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ABSTRACT 

 

Photoactive TiO2 Coatings by Suspension Plasma Spraying 

 

Hediyeh Khatibnezhad, PhD 

Concordia University, 2023 

 

Recently the advantages of titanium dioxide (TiO2), as one of the most recognized 

photocatalysts for the degradation of organic compounds in wastewater, have prompted a great 

deal of research. However, its unsatisfactory efficiency caused by the large bandgap of TiO2 and 

high recombination rate of photo-generated e-/h+ has limited its application. Thermal spray 

processes as environmentally friendly technologies appear as a versatile and rapid processing 

approach compatible with industrial production. Suspension plasma spray (SPS) deposition could 

be used to obtain TiO2 deposits with an effective photoactive performance to decompose organic 

compounds and antiviral applications. Furthermore, TiO2 coatings with various degrees of sub-

stoichiometric oxidation can be achieved with plasma spray deposition.  

In this project, coatings with different anatase phase contents were produced. The results 

show no direct correlation between anatase content and the photocatalytic activity of as-sprayed 

coatings due to their unique microstructure and the presence of oxygen vacancies. In comparison, 

anatase phase positively enhanced the photocatalytic activity in the post-treated coatings with 

similar coating characteristics and oxygen contents. 

Moreover, oxygen vacancy presented an influential role in improving the photocatalytic 

activity of sub-stoichiometric TiO2-x coatings produced by SPS. The energy levels introduced by 

oxygen vacancies and Ti3+ ions in TiO2 lattice sites decreased the bandgap energy and shifted the 

absorption edge to visible light. The energy levels can also improve the charge carriers’ lifetime 

by acting as traps for electrons and holes. Results showed that the photocatalytic activity of as-

sprayed sub-stoichiometric TiO2-x coatings was 2-3 times higher than that of post-treated 

stoichiometric TiO2 coatings. 

Further studies on the cerium-doped TiO2 showed SPS-SPPS technique as a promising 

method for doping TiO2. However, results revealed the importance of adding an optimum amount 

of dopant to reach the highest photoactivity. Moreover, a nanocomposite of TiO2- CeO2 can help 

photocatalytic activity. Otherwise, sub-micron CeO2 particles in the composite matrix could cover 

the active surface of TiO2 particles and decrease the photocatalytic efficiency. 

Finally, the antiviral performance of the coatings was assessed. The results show that 

thermally sprayed coatings can introduce a potentially cost-effective solution to produce efficient 

antiviral high-touch coatings for indoor/ outdoor applications. 
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Chapter 1. Introduction 

1.1 Background 

Nowadays, water and air contamination are serious forms of pollution, and their damaging 

effects on human health and the biosphere can be irreparable [1][2]. As the main part of industrial 

wastewater, synthetic dyes are widely used by manufacturing industries in huge quantities. The 

colored effluents might also endanger aquatic life by reducing the dissolved oxygen level and 

blocking sunlight penetration, and their potential to produce carcinogenic substances is of concern. 

It indicates the importance of treating colored wastewater before releasing them into different 

water bodies [3]. Different techniques, such as coagulation [4], electrochemical/ sedimentation 

processes [5] and adsorption [6][7], have been proposed for water purification. However, these 

approaches might produce a new kind of pollution which need some expensive post-treatment.  

Novel strains of respiratory tract infections have initiated human pandemics and caused 

extensive disease, death, and disruption, for decades. After Severe Acute Respiratory Syndrome 

(SARS) coronavirus and Middle East Respiratory Syndrome (MERS) coronavirus, the most recent 

pandemic caused by the novel human coronavirus disease (COVID‐19) has raised worldwide 

attention towards public health over the past two decades [8]. Over 627 million cases of infection 

of coronavirus disease (COVID‐19), including around 6.5 million deaths, were reported by the 

World Health Organization (WHO) by November 2022 [9]. 

Therefore, removing pollutants and viruses from our environment has received increasing 

attention in the scientific world. Photocatalytic oxidation (PCO) is considered an effective 

approach to remove organic compounds in aqueous solutions in the presence of a semiconductor 

photocatalyst and UV light [10]. It is a technique in which mostly sunlight (contains around 5% 

UV light) is utilized for the decomposition and removal of organic poison compounds and harmful 

gases from water and air and for the conversion of solar energy to electric power with the 

production of hydrogen [11][12][13].  

Titanium dioxide (TiO2) is an abundant, low-cost, chemically stable, and non-toxic 

material. TiO2, as one of the most researched semiconductor materials, shows excellent 

technological properties and has extensive applications such as photocatalysts, dye-sensitized solar 

cells, sensor devices, membranes, and paints [14][15]. It also has attracted ever-growing 

worldwide attention for antipathogenic applications [16][17][18][19]. The powerful oxidizing 

potential of TiO2 was revealed in late 1960 when Fujishima and Honda were working on photo-

electrochemical (PEC) solar cells at the University of Tokyo [20]. There are many advantages of 

the photocatalysis process, some of which are the possibility of (i) using it in various media: 

gaseous phase (for air purification) and aqueous solutions (for rectifying water), (ii) utilizing 

renewable and pollution-free solar energy for photocatalysis for environmental remediation, (iii) 

reducing secondary wastes in the process due to efficient mineralization [20]. 
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1.2 TiO2 limitation 

Among advanced oxidation processes, TiO2 photocatalysis showed an excellent ability to 

mineralize various organic pollutants in wastewater and polluted air using solar energy. However, 

its application is limited for two main reasons; large bandgap (anatase ~3.2 eV and rutile ~3 eV) 

and low photo-quantum efficiency [21][22]. The former restricts TiO2 application under UV light 

to absorb a small fraction of sunlight (<5%) that meets its bandgap energy [23]. The latter is caused 

by the high recombination rate of photo-generated electron-hole pairs, which reduces the 

photocatalyst efficiency. When charge carriers recombine before moving to the photocatalyst’s 

surface, there are no more charges to start the reaction [24]. Therefore, some modifications are 

needed to activate TiO2 photocatalyst under visible light to utilize a more significant portion of the 

solar spectrum and to improve its efficiency by increasing the charge carrier lifetime.  

In photocatalysis, the higher the surface area, the better the photocatalyst’s efficiency since 

more spots would be available to degrade pollution. In this regard, TiO2 nano powder photocatalyst 

has shown to be an efficient photocatalyst. However, after the photocatalysis reaction, powder 

recovering processes from the treated water raised economic and safety concerns. This problem 

can be overcome by using TiO2 films, while the resulting surface area reduction could be 

compensated by producing nano- and micro-structured TiO2 coatings [21]. 

1.3 Research objectives 

Some modification methods and chemical additives have been investigated in recent 

decades to increase the photocatalytic activity of TiO2 under visible light irradiation as the main 

part of the solar spectrum. From the critical literature review, numerous works have been done to 

activate TiO2 coating using the most common methods, such as sol-gel and CVD. However, it is 

still challenging to develop coatings in industrial scale-up. In the last decades, thermal spray 

processes as environmentally friendly technology appear as a versatile and rapid processing 

approach where the large surface area coverage and fast deposition rate make this deposition 

process compatible with large-scale industrial production. To the best of our knowledge, among 

the research studies on the thermally sprayed TiO2 coatings, there is a lack of studies on the effect 

of doped/self-doped TiO2 due to its challenging limitations, such as short residence time and 

reaction time. Moreover, the role of the crystalline phase as one of the most important parameters 

affecting photocatalytic activity has not been comprehensively reviewed for thermally sprayed 

TiO2 coatings. Furthermore, there is not any systematic work to study the overall performance of 

thermal spray technology in producing cost-effective antiviral coatings for possible future 

pandemics. 

The main objective of this research study is a comprehensive investigation to develop 

thermally sprayed photoactive coatings under visible light, as follows: 

▪ A process map to clarify the role of the phase content of the SPS coatings on their 

photocatalytic properties.  

▪ A comprehensive study about the effect of oxygen deficiencies on the photocatalytic 

properties of sub-stoichiometric TiO2-x coatings obtained by SPS 

▪ An investigation of the photocatalytic efficiency of TiO2 coatings by introducing 

cerium dopants into TiO2 lattice.  

▪ A comprehensive study on the antiviral activity of TiO2 coatings and its composites.  
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1.4 Thesis organization 

This thesis includes eight chapters, and each chapter is briefly explained. 

Chapter 1 (introduction) This chapter introduces the water purification problem, a brief 

background of TiO2 application, its limitations, and the research objectives of this study. 

Chapter 2 (Literature review) This chapter provides the basic principle of photocatalytic 

oxidation, its applications and limitations. Afterwards, some affecting parameters on the TiO2 

photocatalytic efficiency are reviewed. Parameters like crystalline phase, the amount of catalyst, 

the concentration of pollutant, light intensity and irradiation time were investigated. Subsequently, 

TiO2 modification strategies were explained. Moreover, this chapter presents thermal spraying 

processes. Suspension plasma spraying (SPS), solution precursor plasma spray (SPPS), 

atmospheric plasma spraying (APS), and suspension-high velocity oxygen fuel (SHVOF) methods 

that are used in this research are briefly described. Finally, TiO2 photocatalysts produced by 

thermal spraying processes were reviewed.  

Chapter 3 (Experimental procedures) This chapter presents the experimental 

methodology, starting materials, post-treatments, characterization methods and analysis 

instruments. The experimental methodology for photocatalytic and antiviral evaluation was 

explained in detail.  

Chapter 4 (Paper 1) shows a systematic work to present the influential role of anatase 

phase on the photocatalytic activity of TiO2 coatings obtained by suspension plasma spraying. 

Chapter 5 (Paper 2) provides a systematic work to present the influential role of oxygen 

vacancies (as self-dopant) on the optical properties and photocatalytic activity of sub-

stoichiometric TiO2-x coatings obtained by suspension plasma spraying. 

Chapter 6 (Paper 3) The photocatalytic performance of cerium-doped TiO2 and CeO2-

TiO2 coatings produced by Suspension plasma spray (SPS)/ solution precursor plasma spray 

(SPPS) and SPS was evaluated.  

Chapter 7 (Paper 4) The role of the different thermal spray processes in producing TiO2, 

Cu2O, TiO2-Cu2O and TiO2-Al2O3 antiviral coatings was investigated. The human common cold 

coronavirus, HCoV-229E, was used as a surrogate for SARS-CoV-2 to investigate the antiviral 

activity of the coatings in a containment level-2 laboratory. 

Chapter 8 (Conclusion and future work) summarizes this research work’s main 

outcomes, conclusions and contributions. Finally, some recommendations for future work are 

provided.  
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Chapter 2. Literature review 

2.1 Mechanism of photocatalysis 

Nowadays, water and air contamination are serious forms of pollution, and their damaging 

effects on human health and biosphere can be irreparable [1][2]. Therefore, removing pollutants 

from our environment has been receiving increasing attention in the scientific world. Organic dyes, 

as a recognized source of pollution released by the dye industry into waste-water, are widely used 

as a test pollutant [25]. Many traditional techniques are used for dye removal from waste-water, 

some of which are filtration, adsorption, coagulation, sedimentation, and treatment with ozone. 

However, these ways may produce a new kind of pollution that needs some expensive post-

treatment [3][26][27]. 

Photocatalysis is a technique that has brought about some advantages compared with 

conventional methods by decomposition and removal of organic poison compounds and harmful 

gases from water and air under irradiation of light. Therefore, a photocatalyst is a material that can 

absorb light to produce photo-generated electron-hole pairs, which allow chemical transformations 

of participants and create its chemical composition after each cycle of such interactions [28][29]. 

The characterization of the absorption spectrum of the photocatalyst is important to 

determine whether the optical activation is possible under sunlight. Many biocompatible 

semiconductors are used as photocatalysts, including TiO2, ZnO, SnO2, and CeO2. They can 

produce charge carriers under light irradiation with sufficient short wavelengths. Not only do they 

play a crucial role in environmental remediation, but also they can be used as photovoltaic 

materials to prevent fogging of the glass and in the electronic industry (Fig. 2.1) [30][31][32][33]. 

Over the last few decades, TiO2 has appeared as one of the most important photocatalysts, which 

can operate at room temperature in a cleaner, safer, and more effective way [34]. 

 
Figure 2. 1 Possible applications of metal oxides [33]. 
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2.2 TiO2 as a photocatalyst 

Photocatalysis is defined as an advanced oxidation process (AOP). The mechanism consists 

of generating electron-hole pairs through exciting electrons from the valence to the conduction 

bands by absorption of photons of equal or larger energy than the bandgap energy. The photo-

generated electron-hole pairs can migrate to the surface of TiO2, where they are trapped by oxygen 

molecules and adsorbed water to generate highly oxidizing radical species, such as hydroxyl 

radicals (•HO) and superoxides (O2
-•) ions (Fig. 2.2) [35]. This process involves decomposing the 

organic material (like organic dyes as a test pollutant) and even mineralizing the intermediates into 

harmless products, mostly carbon dioxide and water. There are many advantages of the 

photocatalysis process, some of which are the possibility of (i) using it in various media: gaseous 

phase (for air purification) and aqueous solutions (for rectifying water), (ii) utilizing renewable 

and pollution-free solar energy for photocatalysis for environmental remediation, (iii) reducing 

secondary wastes in the process due to efficient mineralization [20]. 

The commonly postulated chain reactions occurring in the photocatalytic process are as 

follows [36][3]: 

TiO2 + hυ → e- + h+                                                                                                       (2.1) 

H2O + h+ → •OH + H+                                                                                                  (2.2)  

O2 + e- → O2
-•                                                                                                                (2.3) 

O2
-• + H+ → HO2

•                                                                                                           (2.4) 

2HO2
• → H2O2 + O2                                                                                                               (2.5) 

H2O2 → 2•OH                                                                                                                           (2.6) 

•OH + Dye → intermediate → H2O + CO2                                                                   (2.7)  

 
Figure 2. 2 Schematic representation of the photocatalytic mechanism [36]. 
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2.3 Parameters affecting photocatalytic degradation of TiO2 

The photocatalytic degradation rate of organic compounds primarily depends on several 

parameters, which are described below.  

2.3.1 Crystalline phase 

The photocatalytic degradation rate of organic compounds primarily depends on the 

crystalline phase of TiO2. Anatase and rutile are the two main crystalline phases of titania that 

anatase irreversibly transforms to rutile at a higher temperature than 600 ºC for a fine pure anatase 

powder. However, the reported temperature can vary in the range of 400-1200 ºC depending on 

factors such as particle size, surface area, atmosphere, impurities, raw materials, and processing 

methods [37].  The large bandgap of pure TiO2 (3.0 for rutile and 3.2 for anatase) makes it active 

under UV light. It has been indicated that the phase mixture of both polymorphs shows better 

photocatalytic activity than single phases due to their synergistic effects [22]. Yet, for single-

phased titania, the photocatalytic activity of anatase is commonly better than its rutile counterpart 

in all types of reaction media [22][37][38][39]. Some hypotheses have explained the reasons for 

the differences in the photocatalytic efficiency of anatase and rutile. Although the larger bandgap 

of anatase causes lower absorbance ability towards solar light, it may enhance the redox power of 

charge carriers and surface adsorption capacity to hydroxyl groups attributed to the different 

position of the conduction and valence bands and higher Fermi energy of anatase [22][36][38]. 

Based on the literature, in direct bandgap semiconductors, like rutile, photo-generated 

electrons and holes recombine directly, resulting in the emission of a photon. On the other hand, 

anatase, with an indirect bandgap, has a longer lifetime of photoexcited electrons and holes due to 

its slower recombination process. This is because a phonon is necessary for the recombination to 

occur, as shown in Fig. 2.3 [22][38]. 

 
Figure 2. 3 Comparison of recombination processes of e/h within indirect gap anatase (a) and direct gap rutile (b) 

[38]. 

As a result, anatase shows a longer electron-hole lifetime and exciton diffusion length. 

Therefore, it is more probable for photo-generated charges to migrate from the bulk to the surface 

and drive surface chemical reactions that improve photocatalytic performance [22][38][40]. 
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According to Luttrell’s work [22], anatase has a higher charge diffusion length than rutile since 

charge carriers excited deeper in the bulk of anatase could take part in photoreactions. The larger 

charge diffusion length of anatase might be attributed to its longer lifetime of charge carrier and/or 

its higher photo-generated electron/hole mobilities. 

Based on the Odling et al. [41] report, anatase shows free hydroxyl radical (OHf
•) in 

TiO2/water interface that could decompose organic pollutants both at the surface and in the bulk 

solution for water purification, while rutile phase presents only surface-bound hydroxyl radicals 

(OHs
•) with the ability to degrade contaminants only at the surface of the photocatalyst during the 

photocatalytic reaction. That might be the reason for the higher photocatalytic activity of anatase 

phase than that of rutile phase. 

 
Figure 2. 4 Schematic of hydroxyl radical formation and reaction with organic substances upon rutile and anatase 

[41]. 

2.3.1.1 Anatase to rutile phase transformation 

According to the literature, for pure anatase, reconstructive transformation to rutile begins 

in the air at 600 ºC; however, there is a range value of transition temperature of anatase to rutile 

between 400 ºC to 1200 ºC due to its  dependency on several factors. Indeed, some parameters, like 

the particle size, surface area, atmosphere, heating rate, soaking time, impurities, and sample 

preparation, could influence the kinetics of this transition. However, it is known that the phase 

transformation temperature is in the range of 600 to 700 °C for a fine high-purity powder [37]. 

From the thermodynamic point of view, rutile is the stable phase of TiO2 at all temperatures 

and pressures due to its lower free energy of formation (-889,406 kJ mol-1 for rutile and -883,266 

kJ mol-1 for anatase, each at 298 K) [37][42]. However, at small particle size, anatase is more 

stable due to its lower surface free energy than those of rutile and brookite (1.25 J m-2 for anatase 

and 2.17 J m-2 for rutile at 298 K) and anatase formation is more probable according to the Eq. 2.8 

[42], 

Gº= ∆Gfº + Aγ                                                                                                                                  (2.8) 

Where ∆Gfº (J mol-1) is the standard free energy of formation, A (m2 mol-1), the molar 

surface area and γ (J m-2) the surface free energy.  

According to Fig. 2.5, which represents the standard free energies based on the particle 

spherical diameter calculated at 298 K, there is a critical particle size of 15 nm. Below this point, 

anatase exhibits lower standard free energy and more stability, and above rutile is the more stable 

phase [42]. 
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Figure 2. 5 Standard free energies for anatase and rutile at 298 K vs. spherical particle diameter [42]. 

Furthermore, in some coating methods like plasma spraying, metastable anatase possibly 

nucleates from the liquid at an undercooling temperature below 0.88 Tm, while rutile nucleates at 

a temperature above 0.88 Tm (1870 K) until the melting point (Tm=2130 K) [43][44][42]. In 

thermal spray deposition, TiO2 solidifies under rapid quenching conditions to form both rutile and 

anatase [45]. 

2.3.2 The amount of catalyst 

With increasing the catalyst concentration, photocatalytic activity improves by increasing 

the number of active sites. Increasing the surface means an increasing number of •OH radicals, 

which can participate in the actual degradation of the dye solution. For catalysts in the form of 

powder, after a certain amount of catalyst, the solution becomes turbid and thus blocks the UV 

radiation for the reaction to proceed, which decreases the degradation of pollutants. Table 2.1 

shows the effect of catalyst amount on % decolorization [3].  

Table 2. 1 Effect of V2O5/TiO2 on % decolorization of dye solution in the presence of UV (concentration of 

TB=SO=80 μM,  CV=40 μM, irradiation time=20min, pH=6.1) [3]. 

Dye 
Catalyst amount (mg/20 mL) 

10 20 25 30 40 

Toludine Blue (TB) 15 40 47 41 27 

Safranin Orange (SO) 8 11 21 12 - 

Crystal Violet (CV) 6.5 12 - 17 15 

Reducing the particle size can also increase the surface area. For example, nano-sized TiO2 

has a more efficient ability in water purification and recycling due to its smaller size compared 

with bulk TiO2. By reducing the size of the catalyst, the surface-to-volume ratio will increase [28].  
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2.3.3 Concentration of pollutant 

Pollutant type and its concentration play an important role in photocatalytic activity. It has 

been reported that under the same operating conditions, the degradation rate diminishes with 

increasing the concentration of pollutants, and a longer irradiation time is needed to reach complete 

mineralization. As dye concentration increases, more organic compounds are adsorbed on the 

surface of titania. However a smaller number of photons can reach the catalyst surface. Hence 

fewer hydroxyl radicals are formed, resulting in less degradation percentage [3][46]. 

2.3.4 Light intensity and irradiation time 

TiO2, with its large bandgap (3.2 eV), activates mainly under light wavelengths at λ<380 nm 

region and therefore, the results of photocatalytic reaction vary under different wavelengths of the 

light source. Many studies have shown that light intensity affects dye degradation as follows; the 

degradation rate would increase linearly with increasing light intensity in the range of 0-20 

mW/cm2 (first order) in which electron-hole creation is predominant, and their recombination is 

negligible. This approves the photo-induced nature of the activation of the catalytic mechanism, 

with the participation of photo-generated electron holes in the reaction process. However, under 

moderate light intensities (25 mW/cm2), the rate relies on the square root of the light intensity. 

According to the literature, shifting from Φ to Φ1/2 is because of the number of photo-generated 

holes available during the formation of the photo-generated charges. In TiO2 as an n-type 

semiconductor, the photo-generated holes available in the valance band are much less than 

electrons in the conduction band that consists of photo-induced electrons plus n-electrons. As a 

result, the photo-induced holes are the rate-limiting step. At high-intensity, the dependency of the 

reaction rate on light intensity is reduced to zero as the electron-hole recombination increases, 

thereby causing a lower effect on the reaction rate [3][46][47][48]. The photocatalytic reaction rate 

would reduce with irradiation time (Fig. 2.6) due to the deactivation of active sites by strong 

byproduct deposition [3].  

 
Figure 2. 6 Effect of irradiation time on % degradation of an azo dye [3]. 
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2.4 Modifications of TiO2 photocatalysts 

Since Honda and Fujishima first found a strong oxidation and reduction power of 

photoexcited titanium dioxide (TiO2) in 1972, semiconductor photocatalysts have attracted much 

attention, especially for environmental treatments. TiO2 displays quite high reactivity and chemical 

stability under UV light (λ<380 nm), whose energy exceeds the bandgap of 3.2 eV in the anatase 

crystalline phase [49]. However, one of the significant problems in using TiO2 as a catalyst is low 

reactivity under visible light (λ> 400 nm), which limits its application when using the main part of 

the solar spectrum. Moreover, it has low photo-quantum efficiency, which arises from the fast 

recombination of photo-generated electrons and holes. One promising method to overcome this 

issue is creating energy levels within the bandgap or adequately shifting the conduction band (CB) 

and/or the valence band (VB) so that photons of lower energy can excite electrons.  These energy 

levels also can act as a trap for reducing the recombination rate [3]. Various strategies have been 

investigated to shift the absorption edge of TiO2 into the visible region and improve its 

photocatalytic activity. Doping pure TiO2 with either anions or cations is one way to sensitize TiO2 

under visible light [50].  

2.4.1 Cationic dopants 

Cationic-doped TiO2 with elements such as rare earth metals, noble metals, poor metals, 

and transition metals have been widely studied. The metallic ions-doped TiO2 expands the light 

absorption region and increases the quantum efficiency by preventing the recombination of the 

photo-generated electrons and holes on the conduction and valence bands, respectively [50].  

However, increasing the visible light absorption is not a sufficient factor to improve the 

photoactivity of doped TiO2. The concentration of doped metal ions is an important parameter 

which should be optimized. Above a certain amount of concentration, the photocatalytic activity 

reduces due to the increase in recombination. Furthermore, metal ions should be doped near the 

surface of TiO2 particles to improve charge transferring. While in deep doping, metal ions probably 

behave as recombination centers due to the problematic transfer of photo-generated charges to the 

interface [51]. The transition metals that exhibit two or more oxidation states usually improve the 

TiO2 photocatalytic activity. For example, iron (Fe) with different ion forms (Fe4+, Fe3+, and Fe2+) 

acts as a trap for the electron-hole pairs and therefore prevents their recombination (Fig. 2.7) [52]. 

 
Figure 2. 7 The schematic energy level of iron doping TiO2 [52]. 
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2.4.1.1 Rare earth metal doping 

Rare earth metals are a group of seventeen elements in the periodic table that are classified 

as lanthanides. These elements are not abundant in the Earth’s crust, making them rare. Rare earth 

metals like Ce and Nd are other types of influential cationic dopants to improve catalysis due to 

their incompletely occupied 4f and empty 5d orbitals. It has been reported that Ce as a dopant 

could limit the grain size growth of TiO2 to reduce its crystallite size and increase the specific 

surface area. It also can act as a trap to scavenge electrons and increase charge carrier lifetime 

[52][53]. 

Based on the literature, cerium doping could enhance the photocatalytic performance of 

TiO2 by improving its optical properties and decreasing the electron/ hole recombination rate. The 

charge imbalance or strain induced by Ce3+ incorporation might create oxygen vacancy. It has been 

reported that Ce3+/Ce4+ mixture and oxygen vacancies would introduce energy 4f levels just below 

the TiO2 conduction band, which are responsible for more photocatalytic activity. These energy 

levels would decrease the bandgap to activate TiO2 photocatalyst at a longer wavelength and 

inhibit charge carrier recombination by trapping them [53][54][55][56][57]. 

Doping TiO2 with rare earth metal ions can enhance photocatalysis performance, yet this 

process may also have some drawbacks. Beyond the optimum value of the dopant, the 

photocatalytic activity of TiO2 decreased, which can be attributed to the formation of deep-level 

energy states close to the Fermi level acting as the charge recombination centers and reducing the 

charge carriers’ lifetime [54]. ˇStengl et al. [53] reported the optimal dosage of rare earth ions 

needed to get the most effective separation of photo-excited electron hole pairs to degrade Orange 

II dye. Based on their results, the optimum amount of rare earth dopant is 1-2 wt.% to achieve the 

highest activity under visible light. 

It should be noted that using rare earth metals to improve PCO efficiency for industrial 

applications might not be cost-effective.  

2.4.2 Anionic dopants 

Doping with non-metals to improve the photoactivity and probability of TiO2 catalysts for 

industrial application is quite a new method, which few research works have reported in the open 

literature. Anion doping (N, F, C, and S) shows positive effects in the redshift to the visible region 

and higher photocatalytic activity. Unlike metal ions (cations), their role as recombination centers 

might be minimized and, therefore, are more effective to enhance the photocatalytic activity. In 

this case, the impurity states are close to the valence band edge [46][47].  

Among anionic dopants, nitrogen has been found a considerable interest, which shows a 

promising extension for environmental applications where the conventional TiO2 is not used. The 

nitrogen species could be either a substitutional or an interstitial N atom in the TiO2 matrix. 

According to Fig. 2.8, the substitutional species are mostly located just above the valence band, 

while the interstitial nitrogen states are present at 0.73 eV above the valence band [11][12]. 

Carbon doping of TiO2 also attains a significant interest by introducing new states (C2p) 

above the valance band edge of titania (O2p) to narrow the bandgap. Some carbonaceous species 

may also form by carbon incorporation into titania lattice, which could promote the absorption of 

visible light. However, they might limit the photocatalytic activity of C- doped TiO2 by covering 

and blocking surface active sites [58]. Moreover, C-doped TiO2 exhibits higher surface area by 

inhibiting particle growth, which provides more reactive sites and improves the adsorption of more 

target pollutants [52][59][60]. 
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Figure 2. 8 Electronic structure substitutional and interstitial models [11]. 

Although the numerous advantages attained by doping TiO2 with non-metal anions, 

researchers have found that the content of dopant would drop during the annealing process of 

synthesizing doped-TiO2 nanopowder, thus decreasing the photoactivity under visible radiation 

[52][61]. 

2.4.3 Self-doped TiO2 

Another strategy for enhancing photocatalytic activity consists of using reduced forms of 

titania such as TiOx (x < 2). It has been reported that sub-stoichiometric titania in the anatase phase 

does act as an efficient photocatalyst [62][63]. The insertion of oxygen vacancies in the anatase 

structure induces a band of electronic states just below the conduction band, starting to overlap 

with the conduction band for large vacancy concentrations. These vacancy-induced bands of 

electronic states are responsible for increasing the photocatalytic efficiency of the self-doped films. 

In sub-stoichiometric samples, the colour change to dark grey, depending on the degree of oxygen 

loss because of a high concentration of Ti3+ ions, while pure and super stoichiometric samples are 

fully transparent. The spectral absorption coefficient was measured in the UV-vis range (Fig. 2.9). 

The observed increase of optical absorption at a longer wavelength nearby to the visible region 

with decreasing the oxygen concentration confirmed the theoretical prediction of the creation of a 

new band below the conduction band [62][63][64][65]. Furthermore, oxygen vacancies in sub-

stoichiometric TiO2 dissociate water molecules and form two hydroxyl groups via H+ transfer to 

neighbouring oxygen after exposure to air at room temperature [20][66][67]. 

Literature suggests that the existence of hydroxylation on the photocatalyst’s surface is of 

great importance for its efficiency [36]. 



 

13 

 

 
Figure 2. 9 Comparative absorptions of samples with different stoichiometry [62]. 

2.4.4 Composites 

One approach to facilitate charge separation in the TiO2 photocatalyst and increase its 

efficiency is using composite semiconductor metal oxides. It has been reported that a group of 

semiconductor/semiconductor or semiconductor/metal composite nanoparticles diminish the 

recombination rate in the semiconductor nanostructures [47][68]. CeO2 is one of the important 

semiconductors with superior physical properties. The coupling between TiO2 and CeO2 

semiconductors has been intensively investigated for the degradation of organic pollutants 

presenting better activity than that observed for TiO2 and CeO2 separately. Based on the literature, 

compositing TiO2 with an optimum amount of CeO2 nanoparticles would enhance interfacial 

charge separation and lower charge carrier recombination rate [69][70][71]. 

Additionally, coupling titania with noble metals also shows remarkable results. Noble 

metals, such as Ag and Au, can act as a sink for photo-induced charge carriers and promote 

interfacial charge-transfer processes in these composite systems, which is beneficial for 

maximizing the efficiency of photocatalytic reactions. Ag nanoparticles could increase the 

wavelength response of TiO2 towards the visible region. These nanoparticles with a large surface 

area have also demonstrated promising antibacterial properties compared to bulk silver material 

[72][73]. 

2.5 TiO2 photocatalyst applications 

2.5.1 Water purification systems 

Access to clean drinking water is a basic human need, the demand for which is increasing 

due to population growth and urban sprawl. Based on the prediction of the World Health 

Organization (WHO), half of the world’s population will face water-stressed conditions by 2025 

[41]. 

There are different sources of water contaminants. Textile synthetic dyes are recognized 

sources of pollution due to their potential carcinogenic properties and threat to aquatic life by 

blocking sunlight penetration and oxygen dissolution. Moreover, the natural biodegradability of 

these dyes is difficult. Almost 15% of the total global dye production is released into the textile 

effluent during the dyeing process. Therefore, it is necessary to treat the colored wastewater before 

releasing them into water bodies [3][74][75].  
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Water-soluble herbicides and antibiotics are also considered as the main pollution source 

for underground and surface waters. Herbicides are extensively used in the agricultural industry to 

increase food production and control weeds, which cause severe ecological effects on aquatic 

ecosystems. Antibiotics are widely used in human and veterinary medicine. They are thrown out 

via urine or feces to the aqueous environment with adverse effects on aquatic organisms and cannot 

be effectively removed by conventional water treatment process [76][77][78]. 

