak at 

1.9 eV. Conversely, the other films exhibit three emission bands: UV at 3.3 eV, GL at 2.45 eV 

and RL at ~1.9 eV, attributed to NBE e-h recombination, VO and VZn, respectively. (d) Gaussian 

fits of the deep-level emission for the oxidized Zn-550oC film. The Zn-550°C spectrum has the 

largest IGL/INBE ratio (see Table 4.2), indicating that this film has the highest VO density. 
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The defect structure in both the ZnO and oxidized Zn film sets is further studied using CL 

spectroscopy [Figure 4.4(c, d)]. All the films, except the ZnO-AG, exhibit a characteristic NBE 

emission at ~ 3.3 eV due to the radiative recombination of free excitons in wurtzite ZnO. The 

NBE emission is accompanied by a deep-level emission (DLE) comprised of a GL peak centred 

at 2.45 eV and a red luminescence (RL) shoulder at ~1.80 eV; these luminescence bands have 

previously been assigned to VO and VZn defects, respectively.[28, 29] The ZnO-AG film 

displays only the RL and no NBE emission, indicating that this film contains an excess of VZn 

defects consistent with the oxygen-rich growth environment. The ZnO-air and ZnO-argon CL 

spectra show the presence of an NBE emission as defects are gradually annealed out. For the 

oxidized Zn films, the strong green emission indicates an abundance of VO defects, which 

improves their light absorption capability as observed in the UV-Vis results. The strong GL 

emission observed in the oxidized Zn films confirms a high density of VO. In wurtzite ZnO, VO 

has three possible charge states: neutral 𝑉O
0, singly ionized 𝑉O

+ and doubly ionized 𝑉O
2+. 

Computational studies indicate that 𝑉O
+ exhibits negative U behavior and is unstable under 

thermal equilibrium [30]. Accordingly, 𝑉O
+ instantly transforms into its 𝑉O

0 or 𝑉O
2+ charge state 

by the gain or loss of an electron, depending on whether the ZnO Fermi level is above or below 

the 𝑉O 
2+/0 CTL, respectively (see Figure 4.1). However, 𝑉O

0 is the thermodynamically stable 

charge state in the ZnO bulk due to its n-type nature with the Fermi level above the CTL. 

Conversely, 𝑉O
2+ states exist within the near surface region of the depletion layer due to the 

𝑉O 
2+/0 CTL bending above the ZnO Fermi level. In addition, it is widely reported that the 

ionized VO signature GL emission intensity is strongest at the surface of ZnO nanowires.[31, 

32] As a result, the measured GL emission in Figure 4.4(c) results from radiative recombination 

involving VO defects. Here, a surface 𝑉O
2+ defect captures a free electron and converts into a 

𝑉O
+ state with a deeply trapped electron that radiatively recombines with a photogenerated hole 

in the valence band, restoring the 𝑉O
2+ center and producing the GL (see Figure 4.1).[16, 23, 
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28, 33] Notably, the overall CL intensity of the oxidized Zn films increases with increasing 

annealing temperature as expected due to the improvement in film crystallinity and the 

associated removal of non-radiative defects, consistent with the XRD results as shown above. 

The DLE band is fitted with two Gaussian components to find the integrated intensities of the 

GL and RL bands for each of the ZnO photoanodes [Figure 4.4(d)]. The large variation of the 

GL and RL intensities in the ZnO films are evidenced in Table 4.2, which shows the IGL/INBE 

and IRL/INBE intensity ratios. The ZnO films possess larger IRL than IGL as the formation of VZn 

is favourable in oxygen-rich growth conditions. On the other hand, the GL is the dominant peak 

in the oxidized Zn films with the Zn-550oC film exhibiting the largest IGL/INBE ratio, which 

renders this film with its high VO density suitable for PEC water oxidation. These CL point 

defect characterization findings are further supported by the oxidation state XPS analysis 

shown in Figure 4.6. As displayed in this figure, the O 1s spectra for the films can be 

deconvoluted into two peaks at 530.6 eV, which corresponds to O2- ions in the wurtzite fully 

coordinated ZnO, and at 532.3 eV ascribed to O2- ions with a VO defect nearby.[34] The relative 

oxygen vacancy concentrations present in the films are estimated by obtaining the intensity 

ratio of the two deconvoluted peaks; this ratio is found to be I(VO)/I(O-Zn) = 0.28, 0.30, and 

0.37 (± 0.2) for ZnO-air, ZnO-argon and Zn-550oC films, respectively. This result further 

confirms that the Zn-550oC film has a higher VO concentration compared to the as-grown ZnO 

films.  

4.3.2. PEC water splitting performance 
 

The PEC performance of the ZnO photoanodes over the potential range of 0 – 1.4 VRHE is 

shown in Figure 4.5(a) and the measured photocurrent density, Iphoto, at 1.23 VRHE is presented 

in Table 4.2. The ZnO-AG films show the lowest photocurrent density of 0.07 mA/cm2 at 

1.23 VRHE due to their low film quality, consistent with the CL result that shows their optical 
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properties are dominated by defects. The photocatalytic activity increases slightly to 0.13 and 

0.34 mA/cm2 at 1.23 VRHE when the ZnO-AG film is annealed at 550oC in air (ZnO-air) and 

argon (ZnO-argon), respectively. This PEC performance enhancement could be attributable to 

the improvement in the film crystallinity, and possibly a higher density of VO defects as 

revealed by the CL [see Figure 4.4(c)]. In comparison, the oxidized Zn photoanodes exhibit a 

three- to four-fold increase over the ZnO counterparts; at 1.23 VRHE, the Zn-450oC and Zn-

550oC photoanodes have a photocurrent density of 0.87 and 1.14 mA/cm2, respectively. As 

discussed above, this remarkable improvement can be attributed to several factors. First, the 

oxidized Zn photoanodes have a much higher concentration of near-surface charged VO defects. 

These reactive centres are known to act as preferential active sites for the surface adsorption of 

reactive oxygen species, such as H2O, H and O2, with their bonding at the VO sites facilitating 

efficient charge transfer in the PEC process.[17, 18] Second, the VO rich oxidized Zn films 

have a narrower bandgap due to the Urbach tail effect generating an exponential absorption 

edge that extends into the visible spectral range, improving light absorption efficiency of the 

photoanode under solar light irradiation. Third, the oxidized Zn films are comprised of 

nanorods with a large surface area that significantly increases the interaction between the 

electrolyte and ZnO photoanode. Notably, the oxidized Zn-650oC film has a lower photocurrent 

of 0.72 mA/cm2 at 1.23 VRHE, which is likely caused by thermal damage to the FTO 

substrate.[35] 
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Figure 4.5. (a) Linear sweep voltammetry (LSV) plots, (b) chopped light chronoamperometry 

curves, and (c) Nyquist plots from impedance spectroscopy measurements for the ZnO and 

oxidized Zn photoanodes in 0.5M Na2SO4 aqueous solution and under 100 mW/cm2 light 

intensity. The oxidized Zn photoanodes show a higher photocurrent density and lower charge 

transfer resistance, Rct, compared with the ZnO counterparts. (d) Impedance spectroscopy of 

the Zn-550oC photoanode in the dark and under 1.23 VRHE illumination. The resistance is 

extremely large in the dark, confirming that the photocurrent is generated by photogenerated 

e-h pairs induced by solar irradiation. 

