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ABSTRACT 

Photocatalysis is widely used for the degradation of organic pollutants, with TiO2 and ZnO as 

the best candidates with unique properties. However, agglomeration and recycling are major 

challenges in practical photocatalysis applications. Advanced deposition processes can provide 

nanotubular or hierarchical structures which are more promising than suspended particles. More 

importantly, higher efficiency of photoelectrocatalysis than photocatalysis for the degradation 

of persistent organic pollutants including perfluorooctanoic acid (PFOA) necessitates catalyst 

immobilization. Photoelectrocatalysis exhibited remarkably higher efficiency (56.1%) than 

direct photolysis (15.1%), electrocatalysis (5.0%) and photocatalysis (18.1%) for PFOA 

degradation. This paper aims to review the progress in the application of anodizing and thermal 

spraying as two major industrial surface engineering processes to bridge the gap between 

laboratorial and practical photocatalysis technology. Overall, thermal spraying is considered as 

one of the most efficient methods for the deposition of TiO2 and ZnO photocatalytic films. 
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1. Introduction 

Environmental photocatalysis occurs via the absorption of photons with energy equal to or 

greater than the band gap energy of semiconductor, resulting in photogeneration of charge 

carriers, separation of charge carriers, transfer of charge carriers to the surface of photocatalyst, 

and redox reactions.[1-3] Since the recombination of photogenerated e-/h+ pairs could quench the 

redox potential of semiconducting material, its rate should be minimized to achieve the highest 

photocatalytic activity. Several strategies have been used to lower the recombination rate of e-

/h+ pairs including heterojunction formation, metal deposition, creation of oxygen vacancies, 

and non-metal/metal ion doping.[4,5] Surface reactions could happen only if the oxidation and 

reduction potentials are more negative and positive than valence band and conduction band 

levels, respectively.[6] The probable events which could occur during a photocatalytic reaction, 

though at varying degrees based on the photocatalytic system, are illustrated in Fig. S1. 

TiO2 is the most common photocatalyst due to its high oxidizing potential, nontoxicity, and 

easy immobilization on different surfaces.[5] Among all TiO2 polymorphs, anatase and rutile 

phases are used in photocatalytic applications.[7] However, brookite TiO2 has shown higher 

photocatalytic activity than that of rutile TiO2 in some cases.[8] Among these phases, 

macrocrystalline rutile TiO2 is thermodynamically stable under ambient conditions.[9] Anatase 

is a meta-stable phase and its band gap energy, which is approximately 3.2 eV, is higher than 

rutile phase.[10] Overall, when it comes to the pure phases, anatase TiO2 shows a higher 

photocatalytic activity than rutile TiO2. Improved surface hydroxyl density and higher mobility 

of e-/h+ pairs could be responsible for superior photocatalytic activity of anatase TiO2 than its 

other polymorphs.[11] Discrepancy with the recombination kinetics of charge carries might be 

considered as another major reason for the higher photocatalytic efficiency of anatase TiO2. 

Photoluminescence measurements have confirmed that a higher recombination rate of charge 

carriers is observed for rutile TiO2 than anatase TiO2.[12]  
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Compared to TiO2, ZnO has great advantages including easy crystallization, fast transport 

of charge carriers, and the presence of intrinsic impurities which leads to its higher electron 

mobility.[4] Zinc oxide crystallizes in three different crystal structures including Wurtzite 

(hexagonal), zinc blende (cubic), and rocksalt (cubic).[13,14] Wurtzite ZnO is known as the most 

stable phase of ZnO thermodynamically at ambient temperature and pressure.[14] The 

preparation method could highly affect zinc oxide crystal structure and its morphology.[15] 

Nanoflowers are a novel class of small particles with a similar structure to plant flower in a 

nanometer scale which include numerous layers of petals to introduce a large surface area in a 

small structure. High surface to volume ratio and good charge transfer of nanoflowers could 

result in the high efficiency of surface reactions in 3D structure of nanoflowers.[16] Besides, a 

lower aggregation of nanoparticles could be observed during photocatalysis.[17] Moreover, ZnO 

nanoflowers showed improved light-scattering properties compared with other morphologies 

such as 1D nanorods.[18] Therefore, 3D ZnO nanoflowers could be more beneficial than other 

nanostructures for photocatalytic applications.[17] A similar conclusion has been made by Liao 

et al. who suggest much higher photocatalytic activity of 3D nanotube arrays of TiO2 than its 

one-dimensional arrays.[19] ZnO has a lower price than TiO2 and a similar photodegradation 

mechanism to TiO2 and therefore is considered as an alternative to it.[20,21] As the most stable 

phase of zinc oxide, wurtzite is the most common polymorph of ZnO used for photocatalytic 

applications, which also takes advantage of its ease of synthesis compared with pristine zinc 

blende and rocksalt ZnO phases. Wurtzite zinc oxide has shown a higher photocatalytic activity 

than that of TiO2 in some cases, as tabulated in Table S1. However, unpredictable physical and 

chemical properties of metastable phases of ZnO are more exciting than its stable 

counterpart.[22] Razavi-Khosroshahi et al. used high-pressure (6 GPa) torsion (HPT) technique 

to develop nanostructured rocksalt ZnO with a large fraction of oxygen vacancies, which could 

be stable at ambient conditions. The use of HPT method could not only induce rocksalt phase, 

but also creates oxygen vacancies as confirmed by Raman spectra. The sample processed under 
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the pressure of 6 GPa, which takes advantage of its high concentration of oxygen vacancies, 

has shown higher photo-absorption ability than other samples due to the minimum band gap 

energy. Owing to the high potential of light harvest, formation of rocksalt ZnO phase and 

creation of oxygen vacancies, Rocksalt ZnO has shown higher photocatalytic activity than both 

wurtzite ZnO and anatase TiO2 phases.[23] 

In this paper, the applications of TiO2 and ZnO in the photocatalytic degradation of per- 

and polyfluoroalkyl substances (PFAS) as representative of persistent organic pollutants are 

discussed. Then, the application of two industrial surface engineering methods including 

anodizing and thermal spraying in the immobilization of TiO2 and ZnO for photocatalytic 

purposes is reviewed.  

 

2. PFAS as emerging and persistent organic pollutants 

PFAS are among 3000 anthropogenic compounds which are very stable due to their strong 

carbon-fluorine (C-F) bonds with a bond energy of 544 kJ/mol.[24] Therefore, PFAS are highly 

persistent and widely detected in the environment. [25] Perfluorooctane sulfonic acid (PFOS) 

and perfluorooctanoic acid (PFOA) constitute high proportion of PFAS detected in the aquatic 

environment. Chemical and physical properties of PFOA and PFOS are summarized in Table 

S2. PFOA and PFOS can be mainly originated from their use and wastewater treatment plants 

directly, or indirectly from the degradation of some precursor compounds such as 

perfluorooctane sulfonyl fluoride and fluorotelomer alcohols.[26] In general, PFAS have high 

thermal stability and low friction coefficient, and are capable of repelling both oil and water. 

Therefore, they have found widespread applications in firefighting foams. They are also used 

for manufacturing many industrial, commercial and household products including coatings for 

textiles, carpets, nonstick surfaces, and paper coatings.[27] 

PFAS are extensively distributed in drinking, marine, surface and ground water, with 

concentrations generally ranging from pg/L to µg/L.[28] For example, 16 PFAS were detected 
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in the influent (0.04-91 ng/L) and effluent (0.01-107 ng/L) samples from wastewater treatment 

plants in China.[29] Notably, higher concentrations (mg/L level) have been reported in ground 

and surface water after firefighting activities.[30] Surprisingly, the highest levels of PFAS (g/L 

range) were observed in some wastewater.[28] For instance, extremely high concentration of 

PFOS (1650 mg/L) was reported in wastewater from electronics industries, which is much 

higher than its solubility in pure water.[31] The concentration of PFAS in drinking water has 

been widely monitored in different countries, with concentration up to 84 ng/L of PFOA in 

Japan, as shown in Table S3. In comparison, significantly higher concentrations of some PFAS 

compounds have been reported in landfill leachate from different case studies, with the highest 

concentration of 4400 ng/L for PFOS (Table S4). 

 In addition, it has been shown that PFOX (X = S or A) could have toxic effects.[25,26] The 

exposure pathways of PFAS, chemical structures of PFOA and PFOS, and recent methods used 

for their control are illustrated in Fig. 1. Physical adsorption processes transport PFAS from 

one phase (e.g. water) to the sorbent. Notably, in case of PFOA and PFOS, the adsorption 

capacity of anion exchange resin (AIX) is superior than that of granular activated carbon (GAC) 

and powdered activated carbon (PAC).[32] In comparison, redox processes such as 

photocatalysis can be used for the efficient degradation of PFAS. 
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Fig. 1. (a) Exposure pathways of PFAS. Reproduced with permission from [33]. Copyright © 

2012 Fardin Oliaei et al., Springer Nature. (b) chemical structures of PFOA and PFOS (C: 

gray, F: blue, O: red, S: yellow, and H: white). Reproduced with permission from [32]. 

Copyright © 2017 Shana Wang et al., Elsevier. (c) recent methods used for removal of PFOA 

and PFOS. Reproduced with permission from [32]. Copyright © 2017 Shana Wang et al., 

Elsevier. 
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2.1. Degradation intermediates and mechanism of PFOA 

Various methods including adsorption, ion exchange, filtration, biodegradation and membrane 

bioreactor have been used for decomposition of PFAS with different efficiencies. Since most 

microorganisms are unable to degrade PFAS in water,[26] some methods that can cleave C-F 

bonds are preferable for degradation of PFAS. Thus, UV photolysis and photocatalysis have 

received major attention for PFAS degradation. Giri et al. have shown that the removal rate and 

efficiency of UV photolysis could decrease remarkably when treating very low initial 

concentrations of PFOA, which might be attributed to its strong C-F bonds.[34] In general, direct 

photolysis of PFOA can be improved when VUV light (185 nm) is used as the source of 

irradiation. The C-C bonds of PFOA with the bond energy of 347 kJ/mol could be cleaved by 

both UV sources of 185 nm (photon energy = 646.8 kJ/mol) and 254 nm (photon energy = 471.1 

kJ/mol). In comparison, the C-F bonds of PFOA could be cleaved only by UV of 185 nm (with 

photon energy of 646.8 kJ/mol).[35] It has been shown that the photodegradation of PFOX results 

in the formation of lower perfluorinated compounds (PFCs), perfluoroheptanoic acid (PFHpA), 

perfluorohexanoic acid (PFHxA), perfluoropentanoic acid (PFPeA), perfluorobutanoic acid 

(PFBA), perfluoropropanoic acid (PFPrA), and trifluoroacetic acid (TFA), by sequential 

defluorination.[36,37] It is worth mentioning that shorter carbon chains of PFASs are less toxic 

than PFOA.[38] Various methods have been used for the degradation of PFOA, which are 

generally divided into two main categories of photo-reduction and photo-oxidation processes. 

Photo-reduction is known as a workable mechanism for the degradation of PFOX which is 

usually recalcitrant towards oxidation.[32] However, some strong oxidants including persulfate 

(SO4
●-) have been effectively used for the degradation of PFOX.[39] Photo-oxidation of PFOX 

is initiated by the cleavage of C-C bonds between –COOH and –C7F15 groups. The schematic 

common pathway for the photo-oxidation of PFOA is illustrated in Fig. 2, and explained as 

follows:[26,32,40]  
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i. Formation of perfluorinated alkyl radicals (C7F15COO●) by the transfer of an electron 

from the carboxylate terminal group to photocatalyst, phosphotungstic acid, persulfate 

or some other species including Fe3+/Fe2+, 

ii. Kolbe decarboxylation reaction of C7F15COO● radicals that leads to the production of 

perfluoroalkyl radicals (C7F15
●) by the cleavage of C-C bonds between -COO● and 

C7F15
-. Photo-electrons can also break C-C bond that results in the formation of CO2 

and C7F15
● from perfluorinated carboxylate anions, C7F15COO-, as it occurs in direct 

photolysis, 

iii. Formation of C7F15OH (unstable alcohol) by the reaction of molecular oxygen, 

molecular water, or •OH with the terminal carbon atom of C7F15
● due to its higher 

density of electrons, 

iv. Formation of C6F13COF by the elimination of HF from C7F15OH, 

v. Production of PFHpA with one less CF2 unit compared to initial PFOA (through 

hydrolysis of acid fluoride), 

vi. Production of PFHxA, PFPeA, PFBA, PFPrA, and TFA in a stepwise manner, and 

vii. Continuation of photolysis until the complete mineralization of PFOX. 
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Fig. 2. Schematic common pathway for photo-oxidation of PFOA. Reproduced with 

permission from [40]. Copyright © 2019 Yaoyao Wu et al., John Wiley and Sons. 

 

2.2. Application of TiO2 and ZnO in photocatalytic degradation of PFOA 

The kinetics of PFOA photocatalysis have been studied to analyze the specific reaction process 

under UV irradiation.[26] For instance, photocatalytic degradation of PFOA by TiO2 is shown 

in Fig. S2. As evident, the concentration of PFOA has continuously deceased with time. PFHpA 

was the first intermediate produced during photocatalysis, with its concentration reaching a 

peak within 6 h. PFHxA and PFPeA were the second and third intermediates produced during 

the process. Unlike PFHpA, the concentrations of PFHxA and PFPeA have continuously 

increased during 8 h. Notably, shorter chain compounds of PFOA might have been produced 

but have not been detected due to their low concentration.[41] Some reports on the application 

of TiO2 and ZnO for photocatalytic degradation of PFOA are compiled in Table S5.  