The photocatalytic process is an environmentally friendly technique that could be 

employed for water treatment by producing strong oxidizing radicals. TiO2 semiconductor is 

considered as a great candidate for photocatalytic application. It can create considerably fewer 

residues or even completely degrade organic compounds from wastewater  [3][76].  

2.5.1.1 Degradation of Methylene Blue 

Methylene blue (MB) (C16H18ClN3S) is a water-soluble cationic dye which is widely used 

in the textile industry [79]. It is composed of two aromatic rings linked by a nitrogen atom, with a 

blue color that is highly visible in the visible light spectrum. However, it is toxic to the environment 

and, if not properly treated, can cause irreversible damage to ecosystems. While conventional 

wastewater treatment methods such as adsorption, activated carbon and flocculation are considered 

ineffective approaches to remove MB from the effluent, photocatalysis using TiO2 has been 

studied as a potential method for its removal from wastewater [3][74][75]. 

Under light irradiation, TiO2 photocatalyst would produce reactive species, such as OH 

radicals, which can mineralize dye molecules into smaller, nontoxic compounds such as water, 

carbon dioxide, and other byproducts. The smaller molecules are much less toxic to the 

environment and are easily broken down further by other natural processes. The byproducts 

formed in this process depend on the properties of the dye molecule, the intensity and wavelength 

of the light, the type of TiO2 used, and the environmental conditions [3][74][75][80]. 

Houas et al. [74] monitored the MB degradation pathway under TiO2/UVA irradiation 

system. They used UV-Vis spectroscopy and measured the total organic carbon (TOC) content of 

the solution. It was reported that TiO2/UVA irradiation system could effectively remove the color 

of the dye. Moreover, this process could oxidize dye with almost complete mineralization of 

carbon, nitrogen and sulfur heteroatoms, resulting in the formation of CO2, NH4
+, NO3

− and SO4
2−. 

This mineralization process involved the oxidation of the dye molecules caused by the 

photocatalytic activity of TiO2, leading to the breakdown of the dye molecules into their individual 

components. This study demonstrated that the TiO2/UVA system was effective in degrading MB, 

making it an ideal method for the purification of diluted textile effluent [74]. 

2.5.2 Air purification system 

In the last years, there has been an increased awareness of indoor air quality, as the pollutant 

levels are often higher than those encountered outdoors. Since people spend much of their time 

indoors, they are subjected to high levels of indoor air pollution, making it one of the top five 

environmental risks to human health. Indoor air can contain hazardous compounds, known as 

Volatile Organic Compounds (VOCs), that have been associated with a variety of adverse health 

effects. VOCs are a group of organic compounds that evaporate at a relatively low temperature 

and are typically released from many different sources, such as furniture, carpets, paint, and 

cleaning supplies. Heterogeneous photocatalytic oxidation (PCO) is an attractive approach for 

removing VOCs from the air inside buildings since it can be worked at ambient pressure and 
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temperature. This process involves using light energy to break down VOCs into simpler and less 

harmful substances, thereby improving air quality. Among various semiconductors for PCO 

applications, TiO2, a cost-effective and stable photocatalyst, has been extremely effective in 

degrading a wide range of VOCs [81][82][83][84][85]. 

Moreover, TiO2 photocatalyst can be employed to lower nitrogen oxides NOx (NO, NO2) 

and sulfur dioxide (SO2) concentrations emitted into the atmosphere due to urbanization and 

industrialization. These harmful air pollutants are associated with the formation of acid rain and 

the greenhouse effect and can be detrimental to both human health and inner-city buildings. By 

using TiO2 photocatalyst, the NOx and SO2 molecules will be converted into harmless compounds 

[86][87][88]. 

The application of PCO for air purification was investigated in a continuous-flow reactor. 

Based on the results, higher residence time would achieve by decreasing the airflow rate, which 

would give more VOCs the possibility of being adsorbed on the surface of the photocatalyst 

[82][81]. The efficiency of the PCO system also depends on the humidity level. Although water 

molecules are essential to produce hydroxyl radicals, high humidity levels hinder photo-oxidation 

by occupying the active sites by water molecules [89].  

The main challenge of increasing the use of PCO technology in mechanical ventilation 

systems in buildings for VOCs removal is the potential production of hazardous and unwanted by-

products. So PCO technology should address not only the primary pollutants but also the generated 

by-products in the gas phase. Therefore, PCO is better suited for low concentrations of 

contaminants to provide enough active sites for removing both VOCs and their intermediates 

[81][83].  

2.5.3 Antiviral applications 

Viruses and viral infections have circulated among humans for several years, causing 

serious problems in most people like the new human coronavirus disease 2019 (COVID-19), 

caused by the most novel strain of Severe Acute Respiratory Syndrome Coronavirus, SARS- Cov-

2. 

Compared to bacterial pathogens, viruses are smaller in size, resistant to environmental 

inactivation, and have different biological structures [90]. Their rigid protein shell requires 

intensive oxidation to be denatured. They also have a lower infectious dose of <10-103 particles 

and a higher illness risk of 10-10,000 times at the same exposure level [16]. It has been indicated 

that antibacterial agents do not necessarily possess antiviral activity [90]. Infectious pathogens 

could be transmitted either directly from person-to-person through close contact or indirectly 

through hand-touch contact after deposition on surfaces [91]. Healthcare facilities are mostly made 

of stainless-steel surfaces, which have no antimicrobial capabilities, and bacteria can attach and 

grow on them easily [92][93]. To inhibit indirect transmission risk, surfaces coated with intrinsic 

antiviral materials could be more effective than frequent cleaning of the environment [94]. Regular 

cleaning, particularly in public places, which could be re-infected easily, is difficult. Moreover, 

unintentionally missing infected parts while cleaning the surfaces may remain residuals that 

continue to infect [94]. To all this, the cost of the disinfectant material and manpower, and the 

negative influence of those materials on the environment could be added.  

Recently, titanium dioxide (TiO2) photocatalyst has attracted ever-growing attention for 

viral disinfection due to its exceptional mechanical and chemical resistance [16]. TiO2 can be 

excited by light irradiation to produce powerful reactive species with strong oxidizing power for 

airborne pathogen inactivation under ambient conditions. Interaction of the virus with the 
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photocatalytic surface results in substantial changes in the virus structure as the virus would lose 

its ability to attack the host cells, as shown in Fig. 2.10  [95][17]. 

Copper oxide (CuxO) coatings also show potent antiviral activity, even under dark 

conditions [91][96][97]. Recent interest in visible light-sensitive CuxO/TiO2 nanocomposite has 

been substantial due to its sustainable antiviral activity under dark conditions. A combination of 

copper species with photo-generated holes in the valence band of TiO2 under light irradiation can 

cause membrane damage, followed by protein oxidation and DNA degradation [90][98]. 

 
Figure 2. 10 Mechanism of TiO2 photocatalytic inactivation of (a) bacteria and (b)viruses [99]. 

2.5.4 Hydrogen production 

In recent decades, energy demand has particularly augmented due to urban sprawl and the 

industrialization of our society. Fossil fuels such as coal, oil, and natural gas are considered the 

primary non-renewable sources of the world’s energy. However, the recent surge in fossil fuel 

prices and their deteriorating impact on the environment and climate change increased the 

necessity for environmentally friendly, renewable, and cheap energy resources to replace 

conventional fuels [100][101][102]. Hydrogen is recognized as an effective energy carrier and 

potential carbon-free fuel that can be produced in different ways, such as natural gas reforming, 

biomass conversion, water electrolysis, and photoelectrochemical water splitting [100][101][103]. 

However, only some of these techniques can produce low-carbon (green) hydrogen. Hydrogen 
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produced through water electrolysis is considered environmentally sustainable green hydrogen if 

the electricity is supplied by renewable sources like solar and wind. At this time, only 2% of the 

total hydrogen production is produced by water electrolysis [100]. Photoelectrochemical (PEC) 

water splitting has attracted ever-growing attention as a great candidate for producing H2 fuel using 

specific semiconductors and sunlight energy. Several semiconductors have been studied for 

photocatalytic H2 production, such as TiO2, CuO, ZnO2, g-C3N4 and WO3 [104][105][106]. 

However, the large bandgap, high recombination rate, and lower surface area of these 

semiconductors have limited their efficiency. Based on the literature, doping, surface sensitization, 

using co-catalyst and PEC/PEC tandem cell are promising approaches to improve the water 

splitting efficiency [101][107][108][109][110]. 

 
Figure 2. 11 Schematic of PEC/PEC tandem cell (Adapted from reference [108]). 

2.5.5 Current industrial applications 

TiO2 photocatalysis is widely used in wastewater treatment applications due to its low cost 

and effectiveness. In addition, TiO2 photocatalysis is used in industrial settings to reduce organic 

compounds, including pesticides, pharmaceuticals, and dyes, from wastewater.  

Purifics is a company that specializes in using a commercialized photocatalytic oxidation 

process utilizing a TiO2 slurry-based system to break down organic pollutants and purify water in 

a chemical-free process named Photo-cat. This automated system, Photo-cat®, is able to 

continuously recover all catalysts and runs 24/7, making its life-cycle costs much lower than 

traditional systems. The process works by producing reactive oxygen species (ROS) when the TiO2 

is exposed to light, breaking down pollutants into harmless products [111]. 

Nd-doped TiO2 has been produced on a considerable scale in a 1000-litre reactor for use in 

photocatalytic self-cleaning paints, as reported by ˇStengl et al. [53]. 

Pilkington ActivTM glass is the first commercially available, self-cleaning glass made of 

a nanocrystalline TiO2.  A thin layer of TiO2 coating with a thickness of around 15 nm is applied 

through a chemical vapor deposition process, resulting in a transparent, mechanically stable, 

photoactive coating. These coatings can be used for air and water purification and self-cleaning 

purposes [112]. 
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Figure 2. 12 Purifics’ TiO2 Photo-cat® reactor for water purification [111]. 

2.6 Thermal spray processes 

Titania nano-sized powders have a higher surface area, which is of vital benefit for 

photocatalytic activity. However, most of the applications of photocatalytic decomposition are 

reported to be carried out in aqueous media, so the powder recycling processes are troublesome. 

This problem can be overcome by using TiO2 coatings. The resulting surface reduction could be 

compensated by producing nano- and micro-structured TiO2 coatings [35][113]. There are many 

deposition techniques, which have been used for producing TiO2 coatings such as chemical and 

physical vapour deposition, sol-gel and, electrophoretic deposition [114].  

In recent years, thermal spray processes have emerged as an environmentally friendly, 

versatile, and rapid production process. The large surface area coverage and quick deposition rate 

of this deposition method make it suitable for large-scale industrial use. In addition, spray 

processes have other advantages, such as producing a wide variety of high-quality coatings and 

flexibility, which allow using various substrates with different shapes and sizes [114]. 

In thermal spray processes, multiple layers of coating are formed by molten and/or partially 

molten particles injected towards the substrate. Upon impinging on the substrate, the molten 

droplets flatten and solidify, forming splats that accumulate to build coatings with a lamellar 

structure (Fig. 2.13). Based on the type of energy source for heating the coating material, thermal 

spray methods are classified into three groups: flame spray, electric arc spray and plasma arc spray. 

Among different types of feedstock materials (wire, rod, powder), powder is the most common 

one [115][116]. 
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Figure 2. 13 General schematic view of thermal spray process [116]. 

 

Thermal spray techniques offer a range of temperatures and velocities which enable the 

deposition of a wide variety of materials, including metals, refractory alloys, ceramics, and 

cermets. This enables the surface morphology, microstructure and characteristics of coatings to be 

controlled by adjusting the spray parameters. The most common thermal spray techniques are 

flame spray, plasma spray, high-velocity oxygen-fuel (HVOF), and cold spray, as shown in Fig. 

2.14 [115][117][118]. 

 
Figure 2. 14 Summary of in-flight particle temperature as a function of particle velocity for different processes 

[117].  

Thermal spraying is mainly used to obtain TiO2 coatings designed for electrical, 

mechanical, and biomedical applications, which are of high interest as economic prospects for 

industrial scale-up. In the last decades, thermal spraying has attracted more interest in preparing 

photocatalytic active titania surfaces [43]. 
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In this study, mostly suspension and solution plasma spray were utilized to produce TiO2 

coatings. Atmospheric plasma spray (APS), and suspension high-velocity oxygen-fuel (S-HVOF) 

processes were used by NRC- SprayWerx and Metal7 to produce TiO2 antiviral coatings (chapter 

7 of the thesis). 

2.6.1 Atmospheric plasma spraying (APS) 

Among thermal spray processes, plasma spray is shown to be capable of producing 

microstructured functional coatings using various types of materials. Atmospheric plasma 

spraying (APS) is widely used to deposit a wide range of materials onto different substrates. This 

process utilizes a high-temperature, high-velocity plasma jet formed by passing a gas or mixture 

of gases (typically argon or nitrogen) through a DC current arc to heat and accelerate particles 

toward the substrate surface [119]. This method offers a cost-effective alternative to other surface 

modification techniques, making it popular in the industrial world for producing functional 

coatings [120]. Moreover, it has the advantage of low heat input to the substrate material, which 

reduces the thermal impact on the substrate and preserves its microstructure and physical 

properties. This technique is widely used to produce functional coatings for different applications 

such as resistance to wear, heat, erosion, and/or corrosion [121][122][123].  

APS involves spraying relatively coarse powder particles (10 to 100 µm) that produce 

rather thick coatings (typically thicker than 50 µm). However, the deposition of submicron or 

nano-sized particles using the APS technique is very challenging. It can be explained by the 

particle’s low momentum, which limits their penetration to the high-speed plasma jet and potential 

powder clogging problems in the injector [124][125]. 

2.6.2 Suspension plasma spraying (SPS) 

Suspension Plasma Spraying (SPS) offers several advantages over conventional 

techniques, such as the direct use of finely dispersed powders and the production of nanostructured 

coatings, which is of great importance in photocatalytic activity [43]. In APS, particles smaller 

than 10 µm are problematic to be deposited due to their low momentum to reach the substrate and 

clogging problems in the powder feeder and injector. However, with SPS, a suspension of fine 

nanometric and/or sub-micrometric powder particles can be injected into the plasma plume 

[124][125]. 

In the SPS technique, the feedstock suspension usually contains a solvent (mostly water or 

ethanol), fine nanometric and/or sub-micrometric powder particles, and a dispersant material that 

helps stabilize the suspension. After injecting suspension into the plasma plume produced by an 

electric arc between an anode and a cathode, it undergoes one or multiple breakups and atomization 

phases. Afterward, the solvent evaporates by the plasma's heat flow, leaving powder aggregates. 

These clusters of fine particles, fully or partially, melt depending on the conditions and temperature 

and impact onto the substrate, creating splats. The liquid suspension can be injected radially or 

axially. A schematic SPS process with radial injection is shown in Fig. 2.15 [124][125]. A short 

standoff distance (between 4 to 8 cm) is needed for SPS process as smaller particles decelerate 

rapidly and experience extreme heating and cooling rates [115][126]. 
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Figure 2. 15 A schematic of suspension plasma spray technique and suspension droplet evolution during its 

trajectory in the plasma jet [Adapted from references [125][43]]. 

SPS coatings are known for their unique columnar microstructure, which can be explained 

by the shadowing effect. This effect occurs when molten particles or droplets follow different 

trajectories in the plasma jet depending on their size and momentum. Fine particles with low 

momentum are entrained by the plasma, following trajectories parallel to the surface of the 

substrate and impinging at a shallow impact angle on the surface asperities. As a result, coatings 

grow laterally and vertically, forming a porous region by shadowing the beneath surfaces from the 

impact of the new particles. In contrast, the larger and heavier particles, which have higher 

momentum, continue on their original trajectory and impact the substrate [127][128][129][130]. 

Plasma-particle interaction and shadow effect are schematically presented in Fig. 2.16. 

 
Figure 2. 16 Schematics of (a) common impinging gas-jet system [129] and (b) shadowing  effect of different-size 

droplets impinging on the substrate asperities [130] 

VanEvery et al. [131] reported that there are three potential microstructures formed by SPS 

coating. When the size of the suspension droplet is extremely small (< 1 μm), a columnar 

microstructure is formed due to the shadowing effect. For droplets with diameters between 1 to 5 

μm, a feathery columnar microstructure is produced that includes some porosity bands within the 

columns. For droplets larger than 5 μm, the plasma flow has a less significant effect, creating a 

lamellar or vertically cracked structure similar to that produced by conventional APS methods. 
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2.6.2.1 TiO2 coatings by SPS 

Preserving the anatase phase in the hot plasma jet is a significant limitation of the thermal 

spray processes. Several types of research have been conducted to produce TiO2 coatings by SPS 

to preserve the anatase phase in the coating as the most important TiO2 phase for photocatalytic 

application. [42][43][132]. The high vaporization enthalpy of water in a water-based suspension 

cools the plasma jet, preventing the feedstock from fully melting and leaving particles with the 

same size, morphology, and crystalline phase as feedstock powder [133][134].  

Moreover, the overheating and melting of anatase particles followed by fast cooling in the 

hot plasma jet can produce sub-stoichiometric titania by creating oxygen vacancies. Visually, the 

yellowish-white color of TiO2 would shift to dark grey in TiO2-x, depending on the oxygen vacancy 

content [135][136]. The use of hydrogen as a secondary plasma gas facilitates the reduction of the 

titania particles during spraying, resulting in the deposition of sub-stoichiometric TiO2 coatings 

[134]. Based on the literature, hydrogen interacts with TiO2, and both oxygen vacancy and 

electrons are produced, as shown in Eq. 2.9, where OO
x  is an O2- ion in the oxygen lattice site, VO

..  

is an oxygen vacancy with a double positive charge, and e- is a conduction electron [66]. 

𝑂𝑂
𝑥

 +  𝐻2 → 𝑉𝑂
.. + 2e- + 𝐻2𝑂                                                                                           (2.9) 

Consequently, Ti3+ ions are formed as donor doping by the electrons trapping in Ti4+ lattice 

sites [66]. The sub-stoichiometric TiO2 exhibited a color change due to introducing a high 

concentration of Ti3+ ions. This change enabled the coating to absorb visible light more efficiently, 

resulting in an increased number of photo-generated charges. This was further enhanced by the 

new sublevel state of [Ov·Ti3+]+ at the conduction band (CB) bottom of sub-stoichiometric TiO2, 

which improved the charge carrier separation and modified the electron-hole transfer at the 

interface [137][138][139]. Operational spray parameters such as stand-off spray distance, 

suspension feed rate, and hydrogen flow rate play a key role in optimizing some microstructural 

features such as the fraction of anatase in the coatings, the crystal size, and coating thickness [132]. 

Based on the literature, there are limited studies dedicated to doping and/or sub-

stoichiometric TiO2 with thermal spraying processes that need more investigation. Mauer et al. 

[42] produced nitrogen-doped TiO2 using SPS method by adding TiN powder to TiO2 suspension 

as a feedstock. They reported the role of nitrogen doping on the absorbance of TiO2 coatings 

toward the visible spectrum of light. Toma et al. [140] presented the effect of Al particles in the 

Al-doped TiO2 coatings to keep the initial nanosized anatase phase of TiO2 particles used in HVOF 

for sample production. Moreover, Al-doped coating presents much better photocatalytic activity 

than the initial agglomerated powder or even TiO2 Degussa P25 for NO and NOx removal from 

the air. 

2.6.3 Solution precursor plasma spraying (SPPS) 

Solution Precursor Plasma Spraying (SPPS) is a customized plasma spraying technique 

that produces nanoscale coatings with different crystal structures and compositions. This technique 

enables precise control over the final thickness and morphology of the coating, providing 

numerous advantages. However, feedstock material in the form of powder in the conventional 

plasma spray process has a particle size limit to achieve sufficient flowability. To avoid this 

limitation, suspension and, more recently, solution precursor thermal spraying have been 

developed as alternative methods. The SPPS process involves the preparation of a precursor 
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solution in one step with a solvent medium consisting of water, alcohol, or a combination of both, 

which is then sprayed onto a plasma flame. The composition of solutions at the molecular level 

leads to a high degree of chemical uniformity of the components. This process then progresses 

through a series of steps, including precipitation of the precursor, pyrolysis, sintering, melting, and 

solidification, forming dense solid particles from droplets [141][142][143].  

Aruna et al. [142] produced TiO2 coating using SPS and SPPS processes. TiO2 powder and 

titanium isopropoxide (TIP) were used as feedstock material to prepare water-based suspension 

and ethanol-based solution for SPS and SPPS processes, respectively.  Based on the results, SPPS-

TiO2 coatings presented higher photocatalytic activity to degrade methylene blue organic dye due 

to the presence of oxygen vacancy. Tejero-Martin et al. [142] also could produce Nb-doped TiO2 

coatings using Solution Precursor High-Velocity Oxy Fuel (SP-HVOF) thermal spray technology. 

The solution precursor contains titanium ethoxide and niobium ethoxide (dopant) dissolved on 2-

isopropoxyethanol. In addition, some researchers have reported doping rare earth elements into 

the yttria-stabilized zirconia (YSZ) coatings through SPS/SPPS technique while rare-earth nitrates 

dopant precursors were dissolved in the YSZ-ethanol-based suspension before spraying. 

According to their results, dopants could effectively scatter phonons by introducing point defects 

to lower the thermal conductivity of YSZ coatings in thermal barrier applications [144][145]. 

2.6.4 Suspension high-velocity oxygen fuel thermal spraying (S-HVOF) 

In the 1980s, the high-velocity oxy-fuel process was introduced to the commercial market. 

This technique mixes a fuel gas or liquid (such as hydrogen, kerosene, propylene, ethylene, or 

acetylene) and pure oxygen in the combustion chamber, where they are then ignited and combusted 

and leaves through a nozzle creating a supersonic jet. The exhausted gas passes through a 

converging-diverging nozzle to reach supersonic velocities ranging from 500 to 1200 m/s. Upon 

exiting the nozzle and entering the atmosphere, the pressure difference between the high-velocity 

flow and the ambient atmosphere creates shock diamonds. The feedstock material in the form of 

powder ranging from 5 to 45 μm can be injected into the flame using argon or nitrogen as the 

carrier gas. Once the powder feedstock is injected, it melts or partially melts in the flame and 

deposit onto the substrate to produce metal, cermet, and ceramic coatings. However, powder 

feedstock limits the size of the particles that can be used to reach enough flowability 

[115][118][143][146]. 

The suspension High-Velocity oxy-fuel process (S-HVOF) technique uses a modified 

traditional gas-fueled HVOF torch, with axial injection inside the combustion chamber, to process 

liquid feedstock [147]. According to Bolelli et al. research work [147], the S-HVOF process 

appears highly versatile, allowing for a wide range of applications. It could provide high-density 

and wear-resistant coatings or porous coatings containing un-melted nanoparticle agglomerates for 

photocatalytic activity application. This process has been shown to provide superior results 

compared to APS or HVOF spraying techniques. 

Toma et al. [36] investigated the effect of spray parameters, such as spray distance and fuel 

flow rate, on the photocatalytically active TiO2 coatings produced with S-HVOF. The results 

presented the significant effect of spray parameters on the characteristics of the coating like 

crystalline phase, microstructure, surface morphology, thickness, and surface hydroxylation, as 

well as the capability of the coating to absorb the light, which are important factors on the 

photocatalytic efficiency of TiO2 coatings. 
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Chapter 3. Experimental procedures 

This chapter provides an overview of the materials, systems, experimental procedures, and 

characterization tests that were performed for this work. 

3.1 Materials 

Submicron-sized titanium dioxide (TiO2) powder (TKB Trading, Oakland-USA), Cerium 

(III) nitrate hexahydrate (Ce (NO3)3.6H2O) (99%, Sigma-Aldrich, St. Louis-USA) were used as 

feedstock materials for chapters 4, 5, and 6. Moreover, in chapter 7 of the thesis, micron-sized 

TiO2 powder (Metco 102- Metco Oerlikon, Fort Saskatchewan, Canada), nanostructured TiO2 

spray-dried powder (NEOXID T101 nano, Millidyne, Finland), copper oxide (Cu2O) powder (PI-

KEM, U.K.), aluminum oxide- 40% titanium dioxide powder (Al2O3- 40%TiO2) (Amdry 6257- 

Metco Oerlikon, Fort Saskatchewan, Canada), and aluminum oxide- 13% titanium dioxide powder 

(Al2O3- 13%TiO2) (Metco 130- Metco Oerlikon, Fort Saskatchewan, Canada) were used as 

feedstock materials to deposit antiviral coatings.  

3.2 Photocatalyst preparation 

3.2.1 Preparing TiO2 coatings with various anatase phase contents 

In this work, suspension plasma spraying (SPS) with different hydrogen (H2) flow rates 

was utilized to deposit TiO2 coatings with various phase contents, oxygen contents, and 

roughnesses. For feedstock, the suspension containing 20 wt. % commercial submicron-sized TiO2 

powder (TKB Trading, Oakland, CA) in deionized distilled water was prepared by magnetic 

stirring for 30 min while dispersing the powder with a 50 W sonicator. No dispersing agent was 

used in the suspension preparation.  An Axial IIITM plasma torch (Northwest Mettech Corp., 

Canada) was used for the suspension plasma spraying (Fig. 3.1). It has the advantage of having 

three independent cathodes/anodes working on three power supplies that could reduce the voltage 

fluctuation of the plasma jet with high deposition efficiency [148]. A cooling procedure was 

applied using compressed air impinging on the front surface of the coating and a water-cooled 

substrate holder to avoid overheating of the substrate during spraying and preserve a higher anatase 

content in the coatings [42]. 

Then, we performed post-treatment processes to eliminate the influence of the morphology 

and oxygen content variation on the photocatalytic activity of the coatings and could determine 

their efficiency just based on the anatase phase content. So as-sprayed coatings were polished to 

reach the same roughness, followed by heat treatment at 550 °C in the air for 48 hours using an 

open-ended tubular furnace (Lindberg, US).  
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Figure 3. 1 Mettech’s Axial III gun [149]. 

Eventually, all as-sprayed coatings and their polished heat-treated counterparts were 

characterized by various characterization tests. A flowchart summarizing the experimental work 

performed in Chapter 4 is provided below (Fig. 3.2). 

 
Figure 3. 2 Experimental flowchart for chapter 4. 

3.2.2 Preparing sub-stoichiometric TiO2-x coatings with various oxygen vacancy contents 

Sub-stoichiometric TiO2-x coatings were manufactured by suspension plasma spray (SPS) 

method with a radial 3 MB plasma torch (Oerlikon Metco, Switzerland), as shown in Fig. 3.3. 20 

wt. % water-based suspension was prepared using submicron-sized TiO2 powder (TKB Trading, 

Oakland, CA). Instead of playing with plasma spray parameters, which could affect all the coating 

characteristics, heat treatments in the air were applied at different temperatures in the range of 400-

550 ºC to vary the level of oxygen vacancies. Oxygen recapturing would happen during thermal 

treatment raising the level of oxygen content. This was done to prevent significant changes in the 
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other effective parameters (such as roughness, porosity, and crystalline phase) that may influence 

the photocatalytic efficiency. 

 
Figure 3. 3 3MB Plasma spray gun. 

Finally, various characterization tests were performed to evaluate the role of oxygen 

vacancies in the photocatalytic activity of the coatings. The experimental work of chapter 5 is 

depicted in Fig. 3.4. 

 
Figure 3. 4 Experimental flowchart for chapter 5. 
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3.2.3 Preparing Ce-doped TiO2 and CeO2-TiO2 composite coatings 

In this work, Ce-doped TiO2 coatings were produced using a hybrid suspension (SPS) and 

solution precursor plasma spraying (SPPS) approach. CeO2-TiO2 composite coatings were also 

deposited by the SPS process. Three types of water-based suspensions with 10 wt.% solid content 

were prepared for the plasma spraying to produce TiO2, Ce doped TiO2, and TiO2-CeO2 composite 

coatings, as depicted in Fig. 3.5. TiO2 powder (TKB Trading, Oakland, CA) was used as the source 

of TiO2 for all the suspensions. To produce composite coatings of TiO2 with CeO2, submicron 

CeO2 powder (99.9%, Sigma-Aldrich, St. Louis-USA) was used. While Cerium Nitrate (99%, 

Sigma-Aldrich, St. Louis-USA) dissolved in the water was utilized as a cerium precursor in Ce-

doped TiO2 coatings. 

 
Figure 3. 5 Schematic representation of three different suspensions used to produce pure TiO2, TiO2-CeO2 and Ce-

doped TiO2 coatings. 

An Axial IIITM plasma torch (Northwest Mettech Corp., Canada) was used to deposit 

coatings. The axial injection has the advantage of a more uniform treatment of spray materials than 

the radial injection plasma torch. Coatings were produced at two different spray conditions: low 

power and high power. A summary of experimental work performed in chapter 6 is shown in Fig. 

3.6. 

 
Figure 3. 6 Experimental flowchart for chapter 6. 
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3.2.4 Preparing antiviral coatings 

In this research work, TiO2, Cu2O, TiO2-Cu2O and TiO2-Al2O3 antiviral coatings were 

produced using different thermal spray processes, including atmospheric plasma spray (APS), 

suspension plasma spray (SPS), and suspension high-velocity oxygen fuel (S-HVOF). 10 wt.% 

water-based TiO2 suspensions were used to deposit TiO2 coatings by SPS and S-HVOF processes 

using Axial IIITM (Northwest Mettech Corp., Canada) and ID-Nova (Spraywerx technologies, 

Canada) plasma torches, respectively. The antiviral activity of coatings was investigated by 

different characterization tests. The experimental procedure performed in chapter 7 is shown in 

Fig. 3.7. 

 
Figure 3. 7 Experimental flowchart for chapter 7. 

3.3 Characterization of photocatalysts 

The phase identification of the TiO2 coatings was studied using the X-ray diffraction 

(XRD) technique using X'Pert Pro; PANalytical (Philips, Netherlands) and D8 Advance (Bruker, 

USA) with Cu Kα radiation (1.5418Å) and a step size of 0.02° in a range of 20-80°. The Raman 

spectra of the coatings on the polished cross-sections and top surfaces were recorded using a micro-

Raman spectrometer (inVia Reflex, UK) with a laser wavelength of 532 nm, objective 

magnification 50 x and 10 s exposure time. The surface elemental composition of the coatings was 

studied using an X-ray photoelectron spectroscope (XPS) (VG ESCALAB 250Xi, Thermo Fisher 

Scientific, USA) with an Al Kα radiation source (hʋ =1486.6 eV) and a spot size of 1300 μm in 

diameter. The chemical stoichiometry of the as-sprayed coatings and the starting powder was 
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quantified using thermogravimetric analysis (TGA). TGA analysis was conducted using a thermal 

balance (TGA Q500/Discovery MS, TA Instruments, US) where the powders were heated at 5 °C 

/min in the air to 1000 °C for 90 min to re-oxidize sub-stoichiometric TiO2-x. During TGA analysis, 

all samples were kept at 150 °C for 2 h to make them fully dried. Based on the re-oxidizing reaction 

of TiO2, the quantification of oxygen atoms (x) was calculated by the sample weight increment 

according to Eq. 3.2 [150][151][152][153]: 

𝑇𝑖𝑂2−𝑥 +
𝑥

2
𝑂2 → 𝑇𝑖𝑂2                                                                                                         (3.1) 

𝑥 =
∆𝑤

𝑤𝑚𝑜𝑙
𝑂

(2𝑊𝑚𝑜𝑙
𝑂 +𝑊𝑚𝑜𝑙

𝑇𝑖 )

(𝑊0+∆𝑊)
                                                                                                 (3.2) 

where ∆W is the weight increment, W0 is the initial weight of the samples, 𝑊𝑚𝑜𝑙
𝑂  and 𝑊𝑚𝑜𝑙

𝑇𝑖  

are the molar weight of oxygen and titanium. 