 

A chopped light chronoamperometry test reveals a similar photoactivity trend at 1.23 VRHE 

under AM 1.5G solar simulator irradiation. Figure 4.5(b) shows the photocurrent density Jphoto 
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versus time under on/off solar irradiation. In the absence of solar irradiation, all the 

photoanodes do not produce a measurable photocurrent. When the photoanode is illuminated, 

a large number of charge separated photoexcited carriers accumulate at the 

photoanode/electrolyte interface, resulting in the instantaneous generation of photocurrent 

spikes. Notably the Zn-550°C photoanode with the highest Jphoto also contains the highest VO 

density. With the annealed ZnO photoanodes, an exponential drop in photocurrent is observed 

with increasing light exposure time which is repeated after blanking the optical excitation cycle 

as shown in Figure 4.5(b). This decrease in the photocurrent could arise from shallow defects 

trapping the charge separated carriers producing an opposing electric field that screens the in-

built surface field. In contrast, with the Zn-450oC, Zn-550oC, and Zn-650oC photoanodes, 

following light exposure after the initial spike, the photocurrent slowly increases, saturates and 

maintains its intensity at re-exposure after most light-off cycles. These time dependent 

photocurrent kinetics are likely caused by the high density of ionized VO defects being effective 

centers for carrier trapping and de-trapping, preventing free holes reaching the surface of the 

photoanode until a steady state condition is achieved.[36, 37]  

The kinetics of the PEC process at the ZnO photoanode/electrolyte interface was assessed using 

the EIS technique at 1.23 VRHE under 100 mW/cm2 light intensity and the Nyquist plots for the 

six photoanodes are shown in Figure 4.5(c). The semicircle diameter of the Nyquist plot 

represents the charge transfer resistance (Rct), which is shown in Table 4.2 for both the ZnO 

and oxidized Zn photoanodes. For the ZnO-AG photoanode, the plot is an incomplete 

semicircle, indicating a very large Rct value. While with the annealed ZnO samples Rct = 1.66 

and 1.42 kΩ for the ZnO-air and ZnO-argon photoanodes, respectively. In comparison, the 

electrical impedance is an order of magnitude lower for the Zn-450oC, Zn-550oC, and Zn-

650oC photoanodes with Rct = 0.24, 0.12, and 0.50 kΩ, respectively. The relatively high Rct for 

the Zn-650oC photoanodes is likely due to the thermal damage of the FTO substrate caused by 
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the high annealing temperature. The remarkably high electrical conductivity of the Zn-550oC 

photoanode can be attributed to the high surface density of ionized VO states, which creates a 

layer of holes at the photoanode/electrolyte interface as a result of the electric field across the 

depletion layer in the photoanode (see Figure 4.1). Moreover, the oxidized Zn films are 

comprised of randomly oriented nanorods with a large surface area that enhances its interaction 

with the electrolyte. The EIS of the Zn-550oC sample was also measured both in the dark and 

under light exposure at 100 mW/cm2 intensity [Figure 4.5(d)]. In the dark, the Nyquist plot is 

an incomplete semicircle and only a straight line is present due to very high resistance. This 

finding is consistent with the dark photocurrent exhibited in the LSV and chopped light 

chronoamperometry results [see Figure 4.5(a, b)], which confirms that the photocurrent is 

generated by photogenerated e-h pairs induced by solar irradiation and is not an 

electrochemical current. It also confirms the extremely high PEC activity of the Zn-550oC 

photoanode. 

 

4.3.3. Comparison with other ZnO photoanodes 
 

The PEC performance of the optimized Zn film is compared with the reported results for ZnO 

photoanodes in the literature in Table 4.1. Comparison is made for photoanodes exposed to 

AM 1.5G sunlight and similar illumination conditions. As seen in the table, the Zn-550oC film 

has a photocurrent density of 1.14 mA/cm2 at 1.23VRHE, which is higher than most previously 

reported for ZnO photoanodes in the literature. The superior performance of this film can be 

attributed to several factors. Firstly, it consists of randomly oriented nanorods, which provide 

a larger surface area for interaction with the electrolyte compared to ZnO films fabricated using 

conventional methods such as sputtering or chemical vapor deposition (CVD). These 

conventional techniques typically produce compact films with significantly lower surface area, 

as reported in previous studies [38-41]. The high-quality crystalline nanorods in the oxidized 
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Zn film exhibit a high density of ionized VO defects, which facilitate efficient hole transport to 

the photoanode surface, enhancing water oxidation while suppressing  electron-hole 

recombination. In comparison to previously reported ZnO nanostructures such as nanosheets, 

nanowires, and nanorods [15, 42-47], our ZnO films demonstrate a notably narrower bandgap 

of 3.0 eV. This reduction in bandgap is primarily attributed to an optimal density of oxygen 

vacancies, significantly improving visible light absorption capabilities. For example, ZnO 

prepared by Vairale et al. [43] exhibits a higher bandgap of 3.14 eV, characterized by a sharp 

absorption edge around 420 nm. In contrast, our ZnO films feature an extended absorption tail 

into the visible spectrum, a direct consequence of the enhanced density of VO defects. 

Consequently, these superior structural and optical properties allow our ZnO films to more 

effectively utilize a broader range of solar radiation. 

 

 
Table 4.1. Comparison of ZnO photoanodes and their PEC performances reported in the 

literature. Compared to previous reports, the Zn-550oC photoanode has excellent PEC 

performance with Jphoto = 1.14 mA/cm2 at 1.23 V vs RHE. This photocurrent density is the largest 

among the ZnO photoanodes investigated to date, which include nanostructured thin films produced by 

physical, chemical and chemo-physical methods. 

Fabrication 

method 

Photoanode 

structure 

Jphoto 

(mA/cm2) 

Bias 

voltage (V) 

Electrolyte Light source Ref. 