It can be concluded that metal doping can improve the photocatalytic degradation of PFOA 

whereas co-doping of Fe and Nb has increased the efficacy from 1% to 14%.[42] The same trend 

was observed by Li et al. for the degradation of PFOA using dielectric barrier discharge (DBD) 
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with La/Ce-doped TiO2.[43] In general, metal ion doping can significantly reduce the 

recombination rate of photo-generated electron-hole pairs which is the main reason for the 

improved photocatalytic activity of metal-doped TiO2.[42-44] Loading of metallic nanoparticles 

is another major strategy to significantly lower the recombination rate of e-/h+ pairs. For 

instance, Fe- and Cu-loaded TiO2 have improved the efficiency from 14% (unloaded TiO2) to 

69% (Fe-loaded TiO2) and 91% (Cu-loaded TiO2).[44] In another research, similar amount of Pt, 

Pd, and Ag, 1.0 at.%, has been loaded on TiO2. FE-SEM elemental mapping and TEM images 

of TiO2 nanoparticles (20-40 nm) modified by Pt, Pd, and Ag nanoparticles (~5 nm) are shown 

in Fig. 3(a-f). The UV-vis DRS spectra of TiO2 samples are compared in Fig. 3(g). Notably, in 

order to improve the surface properties of titania before loading metallic nanoparticles, 

commercial TiO2-P25 has been annealed at 400 ˚C for 1 h (400-TiO2). Although the loading 

metallic nanoparticles have not changed the band gap energy, they have significantly affected 

the light harvest especially in the visible-light region (Fig. 3(g)).  

The effect of the initial PFOA concentration on its degradation using these catalysts is 

shown in Fig. 3(h). It is clear that the apparent rate constants of photocatalytic degradation of 

PFOA have decreased gradually by increasing the initial PFOA concentration from 20 to 80 

mg/L for pure TiO2. On the other hand, the apparent rate constants of photodegradation of 

PFOA have been enhanced by increasing the initial concentration of PFOA (up to 60 mg/L) for 

TiO2 loaded by Pt, Pd, and Ag nanoclusters at varying degrees. During PFOA photodegradation 

process, the ratios of apparent rate constants between doped TiO2 (loaded by Pt, Pd and Ag 

nanoclusters) and pure TiO2 are 3.1, 2.9 and 1.4, respectively. Compared to pure TiO2, Pt 

loading can significantly improve the photocatalytic degradation of PFOA at relatively high 

PFOA concentration of 60 mg/L. The result is very promising since PFOA concentration is 

very high in some wastewater as reported previously.[28] 
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Fig. 3. (a-f) FE-SEM elemental mapping and TEM images of TiO2 nanoparticle modified by 

Pt, Pd, and Ag nanoparticles, (g) UV-vis DRS spectrum of TiO2 modified by Pt, Pd, and Ag 

nanoparticles; and (h) effect of initial concentration of PFOA on the efficiency of degradation. 

Reproduced with permission from [45]. Copyright © 2016 Mingjie Li et al., Elsevier. 
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By far, Pt was the most efficient metallic nanoparticle treating different initial 

concentrations of PFOA. The larger the work function, the higher is the efficiency of 

modification by metallic nanoparticles (φPt = 5.65 eV, φPd = 5.55 eV, and φAg = 4.26 eV).[45] 

The larger the work function, the larger is the potential difference between the conduction band 

of TiO2 and the Fermi level of metallic nanoparticles which increases the driving force to 

transfer electrons from the conduction band of TiO2 to metallic nanoparticles. It is notable that 

the larger work functions of Pt, Pd and Ag than that of TiO2 (4.2 eV) leads to formation of a 

Schottky barrier at the metal-TiO2 interface which is responsible for the increased driving 

force.[46] Although ZnO has not been widely used for photocatalytic degradation of PFOA, it 

has shown promising photocatalytic activity even higher than that of TiO2 in some cases (Table 

S5). TiO2 and ZnO are well-known due to their strong oxidizing power for the degradation of 

numerous organic pollutants. However, it can be seen (Table S5) that undoped/unmodified TiO2 

and ZnO are not highly efficient for degradation of PFOA. The main reason is that unlike most 

refractory pollutants which can be degraded by hydroxyl radicals via hydrogen abstraction, 

PFOX could not be attacked by hydroxyl radicals due to the lack of hydrogen atoms to be 

abstracted.[32,47] However, the mechanism is not fully understood since some researchers have 

concluded that •OH contributes to PFOA degradation.[48] Huang et al. have concluded that both 

photo-generated holes and •OH could be responsible for PFOA degradation, although photo-

generated holes could play a more important role.[49] The more dominant role of photo-

generated holes than •OH in photocatalytic degradation of PFOA using TiO2 has also been 

confirmed by Xu et al.[41] Overall, the photo-recombination rate of charge carriers should be 

minimized to achieve high efficiency. Pure TiO2 and ZnO could suffer from the high 

recombination rate of charge carriers which limits their efficacy, compared to doped/modified 

TiO2 and ZnO. 

 

2.3. Key factors in photocatalytic degradation of PFOA 
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Solution pH, wavelength of irradiation source, temperature, and peroxymonosulfate (PMS) are 

among the key factors affecting the photodegradation of PFOA. It has been suggested that 

compared to basic solutions, acidic solutions promote higher degradation efficiencies when 

using TiO2 as the catalyst[26] , mainly due to the Colombian attraction between PFOA and the 

catalyst. The surface of TiO2 is positively charged in acidic pH, while PFOA becomes 

negatively charged (pKa = 2.8). Thus, electrostatic interaction between TiO2 and PFOA is 

greatly enhanced in acidic solutions. Notably, a similar trend has also been observed by using 

ZnO as the catalyst. The effect of pH on the photocatalytic degradation of PFOA using TiO2 

and ZnO is shown in Fig. S3(a, b) where increasing solution pH from 3 to 5, 7 and 9 has 

gradually decreased the efficiency of PFOA degradation.[41,50]  

The wavelength of light source is another major factor affecting the efficiency of 

photodegradation. In general, the effect of wavelength irradiation is largely dependent on the 

photo-adsorption ability of the catalyst. Xu et al. have evaluated the effect of different 

wavelengths (185 nm, 254 nm, 400-770 nm) on the degradation of PFOA using TiO2 as the 

catalyst (Fig. S3(c)).[41] Firstly, it can be seen that UV irradiation is more efficient than visible-

light irradiation which is mainly attributed to the higher photo-adsorption of TiO2 in 

wavelengths under 400 nm (UV region) than above 400 nm (visible region).[41,42] Secondly, 

both wavelengths of 185 nm and 254 nm had presented similar efficiencies.  

The effect of temperature on the photocatalytic degradation of PFOA using ZnO is shown 

in Fig. S3(d). It is clear that temperature should be optimized to achieve the highest efficiency 

of degradation. Although increasing temperature from 278 K to 288 K and 298 K has improved 

the efficacy, due to reduction of the activation energy of reaction and increase of the probability 

of intermolecular collision, further temperature increase has suppressed the degradation of 

PFOA. Notably, the adsorption capacity of ZnO decreases at high temperatures.[50] 

Recently, it has been shown that incorporation of PMS could significantly affect the 

degradation efficacy of PFOA using TiO2 as the photocatalyst. Notably, TiO2/PMS has resulted 
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in degradation of PFOA under visible-light irradiation which is of high importance (Fig. S3(c)). 

Moreover, PMS has significantly improved the degradation efficiency of PFOA compared to 

pure TiO2. The most striking point is that such a system can be easily provided by physical 

mixing PMS and TiO2 which has introduced TiO2/PMS as a potential catalyst for photocatalytic 

degradation of PFOA under either visible or UV irradiation.[41] The schematic pathway for the 

degradation of PFOA using PMS is illustrated in Fig. S3(e). To bridge the gap between 

laboratorial and practical photocatalysis, the immobilization of TiO2 and ZnO using industrial 

surface engineering methods is of high importance, which is discussed in detail below. 

 

3. Role of surface engineering in improving photocatalysis 

Although TiO2 and ZnO nanoparticles possess high specific surface area, there are major 

drawbacks such as agglomeration and weak magnetic properties, which have limited their 

photocatalytic applications. Surface engineering might be considered as a potential solution and 

is generally divided into compositional modification and microstructural modification methods. 

Based on the thickness, compositional modification methods are divided into thin films and 

thick films approaches.[51] Compositional modification methods could be divided into solution 

state, gaseous state, solid state and molten/semi-molten state, as classified in Fig. S4. In general, 

the more is the surface roughness, the higher photocatalytic efficiency is expected due to the 

higher specific surface area.[52] The development of nanostructured materials and extension of 

porosity are popular approaches for improving the photocatalytic activity,[53] by increasing the 

depth of light penetration into the photocatalytic material[54,55] which could enable sublayers to 

participate in photo-generation of electron-hole pairs. Increasing film thickness remarkably 

improves the photocatalytic efficiency,[56-58] as Xianyu et al. reported 3.7 times higher 

photocatalytic activity of TiO2 films (670 nm thickness) compared to that of 70 nm thickness.[58] 

The improved photocatalytic activity of semiconductor films with increasing thickness is 



17 
 

generally related to the higher surface roughness,[57,59] which results in the higher specific 

surface area.  

 

4. Anodizing 

Self-organized nanotube layers are perhaps the most surprising and spectacular 1D structures[60] 

which can be formed by easily automated electrochemical anodic oxidation as a relatively 

simple and cost effective method.[61,62] Due to its capability in the production of self-organized 

structures at room temperature and development of highly uniform morphologies, 

electrochemical anodic oxidation has attracted the greatest interest among various methods used 

for the production of TiO2 nanotubes.[63] The schematic illustration of the anodization set-up 

and the resulting nanotube structure are shown in Fig. 4(a). This method has the advantages of 

being reproducible, and capable of tuning the dimension, wall thickness and pore size of the 

vertically oriented titania nanotubes by controlling the anodization parameters.[64,65] Anodic 

oxide films may have porous or compact structures depending on the metal substrate and 

functional parameters.[61] The morphological characteristics including pore size, wall 

thickness/roughness, aspect ratio, and tube-to-tube spacing of nanotubes, are mainly dependent 

on the composition, temperature and pH of the electrolyte, postgrowth treatment, and conditions 

of electrochemical process (e.g. applied voltage, current density, time and temperature of 

anodization and electrodes).[65,66] An extremely higher photodegradation efficiency (82%) has 

been observed by using annealed TiO2 nanotubes compared to commercial TiO2 nanoparticles 

(30%) under the same experimental conditions.[67] Notably, anodizing can yield highly oriented 

TiO2 nanotubes which offer enhanced photodegradation performances[68,69] and better adherent 

strength.[65]  

 

4.1. Advantages of porous oriented nanotubes 
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Compared with common TiO2 nanoparticles, oriented direction and increased velocity of 

electron transport will reduce the recombination rate of photogenerated electron/hole pairs.[70,71] 

Besides, nanotube structures possess higher photo-absorption ability owing to their high ratio 

of length to tube diameter, and have larger pore volume and specific surface area.[72] An 

important advantage of ordered nanotube arrays is the possibility of modification of nanotubes 

using doping species, cocatalysts and junctions, at desired locations, or with desired regular 

patterns and geometries, along the tube wall. It provides engineering of reaction sites for 

photocatalytic reactions which target both the selectivity of reactions and higher efficiencies.[73] 

Moreover, highly ordered infrastructures are favorable for their high transfer of charge 

carriers.[74] The defined geometry offers special diffusion paths for transportation of ions, 

electrons and holes through the tube wall, and transfer of the reactants into the tube through 

tubular depth.[75] In photocatalysts, the hollow structures could significantly increase their light 

conversion, electron percolation, and ion diffusion at the interface of semiconductor-

electrolyte.[76] The size of the pores should be ≤ 100 nm in the nanoporous materials.[77] An 

ideal porous structure of highly ordered TiO2 is composed of pores within the closed packed 

arrays of hexagonal cells, as shown in Figs 4(b) and 4(c). The wall thickness (W), interpore 

distance (Dc), and pore diameter (Dp) are among characteristic parameters of porous anodic 

TiO2. In general, the depth of pores (thickness of the oxide layer) is dependent on the type of 

electrolyte, anodization time, and anodization potential.[78] The purity of the substrate is among 

factors that could significantly affect the degree of order of nanotube arrays. Figure 4(d-g) 

shows the effects of both the purity of Ti substrates (99.6% and 99.99%) and a second 

anodization step on the order domains of TiO2 nanotubes. Although both substrates have 

resulted in the development of relatively ordered nanotube arrays though at varying degrees, 

irregular and round shaped nanotubes have been formed after first anodization step. The degree 

of order is increased by using a second anodization step (for both substrates), and a closed-

packed hexagonal has been achieved as a result of pre-textured surfaces.[79] 
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Fig. 4. (a) Schematic illustration of the anodization setup and the structure of resultant titania 

nanotubes. Reproduced with permission from [80]. Copyright © 2019 Najia Mahdi et al., 

MDPI. (b) ideal structure of porous anodic TiO2 (ATO). Reproduced with permission from 

[78]. Copyright © 2010 Grzegorz D. Sulka et al., Elsevier. (c) cross section of the anodized 

layer with structural features of anodic TiO2. Reproduced with permission from [78]. Copyright 

© 2010 Grzegorz D. Sulka et al., Elsevier. SEM micrographs of ordered TiO2 nanotubes 

grown on pure Ti (99.6%) after 1st (d) and 2nd anodization (e); (f) and (g) micrographs for 

TiO2 nanotubes grown on Ti with 99.99% purity, with insets showing magnifications. 