The presence of adsorbed species on the sample surfaces was characterized from infrared 

spectra in the range of 4000-600 cm-1 using an ATR-FTIR (Attenuated Total Reflectance-Fourier 

transform infrared) spectrometer (Nicolet 6700 / Smart iTR, Thermo Scientific, US). 

Top surface morphology and cross-sectioned microstructure were characterized using an 

ultra-high resolution cold-field emission scanning electron microscope (FE-SEM) (FESEM JSM 

7600TFE, JEOL, Japan and Regulus8230, Hitachi, Japan) equipped with an energy-dispersive X-

ray spectroscopy, secondary electron (SE) and backscattered electron (BSE) detectors. The three-

dimensional surface topography and arithmetic average roughness (Ra) of coatings were studied 

using a confocal laser microscope (LEXT OLS4000, Olympus, Japan). To characterize the coating 

surface and cover a large enough area, 25 single images were digitally stitched together and 

generated 3D maps of the surfaces. 

A UV-Visible-NIR spectrometer (Lambda 750, Perkin Elmer, US) was used to record the 

UV–Vis diffuse reflectance spectra of the coatings in the range of 340 to 600 nm. Moreover, the 

bandgap energy of the samples was measured based on the Tauc plot method and the following 

equations [36][154]: 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)𝑛                                                                                                                  (3.3) 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛(𝑒𝑉) = ℎ𝜈 =
1239

𝜆
                                                                                                         (3.4) 

where α is the absorption coefficient, Eg is the bandgap calculated from the extrapolation of the 

straight-line portion of the (αhν)1/n −hν plot, A (constant) is the slope of the linear region of the 

mentioned plot, λ is the wavelength, and n is 2.0 and 0.5 for indirect and direct allowed optical 

transitions, respectively. 

3.3.1 Photocatalytic activity measurements  

Organic dyes, commonly used by the dye industry and released into wastewater, are often 

used as a test pollutant to measure the effectiveness of photocatalytic activity in terms of pollution 

control [25]. In this research work, the photodegradation of TiO2 coatings was measured by the 

degradation rate of methylene blue, MB (C16H18CIN3S) when exposed to visible light. A TiO2 

sample with a surface area of 6.25 cm2 was placed in a testing cell filled with 30 mL of MB solution 

with an initial concentration (C0) and illuminated with two xenon arc lamps with an input power 

of 35 W each. A fan was used during the test to prevent the samples from being heated up by light 
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irradiation. The experimental setup is schematically shown in Fig. 3.8 (a). Sampling from the 

solution was taken every 30 minutes and analyzed with a UV-vis spectrophotometer (Evolution 

201, Thermo Scientific, US) at a wavelength of 664 nm, which corresponds to the maximum 

absorbance of MB, to monitor the decomposition of the MB solution (Fig. 3.8 (b)). Before 

irradiation, coatings were soaked in a MB solution and left in the dark for 60 minutes, allowing 

the MB molecules to adsorb onto the coating surfaces. After this time, the MB concentration (C0) 

was measured. Or the solution was substituted by a new 30 ml of MB solution and was placed 

inside the visible light setup. 

The MB solution without TiO2 coating was tested to determine the extent of degradation 

caused by photolysis under light irradiation. The concentration changes of MB were calculated 

using a pseudo-first-order kinetics equation, Eq. 3.5 [3]. 

𝑙𝑛 (
𝐶0

𝐶
) = 𝑘𝑡                                                                                                                             (3.5) 

Where C0 is the concentration of MB after 60 min in the dark, C is the MB concentration 

at each time interval, k is the apparent rate constant, and t is the irradiation time. The degradation 

percentage was also measured according to Eq. 3.6 [35]. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) =
(𝐶0−𝐶)

𝐶0
× 100                                                                                        (3.6) 

 
Figure 3. 8 (a) Schematic diagram of the photocatalytic setup for the visible lamp, and (b) UV-Vis absorption spectrum of the 

MB. 

3.3.2 Antiviral activity measurement 

The antiviral performance of selected coatings was assessed in a containment level 2 bio 

lab under UVA light (Fisher Scientific, Canada), ambient light, and dark conditions. Two UVA 

lamps with a wavelength of 365 nm and a power of 15 watts each were used. The UVA light 

intensity was reduced by decreasing the transmission to 1% using 2.0 OD UV-NIR Neutral Density 

Filters (88-275, Edmund Optics Inc., U.S.) to reduce the effect of UVA illumination killing the 

virus directly. The UVA lights and UV-NIR filters were placed approximately 7 cm and 2 cm 

away, respectively, from the surface of the samples, allowing for normal air circulation across the 

surface. The ambient light was provided using white LED lights, generally used to illuminate 

inside the fume hood. The intensity of the ambient light was measured at around 500 lux using a 

light meter (LANTEX LM-50KL, ON, Canada). 

 The antiviral activity of the coatings was assessed using the HCov-229E-Luc virus as a 

surrogate for the SARS‐CoV‐2 virus [155]. The HCov-229E-Luc virus contains a Luciferase 
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reporter gene allowing quantification of the relative amount of the viable virus in terms of Relative 

Luminescence Unit (RLU), determined by measuring the luminescence signal using a Luciferase 

assay [156].    

HCoV-229E-Luc stocks containing 1000 Plaque Forming Units (PFU) were prepared in 

Dulbecco's Modified Eagle Medium (DMEM) containing 2% Fetal Bovine Serum (FBS). A 50 µl 

of the virus solution was put on the surface of the coatings. The coatings were exposed to 

ambient/UVA light or kept in the dark. The virus was recollected from the coating surface by 

pipetting 100 µL of media (Dulbecco's Modified Eagle Medium) at the coatings’ surface at three-

time points, 0 min, 10 min, and 20 min after exposure. A fresh coating was used for the test at each 

time point. The retrieved virus was then used to infect Huh7 cells in triplicates. Huh7 cells are a 

human epithelial liver cell line derived from hepatoma tissue, which supports HCoV-229E 

replication. A Renilla-Glo Luciferase Assay System (catalogue number E2720, Promega), with 

Perkin Elmer plate reader (Ensight, Perkin Elmer), was used to quantify the virus infection. 

Furthermore, a copper plate (Cu), with high antiviral activity, and a stainless steel 304 plate (S.S.) 

with no antiviral activity were used as positive and negative control samples, respectively 

[157][158].  
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Preface to Chapter 4. 

 

 

 

 

As it was discussed in the previous chapters, one of the main objectives of this work is to 

perform a comprehensive study on the photoactivity of thermally sprayed TiO2 coatings. In this 

chapter, the role of the crystalline phase was investigated using systematic work to show the unique 

properties of the as-sprayed TiO2 coatings produced by suspension plasma spray (SPS).
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Chapter 4. Role of phase content on the photocatalytic performance 

of TiO2 coatings deposited by suspension plasma spray 1 

Abstract 

In this work, suspension plasma spraying (SPS) with different hydrogen (H2) flow rates was 

employed to produce TiO2 coatings with various phase contents, oxygen contents, and 

roughnesses. To eliminate the role of the morphology and oxygen content on the photocatalytic 

activity, all coatings were polished to reach the same roughness followed by heat-treatment at 550 

°C in air for 48 hours. Then coatings were analyzed by X-ray diffractometer (XRD), confocal laser 

microscope, scanning electron microscope (SEM), UV-visible spectrometer, Raman microscope, 

and thermogravimetric analyzer. The XRD data indicated that the percentage of anatase decreased 

as function of H2 flow rates, and almost 46% of anatase transformed to rutile during SPS process 

at the highest H2 flow rate. Moreover, the photocatalytic performance was evaluated by monitoring 

the degradation of methylene blue under visible light irradiation, and the results indicated that 

anatase phase positively enhances the photocatalytic activity of TiO2 coatings. 

Keywords: TiO2, Photocatalytic activity, Suspension plasma spraying, Crystalline phase, Oxygen 

vacancies 

 

4.1 Introduction 

Nowadays, the accessibility of drinking water is one of the main challenges in the world. 

According to the World Health Organization (WHO) prediction, half of the world’s population 

will experience water-stressed conditions by 2025 [41]. This condition raises an environmental 

concern to develop environment-friendly and economical water purification systems providing 

long-term health protection.  

Photocatalysis is a technique in which light is used to decompose organic compounds from 

waste-water [16][11][159]. Since Honda and Fujishima first found a strong oxidation and 

reduction power of photoexcited titanium dioxide (TiO2) in 1972, semiconductor photocatalysts 

have attracted much attention, especially for environmental treatments. TiO2 displays relatively 

high reactivity and chemical stability under UV light (λ<380 nm), whose energy exceeds the 

bandgap of 3.2 eV in the anatase crystalline phase [49]. This mechanism consists of the generation 

of electron-hole pairs through the jumping of the valence band charges (electrons) into the empty 

energy states of the conduction band upon absorption of photons (hν). The photo-generated 

electron-hole pairs migrate to the TiO2 surface, where the photogenerated holes (h+) oxidize 

 
1 This chapter has been published as a peer-reviewed article in the Journal of the European Ceramic Society, Hediyeh 

Khatibnezhad, Fabian Ambriz-Vargas, Fadhel Ben Ettouil, Christian Moreau, Journal of the European Ceramic 

Society 42 (2022) 2905-2920. 
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adsorbed water or hydroxyl molecules to produce highly reactive hydroxyl radicals (•OH) while 

the photo-excited electrons (e-) reduce molecular oxygen (O2) to generate superoxide radical 

anions (O2−). These reactive species are responsible for the photocatalytic decomposition of the 

organic compounds [35][150][160][161].  

However, one of the significant problems in using TiO2 as a catalyst is its low reactivity 

under visible light (λ> 400 nm), which limits its application for using the main part of the solar 

spectrum. Moreover, it has low photo-quantum efficiency, resulting from the fast recombination 

of photo-generated electrons and holes [162]. 

The photocatalytic degradation rate of organic compounds primarily depends on the 

crystalline phase of titania (TiO2). Anatase and rutile are the two main crystalline phases of titania. 

A fine pure anatase powder would irreversibly transform to rutile at temperatures higher than 600 

ºC [163]. However, the phase transition temperature could be changed from 400 to 900 °C, 

depending on some parameters like oxygen vacancies, impurities, and the atmosphere 

[164][165][37][137].  

It has been reported that the phase mixture of both polymorphs shows better photocatalytic 

activity compared to pure phases due to the synergistic effects between them [166][22]. Yet, for 

single-phased titania, the photocatalytic performance of anatase is generally higher than its rutile 

counterpart in all types of reaction media [22][37][38][39]. Although the larger bandgap of anatase 

(3.0 eV for rutile and 3.2 eV for anatase)  causes lower absorbance ability towards solar light, it 

may enhance the redox power of charge carriers and surface adsorption capacity to hydroxyl 

groups attributed to the different position of the conduction and valence bands and higher Fermi 

energy of anatase [22][36][38]. Recently, some theoretical studies have indicated that anatase 

exhibits an indirect bandgap. In contrast, rutile is a direct bandgap semiconductor with much faster 

recombination and a shorter lifetime of photoexcited electrons and holes. In the direct 

semiconductors, photo-generated electrons recombine directly with photo-generated holes, and a 

photon is emitted afterward. However, direct recombination of charge carriers in the conduction 

band minimum and valence band maximum is not possible in the indirect semiconductors, and a 

phonon is needed for recombination[22][38]. Therefore, anatase shows a longer electron-hole 

lifetime and exciton diffusion length that makes it more favorable for photo-generated charges to 

migrate from the bulk to the surface to drive surface chemical reactions and improve the 

photocatalytic performance [22][38][40]. Literature suggests that anatase has a higher charge 

carrier mobility and fastest migration of photo-generated charges from the bulk to surface due to 

the lightest average mass of charge carriers compared to rutile. Also, based on Luttrell’s work [22], 

it is known that photo-generated electron-hole pairs excited deeper in the bulk could participate in 

photoreactions in anatase, hence, this phase has a higher charge diffusion length compared to rutile. 

The larger charge diffusion length of anatase may originate from its longer charge carrier’s lifetime 

and/or its higher charge carrier mobilities. 

 Odling et al. [41] reported the existence of free hydroxyl radical production (OHf
•) in the 

TiO2/water interface of anatase phase, while in the rutile phase only surface-bound hydroxyl 

radicals (OHs
•) are detected. Free hydroxyl radicals (OHf

•) could degrade organic contaminants at 

the surface and in the bulk solution for water purification. Whereas surface-bound radicals (OHs
•) 

are able to degrade pollutants only at the surface. This might be one justification for superior 

photocatalytic performance of anatase phase than that of rutile phase, and possibly have relevance 

to other photocatalytic materials and applications. Besides phase composition, there are several 

parameters that could affect the photocatalytic activity. In our previous work [150], sub-

stoichiometric TiO2-x coatings were produced by suspension plasma spraying from a water-based 
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suspension of anatase powder. This study clarified the influence of the oxygen vacancy 

concentration on the optical properties and photocatalytic activity of sub-stoichiometric TiO2-x 

coatings. Literature suggests that oxygen deficiency induces sublevel states at the conduction band 

(CB) bottom of sub-stoichiometric TiO2-x, which is responsible for improving the photocatalytic 

efficiency of coatings [138][167][139][66]. 

Shayegan et al. reported the critical role of the surface area in the photocatalytic 

performance [83]. It was indicated that the photocatalytic activity improved with increasing the 

catalyst’s surface area by increasing the number of active sites for initiating the reaction [3][83]. 

Moreover, a higher density of localized states resulting from a higher surface area would be of 

great benefit for increasing the charge carrier lifetime of TiO2 photocatalyst by introducing some 

trapping sites [37]. TiO2 nano-sized powders have a higher specific surface area, which is of vital 

benefit for photocatalytic activity. However, most of the applications of photocatalytic 

decomposition are reported to be carried out in aqueous media, so the powder recycling processes 

are troublesome. This technological challenge could be overcome by using TiO2 coatings. The 

resulting surface reduction could be compensated by producing nano- and micro-structured TiO2 

coatings [168][35][113].  

TiO2 coatings have been produced by various techniques; among them, thermal spray 

processes are of high interest as economic prospects for industrial scale-up. Spray processes have 

other advantages, such as producing a wide variety of high-quality coatings and flexibility, which 

allows using various substrates with different shapes and sizes [114]. Suspension plasma spray 

(SPS) can use finely dispersed powders and produce nanostructured coatings with high specific 

surface area, presenting several advantages over conventional techniques [43]. 

In this work, water-based suspension of fine TiO2 particles was internally injected in a 

plasma torch to obtain photocatalytic active TiO2 coatings with different anatase contents. After 

coating deposition, all samples were polished and heat-treated in the air at 550 ºC in a tubular 

furnace until the surface roughness and oxygen content were almost the same in all coatings. 

Evaluating the effect of the anatase phase on the photocatalytic activity of the suspension plasma 

sprayed TiO2 coatings is the principal objective of this work by keeping constant most of the other 

affecting factors on the photocatalytic performance. 

4.2 Experimental methodology  

4.2.1 Suspension preparation 

TiO2 coatings were deposited using suspension plasma spray process. Submicron-sized 

titanium dioxide powder (TKB Trading, Oakland-USA) was used as a feedstock material with an 

average particle size of ~ 135 nm (Fig. 4.1 (a)) and a crystallography composition of pure anatase 

phase (Fig. 4.1 (b)). The as-received powder was suspended in deionized water to form an aqueous 

suspension with a solid content of 20 wt.% without adding any dispersing agent. Effective mixing 

was provided using a magnetic stirrer while breaking down the large agglomerates by using a 

sonicator. The prepared suspension demonstrated a good stability during SPS process without any 

detectable sedimentation. The size distribution of the particles in suspension was measured using 

a Spraytec unit (Malvern Instruments, UK). The results in Fig. 4.1 (c) shows a d50 = 0.39 µm for 

the suspension.  
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Figure 4. 1 (a) SEM micrograph and (b) XRD pattern of the feedstock TiO2 powder, (c) particle size distribution of 

the water-based suspension. 

4.2.2 Plasma spray processing and sample preparation  

The water-based TiO2 suspension was deposited by suspension plasma spraying using an 

Axial IIITM plasma torch (Northwest Mettech Corp., Canada) with a gas mixture of Ar, H2, and 

N2. This deposition technology combines an axial injector with an automatic suspension feed 

system (NanoFeedTM, Northwest Mettech Corp., Canada) that ensures the correct delivery of the 

atomized feedstock suspension into the central core of the plasma while monitoring the suspension 

flow rate and density during spraying with a Coriolis flowmeter (Endress+Hauser, Canada). 

Moreover, the deposition system contains a plasma torch consisting of three cathodes/anodes 

working on three power supplies.  

The TiO2 suspension was introduced in the plasma jet through an injector with an internal 

diameter of 1.8 mm placed right behind the torch convergence at a feed rate of about 45 mL/min, 

as shown in Fig. 4.2. The spray distance for all samples was 75 mm.  

 
Figure 4. 2 Schematic representation of the suspension plasma spray system using an Axial IIITM plasma torch. 

The substrates used in this study were flat 304 stainless steel coupons with dimensions of 

25×25×5 mm3. The substrate surfaces were grit-blasted by 80 grit Al2O3 particles to enhance 

adhesion properties, followed by ultrasonic cleaning in acetone to remove contamination and 

residues from blasting. Surface profilometry showed an average roughness Ra of 4 µm for grit-

blasted substrates before deposition. Coatings were produced by 20 consecutive passes of a full 

spray raster with a 3 mm overlay distance with a linear torch velocity of 1 m/s. A cooling procedure 

was applied using a compressed air impinging on the front surface of the coating and a water-

cooled substrate holder to avoid overheating of the substrate during spraying and preserve a higher 

anatase content in the coatings [42]. 

As the substrate temperature might affect the coating stoichiometry in plasma spray, a 

ThermoVision IR camera (A 320, FLIR, US) was used to monitor the substrate temperature during 

the experiment. Prior to deposition, the substrates were preheated by the plasma torch to a 
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temperature of 100 oC to drive off adsorbed moisture from the substrate and provide a dry surface 

to the first impacting particles [169]. TiO2 coatings with different anatase contents were produced 

at four deposition conditions where the gas mixture ratio was the only varied parameter. Details of 

operating parameters are described in Table 4.1. As can be seen, the concentration of the H2 gas 

used in the gas mixture has a strong influence on the plasma power gun, which affects the substrate 

surface temperature during the deposition process. Two groups of coatings were prepared: one in 

the as-sprayed condition while the coatings of the second group were polished and heat treated in 

air at 550 oC for 48 hours in an open-ended tubular furnace (Lindberg, US). This coating treatment 

was performed to reduce the potential influence of the morphology and oxygen content on the 

photocatalytic activity of the as-sprayed coatings. Based on our previous work [150], sub-

stoichiometric TiO2-x coating was reached to almost fully oxidized TiO2 without any major phase 

changes after thermal treatment at 550 oC.  

Table 4. 1 SPS deposition parameters for TiO2 coatings on the stainless-steel substrates. 

Conditions 
Current 

(A) 

Gas flow 

(SLPM) 

Gas mixture 
Power 

(kW) 

Substrate temp. during 

the deposition 

(°C) 
Ar (%) N2 (%) H2 (%) 

A-15H2 

220 

245 75 10 15 90 250 

B-11H2 233 78 11 11 85 220 

C-7H2 223 82 11 7 78 150 

D-3H2 213 85 12 3 75 140 

4.2.3 Structural and microstructural characterization  

The phase identification of the coatings was investigated by X-ray diffraction (XRD) using 

an X’Pert Pro; PANalytical (Philips, Netherlands) with Cu Kα radiation and in a range of 20-80° 

with a step size of 0.02°.  Phase quantification of rutile and anatase was determined by Rietveld 

refinement using HighScore Plus software (Malvern PANalytical, UK). Li et al. [170] reported the 

existence of the preferred orientation of plasma sprayed TiO2 coatings on different substrates. 

Based on the literature, Rietveld refinement is a reliable method for accurate phase composition 

measurements of thermal sprayed coatings by considering preferred orientation in the anisotropic 

thermal sprayed coatings [171].  

The morphology (top surface and polished cross-section) of each film was evaluated using 

a field emission scanning electron microscope (FESEM JSM 7600TFE, JEOL, Japan) with an 

accelerating voltage of 15 kV. A confocal laser microscope (LEXT OLS4000, Olympus, Japan) 

was utilized to quantify the arithmetic average roughness (Ra) and surface ratio of coatings. The 

resulting 3D maps of the coatings’ surfaces were generated by digitally stitching 25 single images 

(5 by 5) to cover a large enough area to be representative of the coating surface.  

The phase distribution on the polished cross-section of the as-sprayed coatings before heat 

treatment was monitored using Raman spectrometer (Horiba, USA). This technique has been 

widely used as a quick method to discern the surface crystal structure of TiO2 coatings with higher 

sensitivity and spatial resolution compared to XRD [150][86][172]. These measurements were 

conducted at room temperature using an Olympus BX-41 confocal microscope with a 50 x 

objective magnification (NA= 0.7), a focal spot diameter of 1.3 µm, and a hardware resolution of 

approximately 1 cm per pixel. A laser wavelength of 473 nm was produced by the linearly 

polarized Cobolt Blues 25 mW diode-pumped solid-state laser (DPSS). Moreover, the top surface 

Raman spotting and mapping of the coatings after heat treatment were performed by a Raman 
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spectrometer (inVia Reflex, UK) with a laser wavelength of 532 nm (spot size ~2 µm), objective 

magnification 50 x and 10 s exposure time.  

4.2.4 Chemical and optical characterization  

The chemical stoichiometry of the as-sprayed coatings and the starting powder was 

quantified using thermogravimetric analysis (TGA). Given the small size of the TGA crucible, it 

was necessary to perform a special sample preparation procedure to make the coatings suitable for 

the thermogravimetric analysis. This procedure consisted of the detachment of TiO2-x coatings and 

turning them into powder in an agate mortar. The collected powder obtained from the coatings was 

analyzed by the TGA system. TGA analysis was conducted using a thermal balance (TGA 

Q500/Discovery MS, TA Instruments, US) where the powders were heated at 5 °C /min in air to 

1000 °C for 90 min to re-oxidize sub-stoichiometric TiO2-x. During TGA analysis, all samples 

were kept at 150 °C for 2 h to make them fully dried.  

Based on the re-oxidizing reaction of TiO2, the quantification of oxygen atoms (x) was 

calculated by the sample weight increment according to Eq. 4.2 [150][151][152][153]: 

𝑇𝑖𝑂2−𝑥 +
𝑥

2
𝑂2 → 𝑇𝑖𝑂2                                                                                                         (4.1) 

𝑥 =
∆𝑤

𝑤𝑚𝑜𝑙
𝑂

(2𝑊𝑚𝑜𝑙
𝑂 +𝑊𝑚𝑜𝑙

𝑇𝑖 )

(𝑊0+∆𝑊)
                                                                                                (4.2) 

where ∆W is the weight increment, W0 is the initial weight of the samples, 𝑊𝑚𝑜𝑙
𝑂  and 𝑊𝑚𝑜𝑙

𝑇𝑖  

are the molar weight of oxygen and titanium. 

The bandgap energy of the as-spray coatings was calculated with the Tauc plot method 

using the absorption spectra obtained from a UV-Visible-NIR spectrometer (Lambda 750, Perkin 

Elmer, US), as shown in Eq. 4.3, and 4.4 [150][36][154] : 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)𝑛                                                                                                                 (4.3) 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛(𝑒𝑉) = ℎ𝜈 =
1239

𝜆
                                                                                                                            (4.4) 

where λ is wavelength, A is a constant given by the slope of the linear region in the (αhν)1/n 

−hν plot, Eg is the optical energy gap of the material calculated from the extrapolation of the 

straight-line portion of the mentioned plot, and n is the characteristic of the optical transition 

process type, which is 2.0 and 0.5 for indirect and direct allowed optical transition, respectively. 

4.2.5 Photocatalytic activity characterization  

In this project, the coating’s photocatalytic activity was assessed by measuring the 

decoloring rate of methylene blue, MB (C16H18ClN3S) as a test pollutant according to ISO 

10678:2010 [79]. In the textile industry, organic dyes are recognized source of pollution that 

conventional industrial treatment method cannot effectively remove them from waste-water 

[163][25]. First, the tested coated coupon with 2.5 x 2.5 mm2 surface area was immersed in the 30 

ml of MB solution with 2×10-5 M concentration for 1 hour in the dark to complete the adsorption 

of MB molecules on the surface of the coating. Subsequently, the solution was substituted by 30 

ml of MB solution with 10-5 M concentration (C0) and was placed inside the visible light setup. 

This setup is equipped with two xenon arc lamps with an input light power of 35 W each, and a 
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cooling fan was used to prevent further heating by light irradiation. The decomposition rate of MB 

was monitored by measuring the maximum absorbance of MB at wavelength of 664 nm every 30 

min using a UV-vis spectrophotometer (evolution 201, Thermo Scientific, US).  

A blank test without TiO2 coating was performed by irradiating MB solution under visible 

light to evaluate the photolysis phenomenon. The rate constant of the pseudo-first-order reaction 

(k) and the degradation percentage was measured using Eq. 4.5 and Eq. 4.6, respectively [3][35].  

𝑙𝑛 (
𝐶0

𝐶
) = 𝑘𝑡                                                                                                                                        (4.5) 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) =
(𝐶0−𝐶)

𝐶0
× 100                                                                                         (4.6) 

where C0 is the initial concentration of MB (10-5 M), C is MB concentration at each time 

interval, and t is the irradiation time.  

4.3 Results and discussion  

4.3.1 Structural, microstructural, and chemical composition characterization 

4.3.1.1 X-ray diffraction 

The XRD patterns of the TiO2 coatings deposited at different spray conditions and the 

derived information are shown in Fig. 4.3 (As-sprayed) and Table 4.2, respectively. Generally, all 

coatings show XRD patterns with the characteristics of Bragg reflection peaks of two main phases 

of TiO2, anatase, and rutile. XRD results clearly indicate the significant influence of the H2 flow 

rate on the anatase content. According to Table 4.2, the anatase content decreased with increasing 

H2 flow rate from 84% in Sample D-3H2 to 56% in Sample A-15H2. As can be seen in this table, 

the structural composition of all thermally sprayed coatings changed from single anatase phase 

(from the feedstock powder) to mixed phase of anatase combined with rutile after deposition, while 

anatase remains as the predominant phase in all as-sprayed coatings. To maximize anatase phase 

formation, the substrate temperature during deposition was minimized by using the water cooling 

and air cooling systems. In this work, all samples were heat-treated at 550 °C to increase the 

oxygen level of the sub-stoichiometric coatings to fully stoichiometric TiO2. Based on Fig. 4.3 

(Polished heat-treated) and Table 4.2, a minor phase change of anatase to rutile was observed in 

the heat-treated coatings. 

Compared to our previous work [150], a higher anatase phase content is obtained in the 

current study using a high-power axial injection plasma torch, which leads to a higher in-flight 

particle velocity. Colmenares-Angulo et al. [45] indicated that an increase on the impact velocities, 

the anatase content would be increased by improving flattening/solidification rates and increasing 

the tendency for undercooling.  

Based on the literature, rutile would be formed from equilibrium solidification, while 

anatase nucleation is favor in non-equilibrium solidification conditions [43][42][173][45]. During 

plasma spraying, anatase feedstock would either transform to rutile phase depending on the 

melting level of the particles [133][44] or recrystallize into anatase phase under non-equilibrium, 

rapid quenching conditions of spraying [45]. Mauer et al. [42] and Bannier et al. [172] showed the 

impact of the substrate temperature and substrate cooling on the anatase content of the plasma 

sprayed coatings. It has been reported that higher H2 flow rate would increase the thermal 

conductivity of the plasma torch that favors the formation of rutile phase [174].  
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Figure 4. 3 X-ray diffraction patterns of as-sprayed TiO2 coatings and polished heat-treated samples, where A 

denotes the anatase phase and R the rutile phase. 

 

Table 4. 2 Phase content and crystallite size of the coatings derived from Fig. 4.3.  

Sample Anatase Rutile 
Crystallite size (nm) 

Anatase Rutile 

A-15H2 
As-sprayed 56 44 53 36 

Polished heat-treated 42 58 91 36 

B-11H2 
As-sprayed 65 35 50 38 

Polished heat-treated 55 45 103 47 

C-7H2 
As-sprayed 80 20 57 51 

Polished heat-treated 75 25 112 72 

D-3H2 
As-sprayed 84 16 61 62 

Polished heat-treated 79 21 109 79 

4.3.1.2 Coating microstructure and crystalline phase distribution   

The effect of the different H2 flow rates on the microstructure of the plasma sprayed TiO2 

coatings is presented in Figs. 4.4 and 4.5. According to the SEM micrographs of the coating top 

surfaces (Fig. 4.4), distinctive rounded bumps of cauliflower-like surface morphology can be 

observed for coatings deposited at higher H2 flow rates (samples A-15H2 and B-11H2). While 

decreasing the secondary gas flow rate resulted in smoother surface morphologies (samples C-7H2 

and D-3H2). The microstructure variation in the coatings can be attributed to the evolution of the 

suspension droplets during spraying in the plasma plume [43].  
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Figure 4. 4 Top surface SEM micrographs of the as-sprayed TiO2 coatings produced at different H2 flow rates.  

Based on the cross-section micrographs (Fig. 4.5), the thickness of the as-sprayed coatings 

increased by increasing hydrogen flow rate of the plasma gas. In this study, the average film 

thickness/pass for samples A-15H2, B-11H2, C-7H2, and D-3H2 was about 11, 9, 7, and 5 µm, 

respectively. It could be concluded that, at a higher hydrogen flow rate, better suspension 

atomization might lead to higher deposition efficiency in the plasma sprayed coatings. Chen et al. 

[175] reported an ideal thickness of around 5 µm for TiO2 coating to show the highest 

photocatalytic activity under the light wavelength of 365 nm. According to the literature, the 

maximum photocatalytic reaction rate was attained by complete adsorption of light in the optimum 

film thickness. While at lower film thicknesses, the insufficient light absorption could decrease the 

photoactivity. Moreover, the reaction rate would stay unchanged at higher thicknesses since the 

diffusional length of the photo-generated electron-hole pairs to the catalyst/liquid interface will 

not change [175][176]. Therefore, in the present study, the thickness variation is not expected to 

have any significant impact on the photocatalytic efficiency of the different coatings.  