Oxidation of Zn 

films 

Nanorods 1.14 1.23 0.5 M Na2SO4 AM 1.5G 

(100 mW/cm2) 

This 
work 

Hydrothermal Nanorods ~1.30 1.23 0.5 M Na2SO4  AM 1.5G solar [44] 
Chemical 

synthesis 

Nanorods 0.705 1.23 0.5 M Na2SO4 AM 1.5G 

(100 mW/cm2) 
[15] 

Dip coating Nanorods 0.39 1.23 0.5 M Na2SO4 Xe lamp 

(100 mW/cm2) 
[45] 

Aerosol assisted 

CVD 

Thin film 0.3 1.1 0.1 M Na2SO4 AM 1.5G solar [40] 
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RF sputtering Thin film 0.25 1.23 0.1 M KOH 150 W Xe lamp [38] 
Chemical bath 

deposition 

Nanosheets 0.2 1.23 
‒ 

300 W Xe lamp 

(100 mW/cm2) 
[43] 

Chemical bath 

deposition 

Nanowires ~0.15 1.23 0.1 M NaOH UV lamp 

(11.5 mW/cm2) 
[48] 

MOCVD Nanowires 0.11 1.23 0.35 M Na2SO3 

+ 0.25 M Na2S  

300 W Xe lamp [49] 

DC reactive 

sputtering 

Thin film 0.05 1.23 4SO20.5 M Na AM 1.5G solar [39] 

Hydrothermal Nanowires 0.03 1.23 0.1 M Na2S + 

0.2 M NaOH 

500 W Xe lamp [47] 

Hydrothermal Nanorods ~0.01 1.23 0.1 M NaOH ‒ [46] 
Sol-gel coating Thin film 0.005 1.00 0.5 M Na2CO3 500 W Xe lamp [41] 
 

4.4. Conclusions 
 

This study demonstrates a facile, inexpensive method for fabricating VO-rich ZnO photoanodes 

with high PEC activity under solar light irradiation. The method involves post-growth 

oxidation of a metallic Zn film, which produces a ZnO film comprised of randomly oriented 

nanorods that contain a high concentration of VO defects. These nanostructured ZnO films are 

well suited as PEC photoanodes in water splitting applications due to their large surface area, 

strong optical absorption in the visible spectral range and charge transfer characteristics. 

Compared with previous reports on ZnO photoanodes, our VO-rich ZnO photoanodes exhibit 

outstanding PEC performance with an exceptional photocurrent density of 1.14 mA/cm2 at 1.23 

VRHE. Using correlative characterization techniques, we establish a direct relationship between 

the density of charged VO defects in the subsurface region of ZnO photoanodes and their PEC 

activity. Our results demonstrate that the PEC efficiency and electrical conductivity of ZnO 

photoanodes can be considerably enhanced by controlling the surface defect structure to 

increase the generation and charge transfer of photoexcited carriers.  

https://www.sciencedirect.com/topics/chemical-engineering/magnetron-sputtering
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4.6. Appendix C: Additional surface chemistry and cathodoluminescence 
data  
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Figure 4.6. Surface chemical analysis of the ZnO and oxidized Zn film sets by XPS. Figure 

4.6(a) presents the XPS survey spectra of the ZnO-air, ZnO-argon and Zn-550oC samples. All 

the XPS peaks can be attributed to Zn and O without any other impurities. The high-resolution 

Zn 2p spectra of the films show the characteristic doublet peaks with binding energies of 
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1022.4 eV (Zn 2p3/2) and 1045.6 eV (Zn 2p1/2) with spin-orbit splitting energy of 23.1 eV 

[Figure 4.6(b)], manifesting the presence of Zn2+ oxidation state.[50] Notably, the as-grown 

ZnO and thermally annealed Zn films have the same Zn 2p binding energies, which confirms 

the complete transformation of metallic Zn to ZnO (Zn0 to Zn2+) by post-growth thermal 

oxidation. Figure 4.6(c-e) displays the O 1s spectra of the films fitted with two Gaussian peaks 

at 530.6 and 532.3 eV peaks corresponding to O2− ions in the fully coordinated ZnO and O2- 

ions with a nearby VO, respectively.[34] It is worth noting that because the films were etched 

with Ar+ ions before XPS analysis, the generally observed O 1s peak centred at ~ 534.2 eV due 

to surface absorbed oxygen species, such as OH, H2O and O2, is not present in the measured 

XPS spectra. The VO/O-Zn ratio, obtained using the integrated intensity of the fitted peaks, is 

found to be 0.28, 0.30, and 0.37 (± 0.2) for the ZnO-air, ZnO-argon and Zn-550oC films, 

respectively. This result provides further evidence that the thermally annealed Zn film has a 

higher VO concentration compared with the as-grown ZnO films.  

 

Table 4.2. Summary of the CL intensity ratios of IGL/INBE and IRL/INBE, photocurrent density, 

and charge transfer resistance, Rct, for the investigated ZnO photoanodes. The ZnO-AG has no 

NBE emission and an immeasurably large Rct.  

Film IGL/INBE IRL/INBE Jphoto (mA/cm2) 
at 1.23VRHE 

Rct (kΩ) 

Zn-650oC 2.1 2.1 0.72 0.50 

Zn-550oC 4.3 3.9 1.14 0.12 

Zn-450oC 1.8 2.5 0.87 0.24 

ZnO-argon 2.2 5.5 0.34 1.42 

ZnO-air 1.8 4.9 0.13 1.66 

ZnO-AG ‒ ‒ 0.07 ‒ 
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Chapter 5. Defect passivation and enhanced UV emission 
in -Ga2O3 via remote fluorine plasma treatment 
 

In this chapter, we investigate the impact of fluorine doping on the native defects in β- Ga2O3 

nanowires (NWs). These defects play a significant role in influencing the electronic and optical 

properties of Ga2O3 crystals. We explore the interaction between fluorine species (atoms and 

radicals) generated by SF6 plasma dissociation and the native defects in Ga2O3 NWs. Our 

findings highlight the crucial role of F doping in modulating carrier dynamics and enhancing 

UV emission in β-Ga2O3, providing new insights for advancing deep UV optoelectronics in 

environmental applications. 

Abstract 

This study investigates the incorporation of fluorene (F) donors in β-Ga2O3 and its effects on 

luminescence, defect structure and carrier dynamics. Monoclinic β-Ga2O3 nanowires (NWs) 

are synthesized via chemical vapor deposition and subsequently doped with F using remote 

SF6 plasma treatment, leveraging their nanoscale cross sections. Photoelectron spectroscopy 

reveals F incorporation at oxygen sites and the formation of strong Ga–F bonds without sulfur 

contamination, while the monoclinic crystal structure remains intact. The impact of F doping 

is assessed using hyperspectral cathodoluminescence (CL) mapping and time-resolved 

spectroscopy of individual NWs. The β-Ga2O3 NWs exhibit a strong characteristic UV peak at 

3.40 eV, associated with self-trapped holes, and visible defect-related emissions. After F 

incorporation, an additional UV emission at 3.64 eV emerges, attributed to shallow F donor-

deep acceptor pair recombination, while the defect-related emissions are strongly suppressed 

as F atoms occupy oxygen vacancies. Carrier lifetime increases from 9.2 ns to 17.0 ns with 

increasing F concentration along the nanowire. The work highlights the utility of F plasma 
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processing to passivate intrinsic defects in Ga2O3 and the influence of F donors on the UV 

emission of β-Ga2O3.  