Reproduced with permission from [79]. Copyright © 2007 Jan M. Macak et al., John Wiley and 

Sons. 
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Some strategies could be used for the development of open-ended nanotubes. For example, 

immersing the anodized TiO2 in HF acid solution could break the adhesion of nanotubes to the 

underlying substrate (first step). In the second step, the separated nanotube film could be 

exposed to a saturated HF or H2SO4 acid solution which leads to the nanotube opening.[81] 

Raising the anodization voltage at the end of process (for a short time) is another method which 

could break the adhesion of nanotube layer to the substrate and open the tube bottoms 

simultaneously.[82] Enhancement of the roughness factor and light absorption, originated from 

increase of the length to diameter ratio of nanotubes, could result in higher photocatalytic 

activities.[83] Zhang et al. synthesized highly ordered nanoporous TiO2 to evaluate the effect of 

porosity on the photocatalytic degradation of methyl orange. The apparent rate constant of 

photocatalytic degradation of methyl orange has been remarkably increased by using 

nanoporous titania nanotubes (rapp = 0.0574 h-1) compared with titania nanotubes (rapp = 0.0412 

h-1) which signifies the crucial importance of nanoporous structures.[84] Dikici et al. synthesized 

both microporous and nanoporous TiO2 structures for the photocatalytic degradation of 

methylene blue. They concluded that although nanoporous titania layers could show higher 

photocatalytic activity than that of microporous layers, the production of microporous 

structures could be more preferable due to their reproducibility and low cost. Besides, 

microporous titania layers could take advantage of scattered micropore distribution, rough 

surfaces, and mixed phase structure (rutile and anatase) which could all enhance the 

photocatalytic performance.[85] Liao et al. concluded that TiO2 nanotubes with 3D structures 

were more effective (38%) than planar nanotube arrays (22%) formed on titanium foil in the 

photocatalytic degradation of methyl orange. First, these 3D structures are more efficient in the 

absorption of scattered radiation than nanotubes that are vertically grown in two-dimensional 

arrays. Since these nanotubes are capable of absorption of refracted and/or reflected light, the 

loss of photons, originated from scattering effects, could be potentially minimized in the liquid. 

The schematic illustration of the improvement in the photoactivity of 3D nanotube arrays is 
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shown in Fig. S5. In addition, dye molecules possess easier access to the surface of 

photocatalyst (through interstitial fissures between the nanotubes) which could play an 

important role in photocatalysis. Notably, 3D nanotube arrays showed a higher photocurrent 

which signifies their higher efficiency of photoelectron transfer, more photo-absorption ability, 

and lower recombination rate of photo-induced electrons and holes. Since photocatalysis is a 

series of oxidative and reductive reactions on photo-activated surface, higher photocurrent 

should improve redox properties and photocatalytic activity. Thus, 3D nanotube arrays showed 

a much higher photocatalytic activity than 1D arrays.[19] It is notable that TiO2 photospheres 

need a separation step after treatment which has limited their potential applications under 

ambient environments.[86]  

Recently, TiO2 nanotubes have been used for the photocatalytic degradation of PFOA 

(Table S6). Although there is a consensus that suspended catalysts are more efficient than 

immobilized ones,[87] photocatalytic activity of TiO2 nanotubes is comparable to or even more 

efficient than that of TiO2 particles (Table S5). Notably, TiO2 nanotubes have shown higher 

photocatalytic activity than TiO2 P25 layer, with similar thickness, for the degradation of Acid 

orange 7 and methylene blue[88] which could signify the crucial effect of these nanostructures 

on the photocatalytic activity as discussed previously. Extremely higher efficacy of TiO2 

nanotubes than TiO2 nanoparticles has also been reported by other researchers.[67] Park et al. 

have evaluated the effect of pH on the photocatalytic degradation of PFOA using TiO2 

nanotubes. Increasing pH from 3 to 5, 7, 9 and 11 has reduced the degradation efficiency[89] 

which is consistent with the results by Xu et al. in the case of TiO2 particles.[41] Unfortunately, 

anodizing has not yet been used to produce ZnO nanotubes for PFOA degradation, to the best 

of our knowledge. 

 

4.2. Application of anodizing in improved separation of charge carriers in 

photoelectrocatalysis (PEC) 
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PEC in which a voltage bias is applied, is considered as an efficient approach for the separation 

of the photo-generated electron-hole pairs. Thus, the production of titania photoelectrodes has 

attracted the attention of researchers for several purposes including photocatalysis. Overall, 

applying an electrical field provides a pathway for the transfer of photogenerated electrons to 

the electrically conductive substrate. Under these circumstances, the separation of the 

photogenerated electron-hole pairs is improved and an enhanced photocatalytic activity is 

expected.[71,90] In the case of n-type semiconductors such as TiO2, applying a positive potential 

could lead to the formation of a reverse biased interface which drives the photogenerated 

electrons and holes to the back contact and to the interface, respectively.[90] Overall, a reduction 

in the recombination rate of photo-generated e-/h+ pairs and improved quantum efficiencies are 

the main benefits of using PEC approach over photocatalytic processes. The PEC activity of 

titania photoelectrodes is generally related to the photocurrent density under the same 

conditions.[71] Huang et al. produced free standing TiO2 nanotubes via anodization for 

improvement of photovoltaic and PEC properties. The PEC, photocatalytic, and electrocatalytic 

activities of their optimum samples over the degradation of methylene blue are shown in Fig. 

S6(a).  

The PEC degradation rate of methylene blue (0.04022 min-1) is considerably higher than 

both photocatalytic (0.01129 min-1) and electrocatalytic degradation rates (0.00009 min-1), 

which is explained by the intensified separation of photo-excited electron-hole pairs using 

externally applied voltage.[91] Liu et al. fabricated various anodized titania photoanodes for PEC 

degradation of methyl orange, and studied the effects of open-ended nanotube structure and 

deposition of Pt nanoparticles on their PEC activity. Notably, Pt-anodized-TiO2 film has shown 

the highest photoactivity reaching 80% photodegradation after 5 min. The schematic of effect 

of Pt nanoparticles on the separation of charge carriers at TiO2 surface is shown in Fig. S6(b). 

It is also noteworthy that a higher photodegradation rate was observed for open-ended TiO2 

nanotubes (0.27 min-1) than common TiO2 nanotubes (0.16 min-1) which might be attributed to 
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the easier access of methyl orange to the inner surface of titania nanotubes.[92] It is notable that 

smooth and flat surfaces are not advantageous for light harvesting. In general, hierarchical 

macro/mesoporous structures could allow scattering of light within the interiors of their cavities 

and inside their pore channels which both lead to the improvement of light harvest and offer 

more photo-generation of e-/h+ pairs.[93] Photocatalytic fuel cells (PFC) are a new concept of 

PEC which has been recently used for wastewater treatment.[94] PFC was firstly reported by 

Kaneko et al. where NH3, Pt and nanoporous titania film were used as the fuel, cathode, and 

anode materials, respectively.[95] A PFC system is composed of an electrolyte, a cathode 

electrode (carrying an electrocatalyst), and a photoanode electrode (carrying a mesoporous 

nanocrystalline semiconducting film). The electrocatalyst material is generally made of 

dispersion of Pt nanoparticles in nanoparticulate carbon.[96] The properties of functional 

materials highly depend on their structure. Therefore, the microstructure of electrode materials 

is of great importance, as an easily controllable parameter in a PFC system. PFC systems have 

advantages as they can potentially use solar light as an energy source, enable fast/direct 

production and transfer of photogenerated electrons, provide high degradation proficiency of 

pollutants, operate under moderate reaction conditions, and provide high-performance electrode 

materials.[94] 

Ye et al. developed a TNA-Cu PFC system (a titania nanotube array photoanode and a Cu 

cathode) for the photodegradation of 4-chloro-2-methylphenoxyacetic acid (MCPA). 

Compared to the conventional photocatalytic process, a higher MCPA degradation was 

observed using a TNA-Cu PFC system which has been attributed to better separation of photo-

excited e-/h+ pairs and generation of highly reactive oxygen species including H2O2, •O2
- and 

•HO2. The contributions of different oxidants to the photodegradation of MCPA by PC and PFC 

methods are shown in Fig. S6(c).[70] The application of PEC in the degradation of various 

organic pollutants, and the comparison of its efficiency with photocatalysis in some case studies 
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are summarized in Table 1. As evident, PEC is more efficient than photocatalysis for pollutant 

degradation in all cases. 
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Table 1. Application of PEC and photocatalysis in the degradation of organic pollutants and their efficiency comparison. 

Photoelectrode Pollutant (concentration) Source of light PEC activity Photocatalytic activity Reference 

BiFeO3/TiO2 Rhodamine B (20 mg/L) 500 W Xe lamp with a UV filter 100% (150 min) 16% (150 min)  [97] 

Pt-TNTs/RGO Methylene blue (5 mg/L) 150 W Xe lamp with a UV filter 80.9% (120 min) 20.7% (120 min)  [98] 

F-doped TiO2 Methylene blue (10 mg/L) 450 W metal halide lamp with a 

UV filter 

92.9% (240 min) 30.2% (240 min)  [99] 

TiO2/SrTiO3 Methylene blue (10 mg/L) 300 W Xe lamp - filtered light 

(λ=365 nm) 

~100% (15 min) ~100% (105 min)  [100] 

TNT Real textile wastewater 100 W UV-B lamp ~7.0% (60 min) ~6.6% (60 min)  [101] 

TNT Real textile wastewater 100 W UV-B lamp 54.8% (60 min) 41.3% (60 min)  [101] 

CeO2 QDs/Ag2Se Tetracycline (20 mg/L) 8 W halogen lamp 95.8% (75 min) 92.3% (90 min)  [102] 

Cu2O/TiO2 Rhodamine B (5 mg/L) 500 W tungsten-halogen lamp 

with a UV cut-off filter 

84.3% (20 min) 5.0% (20 min)  [103] 

TNT Salicylic acid (20 mg/L) 500 W Xe lamp (full wavelength 

range) 

~100% (120 min) 74.3% (120 min)  [104] 

RGO-CeO2-TNT Bisphenol A (10 mg/L) 500 W Xe lamp with a UV filter kapp (min-1) = 0.0146  

(with Fenton reaction) 

kapp (min-1) = 0.0114  

(with Fenton reaction) 

 [105] 

RGO-CeO2-TNT Tetrabromobisphenol A (10 mg/L) 500 W Xe lamp with a UV filter kapp (min-1) = 0.0003 kapp (min-1) = 0.0002  [106] 
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TiO2 Rhodamine B (4.2 mg/L) 4 W medium pressure mercury 

lamp 

kapp (min-1) = 0.0053 kapp (min-1) = 0.0029  [107] 

CeO2@Fe2O3 Tetracycline (30 mg/L) 300 W Xe lamp with a UV filter 68.5% (60 min) 58.8% (60 min)  [108] 

TiO2 Gaseous isopropanol (17 ppmv) 10 W UV LED ~57%  

(10% relative humidity) 

~39% 

(10% relative humidity) 

 [109] 

TiO2 Gaseous isopropanol (17 ppmv) 10 W UV LED ~51% 

(20% relative humidity) 

~31% 

20% (relative humidity) 

 [109] 

TiO2 Gaseous isopropanol (17 ppmv) 10 W UV LED ~38% 

(30% relative humidity) 

~22% 

(30% relative humidity) 

 [109] 

TiO2 Gaseous isopropanol (17 ppmv) 10 W UV LED ~35% 

(40% relative humidity) 

~19% 

(40% relative humidity) 

 [109] 

TNT Methyl orange (5 mg/L) 350 W Xe lamp 78.0% (60 min) 39.4% (60 min)  [110] 

CeO2-TNT Methyl orange (5 mg/L) 350 W Xe lamp 98.1% (60 min) 56.5% (60 min)  [110] 

TiO2/SnO2 Methylene blue (20 mg/L) 500 W Xe lamp 95.8% (120 min) 84.2% (120 min)  [111] 

Note: TNT (TiO2 nanotube arrays), RGO (reduced graphene oxide), QD (quantum dot), EG (exfoliated graphite) 
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PEC has been used for the degradation of PFOA recently. Surprisingly, an external voltage 

of 2.0 V has remarkably increased the degradation efficiency of PFOA from approximately 

70% (without externally voltage) to 99.5% which has been mainly attributed to the reduced 

recombination rate of e-/h+ pairs. Notably, acidic environment was more effective than alkaline 

condition, mainly due to the fact that the adsorption of OH- on the anodic surface of titania 

nanotubes hinders the decarboxylation reaction of CF3(CF2)6COO- on the surface of anodic 