As shown in Fig. 4.5, porosity of the as-sprayed coatings increased by increasing hydrogen 

flow rate of the plasma gas. The relation between the microstructure and the operational parameters 

of plasma spray was described by Fauchais et al., especially when hydrogen is a secondary plasma 

gas [126]. It has been indicated that voltage fluctuations result from arc instability in plasma torch 

could change plasma characteristics such as velocity. Depending on the voltage fluctuation, the 

penetration of suspension drops would be reduced, and some partially melted particles would 

impact the substrate to produce porous coating [126][177]. However, it should be noted that the 

Axial IIITM plasma torch used in this study is constituted of three independent cathodes/anodes. 

This feature would effectively decrease voltage fluctuation in the plasma jet and allow injecting 

feedstock suspension right through the hottest side of the plasma jet. Consequently, lower porosity 

on the coatings produced at lower plasma power, like samples C-7H2 and D-3H2, might be 

attributed to the non-molten particles filled the pores after impacting onto the surface.  

The micrographs illustrated in Fig. 4.5 present mechanically stable coatings firmly bonded 

to the substrate with a crack-free interface. Generally, all coatings are composed of a bimodal 

microstructure of molten and non-molten particles. Dense zones of fully melted particles appear 
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as the light grey areas. However, porous zones could stem from either agglomerated un-melted 

fine particles or large pores that can be observed as dark grey zones and black areas, respectively. 

As can be seen in Fig. 4.5, black zones of large pores and light grey areas of melted particles are 

prominent in coatings A-15H2 and B-11H2. However, dark grey areas of un-melted agglomerated 

fine particles with a size close to the starting powder are dominant in the coatings C-7H2 and D-

3H2 that were produced at low plasma power conditions. That might be a reason explaining the 

large content of anatase phase present in C-7H2 and D-3H2 coatings since un-melted fine particles 

are usually attributed to anatase phase [45][178]. 

 
Figure 4. 5 Cross-section SEM micrographs of the as-sprayed TiO2 coatings produced at different H2 flow rates 

from lower to higher magnification, where coatings’ thicknesses at different conditions are as follow: A-15H2: 222 ± 

4 µm, B-11H2: 185 ± 5 µm, C-7H2: 140 ± 4 µm, D-3H2: 100 ± 3 µm. 
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The crystallographic phase distribution associated with the molten and non-molten areas 

(in Fig. 4.5) was studied by Raman spectroscopy analysis on the coatings’ cross-sections of as-

sprayed samples. Raman spectra of all as-sprayed coatings at these two different areas are 

presented in Fig. 4.6. Based on the literature, six characteristic peaks at 144, 197, 399, 513, 519, 

and 639 cm−1, and four characteristic peaks at 143, 236, 447, and 613 cm-1 are considered as the 

fingerprints of anatase and rutile phases, respectively [114][179][180]. In Fig. 4.6, only one band 

was detected for the peaks located at 513 and 519 cm-1 due to overlapping. Although Raman result 

was not influenced by this overlapping because these bands were not used for phase detection.  

 
Figure 4. 6 Raman spectra results in the molten and non-molten regions on the coatings’ cross-sections of as-

sprayed samples deposited at different deposition parameters (as seen in Fig. 4.5), which A denotes the anatase 

phase and R the rutile phase. 

Raman spectra of the molten particles present peaks at both anatase and rutile positions for 

coatings produced at higher hydrogen flow rates (A-15H2 and B-11H2), while coatings sprayed at 

lower hydrogen flow rates (C-7H2 and D-3H2) only show anatase peaks. Fully melted zones are 

typically considered as rutile phase [181]; however, metastable anatase phase can recrystallize 

from the liquid particles under non-equilibrium, rapid quenching conditions of thermal spraying 

solidification when the temperature is below 0.88 TiO2 melting point (Tm=2130 K), as shown in 

Fig. 4.7 [43][42][45][44]. According to the Titanium-Oxygen phase diagram [182], the melting 

point of sub-stoichiometric TiOx (x=1.95) is decreased to 2023 K. 
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Figure 4. 7 Heating-Cooling diagrams of the feedstock powder in spraying conditions, which Tm is TiO2 melting 

point (~2130 K). (a) rutile nucleation, and (b) anatase nucleation [Adapted from references [42] and [45]]. 

As can be seen, in all as-sprayed coatings, anatase was the only phase found in the un-

melted areas, confirming that these regions did not have any crystallographic transformation 

during the spraying process. Based on the SEM micrographs (Fig. 4.5), the un-melted regions are 

basically composed of fine particles coming from starting powder that were embedded in the 

thermally sprayed coatings. In the water-based suspension, high vaporization enthalpy of water 

(2.3 ×106 J kg-1) would cool down the plasma jet and leave some un-melted particles with the same 

size, morphology, and crystalline phase from the feedstock [183].  

A more precise study on the phase distribution of anatase and rutile at the top surface of 

the heat-treated coatings was also investigated by Raman spectroscopy. According to Figs. 4.8, 

and 4.9, both Raman bands of rutile and anatase phases were observed for samples A-15H2 and B-

11H2 that were produced at higher H2 flow rates. While only anatase phase was detected in Raman 

spectra of samples C-7H2 and D-3H2.  

Compared to XRD technique, Raman spectroscopy is considered a fast and simple method 

for surface crystal structure detection with a low depth of field of few micrometers (~4 μm) in a 

narrow spot size of about 1.5 μm. Whereas X-ray used in XRD machine for phase quantification 

could penetrate around 20 μm in TiO2 coatings in a larger spot size (a few mm2) [86][172]. As 

mentioned before, the diffusional length of charge carriers to the catalyst/liquid interface is about 

5 µm for TiO2 coating [175][176]. It is apparent from the literature that the photocatalytic 

performance of TiO2 coating is associated with the anatase content at the surface where it is directly 

exposed to the pollutant and light. Although, the surface region might have a different crystalline 

phase than that of bulk material, especially when it is heated close to the phase transition 

temperatures [36][86][135][184].  
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Figure 4. 8 Raman spectra results at the top surface of the polished heat-treated coatings, where A denotes the 

anatase phase and R the rutile phase. 

 
Figure 4. 9 Raman maps of the spatial distribution of characteristic Raman peaks for the polished heat-treated 

coatings, where red color represents anatase peak at 197 cm-1, and blue color corresponds to rutile peak at 447 cm-1. 
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4.3.1.3 Coating surface roughness 

Confocal laser microscope results of all coatings before and after polishing are presented 

in Figs. 4.10, 4.11, and Table 4.3. As can be seen, the surface roughness and surface ratio of the 

as-sprayed samples increased with the increasing secondary gas flow rate of H2. According to Figs. 

4.4, and 4.10, higher surface roughness is attributed to the presence of a cauliflower-like structure 

that could increase surface area. In SPS, the roughness of coatings tends to increase with thickness 

particularly due to the shadow effect. As presented in Fig. 4.5, the higher the H2 flow rate, the 

higher the thickness. This is likely the main reason why the roughness increased with increasing 

the H2 flow rate.  

In this work, all samples were polished to reduce the influence of roughness and surface 

area on the photocatalytic performance of the tested coatings, as shown in Fig. 4.11. 

 
Figure 4. 10 3D images of the top surfaces of the as-sprayed coatings obtained by the confocal laser microscope. 
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Figure 4. 11 3D images of the top surfaces of the coatings after polishing achieved by the confocal laser 

microscope. 

Table 4. 3 Average surface roughness (Ra) of the samples before and after polishing. 

Sample Surface roughness parameter A-15H2 B-11H2 C-7H2 D-3H2 

As-sprayed 
Ra (µm) 8.5 ± 0.31 5.5 ± 0.14 3.7 ± 0.07 2.9 ± 0.09 

Surface ratio 1.86 1.80 1.73 1.65 

After polishing 
Ra (µm) 0.96 ± 0.02 0.94 ± 0.02 0.97 ± 0.03 0.93 ± 0.007 

Surface ratio 1.39 1.41 1.43 1.39 

4.3.1.4 Oxygen content measurement by TGA 

TGA analysis was employed to quantify the oxygen content of the as-sprayed coatings, as 

shown in Fig. 4.12. The calculated stoichiometry of the coatings is provided in the figure label. 

Based on the results, as the hydrogen content in the plasma gas mixture varies, not only the 

structural and microstructural properties are affected, but also there is a deviation in the coatings’ 

chemical stoichiometry. According to the results, samples A-15H2 presented the lowest amount of 

oxygen content (TiO1.945). While, with increasing H2 flow rate, the oxygen vacancy content was 

increased in the coatings. Similar results were reported by Lee et al. [152]. 

It has been indicated that the intense heating of the starting TiO2 powder in the plasma jet 

could favorably generate oxygen deficiency, which can be promoted by increasing hydrogen as a 

secondary gas in the plasma mixture due to its reductive properties. Also, the oxygen vacancy level 

has been associated with the in-flight particle temperature. As a result, highly stoichiometric TiO2 

starting powder would change to sub-stoichiometric TiO2-x (n-type semiconductor) during plasma 

spraying in the as-sprayed coatings [134][45].  

According to the findings of F. Millot et al. [185], oxygen vacancies could exist in sub-

stoichiometric TiOx samples with an x=1.999. Based on Fig. 4.12, TGA results presented a 

stoichiometry variation from TiO1.945 to TiO1.964. This off-stoichiometry order is enough to ensure 

the presence of oxygen vacancies. Additionally, Szot et al. [186] reported that for the hypothetical 

disorder around x= 0.0625-0.027, shear planes would be formed in [132] direction. 

According to the literature, both oxygen vacancy and electrons would be produced through 

hydrogen/TiO2 interaction, in which Ti3+ ions would be generated afterward by the electrons 

trapping in Ti4+ lattice sites [66]. Accordingly, a color shift could be observed from yellowish-

white to dark-grey, depending on the amount of oxygen loss and because of Ti3+ ions’ 
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concentration while pure and super stoichiometric samples are fully transparent [135] 

[62][63][64][65][136].  

Based on our previous work [150] we concluded that in a bimodal microstructure of molten 

and non-molten SPS TiO2 coatings, fully melted particles lost some oxygen during plasma 

spraying leading to the formation of re-solidified sub-stoichiometric titania. However, the un-

melted particles, composed of particles coming from starting powder, remained stoichiometric. In 

the current study, both anatase and rutile were detected in samples A-15H2 and B-11H2, while only 

anatase phase was detected in the molten area of samples C-7H2 and D-3H2 (Fig. 4.8). As a result, 

both sub-stoichiometric anatase and rutile phases could be formed during the spraying process. 

This finding agrees with the experimental evidence demonstrated by others to show the existence 

of oxygen vacancies in rutile [152] and anatase phases [187]. According to the literature, there are 

various strategies for effectively introducing oxygen deficiency in TiO2 based nanomaterials, such 

as thermal annealing in an inert gas atmosphere (vacuum or argon gas) and reducing gas 

environment (hydrogen gas) [188]. The stoichiometry of the as-sprayed sample produced in this 

work is similar to that of samples reported by Tsuyumoto et al. [189], which were annealed at 950 

°C in the pure H2 atmosphere for one hour. It indicates that plasma spraying appears a more 

effective, safer, and faster way to produce sub-stoichiometric TiO2-x. 

 
Figure 4. 12 TGA curves of the as-sprayed TiO2 coatings obtained at different spray conditions. They were heated 

in the air to 1000 °C and holding at that temperature for 90 min. 

Besides the TGA analysis, the intensity of the XRD peaks could provide evidence of the 

oxygen vacancies presented in the as-sprayed coatings. Richter et al. [190] reported that the 

intensity of the (101) and (111) rutile peaks is more pronounced for sub-stoichiometric samples. 

As shown in Fig. 4.3, the intensity of both diffraction planes increased with increasing oxygen 

vacancy content in the coatings produced at higher hydrogen flow rates (samples A-15H2 and B-

11H2). Moreover, based on the literature [190], the intensity of (110) rutile peak would be 

increased for nearstochiometric TiO2 samples. However, our XRD results (Fig. 4.3) showed a 

stronger (110) peak intensity for samples A-15H2 and B-11H2 with higher oxygen deficiency. This 

contradiction could be explained by the other aspects affecting XRD peak intensities like 

crystallographic texturing effects [190].      

As reported in our previous work [150], as-sprayed coatings would be transformed to 

almost fully stoichiometric TiO2 by oxidation after heat treating at 550 ºC for 48 hours. Fig. 4.13 
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is shown the coatings’ color before and after heat-treatment. In as-sprayed coatings, sample A-

15H2 presented the darkest color while the color became brighter with decreasing hydrogen flow 

rate for sample D-3H2, confirming the different oxygen vacancy levels produced at various 

spraying conditions. As can be observed, after thermal treatment, the color changed to white in all 

coatings suggesting that oxygen content raised in the coatings close to stoichiometric TiO2. 

 
Figure 4. 13 The color difference between the as-sprayed TiO2 coatings and polished heat-treated samples owing to 

oxygen recapturing. 

4.3.2 Optical characterization 

The UV-Vis absorption spectra of the as-sprayed coatings and after heat treatment are 

given in Fig. 4.14. The absorbance of the all as-sprayed coatings was shifted to higher values from 

that of the starting powder, whereas sample A-15H2 showed the highest absorption in the visible 

range compared to the other samples produced at lower hydrogen flow rates. The results also 

indicated that dark grey as-sprayed coatings showed higher absorption than the thermally treated 

counterparts with a brighter color. As can be seen, there is less difference in the absorption and 

bandgap values of all heat-treated coatings. 

The calculated direct and indirect bandgaps based on the UV-Vis absorption spectroscopy 

measurements are presented in Fig. 4.15 and Table 4.4. According to our results, bandgap energies 

of the as-sprayed coatings decreased as the hydrogen flow rate increased, and the lowest direct and 

indirect bandgaps were observed for sample A-15H2. 

The optical properties of the semiconductor are considered as one of the influencing 

parameters on the photocatalytic performance as its activity would be improved in the visible 

region by extending the light absorbance to this area [162]. A photon absorption might happen 

through the excitation of an electron from the filled valence band to the empty conduction band 

across the bandgap if the photon has an energy greater than the bandgap. This phenomenon would 

create a free electron and a hole in the conduction and valence band, respectively [191]. While 

stoichiometric TiO2 appears as a transparent colorless material with no absorption in the visible 

region, oxygen vacancies in sub-stoichiometric TiO2-x act as color centers to absorb visible light. 

Dark-grey color of the as-sprayed coatings is a good indication of the strong absorbance of the 

visible radiation. Generally, electron excitation by selective absorption would be the first vital step 

for the photocatalytic activity [138][136][191]. 
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Figure 4. 14 UV-Vis absorption spectra of the as-sprayed TiO2 coatings and polished heat-treated samples. 

As reported by several authors, the bandgap value of rutile phase (Eg ~ 3.0 eV) is smaller 

than the anatase phase (Eg ~ 3.2 eV) [37][15][192]. Based on the literature, oxygen deficiency in 

TiO2 lattice (sub-stoichiometric TiO2-x) creates new energy levels below the conduction band that 

efficiently narrows the bandgap to be activated under visible light and enhance the photocatalytic 

activity [138][62][63][64][65]. The lowest direct and indirect bandgaps of sample A-15H2 could 

be explained by either a higher rutile percentage with a lower bandgap or a significant oxygen 

vacancy content.  

As explained before, the phase changes after heat-treatment were minor on all coatings 

while the oxygen contents were raised to fully oxidized TiO2. Therefore, it could be concluded 

that oxygen vacancy concentration has a more substantial role in the optical properties of TiO2 

coatings than the crystalline phase. 
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Figure 4. 15 Direct and indirect band energy diagram of the as-sprayed TiO2 coatings obtained at different hydrogen 

gas concentrations and polished heat-treated samples. 

Table 4. 4 Optical direct and indirect bandgaps derived from Fig. 4.15.  

Condition Bandgap A-15H2 B-11H2 C-7H2 D-3H2 
TiO2 starting 

powder 

As-sprayed 

Direct 
eV 3 3.22 3.18 3.28 3.28 

nm 413 385 389 377 377 

Indirect 
eV 1.98 2.57 2.45 2.91 3.05 

nm 625 482 505 425 406 

Polished heat-treated 

Direct 
eV 3 3.01 3.04 3.05 - 

nm 413 412 407 406 - 

Indirect 
eV 2.78 2.83 2.87 2.9 - 

nm 446 437 431 427 - 

4.3.3 Photocatalytic activity 

The photocatalytic activity of the as-sprayed TiO2 coatings and polished heat-treated 

counterparts for the degradation of methylene blue (MB) solution under a 90 min visible light 

illumination is plotted in Fig. 4.16. Sampling was performed every 30 min to measure the 

concentration change of MB during the reaction. More details on the reaction rate constant (k) and 

the correlation coefficient (R2) are given in Table 4.5. Self-degradation of MB under irradiation 
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was performed without a coating as a benchmark, which presents minor photolysis of MB during 

the experiment. It can be clearly observed that all as-sprayed coatings presented higher activity 

than that of polished heat-treated counterparts, and the superior photocatalytic activity of ~ 95% 

was attained for sample C-7H2. While after polishing and thermal treatment, sample D-3H2 with 

~ 87% MB degradation showed the best activity among other polished and heat-treated coatings. 

 
Figure 4. 16 Photocatalytic degradation of the MB solution under visible irradiation for 90 min, where C0 is initial 

concentration after dark test, and C is the MB concentration at irradiation time. 

Table 4. 5 Rate constant (k) of the MB solution after 90 min. 

Sample 

Rate constant (k) × 10-2 

(min-1) 
R2 

As-sprayed Polished heat-treated As-sprayed Polished heat-treated 

A-15H2 2.2 1.1 0.99 0.94 

B-11H2  2.15 1.5 1 0.96 

C-7H2 3.3 1.2 0.99 0.99 

D-3H2 2.4 1.8 0.99 0.93 

 

During photocatalysis, absorption of a photon with energy higher than the bandgap of TiO2 

can excite an electron from the valence to the conduction band and create an electron-hole pair. 

Photo-excited charge carriers would migrate to the catalyst surface to initiate reactions with the 

adsorbed materials at the surface. The produced oxidized radicals species such as hydroxyl radicals 

(•HO), and superoxide (O2
-•) ions can degrade organic compounds and mineralize the intermediates 

into harmless products (H2O and CO2) in waste-water [20][193][160][194].  

The photocatalytic degradation rate of organic compounds primarily depends on several 

parameters, such as crystalline phase [195], TiO2 stoichiometry [150], and surface area [28]. 

Nevertheless, changing the plasma spray condition (especially hydrogen content) would inevitably 

alter all the coating’s properties, like phase content, morphology, and coating’s stoichiometry. As 

the photocatalytic phenomenon is influenced by the coating’s properties, no direct relation was 

observed with the photocatalytic activity of the as-sprayed coatings and their anatase content. 

Similar results have been reported in the other works [36][172]. In this research to study just the 

role of the anatase content on the photocatalytic activity of thermally sprayed coatings, all samples 

were polished and heat-treated at the same temperature to provide samples with the same 

roughness and stoichiometry. The crystalline phase is considered one of the essential factors in the 

photoactivity efficiency of titania coatings. Both anatase and rutile phases are tetragonal in crystal 
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structure containing TiO6 octahedra shared differently in these phases and make different physical 

and chemical properties [37][194]. The reasons for the superior photocatalytic activity of anatase 

than rutile have been explained by several hypotheses, including indirect bandgap, higher charge 

carrier mobility, and free hydroxyl radical of anatase [41][22][38][36][40]. Although many studies 

have indicated that TiO2 containing the mixture of anatase and rutile would display enhanced 

photocatalytic activity than that of pure phases. More precisely, the interaction between the two 

phases as a result of their different Fermi levels produces a synergistic effect that would reduce 

charge recombination [166][22][184][194][196]. For instance, Degussa (Evonik) P25, which is 

widely considered as a de facto standard in photocatalysis by TiO2 consists of 80% anatase and 

20% rutile [194][196][197]. In this regard, thermal spray processes are beneficial to produce TiO2 

coatings comprised of the mixture of the two phases, while the phase proportion can vary widely 

depending on the spray condition. 

Interestingly, the phase content of samples C-7H2 and D-3H2 are close to Degussa P25, as 

discussed in XRD section. After polishing and heat treatment, a pronounced decrease in MB 

concentration was observed for sample D-3H2 compared to other treated samples. It shows the 

significant role of the crystalline phase on the photocatalytic activity, while other influencing 

parameters are almost similar. Although the presence of the other affecting parameters such as 

higher surface area and oxygen deficiency caused an overall better photocatalytic performance of 

as-sprayed samples than their polished heat-treated counterparts. 

4.3.3.1 Correlation between suspension plasma spray parameters and coating 

properties  

In this research study, sub-stoichiometric TiO2-x coatings were deposited at four different 

SPS conditions with different gas mixture proportions (Table 4.1). From the obtained results, it 

was observed that the concentration of the gas mixture played an important role in the coating 

properties and photocatalytic performance. Below, the effect of the SPS deposition parameters on 

the properties of the sub-stoichiometric TiO2-x coatings is enlisted: 

Structural and electronic properties: sub-stoichiometric TiO2-x coatings deposited at four 

different conditions presented two crystallographic phases, anatase and rutile. As shown in Table 

4.2, the higher the H2 flow rates employed during the spraying process, the lower the anatase phase 

content presented in the as-sprayed coatings. 

Given that the energy bandgap between rutile (Eg=3.0 eV) and anatase (Eg= 3.2 eV) phases is 

different, the presence of the predominant phase significantly influenced the electronic properties 

of the sprayed coating. As a result, as-sprayed coatings rich in anatase phase presented a higher 

energy bandgap (Table 4.4).  

Microstructural properties: Since the concentration of H2 in the gas mixture affects the 

evolution of the suspension droplets during spraying, coatings with different surface morphologies 

were achieved. According to Fig. 4.4, a high H2 flow rate resulted in a large concentration of 

rounded bumps at the surface of sample A-15H2, typically known as “cauliflower-like surface 

morphology,” while smoother surfaces were deposited at lower H2 flow rates (samples C-7H2 and 

D-3H2). Moreover, there is a direct relation between the thickness of the as-sprayed coatings and 

H2 flow rates.  It is assumed that a higher H2 flow rate resulted in a higher deposition efficiency in 

the plasma sprayed coatings. 
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Phase distribution: As shown in Fig. 4.5, the as-sprayed coatings were constituted of a 

bimodal microstructure of molten and non-molten particles. The molten regions presented both 

crystallographic phases (anatase and rutile), while un-melted areas were constituted of only the 

anatase phase. According to the results, lower plasma power resulted in coatings characterized by 

a larger quantity of un-melted areas with the same morphology and crystalline phase as the starting 

powder (D-3H2). Contrarily, coating deposited at a higher plasma power presented a 

microstructure rich in molten particles (A-15H2).  

Chemical stoichiometry: The intense heating of the starting TiO2 powder in the argon- 

hydrogen plasma jet has a strong effect on the coating stoichiometry. According to Fig. 4.12, 

stoichiometric TiO2 powder changed to sub-stoichiometric TiO2-x during plasma spraying in the 

as-sprayed coatings. Based on the results, the oxygen vacancy level increased by increasing the H2 

flow rate as a secondary gas in the plasma mixture with reductive properties. 

Photocatalytic properties: The coating’s properties were changed with the change of 

plasma spray parameters (especially hydrogen content), which affects the photocatalytic 

performance. As shown in Fig. 4.16, no direct correlation between the hydrogen flow rates and 

photocatalytic activity of the as-sprayed samples was found. While in the post-treated coatings 

with the same morphology and phase content, a better photocatalytic performance was observed 

for the coating produced at a lower H2 flow rate (D-3H2) due to the higher anatase content. 

4.4 Conclusions 

In this research work, the role of the crystalline phase on the photocatalytic activity of 

suspension plasma sprayed (SPS) TiO2 coatings was systematically investigated. From the 

monitoring of the relation between plasma spraying conditions (hydrogen flow rates) and coating 

properties, it was concluded: 

• Anatase and rutile crystallographic phases were presented in suspension plasma sprayed 

(SPS) TiO2-x coatings, where the ratio of the phases in the as-sprayed coatings was 

determined by SPS gas mixture concentration. A gas mixture with low H2 gas favors TiO2-

x coatings with large anatase phase concentration, while a gas mixture enriched with H2 gas 

limits its concentration.   

• Suspension plasma spray (Axial IIITM plasma torch) produces TiO2-x coatings with a 

bimodal microstructure of molten and non-molten particles. The results of the SEM 

analysis presented the influential role of the SPS gas mixture on the coating’s 

microstructures. Based on the results, coatings produced at lower H2 flow rates showed a 

microstructure with large regions of non-molten particles (originated from unreacted 

feedstock powder). In comparison, coatings produced at higher H2 flow rates presented a 

microstructure characterized by fully melted areas.  

• Raman analysis determined from the bimodal microstructure of the coatings that molten 

particles present both crystallographic phases (rutile and anatase) while the un-melted 

regions are composed of fine particles based on anatase phase.  

• An SPS gas mixture based on H2 gas leads to oxygen deficiency on fully melted particles 

(during the spraying process), resulting in coatings with higher oxygen vacancy 

concentrations. Based on the results, the higher the hydrogen flow rates were, the higher 

the oxygen vacancies produced.  
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• Polished and heat-treated sprayed coatings did not show significant phase changes after 

heat treatment.  

• All the coatings exhibited remarkable photocatalytic activity. However, the performance 

of as-sprayed coatings was significantly better than that of polished heat-treated 

counterparts, which might stem from the combination of phase composition and other 

influencing factors. While for as-sprayed coatings, no direct correlation between anatase 

content and their photocatalytic activity was ascertained, after polishing and heat treatment, 

sample D-3H2 with the highest amount of anatase content presented the best activity. 
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 Preface to Chapter 5. 

 

 

 

 

In the previous chapter, it was demonstrated that suspension plasma spray (SPS) has the 

ability to produce nanostructure TiO2 coatings with desirable oxygen vacancy and anatase phase 

content. Results confirmed that the combination of all the affecting parameters would define its 

ability to degrade the organic compounds in the as-sprayed coatings. While in post-treated 

coatings, anatase phase content was shown to be the desirable phase. The following chapter 

investigates the role of oxygen vacancy on the sub-stoichiometric TiO2 coatings produced by SPS. 
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Chapter 5. An investigation on the photocatalytic activity of sub-

stoichiometric TiO2-x coatings produced by suspension plasma spray 
2 

Abstract 

To enhance the photocatalytic activity, sub-stoichiometric TiO2-x films were coated on stainless 

steel substrates by Suspension Plasma Spraying. Because the TiO2 particles are exposed to high 

temperature during deposition by plasma spray, TiO2-x coating are typically produced. To achieve 

different levels of oxygen vacancies, as-sprayed TiO2-x coatings were annealed at four different 

temperatures for 48 h in air. In this work, the degradation of methylene blue was performed to 

evaluate the photocatalytic activity under visible light. The results indicated that oxygen vacancy 

positively affects the photocatalytic activity of TiO2-x by introducing some energy levels into the 

bandgap of titania. Moreover, these energy levels could act as traps for photo-excited holes and 

electrons, reducing the recombination rate of charges, thus improving the photocatalytic activity 

under the visible lamp. Additionally, coatings were analyzed by X-ray diffraction, confocal laser 

microscopy, scanning electron microscopy, Raman spectroscopy, thermogravimetric analysis, 

Fourier-transform infrared spectroscopy, and UV-visible spectroscopy. 

Keywords: TiO2, Sub-stoichiometric TiO2-x, Photocatalytic activity, Suspension plasma 

spraying, Oxygen vacancies 

5.1 Introduction 

With the surge in environmental and energy-related concerns, enormous interest in 

semiconductor-based heterogeneous photocatalysis has prompted over the last decade [11][198]. 

Titanium dioxide (TiO2) is an abundant, low-cost, chemically stable, and non-toxic material. TiO2, 

as one of the most researched semiconductor materials, shows excellent technological properties 

and has extensive applications such as photocatalysts, dye-sensitized solar cells, sensor devices, 

membranes, and paints [14][15]. In photocatalysis, sunlight is used for remediation of pollutants 

with the degradation of highly toxic organic compounds; and for the conversion of solar energy to 

electric power with the production of hydrogen [11][12]. 

Fujishima and Honda revealed the powerful oxidizing potential of TiO2 in the late 1960s 

at the University of Tokyo during their research work photo-electrochemical (PEC) solar cells 

[20]. Absorption of a photon with energy higher than the bandgap of TiO2 can excite an electron 

from the valence to the conduction band and create an electron-hole pair which is of great 

 
2 This chapter has been published as a peer-reviewed article in the Journal of the European Ceramic Society, Hediyeh 

Khatibnezhad, Fabian Ambriz-Vargas, Fadhel Ben Ettouil, Christian Moreau, Journal of the European Ceramic 

Society 41 (2021) 544-556. 
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significance in producing oxidized radicals species which can degrade dyes into harmless products 

(H2O and CO2) in wastewater [20][193]. TiO2 has three different polymorphs, anatase, rutile, and 

brookite. Although anatase has a larger bandgap (3.2 eV) than rutile (3 eV), it has slower 

recombination of photo-generated electron-hole pairs and higher adsorption affinity toward 

organic compounds, which makes it a desirable photocatalyst [22]. It has been indicated that 

anatase will irreversibly change to rutile at temperature around 600 ºC. However, the reported 

temperature can be varied in the range 400-1200 ºC depending on some factors such as particle 

size, surface area, atmosphere, impurities, raw materials and processing methods [37]. 

The large bandgap of TiO2 has limited its application to regions under the illumination of 

UV-light which reduce its ability to use the main part of the solar spectrum [23]. Low photo-

quantum efficiency caused by the high recombination rate of photo-generated electron-hole pair is 

considered as another main problem [24]. One promising method to overcome this issue is by 

creating energy levels within the bandgap to adequately shift the conduction band (CB) and/or the 

valence band (VB) so that photons of lower energy can excite electrons. These energy levels also 

can act as a trap for reducing the recombination rate [3]. It has been reported that the reduced form 

of titania (TiO2-x) acts as an efficient photocatalyst. The insertion of oxygen vacancies in the 

anatase structure induces a band of electronic states just below the conduction band, starting to 

overlap with the conduction band for large vacancy concentrations. The moving of the optical 

absorption to longer wavelengths nearby to the visible region with decreasing the oxygen 

concentration confirmed the theoretical prediction of the creation of a new band below the 

conduction band. Suggesting that these vacancy-induced bands of electronic states are responsible 

for increasing photocatalytic properties of the TiO2-x films [62][63][64][65]. 