Keywords: β-Ga2O3 nanowires; fluorine doping; defect passivation; carrier dynamics; 

hyperspectral imaging 

5.1. Introduction 
 

Monoclinic β-Ga2O3 is currently attracting significant attention as an emerging semiconductor 

due to its exceptional properties, including a large bandgap of 4.9 eV, an extremely high 

breakdown field of ~ 8 MV/cm, high electron mobility and remarkable thermal stability. This 

unique combination of physical and material properties makes β-Ga2O3 a strong candidate for 

the development of the next generation optoelectronic devices, with potential applications in 

UV transparent electrodes, solar-blind photodetectors, field-effect transistors, deep UV 

emitters as well as spintronic and power electronics [1-3]. The ultra-high breakdown field of 

β-Ga2O3 and suitability for mass production makes β-Ga2O3 especially useful for the 

development of energy efficient, low-cost high-power devices, potentially exceeding the 

performance of the currently employed electronics that utilize SiC and GaN based 

technologies. 

Doping electronic oxides such as Ga2O3 presents challenges such as compensation effects, 

solubility limitations and defect formation. These oxides typically exhibit conductivity 

asymmetry, favouring n-type behavior. While initial theoretical studies proposed that 

unintentional n-type doping in Ga2O3 could be linked to oxygen vacancies (VO), Varley et al. 

[4] used hybrid density function theory (DFT) calculations to demonstrate that VO acts as a 

deep donor and does not contribute to n-type conductivity. Furthermore, other studies reinforce 

the view that most native defects and their complexes have minimal impact on electrical 

conductivity [5, 6]. Dopants such as silicon, zinc, nitrogen, tin, chlorine, and fluorine have been 
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explored as possible shallow donors in Ga2O3 [5, 7-10]. Group IV elements (Si, Ge, Sn) are 

expected to substitute Ga cation sites, while group VII elements (Cl, F) occupy O anion sites. 

The monoclinic structure of Ga2O3 contains two different Ga sites (tetrahedral Ga(I) and 

octahedral Ga(II)) and three distinct tetrahedral oxygen sites (two three-fold coordinated O(I) 

and O(II), and one with four-fold coordinated (O(III)). DFT calculations show that on the Ga 

sites, Si and Ge prefer the Ga(I) site and Sn favors the Ga(II) site, whereas on the O anion sites 

Cl and F occupy the O(I) site [11]. Studies have demonstrated that F doping significantly 

influences the electrical properties of β-Ga₂O₃-based devices. For instance, in β-Ga₂O₃ 

MOSFETs, Jeong et al. [12] reported that F doping enhances ohmic contact formation, leading 

to decreased specific resistivity and contact resistance. Additionally, F doping increases carrier 

concentration across the surface and bulk of the device. Another theoretical study reveals that 

F doping imparts n-type semiconductor properties to β-Ga₂O₃, evidenced by a Fermi level shift 

into the conduction band and a progressive narrowing of the band gap with increased F 

concentration [13]. These studies suggest that F doping can effectively tune the electrical 

properties of β-Ga₂O₃, potentially expanding its application in electronic and optoelectronic 

devices. 

β-Ga2O3 exhibits luminescence across the UV–visible spectrum in both bulk and 

nanostructured forms [14, 15]. The optical emission bands, spanning from 1.8 eV to 3.8 eV, 

strongly depend on sample morphology, growth conditions and doping. These emission peaks 

are categorized into four distinct spectral regions: UV, blue (BL), green (GL), and red (RL) 

luminescence [15-17]. Notably, a near-band-edge (NBE) emission is absent in β-Ga2O3 due to 

the rapid formation of self-trapped holes (STHs), which radiatively recombine to produce an 

UV emission [18, 19]. In nominally undoped β-Ga2O3 crystals, UV emission dominates at low 

temperatures, whereas BL, GL and RL bands become prevalent at room and elevated 

temperatures due to the thermalization of self-trapped excitons [15, 16]. The visible peaks are 
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associated with native defects, such as oxygen (VO) and gallium (VGa) vacancies [14], as well 

as donor-acceptor pairs (DAPs) involving acceptors like VGa and VGa–VO complexes [16]. 

This study investigates the effects of SF6 plasma treatment on the doping of Ga2O3 nanowires 

(NWs) and elucidates the interactions between fluorine species (atoms, radicals generated by 

SF6 plasma dissociation) and native defects in β-Ga2O3 NWs. We provide fundamental insights 

into fluorine passivation mechanisms in β-Ga2O3, showing that F can substitute oxygen atoms 

and occupy VO sites, where it interacts with Ga dangling bonds. Additionally, due to their high 

electronegativity, fluorine anions on the Ga2O3 surface may attract hydrogen atoms, promoting 

the formation of intermolecular hydrogen F-OH bonds. Passivating oxygen vacancies by 

fluorine atom occupation and reducing the number of dangling Ga bonds can significantly 

improve Ga2O3 device performance by decreasing the density of carrier trap states. 

5.2. Materials and methods 
 

β-Ga2O3 NWs were synthesized on Au-coated Si(100) substrates via the chemical vapor 

deposition (CVD) method. A 5 nm Au layer was coated on Si(100) substrate using a sputter 

coated. The substrate and high-purity Ga (99.99%) source were placed in a quartz tube and 

heated to 850°C for 30 minutes at ~1 Torr pressure. A constant flow of Ar at 200 sccm and O2 

at 2 sccm, controlled by a mass flow controller (MFC), transported the Ga precursor to the 

substrate, facilitating the growth of Ga2O3 nanowires (NWs). F-doping was achieved by 

exposing the NWs to SF6 gas using an inductively coupled plasma (ICP) system. During this 

process, the SF6 gas flow was maintained at 30 sccm, while the RF power was set to 300 W to 

ionize the gas. The bias power was kept at zero to minimize etching effects. The SF6 plasma 

treatment was conducted for 2 hours. Scheme 5.1 depicts the fabrication steps of F:Ga2O3 NWs. 
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Scheme 6.1. Experimental method for growth of F:Ga2O3 NWs synthesized on Au-coated Si 

substrate.

Both untreated and F-doped Ga2O3 (F:Ga2O3) NWs were characterized using a range of 

analytical techniques. A Zeiss Supra 55VP field emission scanning electron microscope (SEM) 

equipped with an Oxford Instruments EDS was used for morphological and elemental analysis. 