TiO2.[89] Peng et al. synthesized carbon and nitrogen co-doped TiO2 nanotubes for 

photocatalytic degradation of PFOA.[112] C-N co-doped TiO2 photoanode, surface topography, 

and surface morphology of C-N co-doped TiO2 nanotubes are shown in Fig. 5(a-c). The 

degradation efficiency of PFOA in direct photolysis, electrocatalysis, photocatalysis and PEC 

over the nanotubes is compared in Fig. 5(d). In terms of removal percentage, PEC was the most 

effective process in PFOA degradation with 56.1%, compared with direct photolysis (15.1%), 

electrocatalysis (5.0%) and photocatalysis (18.1%). Moreover, increasing the applied voltage 

up to 1.0 V has improved the removal rate which has been mainly attributed to the efficient 

separation of photogenerated electron–hole pairs. Time dependency of short-chain 

intermediates in PEC degradation of PFOA is shown in Fig. 5(e). It is notable that •OH and 

CH3
• have been suggested as the main active species for PEC degradation of PFOA. The main 

mechanism for PEC degradation of PFOA is illustrated in Fig. 5(f).  
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Fig. 5. (a) C-N co-doped TiO2 photoanode, (b) surface topography of C-N co-doped TiO2 

nanotubes, (c) surface morphology of C-N co-doped TiO2 nanotubes, (d) comparison of direct 

photolysis (P), electrocatalysis (EC), photocatalysis (PC) and PEC for PFOA degradation, (e) 

time dependency of short-chain intermediates (PFCAs) in PEC, and (f) main mechanism for 

degradation of PFOA in PEC. Reproduced with permission from [112]. Copyright © 2017 Yen-

Ping Peng et al., Elsevier. 
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Compared with TiO2, anodized ZnO nanotube arrays have not been widely studied for 

photocatalytic applications which might be attributed to their weak stability in solutions. It has 

been stated that the lowest solubility of zinc oxide could be observed at pH 9.3. Besides, the 

type of anions in solution could affect its rate of dissolution.[113] However, various ZnO 

nanostructures such as nanoneedle arrays, nanoflakes, nanoporous structures and stripe-like 

arrays have been synthesized by anodizing Zn. He et al. synthesized different morphologies of 

ZnO, including nanowires, nanodots, and nanoflowers, by electrochemical anodization of Zn 

foil using different concentration of electrolyte and reaction time.[114] Farrukh et al. used NaOH 

and (NH4)2SO4 electrolytes to synthesize ZnO nanoflakes for the photocatalytic degradation of 

methylene blue under UV illumination. They concluded that ZnO produced in NaOH solution 

might have a higher photocatalytic activity than that produced in (NH4)2SO4 solution which 

was attributed to the inhibitive effect of SO4
2- ions and competitive absorption between 

methylene blue and SO4
2- ions.[115] Ramirez-Canon et al. synthesized different morphologies of 

ZnO such as flake-like nanostructures, nano flower-like, nanorods and nanowires, using 

different electrolytes including H3PO4, HCl, NaOH, H2C2O4, HNO3 and KHCO3. They 

concluded that the shape of the nanostructures was mainly determined by the type of electrolyte 

and its concentration. The largest size (100 nm) of nanostructures was obtained using 0.1 M of 

KHCO3 and HNO3, while the smallest size was obtained using 0.1 M of NaOH and H3PO4. In 

general, higher concentrations of electrolyte could provide higher concentrations of Zn2+ and 

OH- needed for ZnO production, which results in denser ZnO nanostructures and thicker ZnO 

layers.[116] In addition, increasing the anodization time could increase the concentrations of Zn2+ 

and OH-.[114] Molar concentration of the electrolyte and using pulsed UV irradiation during 

growth can significantly affect the nanoporosity of ZnO films. Using pulsed UV irradiation 

might increase both the etching rate and the growth rate of ZnO.[117] In the case of TiO2, 

nanoporous structures provide a much higher specific surface area which results in a higher 

photocatalytic activity consequently. 
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Overall, it can be concluded that TiO2 and ZnO nanotube structures could not only improve 

the photocatalytic efficiency compared to suspended catalysts, but also enable the application 

of PEC (with higher efficacy than photocatalysis) in the degradation of organic pollutants.  

 

4.3. Limitations of anodizing 

The as-anodized TiO2 nanotube arrays are usually amorphous which necessitates a post heat 

treatment at high temperature. The conversion of amorphous structure to crystalline structure 

is required to improve properties of TiO2 nanotubes such as mechanical strength, catalytic 

activity, and electrical conductivity.[118] Water, water-vapor treatment, and highly reactive 

oxygen plasma are among potential methods which have been used to synthesize crystalline 

TiO2 nanotubes at room temperature. The crystalline or amorphous structure of as-anodized 

TiO2 nanotube arrays depends on the anodization parameters such as time of anodization, 

applied potential and type of electrolyte.[118,119] Although there is no distinct temperature for 

the crystallization of amorphous titania nanotubes, annealing process above 300 ˚C leads to the 

formation of anatase phase while a mixture of anatase and rutile phases are formed at annealing 

temperature above 550 ˚C.[120] It is also noted that increasing the anodization voltage could 

increase the anatase phase content.[121] 

 

5. Application of thermal spraying processes in deposition of thick TiO2 and ZnO films 

Thermal spraying consists of projection of molten or semi-molten particles (ceramics, metals 

or cermets) from powder, wire, or suspension/solution feedstock.[122] Then, fully or partially 

melted droplets are flattened, and rapidly cooled and solidified to form the coating. The 

occurrence of some chemical reactions including oxidation (in the case of deposition of metals) 

or phase transformations (in the case of deposition of ceramics/metals) is expected during 

heating the feedstock material.[123] All types of materials with stable molten phases could be 

deposited using thermal spraying processes. In comparison to PVD, CVD and sol-gel processes, 
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thermal spraying could provide a wider range of and often higher thickness of coatings.[124] 

Typical thicknesses of some major immobilization processes are compared in Fig. 6. Thermal 

spraying is therefore a promising method for photocatalytic applications. It is worth mentioning 

that thermal spraying, like other immobilization methods, can cause the formation of textured 

films as reported for TiO2 in some cases.[125,126]  

 

 

Fig. 6. Comparison of typical thicknesses of major immobilization processes. Reproduced 

with permission from [127]. Copyright © 2017 Bailey Moore et al., Hindawi. 

 

5.1. Various techniques of thermal spraying  

Particle velocity and flame temperature are two major characteristics used for the classification 

of different methods of thermal spraying.[122] General thermal spraying processes are shown in 

Fig. S7. The schematic illustration of thermal spraying process is shown in Fig. 7(a). Flame 

temperature against particle velocity for general thermal spraying processes is compared in Fig. 

7(b). 
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Fig. 7. (a) Schematic illustration of thermal spraying process. Reproduced with permission 

from [128]. Copyright © 2014 Andrew Siao Ming Ang et al., Taylor & Francis. (b) flame 

temperature against particle velocity for some general thermal spraying processes. 

Reproduced with permission from [129]. Copyright © 2011 Maria Oksa et al., MDPI. 

 

The development of thermal spraying processes has a direct relationship with improvement 

of the temperature-velocity as a major characteristic of spray devices.[130] Process variables for 

typical thermal spraying processes are summarized in Table S7. Thermal spraying is known as 

the most versatile modern method of surface engineering in terms of scope of applications, 

range of materials, and economics.[122] Flame spraying (FS), as the simplest method of thermal 
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spraying, has been widely used for the deposition of TiO2 coatings. Although cold spraying 

(CS), FS, atmospheric plasma spraying (APS) and high velocity oxy-fuel (HVOF) could all be 

used for the deposition of ceramic materials, plasma spraying is the most versatile method of 

thermal spraying processes due to the high temperature of plasma flame that is needed for full 

or partial melting of high melting point materials.[131] Notably, high velocity air-fuel (HVAF) 

and suspension plasma spraying (SPS) are among novel thermal spraying methods which have 

received remarkable attention due to their unique properties. HVAF could take advantage of 

providing highly adherent films with insignificant porosity. Besides, its low processing 

temperature could minimize thermal damage (such as oxidation or phase transformation) to the 

feedstock material.[132] Compared with HVOF, HVAF has lower flame temperatures and 

operating costs (by using air instead of oxygen).[133] On the other hand, SPS is considered as an 

advancement in APS (with its smaller splat size and fine scale porosity) that enables spraying 

of fine particles (100 nm-5 µm). Besides, it is capable of depositing various specific 

architectures and novel microstructures.[132,134] For instance, it can be easily used for the 

deposition of N-doped TiO2 coatings to improve the photocatalytic efficiency under visible-

light irradiation.[135] Schematic relationship between the microstructure and feedstock of SPS 

and APS processes; and schematic of the formation of droplets in SPS is shown in Fig. 8(a, b). 

Although thermal spraying has been mainly used for the improvement of wear resistance, 

corrosion resistance and thermal resistance of surfaces,[123] it has recently received remarkable 

attention for photocatalytic applications.
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Fig. 8. (a) Schematic comparison of microstructure and feedstock relationship in SPS and 

APS films. Reproduced with permission from [134]. Copyright © 2019 Satyapal Mahade et al., 

MDPI. (b) schematic of the formation of droplets in SPS. Reproduced with permission from 

[136]. Copyright © 2009 Lech Pawlowski, Elsevier. 

 

5.2. Cost-effectiveness of thermal spraying 

Thermally-sprayed coatings have been widely used to protect devices against corrosion and 

wear.[137] Considering several criteria such as environment friendliness, reliability and process 

adaptability, thermal spraying is more widely used than other methods of surface engineering 

in many industries including paper, biomedical, metal processing and electronics.[138,139] Plasma 

spraying of large-scale devices including mill rolls is another example of commercial 

application of thermal spraying in which cost and processing time are of crucial importance.[140] 
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Due to its unique features such as reliability, thermal spraying has been widely used for the 

deposition of functional coatings, e.g. antimicrobial films, membranes for water filtration, and 

anti-fouling coatings.[141] Compared with other alternatives, thermal spraying can reduce 

chemical usage which, in turn, minimize chemical emissions and environmental pollution. The 

deposition of protective materials against wear and corrosion on machines can significantly 

increase their life by 2-8 times.  

In terms of cost, the coating typically represents 20-40% of the total cost of products. The 

cost of deposition materials used in thermal spraying represents 50-80% of the cost of coating. 

Apart from deposition materials, the overall cost of deposition remarkably varies for different 

thermal spraying processes due to their different deposition rates and outputs.[139] In case of 

practical applications, cold spraying has been developed from a laboratory technique to a 

reliable method of commercial deposition in the last 20 years. For instance, is has found 

practical applications in the production of electronics devices including central processing unit 

(CPU).[142] Among different methods of thermal spraying, plasma spraying has made the 

highest contribution (around 45%) due to its capability in deposition of ceramics with high 

melting temperatures.[139] Typical pore size and relative total cost (including consumables, 

processing, and initial capital investment) of some major deposition processes are compared in 

Figs 9(a) and 9(b), respectively. Compared to other methods, plasma spraying could produce 

dense coatings, and is among the most cost-effective methods for the deposition of 

nanostructured films.[127] To support high deposition rate, uniformity of particle distribution, 

productivity and cost-efficiency of industrial processes, it is suggested to use plasma torches 

with high power throughputs. Notably, hybrid water stabilized plasma system with its high 

plasma temperature and enthalpy is known as an economical tool that meets all requirements 

for large-scale plasma spraying applications.[140] In addition, to enable cost effective and 

practical applications of thermal spraying in photocatalysis technology, it is essential to develop 

catalyst materials with excellent photocatalytic activities at low costs. 
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Fig. 9. Comparison of (a) typical pore size, and (b) relative cost of some major deposition 

processes. Reproduced with permission from [127]. Copyright © 2017 Bailey Moore et al., 

Hindawi. 

 

5.3. Comparison between conventional plasma spraying, FS and HVOF 

Ctibor et al. deposited agglomerated TiO2 nanoparticles using different spraying methods i.e. 

gas-stabilized plasma (GSP), water-stabilized plasma (WSP), FS, and HVOF with different 

thicknesses for the photocatalytic degradation of gaseous acetone (Table S8). Although similar 

feedstock powders were used in GSP and FS processes, their phase composition and particle 

size differed from those used in HVOF and WSP processes. The remarkably higher surface 

roughness and porosity of TiO2 films deposited by WSP than those deposited by HVOF have 

been attributed to the higher particle impact velocity of HVOF than plasma spraying. Similarly, 

higher particle impact velocity of plasma spraying than FS (Table S7) might be responsible for 
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the significantly lower surface roughness and porosity of TiO2 films deposited by GSP than 

those deposited by FS. Notably, phase transformation from anatase to rutile has been observed 

in all cases.[143] Although FS and WSP processes have fabricated TiO2 films with higher surface 

roughness and porosity, those deposited by HVOF and GSP have shown higher photocatalytic 

activity which clearly signifies the high importance of phase composition on the photocatalytic 

activity of thermally-sprayed TiO2 films. 