TiO2 in powder form has a prominent photocatalytic performance compared to its 

alternatives due to its higher surface area, which is of significance benefit for photocatalytic 

application. However, TiO2 coatings are more convenient as they can be separated from the liquid 

or gas easily [35]. TiO2 coatings have been produced by various techniques; among them, plasma 

spray deposition appears an economic process for industrial scale-up. There are other advantages, 

such as producing a wide variety of coatings with high quality, using a different range of particle 

size, and flexibility, which allows using various substrates with different shapes [114]. Suspension 

plasma spray (SPS) offers several advantages over conventional techniques such as the direct use 

of finely dispersed powders and the production of nanostructured coatings, which is of great 

importance in photocatalytic activity [43]. 
Despite all the achievements and progress in TiO2 coatings for the photocatalytic 

applications, there is very limited research on the effect of oxygen deficiencies on the 

photocatalytic properties of the plasma-sprayed TiO2 coatings because of its challenging 

limitations, and it has not been reviewed comprehensively to date. In the present work, a water-

based suspension of fine TiO2 particles was externally injected in a plasma torch to obtain 

photocatalytic active sub-stoichiometric titania (TiO2-x) coatings. After coating deposition, heat 

treatments in air were applied at different temperatures in the range of 400-550 ºC to vary the level 

of oxygen vacancies. The main purpose of this work is to investigate the role of the oxygen 

deficiency on the photocatalytic activity of the suspension plasma sprayed TiO2 coatings by 

keeping almost constant most of the other influencing parameters on the photocatalytic efficiency.  
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5.2 Materials and methodology 

5.2.1 Suspension preparation and injection method 

Sub-stoichiometric TiO2-x coatings were manufactured by suspension plasma spray (SPS) 

method with a 3 MB plasma torch (Oerlikon Metco, Switzerland). For feedstock, the suspension 

containing 20 wt. % commercial submicron-sized TiO2 powder (TKB Trading, Oakland, CA) in 

deionized distilled water was prepared by magnetic stirring for 30 min while dispersing the powder 

with a 50 W sonicator. No dispersing agent was used in the suspension preparation. A SEM 

micrograph of the starting TiO2 powder is shown in Fig. 5.1 along with the XRD pattern, which 

shows anatase as the only detected phase. The particle size distribution of the aqueous suspension 

obtained by a Spraytec unit (Malvern Instruments, UK) was d10=0.21 µm, d50=0.39 µm, d90=0.75 

µm, is shown in Fig. 5.1. 

 
Figure 5. 1 (a) SEM micrograph and (b) XRD pattern of the feedstock TiO2 powder, (c) particle size distribution of 

the aqueous suspension (d50=0.39 µm)  used in this study. 

The water-based TiO2 suspension was radially injected into the plasma plume using a 

peristaltic pump, at a feed rate of about 30 ml/min. Flat stainless steel coupons with dimensions of 

25× 25× 5 mm3 were used as substrates. Substrates were grit-blasted by 80 grit alumina particles 

and ultrasonically cleaned in acetone before deposition. Coatings were deposited using 40 

consecutive passes of a spray raster covering the entire surface of the coupons with a linear torch 

velocity of 1 m/s and a 3 mm overlay distance. Details of operating parameters are summarized in 

Table 5.1. 

Table 5. 1 SPS parameters used to deposit TiO2-x coatings on the stainless steel substrates. 

Plasma gun 
Ar flow rate 

(slpm) 

H2 flow rate 

(slpm) 

Current 

(A) 

Power 

(KW) 

Stand-off distance 

(mm) 

3MB 45 7 450 28 40 

Substrate temperature was monitored by A320 ThermoVision IR camera (FLIR Systems, 

US) during spraying. The temperature was maintained below 180 °C by using a water-cooled 

substrate holder coupled with an air jet directed toward the substrates during spraying. According 

to literature, if we could keep our substrate as cold as possible, higher anatase content would be 

obtained [42], and theoretically, there might be less chance for oxygen to be recaptured during 

passes to produce sub-stoichiometric TiO2-x coatings. Moreover, for better repeatability and 

consistency of the experiment, a Coriolis flowmeter (Proline Promass 83, Endress+Hauser, 

Switzerland) was used to monitor the suspension feed rate and density of the suspension. 

Substrates were preheated by using the plasma torch to around 150 °C immediately prior to coating 

deposition. The intense heating and melting of the starting TiO2 powder in the plasma jet could 
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favorably generate oxygen deficiency, which can be promoted by increasing hydrogen as a 

secondary gas in the plasma mixture due to its reductive properties. Also, oxygen vacancy level 

has been associated with the in-flight particle temperature of the particles. As a result, highly 

stoichiometric TiO2 powder would change to sub-stoichiometric TiO2-x (n-type semiconductor) 

during plasma spraying in the as-sprayed coatings. Accordingly, a color shift could be observed 

from yellowish-white to dark-grey, depending on the amount of oxygen loss and because of Ti3+ 

ions’ concentration [62][134][135][45]. 

In order to obtain TiO2 coatings with different oxygen contents, as-sprayed coatings were 

heat treated at various temperatures (400, 450, 500, 550 °C) in air for 48 hours in a tubular furnace. 

Instead of changing plasma spray condition, (especially hydrogen content) which could change all 

the coating’s properties, we preferred to vary oxygen content by heat treatment at relatively low 

temperatures, to avoid major changes in the other effective parameters (porosity, crystalline phase, 

and etc.) on the photocatalytic efficiency. 

5.2.2 Characterization and evaluation 

Phase analysis of the TiO2 coatings, before and after heat treatment, was studied by the X-

ray diffraction (XRD) technique on an X'Pert Pro; PANalytical (Philips, Netherlands) with Cu Kα 

radiation and a step size of 0.02° in a range of 20-80°. Phase content was quantified by Rietveld 

refinement analysis using the Pearson’s Crystal Data (PCD)-crystal structure database for 

inorganic compounds. For decreasing any statistical error, which may reduce our accuracy, the 

same coupons were used for XRD analysis before and after heat treatment. Preferred orientation 

is also an issue, which may lead to altered XRD relative peak intensities, so XRD precision was 

investigated through repeating this analysis for the one sample. A confocal laser microscope 

(LEXT OLS4000, Olympus, Japan) was used to study the three-dimensional surface topography 

and surface roughness of the coatings. The 3D maps of the surface of the coatings were generated 

by digitally stitching 25 single images (5 by 5) together to have enough area to be considered an 

average representation of the coating’s surface. Amongst the different surface roughness 

parameters, arithmetic average surface roughness (Ra) has been widely used for measuring surface 

roughness. A field emission scanning electron microscope (FESEM JSM 7600TFE, JEOL, Japan) 

with an accelerating voltage of 15 kV and equipped with an energy dispersive X-ray spectroscopy 

detector (EDXS, Oxford Instruments, X-Max 80) was used to evaluate the surface morphology, 

microstructure and thickness of the coatings. Raman analysis on the polished coating cross-section 

was performed using a Raman spectrometer (inVia Reflex, UK) with a laser wavelength of 532 

nm (spot size ~2 µm), objective magnification 50 x, and 10 s exposure time. The system was 

calibrated by using a silicon reference. After scanning the coating surface with the laser, a small 

fraction of the light is inelastically scattered due to the molecular vibration caused by interaction 

with the laser while the large part of the light is scattered elastically (Rayleigh light). These 

characteristic bond vibrations are used for the identification of the chemical and crystal state [86]. 

Measurements were conducted at a low excitation power (<10 mW) to avoid the heating effect of 

laser and scanning was performed from 100 to 1000 cm-1 wavenumber shift. Moreover, surface 

mapping was studied by scanning 1050 points in a 60×70 µm surface area. 

To measure the stoichiometry of the starting powder and coatings, thermogravimetric 

analysis (TGA) was conducted by using a thermal balance (TGA Q500/Discovery MS, TA 

Instruments, US) while heating all samples to 1000 °C at 5 °C /min in air and holding them for 90 

min to re-oxidizing sub-stoichiometric TiO2-x to almost fully oxidized one. Before TGA analysis, 
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all samples were kept at 150 °C for 1 hour to make them fully dried. Considering the following re-

oxidizing reaction [151][152][153]: 

𝑇𝑖𝑂2−𝑥 +
𝑥

2
𝑂2 → 𝑇𝑖𝑂2                                                                                                               (5.1) 

the non-stoichiometric number x was calculated by the sample weight increment according to Eq. 

5.2 [151]: 

𝑥 =
∆𝑤

𝑤𝑚𝑜𝑙
𝑂

(2𝑊𝑚𝑜𝑙
𝑂 +𝑊𝑚𝑜𝑙

𝑇𝑖 )

(𝑊0+∆𝑊)
                                                                                                 (5.2) 

where ∆W is the weight increment, W0 is the initial weight of the samples, 𝑊𝑚𝑜𝑙
𝑂  and 𝑊𝑚𝑜𝑙

𝑇𝑖  

are the molar weight of oxygen and titanium. 

The presence of adsorbed species on the sample surfaces was characterized from infrared 

spectra in the range of 4000-600 cm-1 using an ATR-FTIR (Attenuated Total Reflectance-Fourier 

transform infrared) spectrometer (Nicolet 6700 / Smart iTR, Thermo Scientific, US). 

The optical absorption spectra of the starting powder and coatings in the range of 340 to 

600 nm were determined with 1-nm resolution by a UV-Visible-NIR spectrometer (Lambda 750, 

Perkin Elmer, US) to measure the bandgap energy of the coatings according to Eqs. 5.3, and 5.4 

[36][154] : 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)𝑛                                                                                                                  (5.3) 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛(𝑒𝑉) = ℎ𝜈 =
1239

𝜆
                                                                                                                             (5.4) 

where λ is wavelength, A is a constant given by the slope of the linear region in the (αhν)1/n 

−hν plot, Eg is the optical energy gap of the material calculated from the extrapolation of the 

straight-line portion of the mentioned plot, and n is the characteristic of the optical transition 

process type, which is 2.0 and 0.5 for indirect and direct allowed optical transition, respectively. 

5.2.3 Evaluation of photocatalytic activity 

Organic dyes, as a recognized source of pollution released by the dye industry into 

wastewater, are widely used as a test pollutant for photocatalytic activity [25]. In this work, the 

photocatalytic performance of TiO2 coatings was evaluated by the decoloring rate of methylene 

blue, MB (C16H18CIN3S), under visible light irradiation. In this regard, one coated sample (with a 

surface area of 6.25 cm2) was placed inside the testing cell containing 30 mL MB solution at an 

initial concentration of 2×10-5 M. Visible light irradiation was provided by two xenon arc lamps 

with an input light power of 35W each. During the test, a fan was used to avoid heating the samples 

by light irradiation. The schematic diagram of the experimental setup is shown in Fig. 5.2 (a). A 

small quantity of the solution was removed every 30 min to monitor the decomposition of MB 

solution by using a UV-vis spectrophotometer (evolution 201, Thermo Scientific, US) at a fixed 

wavelength of 664 nm related to the maximum absorbance of the MB (Fig. 5.2 (b)). Before 

irradiation, coatings immersed in the MB solution was kept in the dark for 60 min to complete the 

adsorption of MB molecules on the coating surface, after which time the MB concentration was 

determined as C0. The irradiation of the MB solution without TiO2 coating was conducted as a 

blank test to evaluate the degradation of the MB due to the photolysis phenomenon. The 

concentration changes of MB was determined by assuming pseudo first order kinetics using Eq. 

5.5 [3]. 
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𝑙𝑛 (
𝐶0

𝐶
) = 𝑘𝑡                                                                                                                                        (5.5) 

Where C0 is the concentration of MB after 60 min in the dark, C is the MB concentration 

at each time interval, k is the apparent rate constant, and t is the irradiation time. The degradation 

percentage was also measured according to Eq. 5.6 [35]. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) =
(𝐶0−𝐶)

𝐶0
× 100                                                                                        (5.6) 

 
Figure 5. 2 (a) Schematic diagram of the photocatalytic setup for the visible lamp, and (b) UV-Vis absorption 

spectrum of the MB at 2×10-5 M concentration. 

5.3 Results  

5.3.1 Phase composition 

Some previous works have reported irreversible phase transformation of TiO2 feedstock 

from anatase to rutile during plasma spraying, depending on the melting level of the particles 

[133][44]. For the photocatalytic activity applications, the anatase phase plays an important role 

[134], and literature shows the relation of anatase content to the substrate temperate [42]. In order 

to preserve the anatase phase in the sprayed coatings, we kept the substrate temperature at a low 

temperature (~180 ºC) during deposition. As it can be seen in Table 5.2, the anatase content was 

reduced to ~30 wt% in as-sprayed coatings from 100 wt% in the starting powder. 

There is a range value of transition temperatures of anatase to rutile reported in the 

literature due to its  dependency to a number of factors. However, for a fine powder of high purity, 

the phase transformation temperature was reported to occur in the range of 600 to 700 °C [37] but 

the existence of impurities and oxygen vacancies can affect this temperature [199]. In this study, 

samples were heat treated at four different temperatures (400, 450, 500, 550 °C) lower than the 

expected transition temperature with the objective to maintain the anatase phase unchanged after 

thermal treatment. The XRD patterns of TiO2 coatings in Fig. 5.3 and the derived information in 

Table 5.2 indicate that, after heat treatment, there is a small decrease (~2-6%) of the anatase content 

in the coatings. According to literature, oxygen vacancies favor phase transformation to rutile by 

accelerating atomic diffusion and lowering the energy required [137]. After heat treatment at 

higher temperatures, reabsorption of oxygen atoms into the TiO2 lattice might cause some micro-

strains, which lead to the broadening of the peaks and reducing the crystallite size. 
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Figure 5. 3 XRD pattern of the TiO2 coatings before and after heat treatment, where A denotes the anatase phase 

and R the rutile phase. 

Table 5. 2 Phase content and crystallite size of the coatings, derived from Fig. 5.3.  

Sample Anatase Rutile 
Crystallite size (nm) 

Anatase Rutile 

Precision 
1 29 71 49 36 

Repeat 1 22 78 40 34 

400 ºC 
As-sprayed 36 64 36 31 

After 400 34 66 68 44 

450 ºC 
As-sprayed 27 73 64 66 

After 450  22 78 42 35 

500 ºC 
As-sprayed 33 67 68 62 

After 500 29 71 49 36 

550 ºC 
As-sprayed 29 71 62 60 

After 550 23 77 41 35 
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5.3.2 Coating roughness and microstructure 

Based on Fig. 5.4 and Table 5.3, heat treatment at all temperatures did not have any impact 

on the surface roughness of the samples, as they are similar. 

 
Figure 5. 4 3D images of the top surfaces of the coating achieved by the confocal laser microscope. 

Table 5. 3 Arithmetic average surface roughness (Ra) of the coatings before and after heat treatment. 

Surface roughness parameter As-sprayed After 400 ºC After 450 ºC After 500 ºC After 550 ºC 

Ra (µm) 23.5 ± 1.1 23.3 ± 0.9 27.0 ± 1 23.5 ± 1.3 22.4 ± 0.6 

The SEM micrographs of the coating top surfaces and cross-sections before and after heat 

treatment are shown in Figs. 5.5 and 5.6. The coating microstructure is one of the important 

parameters affecting the photocatalytic activity, which remained almost unchanged after heat 
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treatment. In all top surface images, distinctive rounded bumps with size ranging between 50-150 

µm are observed. This surface profile, so-called cauliflower-like cluster formation, can be of great 

benefit for photocatalytic performance by increasing the reaction area for degradation of MB 

solution. Cross-sectional microstructures of the coatings (Fig. 5.6) show the typical columnar 

structure observed in SPS coatings due to fine droplet size and their shallow impact angle (shadow 

effect) [127], which created some bands of porosity between the columns. Due to their small 

momentum, fine particles can travel almost parallel to the substrate surface by following the 

plasma gas flow close to the substrate. Therefore, they attach on the sides of the asperities on the 

surface, and coatings grow in two sides, laterally and vertically, forming a porous region by 

shadowing the beneath surfaces from the impact of the new particles [128]. Also, there were some 

vertical cracks in the coatings caused by relaxation stresses [36]. Figure 5.6 confirms that the as-

sprayed coatings were firmly bonded to the stainless steel substrate with a crack free interface, but 

delamination happened after heat treatment at all temperatures. This delamination presumably 

resulted from the difference in thermal expansion coefficient between the metallic substrate and 

ceramic coating, which can create important thermal stress during heating and cooling in the 

furnace [200] (αstainless steel =18×10-6 (K-1)[201], and αTiO2 = 9.4×10-6 (K-1)[202]).  

The micrographs illustrated in Figs. 5.6 and 5.7 present a bimodal microstructure, light and 

dark grey areas. At higher magnification (Fig. 5.8), the brighter areas appear as dense zones of 

fully melted particles, while darker areas are revealed to be porous filled with agglomerated un-

melted or partially melted fine particles with a size close to that of the starting powder (~100 nm). 

Based on back-scattered electron (BSE) images and the fact that we have only titanium and oxygen 

in the structure, brighter and darker regions should have different mean atomic numbers, which 

could stem from either a significant presence of porosity or density variation. Since rutile has 

around 10% higher density compared to anatase, it is probable that the molten area mainly consists 

of rutile [203].   
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Figure 5. 5 Secondary electron (SE) FESEM micrographs of top surfaces of as-sprayed and after heat treatment 

coatings at different temperatures. 
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Figure 5. 6 BSE FESEM micrographs of cross-sections of as-sprayed and after heat treatment coatings at different 

temperatures. 
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Figure 5. 7 Cross-section FESEM micrographs of as-sprayed and after 550 ºC heat treatment coatings from low to 

higher magnification with EDXS mapping. 

 
Figure 5. 8 High-magnification BSE FESEM images of molten and of non-molten areas for as-sprayed coating. 

Further investigation has been performed on the selected coatings using Raman 

spectroscopy to identify the presence of each crystalline phase in the molten and non-molten areas. 

This technique is a rapid way of identifying surface crystal structure, which has been widely 

employed to discern anatase and rutile polymorphs in the TiO2 coatings. It has the advantages of 

higher sensitivity and higher spatial resolution than XRD to indicate nanoscale phases of coatings 

with mapping capability [37][135][172]. Raman spectra of the bright dense and porous dark 

regions of as-sprayed and after 550 ºC heat treatment coatings are shown in Fig. 5.9, in which the 
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presence of sharp peaks is a sign of good crystalline quality. According to the literature, active 

modes for anatase present six peaks at 144, 197, 399, 513, 519, and 639 cm−1, while rutile shows 

four characteristic peaks at 143, 236, 447 and 613 cm-1 [172][179][204]. In Fig. 5.9, there was an 

overlap between the peaks located at 513 and 519 cm-1, and Raman spectrometer presented just 

one band.  

According to Figs. 5.9 and 5.10, dark regions in as-sprayed sample only show anatase 

peaks. As shown in Fig. 5.8, these dark regions are composed of small particles that have the same 

morphology and size than the starting powder. From these observations, it can be concluded that 

the dark regions are essentially composed of particles coming from starting powder that were not 

melted during spraying and were imbedded in the deposited coatings. The presence of these un-

melted particles could be attributed to the relative high vaporization enthalpy of water as the 

solvent (2.3 ×106 J kg-1), so the heat transfer to the particles could be reduced [183]. On the other 

hand, bright regions related to dense zones of fully melted particles present of both anatase and 

rutile phases. Although, fully melted areas are usually attributed to rutile [181], there are some 

anatase phases that can be formed during solidification depending on the nucleation’s free energy, 

and interfacial energy between solid and liquid phase [44]. From the thermodynamic point of view, 

rutile is the stable phase of TiO2 at all temperatures and pressures due to its lower free energy [37]. 

In a rapid solidification condition, rutile nucleates at a temperature above 0.88 Tm (1870 K) until 

the melting point (Tm=2130 K), while metastable anatase possibly nucleates from the liquid 

particles at an undercooling temperature below of 0.88 Tm [43][42][44]. Since in the thermal spray 

deposition, TiO2 coating is formed under non-equilibrium, rapid quenching conditions [45], 

anatase recrystallization may occur in the molten area. The same peaks are present in the spectrum 

of the molten area in as-sprayed and after heat treatment coatings. However, some characteristic 

peaks related to rutile phase was detected in the dark grey region of after 550 ºC coating, which 

shows the initiation of phase transformation in these regions (Fig. 5.9). These results confirm 

minor phase changes after heat treatment studied by XRD analysis (section 5.3.1).  
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Figure 5. 9 Raman spectra results in the dark (non-molten) and bright (molten) regions for as-sprayed and after 550 

ºC samples, which A denotes the anatase phase and R the rutile phase. 
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Figure 5. 10 Raman maps of the spatial distribution of characteristic Raman peaks for as-sprayed and after 550 ºC 

samples, where red color corresponds to anatase peak located at 197 cm-1, and blue color represents rutile peak at 

447 cm-1. 

Moreover, it has been found in several works that fully oxidized TiO2 shows Raman peaks 

with higher intensity compared to sub-stoichiometric TiO2-x. This attenuation of Raman peaks in 

TiO2-x was attributed to the oxygen deficiency and not to any internal stress or grain size effects 

[205][206]. According to the literature, the intensity of the Raman scattered light depends on the 

optical properties of the material since the scattering cross-section depends on the material's optical 

constants [205], and physical and structural properties of the TiO2 system that change with 

deviations from stoichiometric TiO2 [207]. As seen in Figs. 5.9 and 5.10, the Raman peak intensity 

in the molten areas of the as-sprayed coating is much lower than after heat treatment, while there 

was almost no intensity change in non-molten area in the same samples. These results suggest that 

the fully melted particles lost some oxygen during plasma spraying leading to the formation of re-

solidified sub-stoichiometric titania. Conversely, the un-melted particles found in the dark areas 

in the coating cross-sections remained stoichiometric. Therefore, after heat treatment at 550 ºC, 

the peak intensity changed only in the coating molten areas due to the recapture of oxygen during 

thermal treatment raising the level of oxygen content in these regions.  

5.3.3 Oxygen content measurement by TGA 

Figure 5.11 is shown the color shift of the coatings as sprayed and after heat treatments. 

The color changed from dark to light grey in coatings heated at 550 ºC due to O2 recapturing. TGA 

results of TiO2 samples are shown in Fig. 5.12 while they were heated to 1000 ºC at a rate of 5 °C 

/min in air and then hold that that temperature for 90 min to almost fully re-oxidize the sub-

stoichiometric TiO2-x. According to these results, a significant proportion of weight percentage 

increased during the initial heating process, and after around 300 min, the weight was almost 

unchanged, indicating that the heating temperature and holding time were sufficient to fully 
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oxidize sub-stoichiometric titania coatings. The calculated stoichiometry of the samples based on 

their weight gain is given in the figure legend. As can be seen, the as-sprayed sample shows the 

lowest amount of oxygen content (TiO1.941), which absorbed oxygen during heat treatment to reach 

almost fully oxidized TiO2 at higher temperature. The stoichiometry of the as-sprayed sample is 

similar to that of samples treated at 950 ºC in the pure H2 atmosphere for 1h as reported by 

Tsuyumoto et al. [189] showing that plasma spraying appears a more effective, safer, and faster 

way to produce sub-stoichiometric TiO2-x. 

 
Figure 5. 11 The color change of the TiO2 coatings before and after heat treatment due to oxygen recapture. 

 

 
Figure 5. 12 Weight percent change during heating of TiO2 coatings in the air to 1000 °C and holding in that 

temperature for 90 min. The corresponding stoichiometry for each sample is indicated in the legend. 

5.3.4 Infrared spectroscopy  

Figure 5.13 presents the ATR-FTIR spectra of the coatings before and after heat treatment 

at different temperatures in the range of 4000-600 cm-1. Usually OH stretching modes related to 

the physisorbed molecular water show peaks located at 3400 cm-1. Also, OH bending modes arise 

from the surface of TiO2 and corresponds hydroxyl groups exhibit peaks located at 1600 cm-

1[35][208], which are negligible in our coatings. Literature suggests that the presence of weakly 

adsorbed water could negatively affect the photocatalytic performance of TiO2 coatings for 

degradation of dye solution, while the existence of hydroxylation on the photocatalyst’s surface is 

of great importance for its efficiency [36]. The bands detected between 2400- 2300 cm-1 and 3000- 

2800 cm-1 could be attributed to CO2 molecules from the air and organic contaminants, 

respectively. Also, the intense broad band below 1200 cm-1 is assigned to Ti-O-Ti vibrations 

[36][183]. Fujishima et al. [20] indicated that oxygen vacancies could dissociate water molecules 

to produce two adsorbed OH groups per initial vacancies on the surface of the sub-stoichiometric 

TiO2-x photocatalyst. Therefore, according to the TGA results, although we expected more intense 
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band related to OH groups in the ATR-FTIR spectrum of as-sprayed sample, which contains the 

highest amount of oxygen vacancies, all samples (before and after heat treatment) show almost the 

same peak intensities that could be attributed to the ATR-FTIR threshold. 

 
Figure 5. 13 ATR-FTIR spectra of TiO2 coatings before and after heat treatment. 

5.3.5 Optical properties 

Since the photocatalytic activity strongly depends on the optical response of a 

semiconductor, optical properties of our samples were studied using a UV-Vis spectrophotometer. 

The UV-visible absorption spectra of all coatings (before and after heat treatment) and the starting 

TiO2 powder are shown in Fig. 5.14. A shift of the absorption edge to the longer wavelength toward 

the visible range was observed for all coatings compared to the TiO2 starting powder. In 

semiconductors, any absorption edge shift is attributed to a change in the bandgap [35], and these 

results indicate that oxygen vacancies could effectively decrease the titania bandgap. Direct and 

indirect bandgap of the coatings derived from extrapolating the straight-line portion of the (αhν)2-

hν and (αhν)1/2-hν plots are shown in Fig. 5.14 and Table 5.4. The coatings showed different 

indirect band energies and almost the same direct bandgap. Among the two types of electron 

transitions from the valence band to the conduction band, indirect bandgap is mostly found in 

anatase, whereas direct bandgap is considered for rutile [38]. While, in the direct bandgap, 

electrons are ejected directly from the valance band maximum to the conduction band minimum; 

a momentum change is needed for the indirect bandgap transition resulting in an increment of the 

charge carrier lifetime in anatase compared to that of rutile. This longer lifetime makes anatase 

more efficient for photocatalytic applications as a larger number of the photo-generated electron-

holes pairs are available to participate in surface reactions [22][36][38]. According to our results, 

there is almost no difference in the absorption of all coatings in the UV range, whereas absorption 

is increasing with decreasing oxygen content in the visible range. Actually, the as-sprayed sample 

shows the highest absorption and the smallest indirect bandgap in this region. Theoretical 

prediction suggested the formation of a new localized state below the conduction band resulting 

from the presence of oxygen vacancies in the TiO2 lattice (considered as self-doped TiO2), causing 

an effective decrease in the bandgap [138]. It also has been indicated that electron excitation from 

the valance band to the conduction band would be facilitated by narrowing bandgap and resulting 

in better photocatalytic performance [209]. 
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Figure 5. 14 UV-vis absorption spectra (left), and (αhν) 2-hν, (αhν)1/2-hν plots (right) of TiO2 coatings before and 

after heat treatment. 

Table 5. 4 Optical direct and indirect bandgaps derived from (αhν)2-hν, (αhν)1/2-hν plots, respectively.  

Bandgap 
TiO2 starting 

powder 
As-sprayed After 400 ºC After 450 ºC After 500 ºC After 550 ºC 

Direct 
eV 3.28 3 2.85 2.97 3 2.97 

nm 377 413 434 417 413 417 

Indirect 
eV 3.05 1.8 1.85 2.6 2.71 2.68 

nm 406 688 669 476 457 462 

 

5.3.6 Photocatalytic activity 

The photocatalytic performance of all samples was measured by the time-dependent 

degradation of methylene blue (MB) under visible-light irradiation (Fig. 5.15). The value of MB 

degradation after 90 min, the reaction rate constant (k), and the correlation coefficient (R2) which 

represents the goodness of fit of the pseudo-first-order regressions are listed in Table 5.5. A blank 

test without coating was done as a benchmark for evaluating the rate of self-degradation of 

methylene blue under irradiation, which shows minor photolysis of the MB on the experiment 

timetable. According to the results, it was demonstrated that the photo-degradation activity of as-

sprayed sample is higher by the factor of 2-3 than that of heat-treated samples. Metha et al. [167] 

reported poor photocatalytic activity of the pristine TiO2 sample for degrading aqueous solution 

of MB under visible light irradiation (k ~ 5.1×10-6 min-1). While after a 30-hour heat treatment at 

300 ºC in 5% H2-Ar atmosphere, the photo-degradation rate constant k reaches the maximum 9.9 

×10-3 min-1. Wang et al. [139] produced TiO2-x nanoparticles using NaBH4 as a reductant in 

solvothermal method, then synthetized titanium dioxide nanoparticles integrated with reduced 

graphene oxide composite nanosheets (RGO/TiO2-x). The rate constant for MB degradation under 

visible light was 0.00151, 0.00246, and 0.01958 min−1 for TiO2, TiO2-x and 0.3-RGO/TiO2-x, 

respectively. Compared to the literature, our as-sprayed coating exhibits much better 

photocatalytic performance for MB degradation under visible light. 
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According to the literature, the photocatalytic reaction will be initiated by charge separation 

of photo-generated electron-holes in TiO2 catalyst upon absorption of photons with energy larger 

than its bandgap. The charge carries can diffuse to the surface of the catalyst, where positive holes 

(h+) in the valence band can oxidize adsorbed water or hydroxyl molecules to generate highly 

reactive hydroxyl radicals (•OH). Additionally, the photo-excited electrons (e-) in the conduction 

band can also scavenge molecular oxygen (O2) on the surface of the coating to produce superoxide 

radical anions (O2−). Hydroxyl radicals with very high oxidation potential will oxidize organic 

pollutants to transform into CO2 and H2O. These active species are responsible for the 

photocatalytic decomposition of the organic compounds (Eq. 5.7 - 5.9) [35][160][161]. 

𝑇𝑖𝑂2 + ℎ → 𝑒− + ℎ+                                                                                                    (5.7) 

ℎ+ + 𝐻2𝑂 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒) → ⦁𝑂𝐻 +  𝐻+                                                                             (5.8) 

𝑒− +  𝑂2(𝑠𝑢𝑟𝑓𝑎𝑐𝑒) → 𝑂2
−                                                                                             (5.9) 

The photocatalytic efficiency of TiO2 strongly depends on the light absorption ability, 

surface hydroxylation, and recombination rate of the photo-generated electron-hole [161]. In our 

case, based on the TGA and photocatalytic activity results, it is proportional to the concentration 

of the oxygen content in the catalyst and notable enhancement of the photocatalytic decomposition 

of as-sprayed sample is indicated that the oxygen vacancies in sub-stoichiometric TiO2-x 

contributed to the photocatalytic effect. While ATR-FTIR results present almost no substantial 

changes with the oxygen content variation. During plasma spraying, the high spraying temperature 

accompanied by the reductive hydrogen as the secondary plasma gas can promote the presence of 

nonstoichiometric TiO2-x in the as-sprayed samples [134][45]. Literature suggests that hydrogen 

interacts with TiO2 and both oxygen vacancy and electrons are generated as shown in Eq. 5.10, 

where OO
x  is an O2- ion in the oxygen lattice site, VO

..  is an oxygen vacancy with a double positive 

charge, and e- is a conduction electron [66]. 