The crystal structure was confirmed using a Bruker D8 Discovery X-ray diffractometer (XRD) 

with Cu Kα radiation, employing a 0.02° scanning step. X-ray photoelectron spectroscopy 

(XPS) was performed on the Soft X-ray Spectroscopy (SXS) beamline at the Australian 

Synchrotron. Cathodoluminescence (CL) spectroscopy was conducted using a FEI Quanta 

FEG 650 SEM (Thermo Fisher Scientific Inc., MA, USA). CL spectra were collected by a 

parabolic mirror and analyzed with a Delmic SPARC CL detector coupled with an Andor 

Newton charge-coupled device (CCD) camera. Hyperspectral CL maps were acquired with a 

5 keV electron beam, a beam current of 85 pA and 100 ms acquisition time. For the time-

resolved CL (TR-CL) measurements, an electrostatic beam blanker together with a 70 µm 

aperture was inserted to generate pulsed electron beam excitation with a pulse duration of 

approximately 90 ps [20]. 

5.3. Results and discussion

SEM images of the Ga2O3 NWs are presented in Fig. 5.1(a). The NWs are densely populated 

and uniformly distributed across an entire 10 × 10 mm2 area of the substrate, exhibiting NW 

lengths of a few tens of microns and diameters ranging from 300 to 500 nm. EDS elemental 
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mapping and spectra are shown in Fig. 5.1(b, c). Upon SF6 plasma treatment, the EDS 

elemental mapping of single nanowires reveals that the F distribution is spatially correlated 

with that of Ga atoms, confirming successful F incorporation throughout the Ga2O3 NWs [Fig. 

5.1(b)]. Additionally, the EDS spectra of the NWs show characteristic Ga and O X-ray peaks, 

along with an F peak following the SF6 plasma treatment. The absence of Au is consistent with 

the growth model for a combined vapor–solid (VS) and vapor–liquid–solid (VLS) mechanism 

[21]. Moreover, upon SF6 ionization inside the ICP chamber, SFx
−  ions and F radicals are 

produced and subsequently adsorbed by the Ga2O3 NWs. This process might result in formation 

of non-volatile GaFx particles on the surface, while the vaporized SOy species are exhausted. 

The reaction between the Ga2O3 NWs and SF6 gas could be described by the following 

equation; Ga2O3 + SF6 = GaFx(s) + SOy(g) [22]. This explains the absence of sulfur (S) in 

the EDS results and the formation of S-free F:Ga2O3 NWs, consistent with other materials 

doped via SF6 plasma treatment [23, 24]. Furthermore, since the SF6 ICP was conducted at zero 

bias voltage, the diffusion of the F radicals across the NW sample depth wasn’t completely 

uniformed as shown in Figure 5.5. The normalized EDS spectra reveal a progressive increase 

in the relative intensity ratio between the F Kα and Ga Lα  X-ray peaks (IF/IGa) from the root 

(IF(root)/IGa(root) = 3.3%) to the middle (IF(middle)/IGa(middle) = 4.7%) and the tip (IF(tip)/IGa(tip) = 8.9%). 

This indicates that the fluorine concentration is highest at the tip, followed by the middle, and 

lowest at the root of the NW. 

Figure 5.1(d) presents the XRD patterns of Ga2O3 and F:Ga2O3 NWs, confirming the growth 

of high-quality monoclinic β-Ga2O3, consistent with previous reports [25]. No additional peaks 

corresponding to any impurity phases, such as GaF3, are detected in the XRD pattern of 

F:Ga2O3 [26], indicating that F is primarily incorporated into the Ga2O3 lattice. Nevertheless, 

the possible GaFx surface layer might be too thin to produce detectable XRD signals. While 

XRD peaks along the (002), (111), and (-311) planes are prominent, no preferred orientation 
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can be discerned, indicating that the NWs grow randomly with respect to the substrate normal. 

The XRD patterns of the Ga2O3 and F:Ga2O3 NWs are nearly identical, with only slight 

variations in relative peak intensities, confirming that the F incorporation does not induce 

secondary phases and has a minimal impact on the crystalline quality of the NWs.  

 

   

0.5 1.0 1.5 2.0 2.5 3.0

ED
X 

X-
ra

y 
in

te
ns

ity
 (a

.u
.)

Energy (keV)

 Ga2O3 NWs
 F:Ga2O3 NWs

O Ka

F Ka

Ga La

10 KeV(c)

S Ka In
te

ns
ity

 (a
.u

.)

2q (degree)

 Ga2O3 NWs
 F:Ga2O3 NWs

(4
00

)
(0

02
)

(-1
11

)
(1

11
)

(4
01

) (-3
11

)

(-1
12

)

(-3
12

)

(4
02

)

(-5
11

)

(-3
13

)
(1

13
)

(0
20

)
(-2

04
)

(4
03

)

(-4
21

)

(d)

30 35 40 45 50 55 60 65 70

−Ga2O3     JCPDS 041-1103

 
 

Figure 5.1. (a) SEM image of Ga2O3 NWs grown over an entire area of 10 ´ 10 mm2, with an 

average NW diameter ranging from 300 to 500 nm. (b) SEM image and corresponding EDS 

elemental maps of Ga, O, and F for an individual F-doped NW, showing the incorporation of 

fluorine along the NW length. (c) EDS spectra of the NWs, showing the characteristic F Ka X-

ray peak at 0.70 keV in F:Ga2O3 NWs, while the S Ka X-ray peak at 2.3 eV is completely 

absent. (d) XRD patterns of Ga2O3 and F:Ga2O3 NWs with all peaks indexed to the b-Ga2O3 

monoclinic structure. 

 

XPS measurements conducted on the Ga2O3 and F:Ga2O3 NWs confirm the incorporation of 

fluorine into Ga2O3 NWs. Survey spectra acquired at a photon energy hv = 1486.6 eV for 

10 µm

1 µm

0.45 µm
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1 µm
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Ga2O3 and F:Ga2O3 NWs [Fig. 5.2(a)] show the characteristic photoelectron and Auger peaks 

for Ga and O, with an additional F 1s peak at 683.2 eV in the F:Ga2O3 spectrum, confirming 

successful fluorine doping. Importantly, no sulfur contamination is detected, as evidenced by 

the absence of S 2p (at ~ 164 eV) and S 2s (~ 225 eV) signals, corroborating the EDS results. 

Figure 5.2(b) shows the Ga 2p spectrum for Ga2O3 NWs, fitted with two doublet peaks at 

1117.8 eV (Ga 2p3/2) and 1144.9 eV (Ga 2p1/2), with an energy separation of 27.1 eV, consistent 

with Ga–O bonds of β-Ga2O3 [27]. For F:Ga2O3 NWs [Fig. 5.2c], additional doublet peaks 

appear at 1120.8 eV and 1147.6 eV indicate the formation of Ga–F bonds. The emergence of 

F-related XPS peaks indicates the incorporation of fluorine atoms into the Ga2O3 NWs [28]. 