Bozorgtabar et al. deposited nanostructured TiO2 films using methods of HVOF,[144] 

APS,[145] and FS[146] with similar feedstock (Degussa P25/P20 TiO2) in all processes. The 

minimum anatase phase content was observed for TiO2 film deposited by APS, which resulted 

in the highest crystallite size. Although FS resulted in similar crystallite size to APS, much 

higher anatase phase content was achieved using this method. In comparison, HVOF not only 

enhanced the formation of TiO2 coatings with very high anatase phase content (even higher 

than that of the feedstock), but also minimized the average crystallite size (even lower than that 

of the feedstock).[144-146]  

APS has generally resulted in the appearance of magneli phases (titanium suboxides with 

the general formula of TinO2n-1) which were mainly attributed to the reduction of titania when 

exposed to the high temperature of plasma jet.[145,147] Bordes et al. used APS for the fabrication 

of nanostructured TiO2 coatings with different TiO2 feedstock nanoparticles, with magneli 

phases being observed in all coatings. In addition, a low anatase phase content up to 20% was 

observed in the plasma-sprayed TiO2 nanoparticles. Finally, it was concluded that the higher 

the anatase phase, the higher photocatalytic activity was expected[148] which has also been 

reported by other researchers for plasma-sprayed TiO2.[149] To clarify the potential advantage 

of thermal spraying, a TiO2 thin film (350 ± 10 nm thickness) was fabricated by sol-gel process, 

which was composed of pure anatase nanocrystals. Compared with APS, using sol-gel process 

has significantly reduced the surface roughness (Ra = 1.0 ± 0.1 µm) which could play an 

important role in its lower photocatalytic activity.[148] Although photocatalytic activity of 
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magneli phases has been rarely investigated, a mixture of anatase/rutile and magneli phases 

showed promising photocatalytic activity which was superior than that of pure anatase phase. 

As an example, TiO2 nanoparticles with mixed phases of anatase (32%), rutile (11%) and 

magneli phases (57%) showed 50-100 times higher photocatalytic H2 evolution than that of 

plain anatase TiO2, with similar loading of Pt.[150]  

Overall, due to the highest content of anatase phase and the lowest crystallite size, HVOF 

has been introduced as the most efficient method of thermal spraying for TiO2 deposition.[146] 

The deposition parameters could significantly affect the anatase content of TiO2 coatings, as 

increasing the fuel flow rate from 120 to 240 mL/min remarkably decreased the anatase content 

from 80% to 8% while crystallite size only increased from 20.7 to 25.9 nm.[144] The same trend 

has also been reported for plasma-sprayed TiO2 where increasing the argon flow rate from 28.5 

to 36 L/min decreased the anatase content from 4% to 1.7%, while average anatase crystallite 

size remained stable (34.5 nm).[145] Overall, the higher the anatase phase content and the lower 

the crystallite size, the higher photocatalytic efficiency has been observed.[144]  

 

5.3.1. Suspension plasma spraying 

Toma et al. deposited nanostructured TiO2 films using APS, SPS and HVOF for the 

photodegradation of nitrogen oxide pollutants, and SPS resulted in the production of a porous 

non-lamellar structure constituted by partially-melted/unmelted fine particles. In SPS, unlike 

APS, part of the plasma energy is devoted to evaporate the solvent, hence preventing the 

complete melting of the in-flight particles.[151] Besides, SPS takes advantage of using sub-

micron or nano-sized particles that result in the formation of much smaller splats[132,134,152] 

which might be responsible for the formation of non-lamellar structure (Fig. 8(b)). Notably, 

both HVOF and plasma processes can be used to spray suspensions.[152] The solvent material is 

among the factors that can significantly affect the morphology of films deposited by SPS. For 

instance, compared with aqueous suspensions, using alcoholic suspensions could fabricate TiO2 
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films with more porosity.[151] Unlike SPS, HVOF generally results in the formation of lamellar 

TiO2 structures. Anatase phase content and its crystallite average size created by different 

methods of APS, SPS, FS, and HVOF are compared in Table 2.  

Although Bozorgtabar et al.[144] and Toma et al.[151] used similar process of HVOF for TiO2 

deposition, anatase phase content and crystallite size of the deposited films were significantly 

different. The results suggested that both feedstock material and process parameters 

significantly affect the anatase phase content and its crystallite size. Remarkable effect of 

process parameters on the crystal structure could also be observed in the case of titania films 

deposited by SPS whereas a wide range of anatase phase content from 32% to 72% and from 

below 10% to above 90% have been reported by Bannier et al.[153] and Mauer et al.,[135] 

respectively. Notably, Bozorgtabar et al.[144] and Toma et al.[151] reported the appearance of 

magneli phases using APS for the deposition of TiO2 despite of using different feedstock 

materials and process parameters. The striking point is the much higher anatase phase content 

of titania coatings deposited by SPS (> 96.0%) than that deposited by APS (10.9-12.2%) which 

could be mainly attributed to the lower heat input to the feedstock material using SPS.  
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Table 2. Anatase phase content and its crystallite average size created by different methods of APS, SPS, FS, and HVOF (SPS-W: SPS using 

aqueous suspension, SPS-A: SPS using alcoholic suspension). 

Process Properties of feedstock material Anatase phase 

content (Vol%) 

Average crystallite size of 

anatase (nm) 

Other phases Reference 

HVOF Anatase (Vol%) = 75%, 

agglomerated nanoparticles 

80 20.7 Rutile  [144] 

HVOF Anatase (Vol%) = 100%, 

agglomerated nanoparticles 

12.6 80.0 Rutile  [151] 

APS Anatase (Vol%) = 75%, 

agglomerated nanoparticles 

5.1 83 Rutile and traces of 

magneli phases (Ti3O5 and 

Ti6O11) 

 [144] 

APS Anatase (Vol%) = 100%, 

agglomerated nanoparticles 

10.9 - 12.2 19.2 - 34.8 Rutile and traces of 

magneli phases (Ti3O5 and 

Ti6O11) 

 [151] 

SPS-W Anatase (Vol%) = 100%, 

agglomerated nanoparticles 

> 96.0 7.0 - 7.3 Rutile  [151] 

SPS-W Anatase (Vol%) = 80%, 

nanoparticles 

91.9 - 95.1 34.9-38.7 Rutile  [151] 

SPS-A Anatase (Vol%) = 80%, 

nanoparticles 

36.2 151.1 Rutile  [151] 
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SPS Commercial suspension of TiO2, 

anatase (Vol%) = 90%, 

nanoparticles 

32 - 72 - Rutile  [153] 

SPS-W Anatase (Vol%) = 99.9%, 

submicron 

< 10 to > 90 - Rutile  [135] 

FS Anatase (Vol%) = 75%, 

agglomerated nanoparticles 

29 83 Rutile  [144] 
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5.3.2. Comparison between aqueous and alcoholic suspension 

Using plasma spraying of aqueous suspension instead of alcoholic suspension has remarkably 

increased the anatase phase content from 36.2% to 91.9-95.1% and from 23.0% to 77.6-81.4%. 

In general, due to the risk of combustion associated with alcohols, water is more favorable than 

alcohols as a solvent in SPS.[151] Besides, water-based suspensions could increase the velocity 

of in-flight particles, and reduce the heat-input to the feedstock material by decreasing the jet 

temperature due to the higher vaporization temperature of water than alcohol.[154,155] Such a 

difference is related to the difficulties associated with atomization of aqueous suspensions.[154] 

Water-based suspensions could provide larger droplets with higher momentum which could 

facilitate the penetration of droplets to the center of plasma plume enabling greater 

acceleration.[154,155] The same trend has been observed in other research where higher anatase 

phase content had been developed using water-based SPS than with alcohol-based SPS.[156] 

However, switching from alcohol to water reduced the columnar characteristics of coatings 

deposited by SPS.[155] Although Bozorgtabar et al. introduced HVOF as the most efficient 

method for deposition of titania compared with APS and FS,[146] Toma et al. suggested SPS to 

be more promising than either APS or HVOF[151] and water-based SPS could be more efficient 

than alcohol-based SPS.[151,156]  

 

5.3.3. Development of anatase TiO2 phase during thermal spraying 

High anatase phase content and reduced crystallite size have been introduced as the key 

parameters affecting the photocatalytic efficiency of titania films deposited by thermal 

spraying.[151] Bannier et al. sprayed the suspension feedstock in water to collect the particles 

and evaluate the phase transformation of TiO2 during spraying (for in-flight particles) and after 

deposition (for immobilized TiO2). The higher anatase phase content of in-flight particles than 

the coatings obviously signifies the occurrence of phase transformation of deposited TiO2 

nanoparticles on the substrate. Notably, cooling the substrate significantly enhanced the anatase 
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phase content.[153] Mauer et al. also evaluated the effect of substrate temperature on anatase 

fraction of TiO2 coatings fabricated by SPS. Similar to Bannier et al., it has been shown that 

decreasing the substrate temperature could significantly increase the anatase phase content.[135] 

On the other hand, the substrate material has not notably affected the crystallite structure of 

TiO2 coatings. In fact, anatase phase originates from either non-melted TiO2 particles (which 

might have a high content of anatase phase) or its nucleation from melted TiO2 particles.[135,153] 

In general, both rutile and anatase phases are observed in TiO2 coatings deposited by thermal 

spraying even by using either pure rutile or pure anatase TiO2 as the feedstock 

materials.[125,126,135,151] Solidification temperature or degree of undercooling could affect the 

nucleation of anatase/rutile from melted particles. It has been shown that high cooling rates (> 

1.0*106 K/s) could favor the nucleation of anatase phase.[146] Overall, two main strategies have 

been suggested to achieve high anatase phase contents: (i) reducing the heat-input to in-flight 

particles to prevent phase transformation of anatase (as a meta-stable phase) to rutile (as a stable 

phase) during spraying; and (ii) increasing the cooling rate of deposited particles to prevent 

phase transformation of anatase to rutile after spraying.[153] 

These are both responsible for the much higher anatase phase content of TiO2 coatings 

fabricated by HVOF compared with those fabricated by APS and FS.[146] The higher anatase 

phase content of TiO2 coatings using longer stand-off distances could also be mainly attributed 

to the increase of cooling rate. It is notable that TiO2 films deposited by SPS have shown a 

much higher photocatalytic activity than that deposited by sol-gel method. However, no linear 

correlation was found between the photocatalytic activity and anatase phase content (unlike 

other research).[153] Although the anatase phase content can highly affect the photocatalytic 

activity, the effect of surface properties (such as microstructure, crystallite size, surface 

roughness, band gap energy, porosity, and hydroxyl groups) should not be disregarded.[125,157] 

To compare photocatalytic performance of TiO2 coatings deposited by suspension thermal 

spraying and by conventional thermal spraying, Toma et al. immobilized agglomerated TiO2 
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P25 nanoparticles by methods of aqueous suspension plasma spraying, aqueous suspension 

HVOF and HVOF processes. Unlike titania films deposited by SHVOF with a low anatase 

phase content (26.8-41.5 vol%), a high anatase phase content was observed for those films 

deposited by SPS (67-80 vol%). The dependency of the photocatalytic activity on the anatase 

phase content of the deposited films is shown in Fig. 10(a).  

In terms of the microstructure, despite the appearance of humps, the columnar morphology 

has not been observed for TiO2 films deposited by SHVOF.[125,126] Decreasing average particle 

size/droplet might favor the formation of columnar microstructures in SPS (Fig. 10(b)). Using 

smaller particles in SPS, unlike APS, does not necessarily lead to the formation of finer 

microstructures.[155] The schematic of phonon scattering for coatings fabricated by different 

methods of SPS, APS and EB-PVD is shown in Fig. 10(c) where the highest scattering is 

attributed to SPS owing to the effective dispersion of porosity created along the coating 

thickness.[158] Apart from its several advantages, SPS is a cheaper process than EB-PVD in 

terms of running costs and initial investment.[159] 
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Fig. 10. (a) Dependency of photocatalytic activity on anatase content of TiO2 films deposited 

by HVOF, suspension HVOF and SPS. Reproduced with permission from [149]. Copyright © 

2009 F.-L. Toma et al., Elsevier. (b) schematic of effect of average particle size on the 

microstructure of coatings fabricated by SPS. Reproduced with permission from [155]. 

Copyright © 2015 F.-L. Nicholas Curry et al., MDPI. (c) schematic of phonon scattering for 

coatings fabricated by SPS, APS and EB-PVD. Reproduced with permission from [158]. 

Copyright © 2017 Benjamin Bernard et al., Elsevier. 