𝑂𝑂
𝑥 + 𝐻2 → 𝑉𝑂

.. + 2𝑒− + 𝐻2𝑂                                                                                      (5.10) 

Ti3+ ions are formed subsequently by the electrons being trapped in Ti4+ lattice sites, which 

considered as donor doping [66]. The change in the color of sub-stoichiometric TiO2-x as a result 

of a high concentration in Ti3+ions [62] increased the absorption of visible light of the as-sprayed 

coatings by changing the bandgap; therefore a larger number of photo-generated charges could be 

formed in the sub-stoichiometric TiO2-x. Moreover, Ti3+ ions introduce a new sublevel state in the 

form of [Ov·Ti3+]+ at the conduction band (CB) bottom of sub-stoichiometric TiO2-x, which favors 

the charge carrier separation to increase their lifetime and modify the interfacial photo-induced 

electron-hole transfer [138][167][139][66]. Furthermore, the oxygen vacancies in sub-

stoichiometric TiO2-x dissociate water molecules and form two hydroxyl groups via H+ transfer to 

neighboring oxygen after exposure to air at room temperature according to Eq. 5.11[20][66][67]. 

𝑉𝑂
.. + 𝐻2𝑂 +𝑂𝑂

𝑥 → 2(𝑂𝐻)𝑂
•

                                                                                         (5.11) 

Considering the above discussion, it can be deduced that oxygen vacancies are beneficial 

for the photocatalytic degradation reaction by the sub-stoichiometric samples, in which the MB 

was notably removed over the as-sprayed samples. The proposed mechanism of photo-degradation 

of the sub-stoichiometric TiO2-x is shown schematically in Fig. 5.16. 
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Figure 5. 15 Photocatalytic degradation of the MB solution (2×10-5 M) under visible irradiation, where C0 is initial 

concentration after dark test, and C is the MB concentration at irradiation time. 

Table 5. 5 Discoloration (%) of the MB (2×10-5 M) solution after 90 min, and its rate constant (k).  

 As-sprayed After 400 ºC After 450 ºC After 500 ºC After 550 ºC 

MB Removal after 90 min, % 97 79 82 73 71 

Rate constant (k) ×10-2, min-1 3.8 1.7 1.8 1.4 1.3 

Correlation coefficient (R2) 0.96 0.99 0.90 0.91 0.82 

 
Figure 5. 16 Schematic of the proposed mechanism for the photocatalytic reaction of the stoichiometric vs. sub-

stoichiometric TiO2-x [Adapted from reference [138]]. 

5.4 Conclusion 

This research investigated a comparative study on the effect of the oxygen deficiency and 

Ti3+ ions in the optical and photocatalytic performance of TiO2 coatings produced by suspension 

plasma spray (SPS) on stainless steel substrates. SPS is an innovative technique to deposit sub-

micron sized particles with the ability to induce non-stoichiometry and to create novel products. 

Coatings with different oxygen levels were generated by heat treating the as-sprayed samples at 

different temperatures. The higher the annealing temperature was, the more oxygen was 

recaptured. X-ray diffraction analysis and scanning electron microscopy of the coatings revealed 

no significant phase and structure difference between before and after heat treatment at 450 ºC and 

below. Small phase change of anatase to rutile (~2-6%) in the porous area of samples treated 550 

ºC was detected by Raman analysis. Raman and thermogravimetric analyses were conducted to 

confirm and measure and the level of the oxygen content of samples. As expected, the variation of 

the optical properties as a function of the stoichiometry was evident, whereas introducing oxygen 

vacancies and Ti3+ ions in the TiO2 lattice sites efficiently decreased the bandgap energy to lower 
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values and shifted the absorption edge to visible light by the formation of an [Ov·Ti3+]+ between 

the VB and the CB of sub-stoichiometric TiO2-x. Furthermore, the existence of energy level 

between the bandgap could promote the separation of photo-generated electrons and holes by 

acting as traps, leading to an enhanced photocatalytic response of the sub-stoichiometric TiO2-x 

under visible light. According to the kinetic study, the photocatalytic process followed a pseudo-

first-order pattern with a rate constant of 3.8×10-2 and 1.3 × 10-2 min-1 for the as-sprayed and after 

550 ºC TiO2 coatings with the highest and lowest oxygen deficiency, respectively. Overall, this 

work presented the deposition of high-efficient sub-stoichiometric TiO2-x photocatalyst coatings, 

which have the potential to mitigate the environmental impact of the textile industry. 
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Preface to Chapter 6. 

 

 

 
In the previous chapters, the role of the anatase phase content and oxygen deficiency on the 

suspension plasma sprayed TiO2 coatings were investigated. It showed the ability of suspension plasma 

spray (SPS) to produce highly efficient sub-stoichiometric TiO2-x coatings. The current chapter will try 

thermal spray processes to produce doped-TiO2 coatings using a hybrid suspension (SPS) and solution 

precursor plasma spraying (SPPS) approach. It was challenging to produce homogenous doped-TiO2 

coating within the short residence time of plasma spraying. While using a hybrid suspension (SPS) and 

solution precursor plasma spraying (SPPS) techniques lead to a high degree of chemical uniformity 

of the components. 
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Chapter 6. Photoactive Ce-doped TiO2 and CeO2-TiO2 composite 

coatings deposited by suspension/solution plasma spray 3 

Abstract 

In this work, Ce-doped TiO2 coatings were produced using a hybrid suspension (SPS) and solution 

precursor plasma spraying (SPPS) approach. CeO2-TiO2 composite coatings were also deposited 

by the SPS process. The photocatalytic activity of the coatings was evaluated by measuring the 

methylene blue degradation rate under visible light. Cerium doping and CeO2 composite coatings 

were detected by X-ray diffractometer measurements and verified by energy dispersive 

spectroscopy mapping, Raman spectra, and X-ray photoelectron spectroscopy analysis. The hybrid 

SPS/SPPS technique presented a promising method to deposit doped ceramic coatings among 

thermal spray processes. According to the results, modifying TiO2 coatings decreased the bandgap 

of TiO2 from 3.25 to 2.3 eV using cerium dopant. However, a lower photocatalytic efficiency of 

TiO2 -CeO2 composite and Ce-doped TiO2 coatings compared to TiO2 could be related to the lower 

active surface area of TiO2 covered by submicron CeO2 particles and non-optimal dosage of cerium 

dopant, respectively. 

Keywords: TiO2, CeO2, Photocatalytic activity, Doping, Suspension plasma spray, Solution 

precursor plasma spray 

6.1 Introduction 

Photocatalytic decomposition involves the degradation of organic contaminants to reduce 

environmental pollution near the surface of the photocatalyst by transforming the optical energy 

of the absorbed light into chemical energy for the redox reactions [20][12]. Since the strong 

oxidation and reduction power of photoexcited titanium dioxide (TiO2) was discovered by Honda 

and Fujishima in 1972, TiO2 has attracted ever-growing attention as a great candidate for 

environmental and energy applications [20][150][210]. Also, it has the advantages of high 

chemical stability, being abundant, low-cost, and non-toxic [211].  

The crystalline phase of titania is one of the important parameters affecting photocatalytic 

activity. Between the two main crystalline phases of TiO2, anatase and rutile, anatase is considered 

the favorable phase for photocatalytic activity. Although, it has been reported that the phase 

mixture of both polymorphs shows better photocatalytic activity compared to pure phases 

[212][166][22]. 

 
3 This chapter is submitted to the Journal of Materials Research Bulletin, Hediyeh Khatibnezhad, Fadhel Ben 

Ettouil, and Christian Moreau. 
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Generally, a photocatalytic reaction consists of three main steps: (I) Formation of excited 

electron-hole pairs upon absorption of light photons; (II) migration of the photo-excited charge 

carriers to the surface of the semiconductor or their recombination inside the bulk material; (III) 

production of active hydroxyl radicals (•OH) and superoxide anions (O2−) through the oxidation-

reduction reaction of holes and electrons with water (or hydroxyl molecules) and oxygen 

molecules (O2) on the surface. These highly reactive species can degrade organic compounds into 

harmless products in wastewater [20][212][160].  

However, there are some limitations to TiO2 photocatalytic activity. The large bandgap 

energy of TiO2 (~ 3.0 eV for rutile and 3.2 eV for anatase) requires activation under UV light [40]. 

Moreover, the fast recombination of photogenerated charge carriers reduces the photo-quantum 

efficiency [162].  

One approach to facilitate charge separation in the TiO2 photocatalyst and enhance its 

efficiency is using composite semiconductor metal oxides. It has been reported that groups of 

semiconductor/semiconductor or semiconductor/metal composite nanoparticles diminish the 

recombination rate in the semiconductor nanostructures [47][68]. Based on the literature, 

compositing TiO2 with an optimum amount of CeO2 nanoparticles would enhance interfacial 

charge separation and lower charge carrier recombination rate [69][70][71]. 

Doping TiO2 with metals or non-metal impurities is one of the most effective approaches, 

which has been proposed by many researchers, to reduce the bandgap energy and also decrease 

the recombination of photogenerated electrons and holes [52][35][213]. Cationic-doped TiO2 with 

rare earth metals, noble metals, poor metals, and transition metals have been widely studied. The 

metallic ions-doped TiO2 expands the light absorption region and increases the quantum efficiency 

by preventing the recombination of the photogenerated electrons and holes on the conduction and 

valence bands, respectively [50]. These dopants could introduce energy levels just below the 

conduction band [52]. Rare earth metals like Ce and Nd are effective cationic dopants to improve 

photocatalysis due to their incompletely occupied 4f and empty 5d orbitals [214][215][216]. It has 

been reported that Ce dopant could limit the grain size growth of TiO2 to reduce its crystallite size 

and increase the specific surface area. It also can act as a trap to scavenge electrons and increase 

charge carrier lifetime [52][53].  

Several types of research works have been conducted to produce TiO2 coatings by thermal 

spray processes and mostly Suspension Plasma Spray (SPS) to produce nanostructured TiO2 

coatings with the highest amount of anatase [42][43][132]. Plasma spraying is widely used to 

deposit a wide range of materials onto different substrates. This process utilizes a high-

temperature, high-velocity plasma jet formed by passing a gas or mixture of gases (typically argon 

and/or nitrogen) through a DC current arc to heat and accelerate particles toward the substrate 

surface. To improve the efficiency of the deposition process, a secondary gas, such as hydrogen, 

is added to increase the heat and momentum transfer to the spray particles [119]. With water-based 

suspensions of fine anatase particles, the high vaporization enthalpy of water would cool down the 

plasma jet. Subsequently, a higher amount of the un-melted nanosized particles would be 

preserved, resulting in a higher amount of anatase content in the coating [133][134]. However, 

there are limited studies dedicated to doping TiO2 with thermal spraying processes because of its 

challenging limitations that need more investigation. Based on the literature, the so-gel process is 

the most studied technique to produce Ce-doped TiO2 coatings [217][218].  

Some researchers have reported doping rare earth elements into the yttria-stabilized 

zirconia (YSZ) coatings through SPS/SPPS technique while rare-earth nitrates dopant precursors 

were dissolved in the YSZ-ethanol-based suspension before spraying. According to their results, 
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dopants could effectively scatter phonons by introducing point defects to lower the thermal 

conductivity of YSZ coatings in thermal barrier applications [144][145]. 

In this research work, Ce-doped TiO2 and CeO2-TiO2 composite coatings were produced 

using SPS/SPPS and SPS, respectively. The principal advantage of using SPS/SPPS for doping 

cerium is the possibility of developing new chemistry in the molecular-level mixing of the 

constituent. Moreover, there is much more possibility for ions to adsorb onto the surface of TiO2 

particles homogeneously and form the coating. To the authors’ best knowledge, this is the first 

published work focused on Ce-doped TiO2 using SPS/SPPS technique. Furthermore, various 

characterization tests were performed to confirm the presence of cerium in the coatings, such as 

XRD, Raman analysis, energy dispersive spectroscopy (EDS), and XPS measurements. Finally, 

the role of cerium doping and compositing on the optical properties and photocatalytic activity 

was investigated.  

6.2 Experimental procedure 

6.2.1  Suspension and solution preparation 

Submicron-sized anatase TiO2 powder (TKB Trading, Oakland-USA), cerium (IV) oxide 

(99.9%, Sigma-Aldrich, St. Louis-USA) and cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O) 

(99%, Sigma-Aldrich, St. Louis-USA) were used as feedstock materials to prepare the primary 

solution and suspensions. Three types of water-based suspensions with 10 wt.% solid content were 

prepared for the plasma spraying, as shown in Table 6.1. No dispersing agent was used as the 

suspensions were sufficiently stable for spraying. For TiO2 suspension, the as-received TiO2 

powder was suspended in deionized water to form an aqueous suspension. For TiO2-CeO2 

suspension, TiO2 powder and CeO2 powder (10 wt.% of the solid content) were added to the 

deionized water. To produce Ce-doped TiO2 suspension for the spraying, first Ce(NO3)3.6H2O 

crystals (25 wt.% of the solid content) were dissolved in water to form a solution, then the TiO2 

powder was suspended in the solution. All suspensions were effectively mixed using a magnetic 

stirrer as well as a sonicator to break down large agglomerates. The prepared suspensions showed 

good stability during spraying without any noticeable sedimentation. The size distribution of the 

particles in the suspensions was measured by a Spraytec unit (Malvern Instruments, UK). 

Table 6. 1 Suspensions for the plasma spraying. 

Samples Suspensions 
Feedstock materials 

TiO2 powder  CeO2 powder Ce(NO3)3.6H2O  

Pure TiO2 TiO2 (SPS)  - - 

TiO2- CeO2 composite TiO2- CeO2 (SPS)   - 

Ce-doped TiO2 TiO2- Ce nitrate (SPS-SPPS)  -  

6.2.2  Coating deposition 

An Axial IIITM plasma torch (Northwest Mettech Corp., Canada) was used for the 

suspension plasma spraying. It has the advantage of having three independent cathodes/anodes 

working on three power supplies that could reduce the voltage fluctuation of the plasma jet with 

high deposition efficiency [148]. Moreover, the axial injection has the advantage of a more 

uniform treatment of spray materials than the radial injection plasma torch. An automatic 

suspension feed system (NanoFeedTM, Northwest Mettech Corp., Canada) equipped with a 
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Coriolis flowmeter (Endress+Hauser, Canada) was utilized to deliver the atomized feedstock 

suspension homogeneously into the central core of the plasma and monitor the suspension flow 

rate and density during spraying, respectively. The suspensions were injected into the plasma jet 

at a feed rate of about 30 mL/min with an atomizing gas flow rate of 15 L/min and a spray distance 

of 75mm. Stainless steel coupons (25×25×5 mm3) were used as the substrate. They were grit 

blasted with 80 grit Al2O3 particles to roughen the surface (Ra ~ 2.5 µm) and improve the coating’s 

adhesion to the substrate.  

The substrate temperature was monitored during spraying using an A320 ThermoVision 

IR camera (FLIR Systems, US). An AccuraSpray 4.0 sensor (Tecnar Automation Ltd., Canada) 

was used to monitor the trajectory and measure the velocity of in-flight particles during spraying. 

A time-of-flight technique is used in the AccuraSpray system to measure particle velocity [219]. 

Two air amplifiers were also used to cool down the substrate during spraying and to preserve a 

higher anatase content in the coatings [42]. Before coating deposition, substrates were preheated 

by the plasma torch to around 120 °C. Coatings were produced using 20 consecutive passes of a 

full spray raster at two deposition conditions, low and high power. The linear torch velocity and 

overlay distance were 1 m/s and 3 mm, respectively. Details of operating parameters are 

summarized in Table 6.2, in which the gas mixture ratio was the only varied parameter. According 

to Table 6.2, H2 secondary gas plays a key role in the plasma power gun and the substrate 

temperature during the deposition process by increasing the thermal conductivity of plasma. Based 

on AccuraSpray 4.0, the velocities of in-flight particles were 430 and 480 m/s for low-power and 

high-power conditions, respectively. It has been seen that the different suspensions did not have 

any impact on the particle’s velocity. 

Table 6. 2 SPS/SPPS deposition parameters. 

Conditions 
Current 

(A) 

Gas flow 

(SLPM) 

Gas mixture 
Power 

(kW) 

Substrate temp. 

during deposition 

(°C) 

In-flight particles’ 

velocity (m/s) 
Ar (%) N2 (%) H2 (%) 

Low power 
220 

223 82 11 7 78.5 ~ 180 430 

High power 245 70 10 20 95 ~ 320 480 

6.2.3 Characterization 

The three-dimensional surface topography and arithmetic average roughness (Ra) of 

coatings were studied using a confocal laser microscope (LEXT OLS4000, Olympus, Japan). To 

characterize the coating surface and cover a large enough area, 25 single images were digitally 

stitched together and generated 3D maps of the surfaces. Top surface morphology and cross-

sectioned microstructure were characterized using an ultra-high resolution cold-field emission 

scanning electron microscope (FE-SEM) (Regulus8230, Hitachi, Japan) equipped with an energy-

dispersive X-ray spectroscopy, secondary electron (SE) and backscattered electron (BSE) 

detectors. The phase identification of the TiO2 coatings was studied using the X-ray diffraction 

(XRD) technique using D8 Advance (Bruker, USA) with Cu Kα radiation (1.5418Å) and a step 

size of 0.02° in a range of 20-80°. The semi-quantitative phase analysis was measured using 

DIFFRACT based on the tabulated reference intensity ratio EVA software (Bruker, USA) and 

PDF-2 database (International Center for Diffraction Data). The crystallite sizes of the coatings 

(D) were estimated by the Debye-Scherrer equation (Eq. 6.1), using (101), (110) and (111) 

crystallographic planes for anatase, rutile and ceria, respectively [35]. 
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𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                                                     (6.1) 

 
where λ is the wavelength of X-ray (Cu Kα) in nm, K is the constant shape factor (0.9), β is the 

half-peak width in radians, and θ is the Bragg angle. Lattice parameters (a, b and c) were calculated 

using Bragg’s law with the same crystallographic planes [35][54]. The Raman spectra of the 

coatings on the polished cross-sections and top surfaces were recorded using a micro-Raman 

spectrometer (inVia Reflex, UK) with a laser wavelength of 532 nm, objective magnification 50 x 

and 10 s exposure time. A silicon reference was utilized for the system calibration, and 

measurements were performed at a low excitation power (<10 mW) to avoid the laser heating 

effect.  

The surface elemental composition of the coatings was studied using an X-ray 

photoelectron spectroscope (XPS) (VG ESCALAB 250Xi, Thermo Fisher Scientific, USA) with 

an Al Kα radiation source (hʋ =1486.6 eV) and a spot size of 1300 μm in diameter. A UV-Visible-

NIR spectrometer (Lambda 750, Perkin Elmer, US) was used to record the UV–Vis diffuse 

reflectance spectra of the coatings in the range of 340 to 600 nm. Moreover, the bandgap energy 

of the samples was measured based on the Tauc plot method and the following equations 

[36][154]: 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)𝑛                                                                                                                 (6.2) 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛(𝑒𝑉) = ℎ𝜈 =
1239

𝜆
                                                                                                                            (6.3) 

where α is the absorption coefficient, Eg is the bandgap calculated from the extrapolation of the 

straight-line portion of the (αhν)1/n −hν plot, A (constant) is the slope of the linear region of the 

mentioned plot, λ is the wavelength, and n is 2.0 and 0.5 for indirect and direct allowed optical 

transitions, respectively. 

In this work, the photocatalytic activity assessment was performed by measuring the 

degradation rate of methylene blue, MB (C16H18ClN3S), a representative of polluting dyestuffs in 

textile wastewater [25]. Figure 6.1 depicts the schematic diagram of the experimental setup 

designed for the photocatalytic activity assessment under visible irradiation. Visible light was 

provided by two 35 W Xenon lamps equipped with a cutoff filter (Edmund Optics, USA) to block 

UV radiation. During the test, a water bath and a fan were used to prevent heating the samples by 

light irradiation. 

 
Figure 6. 1 Schematic diagram of the experimental setup. 
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Before starting the experiment, the coated coupons (surface area of one in2) were immersed 

in 30 mL MB solution with 2×10-5 M concentration in the dark to achieve the 

adsorption/desorption equilibrium. After 60 min in the dark (C0), the testing cell was placed inside 

the visible light setup. Sampling was made every 15 min to monitor the decomposition rate of MB 

using a UV-vis spectrophotometer (evolution 201, Thermo Scientific, US) at the maximum 

absorbance wavelength of MB (664 nm). The test process for the control sample was conducted 

on the MB solution without the coating to assess the photolysis phenomenon. 

The rate constant of the pseudo-first-order reaction (k) was measured using Eq. 6.4. [3][35].  

𝑙𝑛 (
𝐶0

𝐶
) = 𝑘𝑡                                                                                                                                        (6.4) 

where C0 is the concentration of MB after 60 min in the dark, C is the MB concentration at each 

time interval, and t is the irradiation time.  

6.3 Results and discussion 

6.3.1  Powders and suspension characteristics 

SEM micrographs and XRD patterns of TiO2 and CeO2 powders are shown in Fig. 6.2. 

Based on the XRD results, anatase and CeO2 are the only detected phases for TiO2 and CeO2 

powders, respectively. The particle size distributions in the aqueous suspensions are presented in 

Fig. 6.3. TiO2 (SPS) and TiO2- CeO2 (SPS) suspensions had almost the same particle size 

distributions (TiO2: d10=0.2 µm, d50=0.39 µm, d90=0.75 µm, and TiO2-CeO2: d10=0.24 µm, 

d50=0.43 µm, d90=0.79 µm), while larger agglomerates were formed in TiO2- Ce nitrate suspension 

(d10=2.9 µm, d50=5.1 µm, d90=8.7 µm). 

 
Figure 6. 2 XRD patterns and FE-SEM micrographs of the feedstock TiO2 (top) and CeO2 (bottom) powders. 
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Figure 6. 3 Particle size distributions of the aqueous suspensions: (a) TiO2 (SPS), (b) TiO2- CeO2 (SPS), (c) TiO2- 

CeO2 (SPS-SPPS). 

6.3.2 Coating microstructures and morphology  

In this work, coatings were produced at two different spray conditions: low power and high 

power. According to Fig. 6.4 and Table 6.3, the surface roughness increased with the increasing 

plasma power.  

 
Figure 6. 4 3D images of the top surfaces of the coating attained by the confocal laser microscope. 
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Our previous work [212] showed that the typical cauliflower-like structure of SPS coatings 

would increase the roughness. It was shown that the higher the power, the greater the thickness 

and the surface roughness. 

Table 6. 3 Arithmetic average surface roughness (Ra) of the coatings. 

Sample 
Surface roughness parameter- Ra (µm) 

TiO2 (SPS) TiO2- CeO2 (SPS) TiO2- CeO2 (SPS-SPPS) 

Low power 2.4 ± 0.03 3.1 ± 0.03 2.7 ± 0.04 

High power 4.8 ± 0.05 4.7 ± 0.05 3.5 ± 0.06 

The effect of the plasma power on the microstructure of the coatings is presented in Figs. 

6.5, 6.6, 6.7, and 6.8. Based on the SEM images (Fig. 6.5, 6.7 and 6.8), all coatings presented a 

columnar structure that was firmly bonded to the substrate with good mechanical stability. As 

shown in Figs. 6.5 and 6.6, spraying at low plasma power produced thinner coatings with larger 

areas of fine porosity. Likewise, increasing the power would improve the suspension atomization, 

ceramic melting and deposition efficiency. 

Generally, the microstructure is made of molten and non-molten areas. At higher 

magnification (Fig. 6.6), dense zones formed by fully melted particles (A) appear as light grey 

areas. There are two types of porosities: black zones of the large pores (B) and dark grey areas of 

the fine porosities. Based on the results, fine porosities are found in large pores filled with either 

agglomerated, un-melted fine particles (C) with a size close to the starting powders or possibly in-

flight re-solidified particles (D). Water solvent in the suspension would cool down the plasma jet 

and increase the un-melted portion in the coating. While re-solidified particles may result from the 

re-solidification of the melted particles before impinging onto the substrate [44][212]. The 

presence of water as a solvent in the suspension causes the plasma jet to cool down, resulting in a 

larger portion of un-melted particles in the coatings. Also, melted particles might be re-solidified 

in the plasma plume before being deposited on the substrate [212][44]. 

Backscattered electron (BSE) images of TiO2- CeO2 (SPS) coatings (Fig. 6.6) showed two 

more regions: white spots (E) and grayish-white areas (F). Since BSE signals depend on the mean 

atomic number of the samples [220], white and grayish-white areas of TiO2- CeO2 (SPS) coatings 

are attributed to the CeO2 and probably TiO2 - CeO2 mixed oxides, respectively. It can be observed 

that the number of white spots decreased in the TiO2- CeO2 (SPS)- high power coatings indicating 

that there might be more mixed -oxides with spraying at high plasma power. On the other hand, 

no white spots related to the heavy element of cerium could be observed on the BSE images of 

TiO2- CeO2 (SPS-SPPS) coatings, suggesting that Ce was successfully doped in the coatings. 
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Figure 6. 5 BSE FE-SEM micrographs of coatings’ cross-sections produced at two different spray conditions: low 

power and high power. 
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Figure 6. 6 High-magnification BSE FE-SEM images of coatings’ cross-sections where (A) is fully melted particles, 

(B) is large pores, (C & D) are fine porosities of un-melted or re-solidified particles, (E) is CeO2 and (F) is probably 

TiO2-CeO2 mixed oxide.  

SEM top surface micrographs (Fig. 6.7) also presented a cauliflower-like surface 

morphology with distinctive rounded bumps for the coatings produced at high power. These results 

also indicated a smoother surface with low distinctive columns for TiO2- CeO2 (SPS-SPPS) 

coatings. Based on the literature, variation in the microstructure can be related to the evolution of 

the suspension droplets during spraying in the plasma plume [43]. In TiO2- CeO2 (SPS-SPPS) 

suspension, TiO2 powder was suspended in the solution of water and nitric acid cerium salt. 

Therefore, the smoother surface of the TiO2- CeO2 (SPS-SPPS) coatings might be attributed to the 

higher suspension viscosity, larger agglomerates and, consequently, the formation of larger splats 

during spraying.  
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Figure 6. 7 Top surface SE FE-SEM micrographs of the coatings produced at two different spray conditions: low 

power and high power. 

At higher magnification (Fig. 6.8), un-melted angular particles (C) and re-solidified 

spherical particles (D) can be clearly observed. SPS TiO2 coatings with columnar structure and 

fine porosities have been found promising for providing better photocatalytic activity performance 

compared to atmospheric plasma spray (APS), yielding higher surface area for the photocatalytic 

activity [134]. 
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Figure 6. 8 Top surface BSE FE-SEM micrographs of the TiO2 (SPS) coatings at a high magnification where 

indications are as (A) fully melted particles, (B) large pores, (C) un-melted agglomerated particles, and (D) re-

solidified particles. 

Further investigation was performed on the TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) 

coatings to understand the distribution of the cerium element within the coating using energy 

dispersive spectroscopy (EDS) measurements during SEM imaging (Figs. 6.9 and 6.10). EDS 

mapping of TiO2- CeO2 (SPS) coatings presented isolated areas of cerium element in the coating, 

as shown in Fig. 6.9. In these coatings, there might also be some TiO2- CeO2 mixed oxides and 

Ce-doped TiO2 areas. However, EDS mapping of TiO2- CeO2 (SPS-SPPS) (Fig. 6.10) did not show 

areas related to the isolated phase of cerium and cerium distributed throughout the coatings. These 

results suggested the substitutional doping of cerium into the TiO2- CeO2 (SPS-SPPS) coatings. 

In the SPS technique, the feedstock suspension usually contains a solvent (mostly water or 

ethanol), and fine nanometric and/or sub-micrometric powder particles. After injecting suspension 

into the plasma plume produced by an electric arc between an anode and a cathode, it undergoes 

one or multiple breakups and atomization phases. Afterward, the solvent evaporates by the 

plasma's heat flow, leaving powder aggregates. These clusters of fine particles, fully or partially, 

melt depending on the condition and temperature and impact onto the substrate, creating splats. So 

doping would happen on the surface of the TiO2 melted particles [124][125]. EDS-point analysis 

at different locations showed an average of 1.2 at. % cerium content. However, we noticed a non-

uniform distribution of cerium doping throughout the coating that might depend on the thermal 

history of the spray particles and their contact with the cerium solution during spraying. 

 
Figure 6. 9 FE-SEM-EDX mapping of the cross-sectional view (left side) and top surface view (right side) of TiO2- 

CeO2 (SPS) coatings produced at two different spray conditions: (a, b) low power, and (c, d) high power. 
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Figure 6. 10 FE-SEM-EDX mapping of the cross-sectional view (left side) and top surface view (right side) of 

TiO2- CeO2 (SPS-SPPS) coatings produced at two different spray conditions: (a, b) low power, and (c, d) high 

power. 

6.3.3 Phase composition  

The XRD patterns of the coatings and the derived information are presented in Fig. 6.11 

and Table 6.4. Based on the results, a fraction of anatase phase of feedstock powder was 

irreversibly transformed to rutile phase during spraying in all coatings. Although, a higher content 

of anatase phase was maintained on the coatings produced at low plasma power. Also, low-power 

coatings presented higher crystallinity and lower amorphous content. As shown in FE-SEM 

coating cross-section images (Figs 6.5 and 6.6), low-power coatings contain a larger portion of un-

melted fine particles coming from the starting powder with probably the same crystalline phase 

that is consistent with the higher anatase phase content in these coatings. Previous studies have 

also suggested that fully melted particles can either form rutile or anatase depending on the melting 

level of the particles and the solidification condition during spraying [133][44][45]. It has been 

shown that rutile is the most stable TiO2 phase that would be formed under equilibrium 

solidification. While under non-equilibrium and high cooling rate conditions of SPS, anatase phase 

may recrystallize [42][221]. Besides, the substrate temperature is another parameter that has an 

influence on the anatase phase content [42][172]. In this research work, the lower substrate 

temperature of the low-power coatings may increase the cooling rate of the liquid droplets upon 

impact at the substrate or at the previously deposited particles that favor anatase nucleation in the 

molten areas. Moreover, more molten particles are obtained at high-power coatings that might be 

deposited at a relatively low temperature below the crystallization temperature and form more 

amorphous phases.  
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Figure 6. 11 Left side: XRD patterns of TiO2 coatings as (a) TiO2 (SPS)- Low power, (b) TiO2 (SPS)- High power, 

(c) TiO2- CeO2 (SPS)- Low power, (d) TiO2- CeO2 (SPS)- High power, (e) TiO2- CeO2 (SPS-SPPS)- Low power, 

and (f) TiO2- CeO2 (SPS-SPPS)- High power. Right side: XRD shift of the most intense anatase and rutile peaks. 

Table 6. 4 Phase content and crystallinity percentage of the coatings derived from Fig. 6.11.  

Sample 
Anatase 

(wt%) 

Rutile 

(wt%) 

 CeO2 

(wt%) 

Crystallinity  

(%) 

TiO2 (SPS) 

Low power 89.5 10.5 - 87.2 

High power 59.5 40.5 - 73.1 

TiO2- CeO2 (SPS) 

Low power 53 8 39 78.4 

High power 53.5 19 27.5 69.3 

TiO2- CeO2 (SPS-

SPPS) 

Low power 78.5 21.5 - 68.3 

High power 68.5 31.5 - 63 

XRD results showed the presence of CeO2 crystalline phase in the TiO2-CeO2 (SPS) 

coatings. While no ceria characteristic peaks were found in the XRD patterns of TiO2- CeO2 (SPS-
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SPPS) coatings, indicating that cerium was successfully doped into the lattice of TiO2 [53][222]. 