According to Liu et al. [29], the formation energy of interstitial fluorine atoms (Fi) is 

significantly higher than that of substitutional fluorine atoms (FO). This suggests that the 

incorporated fluorine atoms into the Ga2O3 NWs are primarily substituting oxygen atoms or 

occupying oxygen vacancy (VO) sites, rather than forming interstitial configurations.  Due to 

the similar ionic radii of fluorine and oxygen, fluorine can integrate into the Ga2O3 lattice with 

minimal structural distortion [30]. Surface-sensitive XPS at hv = 120 eV further reveals heavy 

fluorination at the NW surface. Figure 5.6 presents the valence band (VB) spectra for Ga2O3 

and the Ga 3d core level, corresponding to Ga-O bonding [31]. In F:Ga2O3 NWs, a new peak 

at 24.8 eV emerges, attributed to the formation of Ga–F bonds. The F doping also induces a 

notable shift in the VB onset from 3.2 eV to 2.5 eV, which is likely due to the formation of FO 

shallow donors in the Ga2O3 NWs. This VB shift may also arise from to the passivation of 

surface states by fluorine [28]. The presence of F peaks at a photon energy of 1486.6 eV and 

120 eV confirms the incorporation of fluorine into both the surface and sub-surface regions of 

the nanowires (NWs). These peaks correspond to sampling depths of 7.2 nm and 1.5 nm, 

respectively, indicating that fluorine is distributed across the outermost surface and extends 

into the near-surface layers of the NWs [32]. The O 1s core level spectra of Ga2O3 and F:Ga2O3 
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NWs are shown in Fig. 5.2(d, e). The O 1s spectrum is deconvoluted into two peaks at 530.6 

eV [O(I)] and 532.2 eV [O(II)], attributed to Ga–O bonds and surface –OH groups, respectively 

[30]. The increased intensity of O(II) in F:Ga2O3 NWs indicates enhanced adsorption of –OH 

groups, likely due to the high electronegativity of fluorine, which can attract hydrogen, 

resulting in the formation of intermolecular F–HO hydrogen bonds [28]. The F 1s spectrum of 

F:Ga2O3 NWs, presented in Fig. 5.2(f), reveals two Gaussian-fitted components at 685.9 and 

688.6 eV. The peak at 685.9 eV corresponds F–Ga bonds, while the higher-energy peak at 

688.6 eV is attributed to F–HO interactions [30, 33].   
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Figure 5.2. (a) XPS survey spectra of Ga2O3 and F:Ga2O3 NWs acquired at hv = 1486.6 eV, 

showing a pronounced F 1s peak after the plasma doping, with no detectable sulfur signals. (b, 

c) Ga 2p core level spectra revealing the formation of Ga–F bonds. (d, e) O 1s spectra 

deconvoluted into two peaks assigned to O–Ga bonds [O(I)] and oxygen–hydroxyl (O–OH) 

bonds [O(II)]. The O(II) intensity increases significantly in F:Ga2O3 NWs I attributed to –OH 

adsorption, driven by the high electronegativity of F ions. (f) F 1s spectrum for F:Ga2O3, fitted 

into two peaks corresponding to F–Ga and F–HO bonds.  
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Figure 5.3. (a) Normalized CL spectra of Ga₂O₃ and F:Ga₂O₃ NWs acquired under identical 

excitation conditions (5 kV and 85 pA). The F doping induces a blue shift of 0.13 eV in the 

luminescence spectrum. (b, c) CL spectral deconvolution for Ga₂O₃ and F:Ga₂O₃, revealing 

three luminescence bands: UV at 3.40 eV, BL1, and BL2, and an additional higher-energy band 

at 3.64 eV (UV+) emerging after F doping. Both BL1 at 3.14 eV and BL2 at 2.93 eV decrease 

in relative intensity in F:Ga₂O₃ NWs. (d) Schematic emission model for Ga2O3 and F:Ga2O3 

NWs, showing radiative recombination through the STH (UV band), DAP transitions (BL1 and 

BL2 bands), and DAP involving F donors (UV+ band).  

 

The effects of fluorine incorporation on the luminescence properties of Ga2O3 are analyzed 

using hyperspectral CL imaging and spectroscopy analysis of individual NWs (Fig. 5.3a). The 

F doping induces a notable blue shift in the CL emission, shifting from 3.24 eV for undoped 

Ga2O3 to 3.37 eV for F:Ga2O3. This 130 meV shift is attributed to a new additional emission 

arising from F-related shallow donors, which can be analysed through Gaussian peak fitting as 
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previously reported for β-Ga2O3 [34, 35]. In monoclinic β-Ga2O3, the STH and defect-related 

CL peaks overlap significantly as both emissions are inherently broad due to strong electron-

photon coupling, necessitating spectral deconvolution to interpret the luminescence data 

meaningfully [15]. Applying this approach, the CL spectrum of Ga2O3 NWs is deconvoluted 

into three Gaussian peaks: UV, BL1 and BL2 [Figs. 5.3(b)]. In the fitting procedure, the STH 

peak is first fitted on the high-energy side at 3.40 eV using the peak position and FWHM 

consistent with the isolated STH emission in β-Ga2O3 [36]. The low-energy side of the 

luminescence spectrum is then fitted with two broad defect-related Gaussian peaks (BL1 and 

BL2) centred at 3.14 eV and 2.93 eV, respectively, each with an FWHM of approximately 

0.64 eV. These values are consistent with previously reported CL data for β-Ga2O3 single 

crystals [34]. The two blue bands (BL1 and BL2) have been attributed to DAP radiative 

recombination channels involving deep VO donors and deep acceptors, such as isolated VGa 

and VO-VGa defect pairs [15, 16]. The relative intensity ratios of the three deconvoluted peaks 

are found to be BL1/UV=0.72 and BL2/UV=0.34. Notably, the luminescence intensity 

decreases by a factor of 3 after F doping, as shown in Figure 5.7. This quenching effect is likely 

attributed to changes in the surface recombination velocity in F-doped Ga2O3, which may alter 

the recombination dynamics and reduce radiative emission efficiency. 

For the F:Ga2O3 NWs, similar deconvolution shows three similar deconvoluted Gaussian 

peaks, plus an additional high-energy UV peak (UV+) at 3.64 eV. This UV+ emission is 

consistent with DAP recombination involving F shallow donors and deep acceptors [37], as 

revealed by the XPS results showing the formation of substitutional FO dopants post-doping. 