 

The photocatalytic activity of TiO2 films deposited by SHVOF and SPS processes is 

comparable to that deposited by conventional HVOF which has been mainly attributed to their 

higher anatase phase content. Although the increase of the anatase phase content from ~15% to 

~30% significantly improved the photocatalytic efficiency from ~5% to ~75%, its further 
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increase to ~70% marginally increased the efficiency to ~85%.[149] It is nevertheless noteworthy 

that there are a few cases in which higher photocatalytic activity has been observed for titania 

films with lower anatase phase content. For example, Khammas et al. reported that 

nanostructured TiO2 films with the lowest anatase phase content showed the highest 

photocatalytic activity, which was attributed to their increased specific surface area owing to 

their bimodal microstructure including fully melted splats and non-melted nanoparticles 

developed at lower flame heat power.[125]  

 

5.4. Cold spraying 

Although it is a major challenge to deposit coatings with pure anatase phase content using 

conventional thermal spraying processes, CS can be easily used for such a purpose.[160-164] It 

might be introduced as one of the most appropriate methods for immobilization of TiO2 owing 

to its simplicity, low temperature of processing, and efficiency for deposition of large areas.[165] 

The low temperature (< melting point) of CS prevents phase transformation and provides the 

possibility of deposition of TiO2 coatings with similar crystallite structure and grain size to the 

feedstock material.[163] Unlike conventional thermal spraying processes, plastic deformation of 

particles on the substrate results in the formation of coatings by CS.[166] Thus, the deposition of 

brittle materials including ceramics using CS process could be a challenge, e.g. there are reports 

in which the thickness of ceramic coatings deposited by CS has been limited to monolayers.[167] 

Chemical bonding between the substrate and TiO2 particles (or among particles) might play an 

important role in the formation of TiO2 coatings using CS.[161] Notably, the deformation of 

spherical agglomerated TiO2 nanoparticles might occur upon high transient impact pressure on 

the substrate.[168] Both pressure and temperature of the working gas affect the kinetic energy of 

TiO2 particles and their deformation upon impact.[162] Although TiO2 films deposited by CS 

could suffer from lower adhesion strength than those deposited by conventional thermal 

spraying processes such as HVOF, APS and FS, appropriate bond coats might be used to 
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improve their adhesion strength. For instance, Gardon et al. used plasma-sprayed titanium sub-

oxide (TiO2-x) as the bond coat to increase the adhesion strength of cold-sprayed nanostructured 

anatase film. This new coated surface could facilitate the formation of chemical bonds due to 

its chemical composition, and provides easier deformation and breakdown of TiO2 

nanoparticles.[164] 

Yamada et al. deposited thick TiO2 films (up to 100 µm) using CS, by using helium as the 

working gas to improve the deposition rate. Increasing the working gas temperature from 25 ˚C 

to 400 ˚C could improve either the deposition rate or the thickness of coatings, by increasing 

the gas velocity and kinetic energy of the particles. It is worth mentioning that pure anatase 

TiO2 has been fabricated at all temperatures. Notably, the maximum deposition efficiency was 

around 8% at 400 ˚C.[163] Using helium instead of nitrogen as the carrier gas also caused a 

greater adhesion which was attributed to the higher particle velocities.[169] Although helium can 

accelerate the particles faster than nitrogen, its high price could limit its industrial applications. 

Yamada et al. evaluated the effect of gases (helium and nitrogen) on the deposition of anatase 

TiO2 coatings by CS, and concluded that the nature of gas might not be considered as a major 

factor affecting the quality of TiO2 films. Enhancing the temperature increased the thickness of 

TiO2 coatings in both cases. Surprisingly, cold-sprayed TiO2 films showed a higher 

photocatalytic activity than the feedstock material, which was attributed to the increased 

specific surface area due to the breakdown or deformation of particles on the substrate. Due to 

the approximately similar surface area and crystallite structure, change of working gas and 

increasing the temperature (i.e. process gas conditions) have not significantly affected the 

photocatalytic activity of TiO2 films.[160] Whereas Yamada et al. evaluated the effect of working 

gas temperature up to 400 ˚C,[160,163] Freitag et al. tested its effect in the range of 400-800 ˚C. 

Unlike TiO2 films deposited at low pressures and temperatures, yellow coloration of TiO2 layers 

was observed for those deposited at 600 ˚C (P = 35 bar) or 800 ˚C (P = 40 bar). The yellowish 

cold-sprayed TiO2 could be originated from either nitrogen doping, reversible deformation 
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(expansion of crystal structure) of TiO2 particles, or creation of oxygen vacancies during the 

deposition process. However, the creation of oxygen vacancies might have played the most 

important role since a yellow coloration was observed by heating white cold-sprayed TiO2 

coatings at 600 ˚C. Unlike white TiO2 films, the yellowish ones showed photocatalytic activity 

under visible-light irradiation.[162]  

Shen et al.[170] deposited (P, N, Mo)-doped TiO2 particles using CS for the photocatalytic 

degradation of methylene blue, with TiO2 film from 500 ˚C showing the highest photocatalytic 

activity under visible-light irradiation. Oxygen vacancies and color centers that could result in 

the red shift of absorption edge of TiO2
[170,171] might have originated from doping[170] or heating 

at elevated temperatures as suggested by Freitag et al.,[162] and could play an important role in 

the development of visible-light activated cold-sprayed (P, N, Mo)-doped TiO2 films. Apart 

from its low temperature, CS could fabricate rough surfaces and porous structures[168,172] that 

are favored for photocatalytic applications. For instance, as reported by Toibah et al., CS 

resulted in the formation of TiO2 films with the volume porosity of 45.1%. It has been shown 

that using porous feedstock materials could lead to the formation of TiO2 coatings with higher 

porosity.[161] Overall, the plastic deformation of the feedstock material depends on its 

morphology, its chemical composition, and temperature of the spray jet.[173] Tang et al. showed 

the superior effect of powder morphology than gas temperature on the quality of Ta films 

deposited by CS,[174] also suggested by Nakano et al.[165] Using powders with a high volume of 

porosity could yield thicker coatings.[173] Using HVOF and CS processes for the deposition of 

anatase titania, Yang et al. reported that TiO2 film deposited by CS showed a much higher 

photocatalytic activity than that deposited by HVOF, which was attributed to its higher anatase 

phase content and larger specific surface area. Unfortunately, rutile and anatase phase contents 

of TiO2 film deposited by HVOF was not reported.[168] Thus, the deposition of TiO2 films with 

high anatase phase contents by optimization of process parameters of HVOF, and comparing 
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their photocatalytic activity with that of pure anatase TiO2 coating deposited by CS is worth 

studying. 

 

5.5. Solution precursor plasma spraying 

Unlike general methods of thermal spraying processes discussed above, solution precursor 

plasma spraying (SPPS) is a novel approach that uses solution precursors instead of 

suspensions/powders, hence could provide thinner nanostructured coatings with more 

homogenous structures.[175] Besides, it can take advantage of better control over the chemistry 

of films.[176] Overall, SPPS is more efficient than SPS as a single step method of nanostructured 

films deposition that can take advantage of using mixed liquid precursors as the feedstock.[177] 

Solvent vaporization, pyrolysis of precursor and its crystallization are three major processes 

that might happen during SPPS.[178] It has been shown that solvent could noticeably affect the 

quality of films in this method. For instance, both porous[176] and dense[179] TiO2 coatings have 

been fabricated using titanium isopropoxide as the precursor, while using water as the solvent 

has resulted in the formation of TiO2 films with more porosity than provided by alcohol. 

Increasing the plasma power did not significantly affect the microstructure whereas increasing 

the substrate temperature up to 450 ˚C resulted in the formation of sponge-like splats and 

increased porosity due to in situ evaporation of solvent and completion of pyrolysis process 

which can leave the pores on the fabricated film.[176] The formation of porous/spongy deposits 

by increasing the substrate temperature to 450 ˚C has also been reported in other studies.[178] 

Increasing the plasma power significantly decreased the anatase phase content, due to increase 

of the length and temperature of plasma jet, where TiO2 film deposited at 45.5 kW has been 

composed of pure rutile phase.[176]  

Similar to SPS, SPPS could also lead to the fabrication of TiO2 columnar films.[179] 

Compared to SPS and APS processes, SPPS could deposit more porous coatings.[180,181] 

Besides, unlike SPS, using water or alcohol as the solvent could not significantly affect the 
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porosity of coatings deposited by SPPS.[180] On the downside, TiO2 films deposited by SPPS 

suffer from low anatase phase content due to the high temperature of plasma jet.[176,179] Besides, 

using solution precursor might lead to the formation of TiO2 coatings with some amorphous 

content (as observed by solution precursor HVOF).[182]  

Like TiO2 though at varying degrees, ZnO has also been deposited using thermal spraying 

processes for photocatalytic applications. Su et al. fabricated nanostructured pure ZnO and Al-

doped ZnO coatings (with the average thickness of 15 and 55 µm, respectively) using APS for 

photocatalytic degradation of methylene blue. Al-doped ZnO film showed a higher 

photocatalytic activity than pure ZnO film which was attributed to its higher photo-adsorption 

ability and formation of p-n junctions.[183] It is notable that, in addition to the solid solution of 

Zn and Al, ZnAl2O4 spinel structure could be formed at high amounts of Al2O3 as reported by 

Tului et al. using 22wt% Al2O3.[184] The effect of stand-off distance on the quality of plasma-

sprayed ZnO coatings has been investigated, with increasing distance from 6 cm to 8 cm 

reducing both porosity and surface roughness of the deposited films. ZnO film with the highest 

porosity and surface roughness has shown the highest photocatalytic activity. Notably, plasma-

sprayed ZnO coatings showed higher photo-adsorption ability than the feedstock powder.[52] 

Unlike TiO2, no phase transformation was observed in the case ZnO coatings fabricated by 

thermal spraying processes.[52,183] The yellowish plasma-sprayed ZnO films[52] might be 

originated from the creation of oxygen vacancies[185] at high temperatures, as reported for cold-

sprayed TiO2 coatings at high temperatures.[162,170] Although ZnO films deposited by APS have 

been efficient for the degradation of methylene blue under UV or UV-vis illumination,[52,183] 

further attempts are needed to drive visible-light activated ZnO coatings deposited by thermal 

spraying. In general, thermal spraying processes are not dependent on the substrate material 

which can facilitate their use for practical photocatalytic applications. For instance, Wallenhorst 

et al. deposited Zn/ZnO particles on wood using APS for development of UV-blocking 

properties.[186]  
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Unlike difficulties associated with deposition of TiO2 coatings with high anatase phase 

content using solution precursor-based methods in both plasma spraying[176,179] and HVOF,[182] 

thermal stability of wurtzite ZnO phase at elevated temperatures has recently attracted the 

attention of researchers for deposition of ZnO by SPPS.[181,187,188] Yu et al. used two different 

solution precursors, 0.2 M zinc acetate water solutions and ethanol/water mixture, for 

deposition of ZnO films using SPPS. Both solution precursors resulted in the formation of ZnO 

coatings with narrowed band gap energies, compared with theoretical band gap energy of pure 

ZnO, which was attributed to creation of oxygen vacancies during thermal spraying.[181] The 

higher the heating/cooling gradient, the more is the concentration of oxygen vacancies and the 

lower is the band gap energy.[188] Notably, using a mixture of water/ethanol could be more 

efficient in the reduction of the band gap energy (due to the combustion heat of ethanol liberated 

in the plasma region). Moreover, its lower surface tension could break the solution droplets into 

smaller ones, during the injection, which can be more accelerated. A coral-like microstructure, 

composed of ZnO nanorods was formed using a water/ethanol mixture which provided higher 

specific surface area and higher photocatalytic activity than cauliflower-like morphology 

fabricated by using only water as the solvent. It has been stated that ethanol to water volume 

ratio affect the morphology of fabricated films.[181] However, Zhang et al. deposited ZnO1-x 

coatings with the band gap energy of 2.15 eV[189] which is much lower than that reported by Yu 

et al. (i.e. 3.02 eV) where water/ethanol mixture was used as the solvent.[181] Thus, process 

parameters could play a more important role than type of solvent in creation of oxygen 

vacancies.  

Although SPPS usually results in the formation of films with irregular particles and 

molten/flatten splats,[177,190-192] using appropriate solvents and deposition parameters could lead 

to the formation of hierarchical structures which are favored for photocatalytic 

applications.[181,188] Yu et al. evaluated the effect of solvent concentration and process 

parameters on the quality of ZnO films deposited by SPPS. Apart from cauliflower-like 
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microstructures composed of irregular particles, formation of various hierarchical structures 

(including nanorods, nanowires, and nanoflakes) has been reported in different conditions.[188] 

In addition to the formation of hierarchical structures, SPPS could provide textured films with 

preferential orientation along plane[181,188,193] which can be considered as the most favorable 

orientation of ZnO films owing to its superior photocatalytic activity than other crystal ZnO 

planes.[181] It has been concluded that formation and preservation of appropriate clusters are 

prerequisites for synthesis of nanostructured hierarchical films using SPPS.  

An appropriate solvent, short stand-off distance, and high flow rate of solution followed by 

substrate preheating favor the formation of desired ZnO clusters.[188] Although oxygen-

defective ZnO films with nanorod and nanowire morphologies have shown photocatalytic 

activity under visible-light irradiation, the fabrication of efficient visible-light activated ZnO 

films deposited by SPPS needs further attempts. In addition to several advantages of SPPS, 

combining well-dispersed suspensions of either Zn or ZnO nanoparticles with the solution 

precursor could provide nanoporous ZnO coatings as reported by Chen et al.[187] Overall, the 

development of efficient morphologies for photocatalytic applications including columnar 

cauliflower-like,[193-196] nanorods [181,191,197] and nanowires,[197] as observed for various 

materials, could offer SPPS as a promising method for the deposition of both TiO2 and ZnO 

based photocatalysts. The final morphology of films deposited by SPPS could be easily 

controlled by adjusting composition of precursor solutions.[197] The main advantages and 

disadvantages of thermal spraying processes and general aspects of some surface engineering 

methods are summarized in Tables S9 and S10, respectively. Different types of surface 

topographies and morphologies of TiO2 and ZnO coatings deposited by thermal spraying 

processes are depicted in Fig. 11. 
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Fig. 11. (a-h) Surface topographies of ZnO coatings deposited by SPPS. Reproduced with 

permission from [188]. Copyright © 2019 Zexin Yu et al., Elsevier. (i) surface topography of 

TiO2 film deposited by APS. Reproduced with permission from [151]. Copyright © 2008 

Filofteia-Laura Toma et al., Hindawi. (j) surface morphology of TiO2 film deposited by SPPS. 