The crystalline sizes, lattice parameters and cell volumes of coatings were also calculated and 

summarized in Table 6.5. As can be seen, the crystallite size of the high-power coatings decreased 

compared to their low-power counterparts. Also, anatase and rutile unit cell volumes of high-power 

TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings increased in comparison to high-power 

TiO2 (SPS) coating. Based on the XRD patterns, some peak shifts of anatase and rutile 

characteristic peaks were seen for the high-power TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) 

coatings than high-power TiO2 (SPS) coating. Literature suggests that crystallite size would 

decrease with increasing microstrain, presented by XRD peak broadening [223]. So, higher oxygen 

vacancy content induced at higher plasma power [212] might increase the microstrain and reduce 

the apparent crystallite size. Moreover, cerium doping can increase the interplanar spacing and cell 

volume of the coatings due to the larger ionic radius of Ce4+ and Ce3+ (0.103 nm and 0.09, 

respectively) than that of Ti4+ (0.068 nm). It has been shown that doping might change the position 

of the XRD peaks [53][54][222][143]. Figure 6.11 shows the peak shifting of high-power TiO2- 

CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings compared to TiO2 (SPS).  

Table 6. 5 Crystallite size, cell parameters a and c, and cell volume of the coatings derived from XRD results.  

Sample 

Crystallite size 

(nm) 

Unit cell parameter 

Anatase Rutile 

Anatase Rutile a (Å) c (Å) 
Cell Volume 

(Å3) 
a (Å) c (Å) 

Cell Volume 

(Å3) 

TiO2 (SPS) 

Low power 80.4 111 3.781 9.418 134.66 4.586 2.956 62.18 

High power 62.4 65.6 3.777 9.314 132.86 4.574 2.952 61.78 

TiO2- CeO2 (SPS) 

Low power 79 121.6 3.781 9.413 134.60 4.585 2.957 62.16 

High power 66.3 87.4 3.786 9.523 136.51 4.596 2.961 62.53 

TiO2- CeO2 (SPS-SPPS) 

Low power 69.7 117.2 3.781 9.405 134.44 4.583 2.956 62.10 

High power 64.1 94.7 3.785 9.491 135.93 4.593 2.961 62.46 

Micro-Raman spectrometer was used to investigate the presence of each crystalline phase 

in the melted and un-molten areas. Raman spectra of the coatings are displayed in Figs. 6.12, 6.13, 

and 6.14. Accordingly, Raman peaks at 144, 197, 399, 513, and 639 cm−1 are assigned to the 

anatase crystalline phase. While the Raman spectrum of the rutile phase is located at 143, 236, 447 

and 613 cm-1. Moreover, CeO2 fluorite type presents a band at 463 cm-1 [179][204][69]. The 

Raman results of the cross-sectioned coatings presented only the characteristic signals of the 

anatase phase in the un-melted zones, confirming that these areas have the same crystallographic 

phases as the starting powder, which were shown in SEM micrographs as well (Fig. 6.6). At the 

same time, rutile characteristic bands were detected in the melted areas. Moreover, CeO2 peaks 

were only found in the un-melted areas of TiO2- CeO2 (SPS) coatings produced at two powers 

(Fig. 6.12). Based on the results, all samples presented a slight peak shift from 144 cm-1 to 142 

cm-1 due to oxygen vacancy or lattice defect [54], as shown in Fig. 6.13. All low-power coatings 

presented the same position of the main peak at 142 cm−1. However, at high power, the peak 
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position of the melted area of the TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings slightly 

shifted to a higher wavenumber side (Fig. 6.13). The peak shift indicates small TiO2 structural 

deformation probably due to the cerium doping [224].  

 
Figure 6. 12 Left side and middle: Raman spectra result in the melted and un-melted regions on the cross-sections 

of TiO2 coatings as (a) TiO2 (SPS)- Low power, (b) TiO2 (SPS)- High power, (c) TiO2- CeO2 (SPS)- Low power, (d) 

TiO2- CeO2 (SPS)- High power, (e) TiO2- CeO2 (SPS-SPPS)- Low power, and (f) TiO2- CeO2 (SPS-SPPS)- High 

power, which A denotes the anatase phase and R the rutile phase. Right side: detail of the most intense ceria peak for 

TiO2- CeO2 (SPS) samples produced at low and high power. 

 
Figure 6. 13 Raman shift of the main TiO2 band of the coatings’ cross-sections produced at different powers as (a) 

TiO2 (SPS)- un-melted area, (b) TiO2 (SPS)- melted area, (c) TiO2- CeO2 (SPS)- un-melted area, (d) TiO2- CeO2 

(SPS)- melted area, (e) TiO2- CeO2 (SPS-SPPS)- un-melted area and (f) TiO2- CeO2 (SPS-SPPS)- melted area. 
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As the photocatalytic reaction takes place on the surface, a Raman analysis was also 

performed on the coatings’ top surfaces to investigate the phase distribution of the surface. 

According to Fig. 6.14, anatase was the only phase detected for low-power coatings. Though, 

coatings produced at high power presented rutile characteristic peaks. In addition, CeO2 peaks 

were detected in the TiO2- CeO2 (SPS) coatings. 

 
Figure 6. 14 Raman spectra results at the top surface of coatings as (a) TiO2 (SPS)- Low power, (b) TiO2 (SPS)- 

High power, (c) TiO2- CeO2 (SPS)- Low power, (d) TiO2- CeO2 (SPS)- High power, (e) TiO2- CeO2 (SPS-SPPS)- 

Low power, and (f) TiO2- CeO2 (SPS-SPPS)- High power, which A denotes the anatase phase and R the rutile 

phase. 

6.3.4 XPS analysis 

All coatings were characterized by XPS to determine the chemical state and surface 

elemental composition. According to the XPS survey spectrum (Fig. 6.15), Ti 2p, O 1s, and C 1s 

elements are obviously observed in the coatings. Moreover, cerium element was seen in the TiO2- 

CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings.  

The high-resolution Ti 2p XPS spectra (Fig. 6.16 left) of the coatings showed two main 

peaks of Ti 4+ at 459 eV and 464.5 attributed to the Ti 2p3/2 and Ti 2p1/2, respectively [57][82][56]. 

Minor peaks at lower binding energies of 456.8 eV and 458.1 eV confirmed the presence of Ti3+ 

or TiO2 suboxide for the coatings containing cerium as a dopant and TiO2- CeO2 composite 

coatings [35].  

Figure 6.16 depicts high-resolution O 1s XPS spectra of coatings (middle graph). The peaks 

located at 530.3 eV, 531.9 eV and 532.8 eV are ascribed to the O2− ions in the metal oxide crystal 

structure (Ti-O bonds), the bridge oxygen on the surface, and Ti-OH of TiO2, respectively [56]. In 

addition, the small peak at 528.1 eV corresponding to TiO2 suboxide or Ce-O bonds is also 

observed in CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings.  
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The Ce 3d high-resolution spectra of the TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) 

coatings are displayed in Fig. 6.16 (right) and labelled as 3d5/2 and 3d3/2 spin-orbital. The results 

show that the mixture of both Ce3+ and Ce4+ states is presented in the coatings. However, Ce3+ 

diffraction peaks were not detected by XRD patterns in Fig. 6.11, indicating its low content. Ce 

3d data extracted from Fig. 6.16 are tabulated in Table 6.6 [222][225][226]. 

Based on our previous results [150][212], TiO2 coatings deposited by SPS were sub-

stoichiometric, and a thermogravimetric analysis was performed to measure the oxygen vacancy 

level. Although in this work, no peak related to Ti3+ or suboxide TiO2 was found for the TiO2 

(SPS) coatings that could be attributed to the XPS detection limit [225]. These results indicated 

the presence of reduced cerium states (Ce3+) in TiO2-CeO2 (SPS) and TiO2-CeO2 (SPS-SPPS) 

coatings. It creates additional oxygen vacancies above the XPS detection limit to maintain charge 

neutrality [225]. 

 
Figure 6. 15 XPS survey spectra of the top surface of coatings. 
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Figure 6. 16 High-resolution XPS spectra of Ti 2p, O 1s, and Ce 3d of the top surface of coatings. 

Table 6. 6 XPS Data of Ce 3d peaks of TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings.  

Sample Power 

Ce 3d5/2 Ce 3d3/2 

V0 V V' V'' V''' U0 U U' U'' U''' 

Ce 

(III) 

Ce 

(IV) 

Ce 

(III) 

Ce 

(IV) 

Ce 

(IV) 

Ce 

(III) 

Ce 

(IV) 

Ce 

(III) 

Ce 

(IV) 

Ce 

(IV) 

TiO2- CeO2 (SPS) 
Low  882.2 881.5 885.8 887.7 897.8 900.7 899 904.3 906.7 916.2 

High  882 881.5 885.9 887.8 897.3 900.4 899.5 904.2 906.6 916.2 

TiO2- CeO2 (SPS-SPPS) 
Low  881.6 882.2 885.5 888.5 898.3 899.5 901.3 904.6 907.3 916.6 

High  882.1 881.4 886 887.8 901.2 899.8 899.7 904.5 906.7 916.5 

6.3.5 Optical properties 

A UV-Vis spectrophotometer was utilized to investigate the optical properties and light 

sensitivities of the coatings. Figure 6.17 shows the UV-Vis absorption spectra of the coatings. It 

has been shown that all high-power coatings presented higher visible light absorption compared to 

low-power coatings. Among high-power coatings, it was observed that the band edge position of 
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TiO2- CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings shifted to a longer wavelength compared 

to TiO2 (SPS) coating. Moreover, low-power coatings containing cerium showed higher absorption 

in the visible range in comparison with TiO2 (SPS) coating. The absorption edge shifting in high-

power coatings indicates their bandgap narrowing [35][70].  

 

Figure 6. 17 UV-Vis absorption spectra of coatings as (a) TiO2 (SPS)- Low power, (b) TiO2 (SPS)- High power, (c) 

TiO2- CeO2 (SPS)- Low power, (d) TiO2- CeO2 (SPS)- High power, (e) TiO2- CeO2 (SPS-SPPS)- Low power, and 

(f) TiO2- CeO2 (SPS-SPPS)- High power. 

Direct and indirect bandgap energies of the coatings determined from the intercept of the 

tangent to the (αhν)2-hν and (αhν)1/2-hν plots are given in Fig. 6.18 and summarized in Table 6.7. 

The results confirmed that the bandgap of the high-power coatings, and more specifically, TiO2- 

CeO2 (SPS) and TiO2- CeO2 (SPS-SPPS) coatings containing cerium decreased, which might be 

derived from either the existence of oxygen vacancy or the presence of cerium as a dopant/ 

composite in the TiO2 structure. The role of the oxygen vacancy in optical properties and 

photocatalytic activity of the TiO2 coatings was studied entirely in our previous works [150][212]. 

Literature suggests that the plasma spraying technique using H2 secondary gas could produce sub-

stoichiometric TiO2-x coatings, while the higher the hydrogen flow rates, the higher the oxygen 

vacancy content [150][212][45]. The formation of new energy levels below the conduction band 

of the sub-stoichiometric TiO2-x could effectively decrease the bandgap to be activated under 

visible light [138][63][65]. In addition, these energy levels within the sub-stoichiometric TiO2-x 

bandgap can act as traps, helping to separate photo-generated electrons and holes. This feature can 

improve the material’s photocatalytic efficiency when exposed to visible light 

[150][138][167][139][66]. 

Moreover, several works indicated the influential role of cerium doping in improving light 

utilization efficiency [54][225]. It has been suggested that unoccupied 4f states below the 

conduction band introduced by cerium doping are responsible for higher visible light absorption 

and lower bandgap of the Ce-doped TiO2 samples [55]. Additionally, Jiang et al. [70] and Fan et 

al. [69] reported the bandgap narrowing of TiO2- CeO2 composite as a result of the formation of 

the TiO2 and CeO2 heterojunction. 
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Figure 6. 18 Direct and indirect band energy diagram of coatings as (a) TiO2 (SPS)- Low power, (b) TiO2 (SPS)- 

High power, (c) TiO2- CeO2 (SPS)- Low power, (d) TiO2- CeO2 (SPS)- High power, (e) TiO2- CeO2 (SPS-SPPS)- 

Low power, and (f) TiO2- CeO2 (SPS-SPPS)- High power. 

Table 6. 7 Calculated direct and indirect bandgap energies for coatings.  

Bandgap 

TiO2 (SPS) TiO2- CeO2 (SPS)  TiO2- CeO2 (SPS-SPPS) 

Low power High power Low power High power Low power High power 

Direct 
eV 3.25 2.9 3.15 2.7 3 2.3 

nm 381 427 393 459 413 539 

Indirect 
eV 2.7 1.6 2.5 - 1.8 - 

nm 459 774 496 - 688 - 

6.3.6 Photocatalytic properties 

The photocatalytic activity of the coatings was evaluated by the time-dependent photodegradation 

of methylene blue (MB) under visible-light irradiation. The reaction rate constants (k) obtained 

from the slopes of the graph ln (C0 / C) versus irradiation time represent the photocatalytic activity 

of TiO2 coatings, as shown in Fig. 6.19. A blank test without TiO2 sample was measured as a 

benchmark to evaluate MB photolysis under light exposure. As illustrated in Fig. 6.19, TiO2 (SPS) 

coatings presented the highest activity compared to TiO2 coatings doped with cerium or 

composited with CeO2.  

In the photocatalysis process of TiO2, electron-hole pairs are generated by ejecting 

electrons from the valence to the conduction band when it is illuminated with photon energy higher 

than its bandgap. Electrons and holes might be either recombined in bulk and on the surface of the 

photocatalyst or trapped on the surface and produce active radials (superoxide anions and hydroxyl 

radicals) to degrade organic compounds into harmless products [150][54]. The following reactions 

are suggested for TiO2-CeO2 nanocomposite as below [71]:  

𝑇𝑖𝑂2 + ℎ → 𝑒− + ℎ+                                                                                                    (6.5) 

𝑒− +  𝐶𝑒4+ → 𝐶𝑒3+                                                                                                       (6.6) 

𝐶𝑒3+ + 𝑂2 → 𝐶𝑒4+ +  𝑂2
−∗                                                                                            (6.7)  
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ℎ+ + 𝐻2𝑂 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒) → 𝑂𝐻∗ +  𝐻+                                                                             (6.8)             

 𝑂2
−∗  + 4𝐻+ → 2𝑂𝐻∗                                                                                                    (6.9) 

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑀𝐵 +  𝑂𝐻∗ → Degraded products → 𝐻2O  + 𝐶𝑂2                                 (6.10)                                                                              

Based on the literature, compositing TiO2 with CeO2 could enhance its photocatalytic 

activity by improving the separation of the photogenerated charge carriers [69]. As depicted in 

Fig. 6.20 (a) in TiO2-CeO2 nanocomposite, electrons in the conduction band (CB) of CeO2 inject 

into the CB of TiO2 due to the lower energy. Likewise, holes in the valence band (VB) of TiO2 

transfer to the CeO2 valence band [69][71]. It has been indicated that adding an optimum amount 

of CeO2 nanoparticles could enhance the photocatalytic activity in the TiO2-CeO2 nanocomposite 

as a result of the effective interfacial charge separation and lower charge carrier recombination 

rate [69][70][71]. Based on the photocatalytic activity results and SEM images (Figs. 6.19 and 

6.9), the lower activity of TiO2- CeO2 (SPS) composite coatings could be explained by covering 

TiO2 active surface with inert submicron CeO2 particles, as schematically shown in Fig. 6.20 (b). 

Therefore, lower electron-hole pairs would be generated upon light irradiation, suppressing their 

degradation ability.  

According to the literature, cerium doping would improve photocatalytic activity by 

reducing the bandgap and improving charge carrier lifetime. It has been reported that Ce3+ 

incorporation might create charge imbalance or strain that could form oxygen vacancy. The 

presence of Ce3+/Ce4+ mixture and oxygen vacancies would induce unoccupied 4f energy levels 

just below the TiO2 conduction band, which could reduce bandgap and suppress the electron-hole 

recombination (Fig. 6.20 (c)) [53][54][55][56][57]. However, an optimum dosage of dopant is 

needed to improve photoactivity. Makdee et al. [54] reported the deleterious effect of cerium 

doping on the photocatalytic activity of TiO2 upon increasing the cerium content. This can be 

explained by the formation of deep-level energy states close to the Fermi level that act as the 

charge recombination centers to decrease the charge carriers’ lifetime, as depicted in Fig. 6.20 (d). 

Based on the XPS results (section 6.3.4), a higher amount of oxygen vacancies was induced in the 

coatings containing cerium which might be the reason of the lower photocatalytic activity of the 

cerium-doped coatings (TiO2- CeO2 (SPS-SPPS)). These results indicate that the optimum cerium 

content is needed to improve the photocatalytic efficiency. 

 
Figure 6. 19 Left side: Photocatalytic degradation of the MB solution under visible irradiation (C0: initial 

concentration after dark test, C: MB concentration at irradiation time); Right side: Pseudo-first order rate constant of 

the degradation of MB by coatings as(a) TiO2 (SPS)- Low power, (b) TiO2 (SPS)- High power, (c) TiO2- CeO2 
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(SPS)- Low power, (d) TiO2- CeO2 (SPS)- High power, (e) TiO2- CeO2 (SPS-SPPS)- Low power, and (f) TiO2- 

CeO2 (SPS-SPPS)- High power. 

 
Figure 6. 20 (a) Schematic representation of the proposed photocatalytic mechanism of TiO2- CeO2 composite, (b) 

schematic of TiO2- CeO2 nanocomposite and TiO2-CeO2 composite of sub-micron powders (Adapted from 

references [69][71]), (c) schematic representation of the proposed photocatalytic mechanism of Ce-doped TiO2 at 

the optimum amount of dopant, (d) and at higher dosage of cerium dopant (Adapted from references [54]).  

6.4 Conclusion 

In this research work, TiO2- CeO2 composite (TiO2- CeO2 (SPS)) and Ce-doped TiO2 

coatings (TiO2- CeO2 (SPS-SPPS)) have been deposited by suspension plasma spraying (SPS) and 

suspension/solution precursor plasma spraying (SPS-SPPS) techniques at different conditions and 

the influence of the cerium on optical and photocatalytic properties of TiO2 coatings were 

investigated. The existence of the cerium dopant was confirmed by EDS mapping, XRD peaks and 

Raman peak shifting. Moreover, XPS analysis confirms the presence of Ce ions in the form of a 

mixture between Ce3+ and Ce4+, indicating the formation of higher oxygen vacancies in Ce-doped 

and CeO2 composite coatings. The experimental UV-Vis results indicate that cerium doping or 

CeO2 composite with TiO2 could effectively move the absorbance edge of TiO2 coatings toward 

the visible range. However, pure TiO2 coating (TiO2 (SPS)) presented better photocatalytic 

activity. Sub-micron CeO2 particles in the composite matrix covered the active surface of TiO2 

particles and decreased the photocatalytic efficiency of the coatings. Additionally, the lower 

photocatalytic activity of the Ce-doped TiO2 coatings can be explained by the formation of the 

deep-level point defects (such as oxygen vacancy) originating from a not optimal dosage of dopant 

that could increase the recombination rate of photogenerated charge carriers. In the current study, 

the SPS-SPPS method has shown a promising technique for doping TiO2 while further 

investigation is needed to optimize the dopant concentration and improve its uniformity in the 

coating by changing the suspension concentration and plasma spray parameters, respectively. 
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Preface to Chapter 7. 

 

 

  

 

In previous chapters, highly active TiO2 coatings were produced and the ability of plasma 

spray technique to create doped-TiO2 coatings was shown. In the current chapter, a practical 

approach was utilized to investigate the overall performance of thermal spray technology in the 

perspective of protecting public health against the viral transmission such as human coronavirus 

disease (COVID‐19) and improve antiviral surface technologies for possible future pandemics 

minimizing risks to individuals and public health.
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Chapter 7. Antiviral properties of thermal sprayed coatings against 

human coronaviruses HCoV-229E 4 

Abstract 

For decades, novel viral strains of respiratory tract infections have caused human pandemics and 

initiated widespread illnesses, deaths, and disruptions. The recent Coronavirus disease 2019 

(COVID-19) outbreak caused by SARS-CoV-2 virus has raised an urgent need to develop novel 

antiviral coatings as one of the potential solutions to mitigate the transmission of viral pathogens. 

Titanium dioxide (TiO2) is considered an excellent candidate for viral disinfection under light 

irradiation, with the potential to be activated under visible light for indoor applications. This 

research assessed the antiviral performance of thermally sprayed TiO2 coatings under UVA and 

ambient light. We also report the antiviral performance of TiO2 composites with other oxides, such 

as Cu2O and Al2O3, produced by SPS, APS, and suspension HVOF techniques. To evaluate the 

antiviral performance of the above coatings in a containment level-2 laboratory, a human common 

cold coronavirus, HCoV-229E, was initially used as a relevant surrogate for SARS-CoV-2. 

Coatings were also analyzed using SEM and XRD and were classified based on their surface 

roughness, porosity, and phase composition. Collectively, our data indicate that thermal sprayed 

TiO2-x coatings serve as a promising antipathogenic solution for indoor applications on highly 

touched surfaces and in ventilation systems. Moreover, the versatile and scalable thermal spray 

technology makes this process compatible with industrial production. 

Keywords: TiO2; Cu2O; Photoactivity; Contact-Killing; Antiviral Coatings; Thermal 

spray; Human Coronaviruses HCoV-229E; COVID-19 

7.1 Introduction 
As of March 2020, the widespread and rapid increase of the novel human coronavirus 

disease (COVID‐19), which causes severe acute respiratory syndrome (SARS) named SARS‐

CoV‐2, has raised worldwide attention towards public health. The World Health Organization 

reported in early November 2022 over 627 million cases of infection, including over 6.5 million 

deaths, due to the COVID-19 pandemic [8][9]. After SARS coronavirus and Middle East 

Respiratory Syndrome (MERS) coronavirus, this is the third highly pathogenic human coronavirus 

that was spread over the past two decades [8].  

Vaccination against SARS-CoV-2 has been developed since 2020, with acceptable success 

[227]. However, vaccination cannot prevent the emergence of new variants. Infectious pathogens 

could be transmitted either directly from close person-to-person contact or indirectly through hand-

 
4 This chapter is to be submitted as an article to the scientific Journal. Hediyeh Khatibnezhad, Elnaz Aleebrahim, 

Morvarid Mohammadian Bajgiran, Fadhel Ben Ettouil, Megan Solomon, Selena Sagan, Steve Beaudin, Jörg Oberste-

Berghaus, Rogerio S. Lima, Chen Liang, Christian Moreau 
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touch contact after deposition on surfaces [91]. Based on the literature, airborne transmission of 

SARS-CoV-2 virus was the main transmission route [228], but previous studies revealed that the 

highly contagious COVID‐19 virus could remain infectious for days on some surfaces [91]. To 

inhibit the risk of indirect transmission of infections, coated surfaces with intrinsic antiviral 

materials could be more effective than frequent cleaning of the environment. Regular cleaning in 

public places is costly, and re-contamination may occur. An incomplete cleaning process or 

ineffective cleaning agents may also leave viral residues that may continue to contaminate surfaces 

[94][229]. Moreover, respiratory disease symptoms such as coughing and mucus production would 

contaminate the cleaned surfaces frequently and increase the risk of virus transmissions [8]. 

Healthcare facilities are mostly made of stainless-steel surfaces as a common material due to its 

corrosion resistance and clean appearance. However, stainless steel has no antimicrobial 

capabilities and bacteria can attach and grow on them easily [92][93]. Thus, developing highly 

efficient, low-cost, and environmentally friendly antiviral coatings as one of the potential solutions 

to mitigate the transmission of viral diseases seems a reasonable solution. The antimicrobial 

properties of various metals, particularly copper and silver, have been extensively studied and 

documented [230]. The COVID-19 pandemic caused a surge in research interest in copper due to 

its ability to deactivate viruses, which is directly related to the amount of copper in the surface of 

the alloy. However, using copper-based materials on a large scale during a pandemic could pose 

risks of toxicity and environmental issues [231]. 

Since the antibacterial properties of titanium dioxide (TiO2) photocatalyst was reported by 

Matsunaga et al. in 1985 [232], TiO2 has attracted ever-growing worldwide attention for 

antipathogenic applications due to its unique mechanical and chemical resistance [16][17][18][19]. 

TiO2 can be excited by light irradiation to produce powerful reactive oxygen species (ROS) with 

strong oxidizing power for airborne pathogen inactivation under ambient conditions. Interaction 

of the virus with the photocatalytic surface results in substantial changes in the virus structure, 

leading to the loss of the ability of the virus to attack host cells [17][95].  

Among the two main crystalline phases of TiO2, the anatase phase presented the highest 

activity for photoactive applications. However, previous reports have shown the synergistic effects 

of the mixture of anatase and rutile phases that could enhance the photoactivity of TiO2 

photocatalyst [92][212][166][22]. Furthermore, based on the literature, increasing the surface area 

could also improve the photoactivity of TiO2 photocatalysts by increasing the active sites for 

reaction initiation and decreasing the charge carrier's recombination rate by introducing some 

trapping sites [3][83][37]. 

Alumina could be utilized with TiO2 to improve the mechanical properties of TiO2 coatings 

[233][234]. Among different alumina phases, the stable corundum phase (α-Al2O3) presents high 

chemical stability, high electrical resistance, and good thermal and mechanical properties [177].  

Copper oxide (Cu2O) coatings also show potent antiviral activity, even under dark 

conditions [91][96][97]. Recent interest in visible light-sensitive Cu2O-TiO2 nanocomposite has 

been substantial due to its sustainable antiviral activity under dark conditions. Cu2O-TiO2 

nanocomposite is desirable for indoor environmental remediation applications and also exhibits 

strong antiviral activity under dark conditions during the night when indoor light instruments are 

switched off [90][98]. These coatings would be less susceptible to viral contamination and can 

minimize the spread of the viruses. 

TiO2 films and coatings have been fabricated by various techniques; however, introduction 

into the market of antiviral coatings relies on the capability of the coating deposition technique for 

mass production. Thermal spray technology appears as a versatile and rapid processing approach 
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where the large surface area coverage and fast deposition rate (up to hundreds of microns in a 

couple of minutes) make this deposition process compatible with the industry [92][235][121]. 

Spray processes have other advantages, such as the flexibility of producing a wide variety of high-

quality coatings on substrates with different shapes and sizes [114] 

Based on our previous work [212][150], thermally sprayed sub-stoichiometric TiO2-x 

coatings presented remarkable photocatalytic performance under visible light. These coatings were 

deposited using the suspension plasma spray (SPS) process. The results indicated the effect of the 

oxygen deficiency and Ti3+ ions on decreasing the bandgap energy and shifting the absorption 

edge to the visible light range [150]. 

In this research work, TiO2, Cu2O, TiO2-Cu2O and TiO2-Al2O3 antiviral coatings were 

produced using different thermal spray processes, including atmospheric plasma spray (APS), 

suspension plasma spray (SPS), and suspension high-velocity oxygen fuel (S-HVOF). Eventually, 

the human common cold coronavirus, HCoV-229E, was used as a surrogate for SARS-CoV-2 to 

investigate the antiviral activity of the coatings in a containment level-2 laboratory. 

7.2 Experimental procedure 

7.2.1 Preparation of antiviral coatings 

Submicron-sized titanium dioxide (TiO2) powder (TKB Trading, Oakland-USA), micron-

sized TiO2 powder (Metco 102- Metco Oerlikon, Fort Saskatchewan, Canada), nanostructured 

TiO2 spray-dried powder (NEOXID T101 nano, Millidyne, Finland), copper oxide (Cu2O) powder 

(PI-KEM, U.K.), aluminum oxide- 40% titanium dioxide powder (Al2O3- 40%TiO2) (Amdry 

6257- Metco Oerlikon, Fort Saskatchewan, Canada), and aluminum oxide- 13% titanium dioxide 

powder (Al2O3- 13%TiO2) (Metco 130- Metco Oerlikon, Fort Saskatchewan, Canada) were used 

as feedstock materials to deposit coatings. SEM micrographs of the feedstock powders are shown 

in Fig. 7.1. 

Different thermal spray processes were applied to produce the antiviral coatings on the grit-

blasted 304 stainless steel coupons (1-inch diameter). Details of operating parameters are 

summarized in Tables 7.1 and 7.2. Five different types of TiO2 coatings were produced to provide 

various microstructure, roughness, porosity, and anatase phase contents. 10 wt.% water-based 

TiO2 suspensions without any dispersing agent were used as a feedstock material to deposit T1-

SPS and T5-SHVOF coatings by suspension plasma spray (SPS) and suspension high-velocity 

oxygen fuel (S-HVOF) processes. Axial IIITM (Northwest Mettech Corp., Canada) and ID-Nova 

(Spraywerx technologies, Canada) plasma torches were applied for producing T1-SPS and T5-

SHVOF coatings, respectively. ID-Nova HVOF spray torch is a new technology to spray the 

interior sections of the components. T2-APS, T3-APS, and T4-APS TiO2 coatings were deposited 

by atmospheric plasma spray (APS) using S.G.- 100 (Praxair, USA), 100HE (Progressive Surface, 

USA), and 3 M.B. (Oerlikon Metco, Switzerland) plasma guns.  
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Figure 7. 1 SEM micrographs of the feedstock powders. Note: SEM micrographs of TiO2 powder (Metco 102), 

Al2O3- 40%TiO2, and Al2O3- 40%TiO2 are taken from the data sheets provided by Metco Oerlikon. 

Cu2O and TiO2- Cu2O (75% TiO2 – 25% Cu2O) coatings were deposited by SPS method 

with a 3 MB plasma torch. 10 wt.% ethanol-based suspensions containing a small quantity of 

polyvinylpyrrolidone (PVP) (Sigma-Aldrich, Oakville, Canada) (5 wt.% corresponding to the 

solid content) as a dispersing agent were used to deposit C-SPS and TC-SPS coatings. A roller 

mill was utilized for suspensions for five days to increase the homogeneity and break down large 

agglomerates. The particle size distribution of the suspensions was measured by a Spraytec unit 

(Malvern Instruments, U.K.), as shown in Fig. 7.2. 

Table 7. 1 Thermal spray deposition parameters. 