Indeed, the relative intensity ratios of BL1/UV and BL2/UV peaks in F:Ga2O3 NW decrease to 

0.42 and 0.20, respectively, indicating a significant reduction in defect-related emission. This 

reduction indicates the passivation of native defects, such as VO, after fluorine incorporation, 

which have been observed in previous studies [24, 28]. The passivation of VO defects by F is 
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significant as it may reduce background n-type conductivity associated with VO-related donors 

as previously reported [38]. Figure 5.3(d) summarizes the CL emission pathways for Ga2O3

and F:Ga2O3 NWs. For undoped NWs, the emission channels include the radiative 

recombination through the STH state (UV band) and DAP transitions (BL1 and BL2 bands). A 

similar recombination model is applicable to F-doped NWs, with the addition of the UV+

transition arising from shallow donor – deep acceptor DAP recombination involving F donors. 

Neither undoped nor F-doped NWs exhibit an NBE emission, indicating the absence of 

minority free holes in the VB, in agreement with the rapid self-trapping of holes in b-Ga2O3. 
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Figure 5.4. (a, b, c) CL spectra of a single F:Ga2O3 NW acquired from an 100 × 100 nm area 

at the tip, middle and root regions, based on the hyperspectral CL map of the NW displayed 
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above. (d) Corresponding TR-CL decay curves with the dashed lines representing bi-

exponential decay fits. For the undoped NW, the decay times are 𝜏1 = 1.0 ± 0.1 ns and 𝜏2 = 

9.2 ± 0.9 ns. After F doping, both decay times increase significantly, with 𝜏1 = 2.2 ± 0.1 ns 

and 𝜏2 = 17.0 ± 3.1 ns at the F:Ga2O3 NW tip. (e) Relative intensities of the defect-related BL 

and F-related UV+ emissions compared to the intrinsic UV emission for undoped b-Ga2O3, and 

along the F:Ga2O3 NW length. The results reveal an anti-correlation between the defect 

emissions and UV+ emission from the root to the tip of the F:Ga2O3 NW. 

The influence of F doping on Ga2O3 is further investigated by hyperspectral CL mapping of 

individual NWs with a pixel size of 50 × 50 nm. In Fig 5.4 (a-c), CL spectra from three different 

regions along the NW, i.e. root, middle, and tip, averaged over an area of 100 × 100 nm for 

each region are selected to illustrate spectral changes within a single NW. A gradual reduction 

in BL1 and BL2 emissions, coupled with an increase in the UV+ emission, is observed from the 

root to the tip, indicating a gradient in F doping concentration along the NW length. Notably, 

the CL peak gradually shifts from 3.34 eV at the tip to 3.26 eV at the root of the NW, indicating 

a suppression of defect-related emissions and the emergence of UV+ emission associated with 

the higher F concentration in the tip region. This observation aligns with the variation in the 

relative intensity ratio between the F Kα and Ga Lα X-ray peaks (Figure 5.5), which 

demonstrates an increased fluorine concentration at the NW tip compared to the middle and 

root. It is also noteworthy that the overall CL emission intensity is higher at the NW root and 

gradually decreases along its length, as shown in the hyperspectral CL map in Fig. 5.4. This 

reduction in intensity reflects an increased density of non-radiative defects formed during the 

NW growth.  

The impact of F doping on the carrier dynamics is further investigated using TR-CL 

measurements, as depicted in Fig. 5.4 (d). The CL emission decay curves are fitted using a bi-

exponential function, represented by the dashed lines, defined as 𝐼(𝑡) = 𝐼𝑜 + 𝐼1exp (
−𝑡

𝜏1
) +

𝐼2exp (
−𝑡

𝜏2
), where 𝜏1 and 𝜏1 are decay time constants, 𝐼1 and 𝐼2 represent the intensities of the 
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decay components, and 𝐼𝑜  denotes the background signal. The fast decay component 𝜏1 , 

typically between 1 and 3 ns, is commonly observed in various Ga2O3 materials and has been 

attributed to surface recombination of carriers [39, 40]. The F doping is found to extend the 

charge carrier lifetime, affecting both the fast and slow decay components. For undoped NWs, 

the fast decay component has 𝜏1= 1.0 ± 0.1 ns, which increases to 𝜏1= 2.2 ±  0.1 ns at the NW 

tip where the F doping concentration is highest. The increase in 𝜏1 could be due to additional 

surface defects introduced by plasma treatment. Notably, the slow decay component, 

associated with the delayed recombination of carriers via STHs and defects, is extended from 

𝜏2 = 9.2 ± 0.9 ns for undoped NWs to 𝜏2  = 17.0  ±  3.1 ns at the F-doped NW tip. These 

measurements suggest that the extended 𝜏2  component results from carrier recombination 

through the F donor state [Fig. 5.3(d)], which is competitive with and slower than the STH 

recombination channel [41]. Furthermore, the 𝜏2 lifetime decrease in the lower regions (middle 

and root) of the F-doped NW, correlating with a reduced number of donor states due to the 

lower F doping concentration. Fig. 5.4 (e) summarizes the relative intensities of defect-related 

and F-related emissions for Ga2O3 NW and along the F:Ga2O3 NW. The UV+/UV ratio shows 

a slight increase from root to tip, consistent with a higher F concentration at the NW tip, which 

aligns with the expected dopant profile for plasma doping processes [42]. In contrast, both the 

BL1/UV and BL2/UV intensity ratios gradually decrease from 0.65 and 0.32 at the root to 0.46 

and 0.17 at the tip, correlating with a decreasing F doping concentration. This indicates 

effective passivation of native defects by F ions during the remote plasma treatment. The higher 

F concentration towards the NW tip also results in extended carrier lifetimes, with the decay 

lifetime increasing from 10.9 ± 1.0 ns at the root to 17.0 ± 3.1 ns at the tip. These TR-CL 

findings highlight the effectiveness of SF6 plasma processing in both passivating native defects 

and incorporating F shallow donors in Ga2O3, offering insights into the tunability of 

luminescence and carrier dynamics through F doping. 
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5.4. Conclusions 
 

Ga2O3 NWs can be successfully doped with fluorine shallow donors using SF6 remote plasma 

treatment. Fluorine is found to be incorporated along the entire length of the NWs, without any 

detectable sulfur contamination. Importantly, the NWs retain their monoclinic structure 

without deteriorating crystal quality after the plasma treatment, exhibiting the characteristic 

self-trapped hole emission. Photoemission spectroscopy reveals the formation of Ga–F bonds, 

accompanied by strong adsorption of –OH groups on the NW surface. The incorporation of 

fluorine effectively passivates native defects, as indicated by a marked reduction in defect-

related luminescence. Moreover, a new UV emission band, located at 0.2 eV above the self-

trapped hole emission, emerges post-treatment and is attributed to donor-acceptor-pair 

recombination involving F shallow donors and deep defect-related acceptors. This newly 

formed recombination channel leads to a significant increase in carrier lifetime, extending from 