Reproduced with permission from [179]. Copyright © 2008 Dianying Chen et al., John Wiley 

and Sons. (k) surface morphology of TiO2 film deposited by HVOF. Reproduced with 

permission from [151]. Copyright © 2008 Filofteia-Laura Toma et al., Hindawi. (l) surface 

morphology of TiO2 film deposited by CS. Reproduced with permission from [198]. Copyright 

© 2020 Noor Irinah Omar et al., MDPI. 

 

By far, typical thickness and roughness of coatings fabricated by thermal spraying are 

higher than those provided by other methods which can offer this method as one of the most 

attractive processes for deposition of photocatalytic TiO2 and ZnO coatings. Besides, it can take 

advantage of high adhesion strength of coatings to the substrate (Table S7). Moreover, the 

creation of in situ oxygen vacancies, due to the high rates of heating/cooling, can narrow the 

band gap energy of TiO2 and ZnO films. Notably, unlike other methods of immobilization, it 
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can provide the possibility of on-sight repairs.[199] It is worth mentioning that fabrication of 

rough/porous surfaces using this method could improve the light-harvest (unlike smooth 

surfaces fabricated by general methods of surface engineering in gaseous and vapor states).[93] 

CS also can be effectively used for the deposition of TiO2 and ZnO coatings with desired 

chemical composition or meta-stable phases such as rocksalt ZnO, with higher photocatalytic 

activity than wurtzite ZnO[23] and anatase TiO2. Despite of its potential application in the 

immobilization of TiO2 and ZnO, thermal spraying has not been used for the degradation of 

persistent organic pollutants including PFOA which is worth studying. 

 

6. Future perspectives 

Although SPPS is an ideal method for the deposition of wurtzite ZnO, further research is needed 

to fabricate either meta-stable rocksalt ZnO films or TiO2 coatings with high anatase phase 

contents. Since PEC is generally more effective than photocatalysis for the degradation of 

pollutants, the deposition of ZnO and TiO2 photoanodes using efficient thermal spraying 

processes for photocatalytic degradation of persistent organic pollutants, where effective 

separation of charge carriers is required, is worth studying. Notably, both TiO2 and ZnO could 

suffer from their large band gap energies.[200,201] Using advanced surface engineering methods 

to deposit visible-light activated TiO2 and ZnO coatings should provide pathways for practical 

applications of environmental photocatalysis in the future.  

 

7. Conclusions 

The industrial methods of anodizing and thermal spraying for depositing TiO2 and ZnO that 

could facilitate their use in practical applications of photocatalysis have been reviewed. 

Although nanotubular structures suffer from low specific surface area than nanoparticulate 

structures, they are considered as the most desirable morphology for photocatalytic purposes 

owing to their unique properties including high adherent strength to the substrate, short carrier-
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diffusion paths, and low recombination of e-/h+ pairs. More importantly, the application of 

anodizing in the production of nanotubes has initiated PEC with higher efficacy than 

photocatalysis for the degradation of persistent pollutants including PFOA. Overall, thermal 

spraying processes that facilitate the fabrication of thick and rough TiO2 and ZnO films with in 

situ developed oxygen vacancies (providing narrow band gap energy) and various hierarchical 

structures on different substrates could be considered as one of the most promising methods for 

the deposition of photocatalytic coatings. Novel thermal spraying processes including CS and 

SPPS which can provide coatings with desirable chemical composition and 

nanoporous/columnar structures, respectively, are highly recommended for the deposition of 

TiO2 and ZnO coatings for the degradation of persistent organic pollutants. Finally, PEC is 

shown to be more powerful than photocatalysis in the photodegradation performance. 
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Figure captions 

Fig. 1. (a) Exposure pathways of PFAS. Reproduced with permission from [33]. Copyright © 

2012 Fardin Oliaei et al., Springer Nature. (b) chemical structures of PFOA and PFOS (C: 

gray, F: blue, O: red, S: yellow, and H: white). Reproduced with permission from [32]. 

Copyright © 2017 Shana Wang et al., Elsevier. (c) recent methods used for degradation of 

PFOA and PFOS. Reproduced with permission from [32]. Copyright © 2017 Shana Wang et 

al., Elsevier. 

Fig. 2. Schematic common pathway for photo-oxidation of PFOA. Reproduced with 

permission from [40]. Copyright © 2019 Yaoyao Wu et al., John Wiley and Sons. 

Fig. 3. (a-f) FE-SEM elemental mapping and TEM images of TiO2 nanoparticle modified by 

Pt, Pd, and Ag nanoparticles, (g) UV-vis DRS spectrum of TiO2 modified by Pt, Pd, and Ag 

nanoparticles; and (h) effect of initial concentration of PFOA on the efficiency of degradation. 

Reproduced with permission from [45]. Copyright © 2016 Mingjie Li et al., Elsevier. 

Fig. 4. (a) Schematic illustration of the anodization setup and the structure of resultant titania 

nanotubes. Reproduced with permission from [80]. Copyright © 2019 Najia Mahdi et al., 

MDPI. (b) ideal structure of porous anodic TiO2 (ATO). Reproduced with permission from 

[78]. Copyright © 2010 Grzegorz D. Sulka et al., Elsevier. (c) cross section of the anodized 

layer with structural features of anodic TiO2. Reproduced with permission from [78]. Copyright 

© 2010 Grzegorz D. Sulka et al., Elsevier. SEM micrographs of ordered TiO2 nanotubes 

grown on pure Ti (99.6%) after 1st (d) and 2nd anodization (e); (f) and (g) show micrographs 

for TiO2 nanotubes grown on Ti with 99.99% purity, with insets showing magnifications. 

Reproduced with permission from [79]. Copyright © 2007 Jan M. Macak et al., John Wiley and 

Sons. 

Fig. 5. (a) C-N co-doped TiO2 photoanode, (b) surface topography of C-N co-doped TiO2 

nanotubes, (c) surface morphology of C-N co-doped TiO2 nanotubes, (d) comparison of direct 

pyrolysis (P), electrocatalysis (EC), photocatalysis (PC), and photoelectrocatalysis (PEC) for 
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degradation of PFOA, (e) Time dependency of short-chain intermediates (PFCAs) in PEC, 

and (f) main mechanism for degradation of PFOA in PEC. Reproduced with permission from 

[112]. Copyright © 2017 Yen-Ping Peng et al., Elsevier. 

Fig. 6. Comparison of typical thicknesses of major immobilization processes. Reproduced 

with permission from [127]. Copyright © 2017 Bailey Moore et al., Hindawi. 

Fig. 7. (a) Schematic illustration of thermal spraying process. Reproduced with permission 

from [128]. Copyright © 2014 Andrew Siao Ming Ang et al., Taylor & Francis. (b) flame 

temperature against particle velocity for some general thermal spraying processes. 

Reproduced with permission from [129]. Copyright © 2011 Maria Oksa et al., MDPI. 

Fig. 8. (a) Schematic comparison of microstructure and feedstock relationship in SPS and 

APS films. Reproduced with permission from [134]. Copyright © 2019 Satyapal Mahade et al., 

MDPI. (b) schematic of the formation of droplets in SPS. Reproduced with permission from 

[136]. Copyright © 2009 Lech Pawlowski, Elsevier. 

Fig. 9. Comparison of (a) typical pore size, and (b) relative cost of some major deposition 

processes. Reproduced with permission from [127]. Copyright © 2017 Bailey Moore et al., 

Hindawi. 

Fig. 10. (a) Dependency of photocatalytic activity on anatase content of TiO2 films deposited 

by HVOF, suspension HVOF and SPS. Reproduced with permission from [149]. Copyright © 

2009 F.-L. Toma et al., Elsevier. (b) schematic of effect of average particle size on the 

microstructure of coatings fabricated by SPS. Reproduced with permission from [155]. 

Copyright © 2015 F.-L. Nicholas Curry et al., MDPI. (c) schematic of phonon scattering for 

coatings fabricated by SPS, APS and EB-PVD. Reproduced with permission from [158]. 

Copyright © 2017 Benjamin Bernard et al., Elsevier. 

Fig. 11. (a-h) Surface topographies of ZnO coatings deposited by SPPS. Reproduced with 

permission from [188]. Copyright © 2019 Zexin Yu et al., Elsevier. (i) surface topography of 

TiO2 film deposited by APS. Reproduced with permission from [151]. Copyright © 2008 
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Filofteia-Laura Toma et al., Hindawi. (j) surface morphology of TiO2 film deposited by SPPS. 

Reproduced with permission from [179]. Copyright © 2008 Dianying Chen et al., John Wiley 

and Sons. (k) surface morphology of TiO2 film deposited by HVOF. Reproduced with 

permission from [151]. Copyright © 2008 Filofteia-Laura Toma et al., Hindawi. (l) surface 

morphology of TiO2 film deposited by CS. Reproduced with permission from [198]. Copyright 

© 2020 Noor Irinah Omar et al., MDPI. 

 

 

 

Table captions 

Table 1. Application of photoelectrocatalysis in degradation of various organic pollutants and 

comparison of its efficiency with photocatalysis. 

Table 2. Anatase phase content and its crystallite average size created by different methods of 

APS, SPS, FS, and HVOF (SPS-W: SPS using aqueous suspension, SPS-A: SPS using 

alcoholic suspension). 
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Supplementary 

 

 

Fig. S1. The events during a custom photocatalytic process. Adapted with permission from [1]. 

Copyright © 2021 Osama Al-Madanat et al., MDPI. 
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Fig. S2. Time-dependence of PFOA and its intermediates during photocatalysis using TiO2 as 

the catalyst. Reproduced with permission from [2]. Copyright © 2020 Bentuo Xu et al., 

Elsevier. 
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Fig. S3. (a) Effect of pH on the photodegradation of PFOA using TiO2. Reproduced with 

permission from 
[2]. Copyright © 2020 Bentuo Xu et al., Elsevier. (b) effect of pH on the 

photodegradation of PFOA using ZnO. Reproduced with permission from [3]. Copyright © 

2017 Dan Wu et al., Elsevier. (c) effect of wavelength of light source on the photodegradation 

of PFOA using TiO2. Reproduced with permission from [2]. Copyright © 2020 Bentuo Xu et 

al., Elsevier. (d) effect of temperature on the photodegradation of PFOA using ZnO. 

Reproduced with permission from [3]. Copyright © 2017 Dan Wu et al., Elsevier. (e) 

schematic mechanism of photodegradation of PFOA using PMS. Reproduced with permission 

from [4]. Copyright © 2016 Penghua Yin et al., MDPI. 
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Fig. S4. Major methods of deposition of semiconductors for photocatalytic applications. 

Adapted with permission from [5]. Copyright © 2019 Bogdan Sovilj et al., EDP Sciences. 
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Fig. S5. Schematic representation of the improvement in the photoactivity of TiO2 nanotubes 

formed on Ti mesh because of the ability to absorb reflected and refracted light. Reproduced 

with permission from [6]. Copyright © 2012 Jianjun Liao et al., American Chemical Society. 
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Fig. S6. (a) PEC, PC (photocatalytic) and EC (electrocatalytic) activities of TiO2 composite 

nanotubes during the degradation of methylene blue. Reproduced with permission from [7]. 

Copyright © 2015 Juanru Huang et al., Springer Nature. (b) schematic illustration of the 

proposed mechanism for the improvement of PEC activity of anodized TiO2 by deposition of 

Pt nanoparticles. Reproduced with permission from [8]. Copyright © 2017 Yan Liu et al., 

Springer Nature. (c) contributions of different oxidants on MCPA degradation by PC and PFC 

(photocatalytic fuel cells) methods. Conditions: [MCPA]0 = 1.0 mg/L, pH0 = 3, [Na2SO4] = 

0.1 M. Reproduced with permission from [9]. Copyright © 2018 Yin Ye et al., Elsevier.
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Fig. S7. General sources of energy and classification of thermal spray processes. Reproduced 

with permission from [10]. Copyright © 2020 P. Suresh Babu et al., Springer Nature. 
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Table S1. Comparison of the photocatalytic activity of ZnO and TiO2. 

Pollutant mcatalyst TiO2 efficiency ZnO efficiency Reference 

Cibarcon Yellow-FN 2R  600 mg/L 41.7% (240 min) 69.8% (180 min)  [11] 

Crystal violet 

Methyl red 

400 mg/L 

400 mg/L 

kapp(min-1) = 0.026 

kapp(min-1) = 0.014 

kapp(min-1) = 0.079 

kapp(min-1) = 0.008 

 [12] 

Tetrazine 0.28 (mg/cm2) 

0.56 (mg/cm2) 

0.84 (mg/cm2) 

kapp(min-1) = 0.023 

kapp(min-1) = 0.030 

kapp(min-1) = 0.029 

kapp(min-1) = 0.040 

kapp(min-1) = 0.050 

kapp(min-1) = 0.049 

 [13] 

Methyl orange - ~26% (160 min) ~40% (160 min)  [14] 
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Table S2. Chemical and physical properties of PFOA and PFOS. Adapted with permission 

from [15]. Copyright © 2017 P. Henrik Viberg et al., Elsevier. 