Sample Feedstock material 

Thermal 

spray 

process 

Plasma gun 

Powder 

feed rate 

(g/min) 

Suspension 

feed rate 

(mL/min) 

Current 

(A) 

Spray 

distance 

(mm) 

Power 

(kW) 

T1-SPS TiO2-TKB SPS Axial IIITM - 30 220 75 77 

T2-APS TiO2-Metco 102 APS SG- 100 25 - 1000 100 35 

T3-APS TiO2-Metco 102 APS 100HE 100 - 400 115 95 

T4-APS TiO2- NEOXID T101 APS 3MB 20 - 500 75 29 

T5-SHVOF TiO2-TKB S-HVOF ID-Nova - 36.5 - 30 
H2-O2 

(380-190) 

C-SPS Cu2O SPS 3MB - 35 500 50 17.5 

TC-SPS Cu2O & TiO2-TKB SPS 3 M.B. - 35 500 50 20 

A40%T-APS 
Al2O3- 40%TiO2 (Amdry 

6257) 
APS F-4 30 - 

480 120 
30 

A13%T-APS 
Al2O3- 13%TiO2 (Metco 

130) 
APS 100HE 90 - 

260 115 
65 
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Table 7. 2 Primary and secondary gas flow rates for plasma sprayed coatings (SPS and APS coatings) 

Sample 
Ar flow rate 

(L/min) 

Secondary gas flow rate (L/min) 

H2 He N2 

T1-SPS Gas flow (SLPM): 223, Gas mixture (%): Ar: 82/ N2: 11/ H2: 7 

T2-APS 42.7 - 27.4 - 

T3-APS 85 66 - 66 

T4-APS 40 8 - - 

C-SPS 50 - 10 - 

TC-SPS 50 1 - - 

A40%T-APS 40 8 - - 

A13%T-APS 86 56 - 56 

 
Figure 7. 2 Particle size distribution of the suspensions: (a) TiO2: d10=0.2 µm, d50=0.39 µm, d90=0.75 µm, (b) 

Cu2O: d10=2.9 µm, d50=5.9 µm, d90=11 µm, (c) TiO2- Cu2O: d10=0.2 µm, d50=0.68 µm, d90=2.8 µm, to deposit T1-

SPS / T5-SHVOF, C-SPS, and TC-SPS coatings, respectively. 

Furthermore, TiO2-Al2O3 composite coatings were manufactured by APS techniques. Two 

feedstock powders containing different quantities of the TiO2 (40% and 13%) were used to 

evaluate the role of TiO2 content on the antiviral activity of the coatings. 

7.2.2 Characterization and evaluation 

The morphology of the powder, surface of the coatings, and polished cross-section of the 

coatings were observed with a field emission scanning electron microscope (FESEM JSM 

7600TFE, JEOL, Japan) in secondary electron and backscattered electron modes. The surface 

roughness of the coatings was measured with a confocal laser microscope (LEXT OLS4000 

Olympus, Toronto, Canada), and the arithmetic average surface roughness (Ra) has been reported. 

The phase analysis of the coatings was carried out by the X-ray diffraction (XRD) technique 

(X'Pert pro, PANalytical, Philips, Netherlands) in a range of 10−75° with Cu Kα radiation and a 

step size of 0.02°. The phase content was quantified by the tabulated reference intensity ratio using 

DIFFRACT.EVA software (Bruker, USA) and PDF-2 database (international center for diffraction 

data). 

7.2.2.1 Antiviral activity measurements 

The antiviral performance of selected coatings was assessed in a containment level 2 bio 

lab under UVA light (Fisher Scientific, Canada), ambient light, and dark conditions. Two UVA (λ 

= 365 nm) lamps with a power of 15 W each were used. The intensity of UVA light was reduced 

by decreasing the transmission to eliminate the impact of UVA illumination killing the virus 
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directly. Therefore, the intensity of the UVA lights was decreased using 2.0 OD UV-NIR Neutral 

Density Filters (88-275, Edmund Optics Inc., U.S.), allowing only 1% transmission. The distance 

between the surface of the samples and UVA lights was around 7 cm, and the distance between 

the surface of the samples and the UV-NIR filters was around 2 cm, allowing a normal air 

circulation over the surface of the samples. The ambient light was provided using white LED 

lights, generally used to illuminate inside the fume hood. The intensity of the ambient light was 

measured at around 500 lux using a light meter (LANTEX LM-50KL, ON, Canada). 

 The antiviral activity of the coatings was assessed using the HCov-229E-Luc virus as a 

surrogate for the SARS‐CoV‐2 virus [155]. The HCov-229E-Luc virus contains a Luciferase 

reporter gene allowing quantification of the relative amount of the viable virus in terms of Relative 

Luminescence Unit (RLU), determined by measuring the luminescence signal using a Luciferase 

assay [156].    

HCoV-229E-Luc stocks containing 1000 Plaque Forming Units (PFU) were prepared in 

Dulbecco's Modified Eagle Medium (DMEM) containing 2% Fetal Bovine Serum (FBS). A 50 µl 

of the virus solution was put on the surface of the coatings. The coatings were exposed to 

ambient/UVA light or kept in the dark. The virus was recollected from the coating surface by 

pipetting 100 µL of media (Dulbecco's Modified Eagle Medium) at the coatings’ surface at three-

time points, 0 min, 10 min, and 20 min after exposure. A fresh coating was used for the test at each 

time point. The retrieved virus was then used to infect Huh7 cells in triplicates. Huh7 cells are a 

human epithelial liver cell line derived from hepatoma tissue, which supports HCoV-229E 

replication. A Renilla-Glo Luciferase Assay System (catalogue number E2720, Promega), with 

Perkin Elmer plate reader (Ensight, Perkin Elmer), was used to quantify the virus infection. 

Furthermore, a copper plate (Cu), with high antiviral activity, and a stainless steel 304 plate (S.S.) 

with no antiviral activity were used as positive and negative control samples, respectively 

[157][158]. The schematic of the antiviral activity assessment process is shown in Fig. 7.3. 

 

 
Figure 7. 3 Schematic of the antiviral activity assessment process. 

7.3 Results and discussion 

7.3.1 The phase composition and oxygen vacancy presence 

XRD patterns and the derived information of TiO2 and Cu2O, TiO2- Cu2O and TiO2-Al2O3 

coatings are shown in Fig. 7.4 and Table 7.3. According to the results, various ranges of anatase 

phase contents were produced in TiO2 coatings, while T1-SPS and T5-SHVOF coatings presented 

the highest anatase content.  
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XRD patterns (Fig. 7.4) show Cu2O, CuO, and Cu phases for C-SPS coating and anatase, 

rutile, Cu2O, and Cu phases for TC-SPS coating. According to the literature, copper (Cu) and Cu2O 

are considered antibacterial/ antiviral materials by direct contact mechanism [91][236][237]. On 

the other hand, the inferior antiviral activity of CuO phase might be related to the less potential of 

CuO phase to adsorb and denature proteins [91]. In TiO2-Al2O3 coatings, some part of the active 

TiO2 phase was transformed into TiAl2O5 phase, as shown in Fig. 7.4 and Table 7.3. The formation 

of the aluminum titanate phase could be detrimental to the photoactivity of the coatings.  

 
Figure 7. 4 XRD patterns of coatings as (a) T2- APS, (b) T3- APS, (c) T4- APS, (d) T1- SPS, (e) T5- SHVOF, and 

(f) C-SPS, (g) TC-SPS, (h) A40%T-APS, (i) A13%T-APS, which A denotes anatase phase, R rutile phase, α is α-

Al2O3, and γ is γ-Al2O3. 

Table 7. 3 Phase content of the coatings derived from Fig. 7.4.  

Sample %Anatase %Rutile %Ti9O17 %Cu2O %CuO %Cu %α-Al2O3 %γ-Al2O3 %TiAl2O5 

T1-SPS 83 17 - - - - - - - 

T2-APS 9.5 64.5 26 - - - - - - 

T3-APS 6 67.5 26.5 - - - - - - 

T4-APS 28 72 - - - - - - - 

T5-SHVOF 82 18 - - - - - - - 

C-SPS - - - 65.1 18.2 16.7 - - - 

TC-SPS 42 19 - 34 - 5 - - - 

A40%T-APS - 6 - - - - 32.5 37 24.5 

A13%T-APS - 2 - - - - 55 32 11 



 

110 

 

7.3.2 Coating microstructures and morphology  

3-D maps of the top surfaces of the coatings taken by a confocal laser microscope are 

presented in Fig. 7.5. Based on the results, different surface roughnesses were produced using 

different thermal spray processes. T5-SHVOF coating showed the smoothest surface (Ra~1.8 μm), 

and the roughest surface was observed in TC-SPS coating (Ra~9.2 μm).  

 
Figure 7. 5 Top surface 3D images of the coatings provided by the confocal laser microscope. 

The SEM micrographs of the coating cross-sections and top surfaces are shown in Figs. 

7.6 - 7.10. Cross-sectioned SEM images of TiO2 coatings (Fig. 7.6) showed mechanically stable 

coatings firmly bonded to the surface. According to the top surface images of TiO2 coatings, T1-

SPS and T5-SHVOF coatings presented higher fine porosities, as shown in Fig. 7.7. At higher 

magnification (Fig. 7.8), un-melted agglomerated particles and re-solidified particles were 

observed in the coatings produced by suspension as the feedstock material.  
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Figure 7. 6 BSE FESEM micrographs of TiO2 coatings' cross-sections at two magnifications. 
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Figure 7. 7 Top surface SE FESEM micrographs of TiO2 coatings. 

Sub-micron particles used for preparing the suspension for SPS and S-HVOF processes 

would travel within the colder fringe of the plasma plume with lower thermal energy. Moreover, 

the relatively high vaporization enthalpy of water as the solvent in the suspension would cool down 

the plasma jet and increase the un-melted ratio in the suspension sprayed coatings compared to 

APS coatings. Re-solidification of the melted particles before impacting the substrate might form 

re-solidified particles [212][183][44]. The presence of agglomerated un-melted particles and re-

solidified particles is of great importance for increasing the specific surface area of the 

photocatalyst and, hence improving its activity. 
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Figure 7. 8 Top surface SE FESEM micrographs of T1-SPS and T5-SHVOF at high magnification, where (1) fully 

melted particles, (2) un-melted agglomerated particles, and (3) re-solidified particles. 

SEM micrographs of Cu2O, and TiO2 composites with Cu2O and Al2O3 are shown in Figs. 

7.9 and 7.10. The lower deposition efficiency of Cu2O and TiO2- Cu2O coatings might be related 

to the plasma processing parameters and, specifically plasma power. To maintain Cu2O phase, a 

low plasma power was applied by using He and a low H2 flow rate as the secondary gas for Cu2O 

and TiO2- Cu2O coatings, respectively. 

 
Figure 7. 9 FESEM micrographs of Cu2O and TiO2-Cu2O coatings, left side: BSE cross-sectioned, Right side: S.E. 

top surface images. 
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Figure 7. 10 FESEM micrographs of TiO2-Al2O3 coatings, left side: BSE cross-sectioned, Right side: S.E. top 

surface images. 

Energy dispersive spectroscopy (EDS) measurements were performed on TiO2 composite 

coatings to investigate the second phase distribution through the coatings, as shown in Fig. 7.11. 

According to the EDS mapping results, Al2O3 phase in both TiO2-Al2O3 coatings enclosed a 

significant portion of the composite coatings.  

 
Figure 7. 11 FESEM-EDX mapping of the cross-sectional view of TiO2-Cu2O and TiO2-Al2O3 coatings. 
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7.3.3 Antiviral activity assessment 

7.3.3.1 Al2O3-TiO2 coatings 

Figure 7.12 shows the antiviral activity of A40%T-APS and A13%T-APS coatings under 

UVA and ambient light. The coatings showed almost no antiviral activity in both cases, similar to 

the stainless-steel control sample. The antiviral activity of TiO2 is due to the photocatalytic 

oxidation property [99]. When TiO2 is exposed to photons with energy more than its bandgap, an 

electron (e-) is excited from the valence band (VB) to the conduction band (CB), and a hole (h+) is 

generated in the valence band. At the surface of the photocatalyst, these charge carriers interact 

with oxygen and water to produce highly reactive oxygen species (ROS) such as hydroxyl radicals 

(˙HO), O2˙ ̄ , HO2˙, H2O2, etc. [238]. Equations 7.1 to 7.5 show the mechanisms of producing some 

ROS [238]. 

 

TiO2 + hν → TiO2 (e
- + h+)                                                                                           (7.1) 

TiO2 (h
+) + H2O → TiO2+ ˙HO + H                                                                             (7.2) 

TiO2 (e
-) + O2 → TiO2 + O2˙ ̄                                                                                        (7.3) 

O2˙ ̄ + H+ → HO2˙                                                                                                         (7.4) 

O2˙ ̄ + HO2˙ → ˙HO + O2 + H2O2                                                                                (7.5) 

ROS such as ˙HO, O2˙ ̄ , HO2˙, H2O2 has been suggested to be responsible for the 

degradation of viruses [99][238]. These ROS could damage the lipid membrane of the virus and 

degrade the capsid proteins or the envelope of the virus. Consequently, nucleic acid leakage occurs 

following virus destruction due to the decomposition of its genetic material [238][239].  

Generally, the photogenerated electron-hole pairs in TiO2 are produced under UV 

illumination due to their 3-3.2 eV bandgap energy [43]. However, thermal sprayed coatings show 

photocatalytic activity under visible light due to the presence of oxygen vacancy and Ti3+ ions in 

the coatings [150][240][241]. In Al2O3-TiO2 coatings, as mentioned in section 7.3.1, most of the 

TiO2 in the feedstock was transformed into TiAl2O5 in the coatings. Furthermore, EDS images of 

Al2O3-TiO2 coatings in Fig. 7.12 showed the photocatalically active surface of TiO2 covered with 

inert Al2O3 resulting in suppression of the photocatalytic activity in these coatings.  
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Figure 7. 12 Antiviral activity assessment of Al2O3-TiO2 Coatings under (a) ambient light, (b) UVA light. Cu-10 

min and SS-10 min were calculated by linear interpolation. 

7.3.3.2 TiO2 coatings 

Figure 7.13 shows the antiviral activity of the TiO2 coatings produced with SPS, APS, and 

S-HVOF processes under UVA and ambient light. The antiviral activity of the coatings is rather 

similar under UVA and ambient light. Interestingly, the antiviral activity of the coatings under UVA 

and ambient light, regardless of the thermal spray production process, is almost as high as the copper 

sample. After 20 min, 99.7% of the virus on the copper sample was killed under UVA and ambient 

light. Despite the minor fluctuation, which could correspond to the specific surface characteristics 

of the samples in this work, a consistent trend can be observed in the results. 

In general, anatase content in TiO2 is believed to be the most promising factor for 

photocatalytic activity [19][22][38]. However, other parameters, such as oxygen vacancy and 

surface morphology, could also play a critical role in the photocatalytic performance of thermally 

sprayed coatings [212][43]. 

It can be seen that samples T1-SPS and T5-SHVOF, with around 80% anatase, show 

slightly higher antiviral activity than copper under both ambient and UVA illuminations. Notably, 

the Log RLU value of these two samples at 0 min, which determines the amount of the re-

collectible virus from the coatings' surface, is lower than the other coatings and the dense control 

samples. A relatively high porosity on the surface of T1-SPS and T5-SHVOF, shown in Fig. 7.8, 

results in the penetration of a fraction of the virus through the coatings almost immediately after 

being put on the surface. This sponge-like feature is not necessarily undesirable since 

coronaviruses have a limited chance of survival that can last up to a few days [242]. Therefore, the 

virus removed below the touchable section of the surface cannot be transmitted to a host to create 

an infection and eventually decomposes. In addition, the high porosity and asperities on the surface 

create a larger photocatalytically reactive surface area, which, combined with the anatase content, 

could lead to a more efficient photocatalytic performance. Thus, in porous TiO2 coatings, the 

antiviral activity depends on the combined effect of the efficient photocatalytic oxidation on the 

surface and displacement of the virus from the surface. 

Likewise, in samples T2-APS, T3-APS, and T4-APS, the antiviral activity could be 

explained through a combined effect of several parameters. Figure 7.14 shows the color of the 

TiO2 coatings produced with different thermal spray processes. It can be seen that the APS coatings 

are much darker than SPS and S-HVOF coatings. It was shown previously that the darker the sub-

stoichiometric TiO2-x  coating in SPS coatings, the higher the oxygen vacancy content[212][150]. 

Furthermore, the level of darkness in sub-stoichiometric coatings is related to the concentration of 

the Ti3+ ions [63][64][136]. 

In the thermal spray process, a high-temperature heat source is utilized to melt and 

accelerate feedstock material (such as powder or suspension) to form the coating. Oxygen vacancy 

could form during the intense heating of the particles, and its quantity is associated with the 

temperature of the in-flight particles. Notably, the presence of hydrogen as a reductive gas could 

promote the formation of oxygen vacancy [92][45][134]. Therefore, Ti4+ could be reduced to Ti3+ 

by accepting electrons from the reducing gas, and oxygen vacancies, or even by receiving the 

photogenerated electrons under UVA and ambient lights [161]. Oxygen vacancies and Ti3+ ions 

generate new energy levels below the conduction band, inhibiting charge carrier recombination 

and enhancing photocatalytic activity [66]. 

Consequently, the dark APS coatings may include higher levels of oxygen vacancy and 

Ti3+ ions resulting in the enhancement of antiviral performance. On the other hand, the lighter 
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color in SPS and HVOF coatings could be due to a lower level of oxygen vacancy. Using water-

based suspension feedstock for T1-SPS and T5-SHVOF would cool down the plasma jet due to 

the high vaporization enthalpy of water (2.3 ×106 J kg-1), decreasing the chance of producing 

oxygen vacancy in the coatings.  

Finally, it is worth mentioning that the synergetic effect between anatase and rutile in TiO2 

coatings may also promote photocatalytic reactivity by decreasing the recombination rate of the 

charge carriers [66].  

An almost similar antiviral activity for TiO2 coatings under both UVA and ambient light 

could propose a more sustainable solution for indoor applications by using the commonly used 

visible light systems and for outdoor applications where the sunlight consists of around 53% 

visible light [243]. 

 
Figure 7. 13 Antiviral activity assessment of TiO2 Coatings under a) ambient light, b) UVA light. Cu-10 min and 

SS-10 min were calculated by linear interpolation. 

 
Figure 7. 14 The color difference between TiO2 coatings produced by various thermal spray processes. 

7.3.3.3 TiO2-Cu2O coatings 

The suggested mechanism for virus deactivation by Cu2O is the direct contact of the virus 

with solid-state Cu2O compounds through valence-state Cu(I) species resulting in the denaturation 

or degradation of its biomolecules. Therefore, Cu2O shows antiviral activity independent of optical 

absorption and in the dark environment [91][244]. The drawback lies in the oxidation of Cu(I) to 

Cu(II) under ambient conditions, which does not show significant antiviral activity [244]. In TiO2-

Cu2O composite, a combination of copper species with photogenerated holes in the valence band 

of TiO2 under light irradiation can cause membrane damage, followed by protein oxidation and 

DNA degradation [90][98]. Furthermore, it was suggested that the photogenerated electrons in 

TiO2 could be received by Cu(II), suppressing the self-oxidation of Cu(I) and ensuring a 

sustainable antiviral property of Cu2O [244]. 
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Figure 7.15 shows the antiviral activity of the Cu2O and TiO2-Cu2O coatings produced 

with SPS processes under UVA, ambient light, and dark.  

In Figs. 7.15 (a) and (b), Cu2O and TiO2-Cu2O coatings show a relatively similar antiviral 

activity under both UVA and ambient lights, almost as well as that of the pure copper control 

sample. The Log RLU value of TiO2- Cu2O coating at 0 min shows that the quantity of re-collected 

virus was lower than Cu2O coating. The lower quantity of re-collected virus is due to the high 

porosity observed on the surface of TiO2- Cu2O coating shown in Fig. 7.9. Therefore, the antiviral 

performance in TiO2-Cu2O could be linked to the combined effect of photocatalytic reactivity of 

TiO2, removal of the virus from the top surface of the coating due to porosity, and direct contact 

of Cu2O. However, looking at Fig. 7.11, it can be seen that the Cu species are enveloped by TiO2, 

which might have limited the antiviral activity due to the direct contact with solid-state Cu2O. 

Figure 7.15 (c) shows the antiviral activity of Cu2O and TiO2-Cu2O coatings in dark 

conditions. The antiviral activity of Cu2O coating in the dark is not significantly different from 

that under UVA and ambient light. This outcome was not unexpected since the direct-contact 

virus-killing mechanism in Cu2O is independent of photon energy [91][244].  

 Interestingly, the TiO2-Cu2O coating in dark conditions shows a significant decrease in 

the quantity of the viable virus, close to that of the copper sample. However, the Log RLU values 

for TiO2-Cu2O coating at 0, 10, and 20 min are somewhat similar. As mentioned earlier, this close 

similarity in Log RLU values indicates that the observed antiviral activity could correspond to 

penetration of the virus through the porous structure of the coating and its removal from the top 

surface. Additionally, the effect of the direct-contact virus-killing mechanism of Cu2O could be 

suppressed probably due to the covering of Cu species by TiO2, as shown in Fig. 7.11. It can be 

assumed that optimizing the proportion of Cu2O in TiO2-Cu2O coating might probably be 

advantageous in terms of increasing the efficiency of antiviral activity in the dark. 

Figure 7. 15 Antiviral activity assessment of TiO2-Cu2O Coatings under a) ambient light, b) UVA light, and c) dark. 

Cu-10 min and SS-10 min were calculated by linear interpolation. 
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7.4 Conclusion 

This study confirms the possibility of producing antiviral coatings using thermal spray 

technologies. The antiviral activity of thermally sprayed coatings was assessed under ambient 

light, UVA, and dark conditions. TiO2, Cu2O, TiO2-Cu2O, and Al2O3-TiO2 coatings were produced 

by APS, SPS, and S-HVOF processes. Regardless of the coating fabrication process, the antiviral 

performance of TiO2 and TiO2-Cu2O coatings was as well as pure copper under UVA and ambient 

light. Furthermore, Cu2O coating showed antiviral activity in dark conditions close to that of 

copper. Copper is antiviral upon direct contact with the virus. However, its activity would not last 

long if the surface became oxidized or contaminated by organic molecules and virus residues. In 

comparison, TiO2 is a stable material with an inherently self-cleaning characteristic. Moreover, the 

price of pure copper compared to TiO2 coating is one of the important parameters that should be 

considered for industrial application. Results showed that the antiviral performance of the coatings 

corresponded to the collective influence of various parameters, including the photocatalytic 

activity of TiO2, direct contact of Cu2O components, and surface properties of the coatings, such 

as porosity and roughness. The surface porosity resulted in the transportation of a significant 

quantity of the virus beneath the touchable surface of the coatings, hindering its potential to cause 

infection. Although the regular cleaning processes of touched surfaces with high roughness and 

porosity could be challenging, an optimized level of surface properties could be beneficial to the 

total antiviral performance of the coatings through the combined effect of killing the virus and 

removing the virus from the surface.   

Our results show that thermally sprayed coatings can introduce a potentially cost-effective 

solution to produce efficient antiviral high-touch coatings for indoor applications under ambient 

light, in the dark, and outdoor applications under sunlight. 
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Chapter 8. Conclusion and future works 

8.1 Summary and conclusion 

The main objective of this work was to develop scalable photoactive TiO2 coatings with 

acceptable efficiency under visible light for water treatment and antiviral application. Thermal 

spray processes are ideal for coating large surfaces due to their ability to operate in atmospheric 

conditions, scalability, and capability to deposit various engineering ceramics and metals. 

In the first step, the role of the crystalline phase on the photocatalytic activity of suspension 

plasma sprayed (SPS) TiO2 coatings was systematically investigated. According to the literature, 

crystalline phase is one of the most important parameters affecting the photocatalytic efficiency of 

TiO2 coatings, and anatase is the most favorable phase. Based on the results, plasma spraying 

conditions and, more importantly, hydrogen flow rates could significantly affect coatings 

‘properties like crystalline phases, oxygen vacancies, and morphologies confirmed by various 

characterization tests. Hydrogen is a reducing gas that could increase temperature and velocity of 

particles. Based on the results, oxygen vacancy content was increased in the coatings produced at 

higher H2 flow rates. The higher deposition efficiency of the coatings produced at higher power 

may be related to the higher total gas flow rate which could favor suspension atomization. All as-

sprayed coatings were polished and heat-treated to reach the same roughness and oxygen content, 

while no significant phase changes were observed after heat treatment. Photocatalytic activity 

results showed that all the coatings exhibited remarkable photocatalytic activity. However, the 

performance of as-sprayed coatings was significantly better than that of polished heat-treated 

counterparts, which might stem from the combination of phase composition and other influencing 

factors. While for as-sprayed coatings, no direct correlation between anatase content and their 

photocatalytic activity was ascertained, TiO2 coating with the highest amount of anatase content 

presented the best activity after polishing and heat treatment.  

Subsequently, the optical and photocatalytic performance of TiO2 coatings produced by 

suspension plasma spray (SPS) were investigated with a focus on the effects of oxygen deficiency 

and Ti3+ ions. By varying the annealing temperature of the as-sprayed samples (400-550 ºC), 

coatings with different oxygen levels were produced. The higher the heat treatment temperature, 

the more oxygen was recaptured in the coating while the initial crystalline phase was maintained. 

The optical properties of sub-stoichiometric TiO2-x were found to vary along with its stoichiometry. 

Introducing oxygen vacancies and Ti3+ ions to the TiO2 lattice sites resulted in a significant 

decrease in the bandgap energy and a shift of the absorption edge to visible light due to the 

formation of [Ov·Ti3+]+ between the valence and conduction bands. 

Additionally, the presence of energy levels between the bandgap could act as traps, 

promoting the separation of photo-generated electrons and holes, thus improving the 

photocatalytic response of the sub-stoichiometric TiO2-x under visible light. Based on the 
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photocatalytic activity results, the rate constant for methylene blue (MB) degradation of the as-

sprayed TiO2 coating with the highest oxygen deficiency was 3.8×10-2 min-1, while the heat-treated 

coating with the lowest oxygen deficiency had a rate constant of 1.3×10-2 min-1. This study 

showcased the development of efficient sub-stoichiometric TiO2-x photocatalyst coatings, which 

could be used to reduce the environmental impact of the textile industry. 

In the next step, the role of the CeO2 compositing and cerium dopant were investigated on 

the coatings produced by SPS and hybrid suspension (SPS) and solution precursor plasma spraying 

(SPPS) approach. The presence of cerium doping was verified through EDS mapping, XRD peaks, 

Raman peak shifting, and XPS analysis. The XPS analysis, in particular, revealed the presence of 

a combination of Ce3+ and Ce4+ ions, suggesting a higher concentration of oxygen vacancies in 

Ce-doped and CeO2 composite coatings. Cerium dopant introduces e new band states below the 

conduction band of TiO2 that could reduce the recombination rate by trapping charge carriers. 

Moreover, it will reduce the bandgap and shift the light absorption to the visible range. The UV-

Vis experiments showed that doping TiO2 with cerium or forming a composite with CeO2 shifted 

the absorbance edge of TiO2 coatings toward the visible range. However, pure TiO2 (SPS) 

presented superior photocatalytic activity. The addition of sub-micron CeO2 particles to the 

composite matrix covering the active surface of TiO2 particles has been found to reduce the 

photocatalytic efficiency of the coatings. This decreased activity of Ce-doped TiO2 can be 

attributed to the generation of deep-level point defects, such as oxygen vacancy, due to an 

inadequate dosage of dopant, which results in an increased rate of recombination of 

photogenerated charge carriers. The SPS-SPPS method has proven to be a promising technique for 

doping TiO2; however, further analysis is needed to determine the ideal amount of dopant needed 

to maximize the material's photoactivity. 

In the last step, the antiviral activity of TiO2, Cu2O, TiO2-Cu2O and TiO2-Al2O3 coatings 

was investigated under ambient light, UVA, and dark conditions. These coatings were produced 

by different thermal spray processes, including atmospheric plasma spray (APS), suspension 

plasma spray (SPS), and suspension high-velocity oxygen fuel (S-HVOF). Regardless of the 

fabrication process, the antiviral performance of TiO2 and TiO2-Cu2O coatings was comparable to 

that of pure copper when exposed to UVA and ambient light. Additionally, Cu2O coating was 

almost as effective as copper in dark conditions. The antiviral efficiency of the coatings was 

determined by the combination of various factors, including the photocatalytic activity of TiO2, 

the direct contact of Cu2O components, and the surface morphology of the coatings. The porous 

surface enabled the virus to go beneath the reachable surface of the coatings, reducing the risk of 

infection. While regular cleaning of rough and porous surfaces may be difficult, a tailored level of 

surface features can improve the antiviral performance of the coatings by both killing the virus and 

eliminating it from the surface. Our findings suggest that thermally sprayed coatings could be a 

viable, cost-effective method of producing antiviral high-touch coatings for both indoor and 

outdoor applications. 

Based on the results and conclusions provided, it can be seen that, SPS TiO2 have unique 

properties that can be tailored for different applications. This highlights the importance of 

comprehending the correlation between spray parameters and coating properties, as the coatings 

demonstrated effective photoactivity for water purification and antiviral applications. These results 

suggest the potential for further application of these coatings in hydrogen production.  
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8.2 Contributions 

The main contributions of this research can be summarized as follows. 

• A systematic procedure was established to understand the influential role of anatase phase 

on the photocatalytic activity of TiO2 coatings obtained by suspension plasma spraying. 

Based on the results, there is no direct correlation between anatase phase content and 

photocatalytic activity of as-sprayed coatings due to their unique microstructure and the 

existence of oxygen vacancies. At the same time, anatase phase plays an important role in 

post-treated coatings with similar coating characteristics and oxygen contents.  

• A systematic work was performed to present the influential role of oxygen vacancies on 

the optical properties and photocatalytic activity of sub-stoichiometric TiO2-x coatings 

obtained by suspension plasma spraying. A method based on TGA analysis was proposed 

to monitor the oxygen concentration of photocatalytic coatings as a function of SPS 

deposition parameters. Based on the result, the more the hydrogen flow rate was, the more 

oxygen vacancy was produced in the coatings, which could be both sub-stoichiometric 

anatase and rutile. While after heat treatment at 550 ºC, all coatings re-oxidized to 

stoichiometric TiO2. Sub-stoichiometric titania (TiO2-x) coatings showed remarkable 

photocatalytic activity for water purification with MB.  

• SPS-SPPS method has shown a promising technique for doping TiO2 while the optimum 

amount of the dopant is needed to reach the highest photoactivity. Moreover, TiO2-CeO2 

composite was produced using SPS process. Although, Sub-micron CeO2 particles 

decreased the photocatalytic activity of TiO2 coatings by covering its active surface area. 

• Thermally sprayed TiO2-x coatings have emerged as a viable solution for indoor 

applications to decrease viral transmission through highly touched surfaces. It can be used 

in ventilation systems as well. 

• This research shows the impressive capability of suspension plasma spraying to produce 

highly active TiO2 coatings for photocatalytic activity and antiviral applications. 

Furthermore, the versatile and scalable thermal spray technology makes it compatible with 

industrial production. 

8.3 Future work 

Based on the results of the present research study, the following suggestions are proposed 

for future research to enhance the photoactivity of the coatings: 

• Investigating the role of the other influencing parameters on the thermally sprayed TiO2 

coatings, such as surface roughness.  

• Optimize the cerium dopant amount by depositing coatings containing a higher and lower 

dosage than the current dosage we used. 

• Producing TiO2-CeO2 composite using SPPS process to create nanostructured composite 

coatings. 

• Testing the antiviral activity of the coating on highly touched surfaces under real-life 

conditions and HVAC systems. 

• Performing long-term experiments using modified photocatalysts to explore the stability 

and deactivation behavior of the coatings when exposed to light irradiation. 

• Testing the performance of developed photocatalysts under a flowing water system. 
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