9.2 ± 0.9 ns in undoped Ga2O3 to 17.0  ±  3.1 ns in highly F-doped nanowires. These findings 

highlight the important role of F doping in modulating carrier dynamics and enhancing UV 

emission in β-Ga2O3, offering new insights for direct environmental application such as deep 

UV photodetector and gas sensors. 
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5.6. Appendix D: Additional surface chemistry and cathodoluminescence 
data
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Figure 6.5. EDS spectra of a F:Ga2O3 NW reveal a variation in the relative intensity ratio 

between the F Kα and Ga Lα X-ray peaks along the NW length. The intensity ratio (IF/IGa) 

increases from the root (IF(root)/IGa(root) = 3.3%) to the middle (IF(middle)/IGa(middle) = 4.7%) and the 

tip (IF(tip)/IGa(tip) = 8.9%). This indicates that the fluorine concentration is highest at the tip, 

followed by the middle, and lowest at the root of the NW. 
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Figure 6.6. Surface-sensitive photoelectron spectroscopy analysis of Ga2O3 and F:Ga2O3 NWs 
using a photon energy of hv = 120 eV. The spectra reveals a shift in the VB edge from 3.2 eV 
in undoped Ga2O3 to 2.5 eV in F:Ga2O3, attributed to the incorporation of fluorine, which 
introduces shallow FO donors. Additionally, a new peak emerges at 24.8 eV in the F:Ga2O3 
NWs, likely due to the the hybridization of Ga 3d and F 2s surface states.  
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Figure 6.7. CL spectra of Ga₂O₃ and F:Ga₂O₃ NWs acquired under identical excitation 
conditions (5 kV, 85 pA). The F doping induces a blue shift of 0.13 eV in the luminescence 
spectrum, along with significant luminescence quenching. 
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Chapter 6. Conclusions 
 

6.1. Summary 

This thesis investigates the synthesis, modification, and application of metal oxide 

nanostructures, emphasizing their potential in advancing sustainable environmental 

technologies.  

Firstly, this thesis demonstrates the development of ZnO-coated membranes tailored for 

efficient microalgae harvesting from pre-concentrated solutions. ZnO thin films were 

successfully deposited onto two types of porous substrates: stainless-steel and alumina 

membranes. These coatings significantly enhanced membrane hydrophilicity and filtration 

performance, albeit with notable differences in performance characteristics between the two 

substrates. Stainless-steel membranes exhibited promising results, demonstrating a two-fold 

improvement in clean water flux compared to their uncoated counterparts. However, after 

fouling, these membranes showed a flux decline with only 60% permeate flux recovery 

achievable following 30 minutes of UV exposure. In contrast, ZnO-coated alumina membranes 

demonstrated a substantial 50% increase in hydrophilicity, which effectively limited flux 

decline to a just 5% over three filtration cycles. Additionally, the alumina membranes achieved 

complete (100%) flux recovery after just 30 minutes of solar irradiation, clearly outperforming 

the SST membranes. 

Secondly, this thesis also introduces a facile and cost-effective method for fabricating ZnO 

photoanodes enriched with oxygen vacancies (VO). This innovative approach involves post-

growth oxidation of metallic Zn films, producing randomly oriented ZnO nanorods with 

exceptional light absorption and charge transfer properties. These photoanodes achieve a 
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remarkable photocurrent density of 1.14 mA/cm² at 1.23 VRHE without doping or surface 

modification with other metals or metal oxides. 

Lastly, this study investigates the effect of SF6 plasma treatment in the electronic properties of 

β-Ga₂O₃ nanowires. It was found that SF6 plasma treatment enables a uniform incorporation of 

fluorine onto β-Ga₂O₃ nanowires without sulfur contamination, preserving its monoclinic 

crystal structure and quality. In addition, the SF6 plasma treatment passivates native defects in 

β-Ga₂O₃, reducing defect-related luminescence, and introduces a new UV emission band 

attributed to donor-acceptor-pair recombination. This process enhances carrier dynamics by 

increasing the carrier lifetime from 9.2 ± 0.9 ns to 17.0 ± 3.1 ns. 

In conclusion, this thesis establishes a solid foundation for the use of ZnO and β-Ga₂O₃ 

nanostructures in addressing critical environmental challenges, including hydrogen evolution, 

photocatalytic degradation and its application in biomass harvesting for green fuel production, 

and enhancing the electronic properties of optoelectronic devices for environmental 

applications. 

6.2. Future Work  

Building upon the findings of this thesis, several avenues for future research are proposed: 

Firstly, coating stainless steel membranes with ZnO thin films significantly enhances filtration 

performance; however, the observed 60% permeate recovery rate remains insufficient for 

efficient industrial applications. This limitation is primarily attributed to the large pore size of 

the membrane. To overcome this issue, employing stainless steel membranes with smaller pore 

sizes could help reduce internal fouling. Additionally, incorporating a backwashing step into 

the cleaning protocol is recommended to further improve the recovery rate, potentially 

approaching 100%. Furthermore, ZnO-coated alumina membranes demonstrated excellent 
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filtration performance and complete permeate flux recovery when tested with Scenedesmus sp. 

microalgae. However, further evaluation using a broader range of microalgae species is 

recommended to confirm the general applicability of this approach. Long-term fouling 

assessments and a detailed cost analysis are also advised to better understand the economic 

feasibility of these membrane systems.  

We also recommend conducting a comprehensive analysis of the degradation products of the 

algae and potential oxidation by-products to assess any environmental or health risks associated 

with this membrane system. Future studies could explore the use of sputtering deposition with 

alternative materials with lower health risks, such as titanium dioxide, and assess their stability 

relative to  ZnO-based membranes developed in this thesis. 

Secondly, although the fabricated ZnO photoanode exhibits a promising photocurrent density 

of 1.14 mA/cm² at 1.23 VRHE, further modifications are necessary to enhance its photocatalytic 

performance for industrial-scale applications. This could be achieved by constructing 

heterostructures with other metal oxides, such as ZnFe₂O₄ or BiVO₄, to improve light 

absorption and charge separation. The integration of electrocatalysts such as Co–Pi is also 

recommended to enhance charge transfer efficiency and reduce the required bias potential. In 

addition, further evaluation through long-term stability testing, quantum efficiency 

measurements, and quantification of H₂ and O₂ production is essential to fully assess the 

practical viability of the photoanode. 

Finally, the incorporation of fluorine into β-Ga₂O₃ NWs significantly enhances their optical 

properties by compensating for native defects. However, further investigation is needed to 

measure their electrical properties and assess optoelectronic device performance. Utilizing 

precise nanowire fabrication techniques, such as Molecular Beam Epitaxy (MBE), could enable 
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the production of high-quality nanowires with suitable electrical contacts for these 

measurements and facilitate device fabrication. 