 PFOS PFOA 

Molecular formula C8HF17O3S C8HF15O2 

Molar mass 500.13 g/mol 414.07 g/mol 

Density 1.25 g/cm3 1.8 g/cm3 

Melting point 90 °C 40–50 °C 

Boiling point 258–260 °C 189–192 °C 

Solubility in water 519 mg/L at 20 °C 9.5 g/L 

Solubility in other solvents polar organic solvents polar organic solvents 
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Table S3. Concentrations of PFOA and PFOS in drinking water from different countries. 

Adapted with permission from [16]. Copyright © 2020 Georgia M. Sinclair et al., Elsevier. 

Country PFOS (ng/L) PFOA (ng/L) Original source 

Germany <10 <10 - 68  [17] 

Australia 0-16 0-9.7  [18] 

USA <1 - 57 <5 - 30  [19] 

Brazil 0.58–6.7 0.81–2.8  [20] 

India <0.03–8.4 <0.005–2  [21] 

Japan <0.1–6.9 2.3–84  [22] 

China <0.1–14.8 <0.1–45.9  [23] 
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Table S4. Mean concentration and range of some individual PFAS in landfill leachate. Adapted with permission from [24]. Copyright © 2020 

Abunada et al., MDPI. 

Header Eggen et al. 

[25] 

(ng/L) 

Busch et al. 

[26] 

(ng/L) 

Robey et al. 

[27] 

(ng/L) 

Gallen et al. 

[28] 

(ng/L) 

Garg et al. 

[29] 

(ng/L) 

Herzke et al. 

[30] 

(ng/L) 

Fuertes et al. 

[31] 

(ng/L) 

Yin et al. 

[32] 

(ng/L) 

Benskin et al. 

[33] 

(ng/L) 

Huset et al. 

[34] 

(ng/L) 

Type of 

PFAS 

PFCs analysis 

(untreated 

leachate 

Water) 

Compounds 

in landfill 

leachates 

Foam 

produced by 

bubble 

aeration of 

landfill 

leachate 

landfill (>50% 

SW) 

Manufacturi

ng and 

disposing 

electronic 

products 

Teflon waste, 

Coated 

textiles, 

papers, fire-

fighting foam, 

and furniture 

Treated 

Leachate in 

MSW landfill 

Leachate 

from CW 

outlet 

system 

(Max. 

level) 

Municipal 

landfill leachate 

Leachates 

from six 

landfill 

PFOA 767 926 951 510 118.3 9500 520 3457 1500 380–1100 

PFPeA - - - - - - 325 - - - 

PFHxA 757 2509 2178 1300 76 - 77 868 2500 270–2200 

PFHxS 281 178 2058 940 133,330 - 870 308 190 120–700 

PFDS - - ND - - -  0.72 63 0–16 

PFDA 70 51 87 22 8 - - 27 1100 0.3–64 

PFBS <5 1350 - - - NA - 1916 190 280–2300 

PFAA - NA - NA - - - 55 - - 
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PFNA 539 80 64 29 8 - - 100 450 19–140 

PFOS 2920 235 104 300 128,670 570 NA 439 4400 56–160 

PFHpA 277 280 454 360 9 - - 486 690 100–2800 

Note 1: PFOA (Perfluorooctanoic acid), PFPeA (Perfluoropentanoic Acid), PFHxA (Perfluorohexanoic acid), PFHxS (Perfluorohexane sulfonate), 

PFDS (Perfluorodecane sulfonic acid), PFDA (perfluorodecanoic acid), PFBS (perfluorobutane sulfonic acid), PFAA (perfluoroalkyl acid), PFNA 

(perfluorononanoic acid), PFOS (Perfluorooctane sulfonate), PFHpA (perfluoroheptanoic acid) 

Note 2: ND*: not detected, NA*: not analysed. 
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Table S5. Photocatalytic degradation of PFOA using TiO2 and ZnO. 

Catalyst Dosage of catalyst Initial concentration of PFOA Source of light pH Degradation efficiency Reference 

TiO2 (P25) 0.5 g L-1 24 µmol L−1 UVC-254 nm (23 W) NA 10.5% (t = 3 h)  [35] 

TiO2 0.66 g L-1 4 mmol L−1 315-400 nm (500 W) NA ~ 40% (t = 4 h)  [36] 

TiO2 0.25 g L-1 50 mg L−1 400-770 nm (300 W) 3 20% (t = 8 h)  [2] 

TiO2 0.1 g L-1 0.24 mmol L−1 UV 3.8 24% (t = 12 h)  [37] 

TiO2 0.1 g L-1 30 mg L−1 UVB (36 W) NA 9% (t = 3 h)  [38] 

TiO2 0.2 g L-1 30 mg L−1 UVB (36 W) NA 6% (t = 3 h)  [38] 

TiO2 0.5 g L-1 30 mg L−1 UVB (36 W) NA 18% (t = 3 h)  [38] 

TiO2 1.0 g L-1 30 mg L−1 UVB (36 W) NA 23% (t = 3 h)  [38] 

TiO2 (P25), anatase:rutile (84:16) 0.5 g L-1 0.1 mmol L−1 200-600 nm (150 W) 4.3 ~ 1% (t = 3 h)  [39] 

TiO2 (synthetic), anatase:rutile (90:10) 0.5 g L-1 0.1 mmol L−1 200-600 nm (150 W) 4.3 ~ 8% (t = 3 h)  [39] 

Fe:Nb doped TiO2, 100% anatase 0.5 g L-1 0.1 mmol L−1 200-600 nm (150 W) 4.3 ~ 14% (t = 3 h)  [39] 

TiO2 0.5 g L-1 50 mg L−1 UVC-254 nm (400 W) 5 14% (t = 12 h)  [40] 

Fe-loaded TiO2 0.5 g L-1 50 mg L−1 UVC-254 nm (400 W) 5 69% (t = 12 h)  [40] 

Cu-loaded TiO2 0.5 g L-1 50 mg L−1 UVC-254 nm (400 W) 5 91% (t = 12 h)  [40] 
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Pt-loaded TiO2 0.5 g L-1 60 mg L−1 365 nm (125 W) 3 100% (t = 5h)  [41] 

Pd-loaded TiO2 0.5 g L-1 60 mg L−1 365 nm (125 W) 3 94.2% (t = 7h)  [41] 

Ag-loaded TiO2 0.5 g L-1 60 mg L−1 365 nm (125 W) 3 57.7% (t = 7h)  [41] 

ZnO 1.0 g L-1 19.9 µmol L−1 365 nm (4 W) 5 < 1% (t = 72h)  [42] 

ZnO 0.2 g L-1 10 mg L−1 254 nm (28 W) 4.5 58.2% (t = 4h)  [3] 

ZnO 0.2 g L-1 10 mg L−1 254 nm (28 W) NA ~ 65% (t = 4h)  [43] 
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Table S6. Photocatalytic degradation of PFOA using TiO2 nanotubes. 

Catalyst Volume of solution Initial concentration of PFOA Source of light pH Degradation efficiency Reference 

TiO2 nanotubes 150 mL 30 mg L−1 UVC-254 nm (23 W) 5 41% (t = 8 h)  [44] 

Ag-loaded/TiO2 nanotubes NA 50 mg L−1 UVC-254 nm (23 W) 5 43% (t = 8 h)  [45] 

Graphene oxide-deposited TiO2 nanotubes 1.4 L 0.121 µmol L−1 UV (8 W) 3 ~ 60% (t = 4 h)  [46] 

Graphene oxide-deposited TiO2 nanotubes 1.4 L 0.121 µmol L−1 UV (8 W) 5 ~ 40% (t = 4 h)  [46] 

Graphene oxide-deposited TiO2 nanotubes 1.4 L 0.121 µmol L−1 UV (8 W) 7 ~ 25% (t = 4 h)  [46] 

Graphene oxide-deposited TiO2 nanotubes 1.4 L 0.121 µmol L−1 UV (8 W) 9 ~ 20% (t = 4 h)  [46] 

Graphene oxide-deposited TiO2 nanotubes 1.4 L 0.121 µmol L−1 UV (8 W) 11 ~ 10% (t = 4 h)  [46] 

C and N co-doped TiO2 nanotubes NA 40 mg L−1 Hg lamp (100 W) 4 18.1% (t = 3 h)  [47] 
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Table S7. Comparison of process variables for typical thermal spraying processes. Adapted with permission from [48]. Copyright © 2014 P. 

Vuoristo, Elsevier. 

Spray 

method 

Temperature of 

heat source (°C) 

Particle velocity  

(m s−1) 

Adhesion 

(MPa) 

Oxide content in metal 

deposits (%) 

Porosity 

(%) 

Relative cost Coating thickness 

(mm) 

Flame 3000 40 8 10–15 10–15 1 (lowest) 0.1–15 

Electric arc 4000 100 12 10–20 10 2 0.1–15 

HVOF 3000 600–800 ~ 70 1–5 1–2 3 0.1–2 

HVAF 2000–3000 600–1200 ~ 70 L* 0–0.2 2 0.1–12 

D-gun 4000 800–1200 ~ 70 1–5 1–2 4 0.05–0.3 

APS 12000 200–400 10–70 1–3 1–5 4 0.1–1 

LPPS/VPS 12000 400–600 ~ 70 0 ~ 0.5 5 (highest) 0.1–1 

LPCS 200–650 300–500 5–30 0 ~ 0.5 1 (lowest) 0.2–2 

HPCS 500–1000 400–800 10–40 0 ~ 0.5 4 0.3–4 

L*: ~ 1.5–2 times the oxide content of the feedstock powder 
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Table S8. Some characteristic properties of TiO2 coatings deposited by methods of WSP, 

GSP, HVOF, and flame spraying. Adapted with permission from [49]. Copyright © 2013 Pavel 

Ctibor et al., Springer Nature. 

Parameter WSP GSP HVOF Flame 

Surface roughness Ra (µm) 13.4 ± 0.5 4.3 ± 0.14 5.7 ± 0.2 5.9 ± 1.4 

Surface roughness Ry (µm) 97.7 ± 6.4 35.2 ± 3.8 50.6 ± 4.7 48.8 ± 2.4 

Porosity (%) 8.5 3.4 4.4 8.3 

Mean pore size 13.6 12.9 7.8 13.9 
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Table S9. Main advantages and disadvantages of thermal spraying processes for deposition of photocatalytic TiO2 and ZnO coatings. 

Process Advantage Disadvantage Reference 

Thermal 

spraying 

• Possibility of on-site repairs 

• High deposition rate 

• No significant heat input to the substrates 

• Deposition of materials over a wide thickness range from tens to hundreds 

of microns 

• Low cost 

• Control of microstructure (columnar, dense, or porous) and phase 

composition using suspension plasma spraying and cold spraying 

processes 

• Large pore size1 

• High volume porosity (2-15%)1 

• Coarse microstructural texture1 

• A line of sight method 

• Occurrence of phase 

transformation (in the case of 

TiO2) 

• Creation of some amorphous 

content2 

 [48,50-55] 

 

1: This might be considered as an advantage for photocatalytic applications 

2: This might be observed in the case of TiO2 and ZnO films deposited by solution precursor-based methods 56 

 

 

 

 

 



 

100 
 

Table S10. Comparing general aspects of some surface engineering methods for deposition of various kinds of materials. 

Properties/Processes Dip coating Spin coating Spray pyrolysis PVD Anodizing EPD Thermal 

spraying 

Typical thickness Thin to thick 

film[57] 

Thin film[57] Thin to thick 

film[58,59] 

1-10 µm[60] 20 nm[61] to hundreds of 

µm[62] 

Submicron to above 

100 µm[60] 

10-1000 µm[60] 

Surface roughness (in some case 

studies) 

4.6 – 19.8 

nm[63] 

1.6 – 7.8 

nm[64] 

0.8 - 1.2 nm[65] 35 – 102 

nm[66] 

139 – 236 nm[67] 1.64 – 500 nm[68-71] 4300 – 16000 

nm[72-75] 

Possibility of depositing large 

areas/large scale production 

Yes[57] No[57] Yes[76,77] Yes[78] Yes[79] Yes[80] Yes[81] 

Necessity of post annealing treatment 

(after deposition) 

Generally 

yes[82] 

Generally 

yes[83] 

Not in all cases[84] Generally 

yes[85-87] 

Generally yes[88-90] Generally yes[91] Generally no 

*: In limited processes such as SPPS 

**: Generally lower than other methods 
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Highlights 

• Nanotubular structure is the best TiO2 and ZnO morphology for photocatalytic 

applications. 

• Photoelectrocatalysis is more efficient than photocatalysis for degradation of organic 

pollutants. 

• In-situ formation of oxygen vacancies is a highlight for TiO2 and ZnO coatings from 

thermal spraying processes. 

• SPPS provides the most promising method for deposition of ZnO for photocatalytic 

purposes. 

• HVOF and SPS yield TiO2 coatings with higher anatase phase content than feedstock. 

 

 


