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Introduction 

The lifestyle of modern society is leading to a situation in which people spend a 
significant amount of time indoors. The digital revolution and evolving technologies 
have driven us to work and study from home and occupy ourselves by spending much 
time on computers and phones. Typically, a person spends 90% of the day indoors on 
average, i.e. only 2 h per day outdoors. Hence, poor indoor air quality could be a reason 
behind acute health problems and symptoms of the sick building syndrome.  

Nearly 200 pollutants are present in indoor air, most of which are volatile organic 
compounds (VOCs) that are emitted to the indoor air from regularly used products.  
The concentration of VOCs in indoor air is typically low (less than 1 ppm). Traditional 
treatment methods are neither sufficient nor cost-effective for the purification of 
indoor air containing various VOCs in low concentrations. For example, thermal 
incineration requires high temperatures and is unsuitable for domestic use. Through 
absorption and adsorption, the pollutants move to another phase but do not get 
degraded. Natural and mechanical ventilation help to reduce indoor pollution, but they 
also do not destroy the pollutants. Thus, the technology can be optimised by combining 
ventilation with a destructive air-purification technique. 

Photocatalysis is a promising method for addressing the above-mentioned 
requirements. The catalyst remains unchanged after the treatment, and direct solar 
radiation can be used for the activation, thereby resulting in savings and simplifying the 
process.  

TiO2 is the most commonly used photocatalyst because of its high photocatalytic 
activity and excellent stability. The indoor air quality can be considerably improved by 
integrating thin film photocatalysts (e.g. TiO2 thin films) with the surrounding 
environment. For practical applications, transparent TiO2 films with good adhesion 
properties and a high photocatalytic activity under visible light should be deposited 
onto large, well-illuminated surfaces (e.g. windowpanes). Moreover, the TiO2 surface 
possesses disinfectant properties, rendering it suitable for implementation in  
closed-loop ventilation systems.  

TiO2 has been extensively researched for its photocatalytic properties. However, 
some challenges and gaps exist in the field of material development, which limit its 
practical application. First, most studies focus on thick coatings prepared from 
commercial TiO2 powders, while the photocatalytic activity of synthesised thin films is 
insufficient. Second, the preparation of visible (VIS) light-active TiO2 using a facile  
wet-chemical deposition method remains a challenge. Moreover, a better understanding 
of gas-phase photocatalysis is essential for ensuring its practical applicability; thus,  
the parameters influencing the performance and causing the deactivation of thin films 
should be studied systematically.  

The aim of this study is to develop a photocatalytic, low-material-quantity, 
transparent TiO2 thin film by modifying the precursor solution. The novelty of this  
work is constituted by the following aspects: the systematic study of TiO2  
spray-pyrolysis-synthesised films by changing the molar ratio of acetylacetone (AcacH) 
in the precursor and the comprehensive analysis of changes in the material properties 
and their effects on the photocatalytic performance of the films. The results of this 
study provide a method for developing of ultraviolet (UV-A) and visible (VIS) light 
photocatalytically active thin films, thereby broadening the application range of thin 
film photocatalysts.   
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To realise this aim, TiO2 thin films containing different molar ratios of titanium (IV) 
isopropoxide (TTIP):acetylacetone (AcacH) in the precursor solution were deposited by 
ultrasonic spray pyrolysis. The effect of increasing amount of AcacH in the precursor 
solution on the structural, optical, chemical, and morphological properties of the 
obtained films was studied. Moreover, the charge separation towards the external 
surface was investigated using surface photovoltage (SPV) measurements. The optimal 
molar ratio of TTIP:AcacH was investigated by the photocatalytic oxidation of the 
stearic acid (SA) layer. The gas-phase photocatalytic activity of the film with an optimal 
molar ratio was analysed under UV-A and VIS light at different operating conditions. 
The disinfectant properties of the film surfaces were also assessed.  

This thesis is based on four published articles and is divided into three main 
chapters. The first chapter consists of a literature review, which includes the 
fundamentals of photocatalysis and the main deposition techniques used for thin film 
preparation. The benefits of ultrasonic spray pyrolysis and the importance of the 
composition of the precursor solution in preparing high-photocatalytic-activity films are 
highlighted. In addition, the application of the films, especially to the treatment of 
VOCs in indoor air, is discussed. The most widely used reactors and the effects of 
operating parameters on the efficiency of the photocatalytic process are described.  
The literature review summarises the challenges in the field and states the aims and 
objectives of this thesis. The second chapter describes the experimental details and 
characterisation methods used in this study. The third chapter elaborates on the results 
and discussion of the study and is divided into two sections. The first section describes 
the material properties of the TiO2 films obtained at different TTIP:AcacH molar ratios. 
The second section summarises the photocatalytic and disinfectant properties of the 
films. The degradation of the stearic acid layer and different VOCs in the gas phase was 
monitored. Furthermore, the ability to inactivate surface-attached E. coli bacteria and 
H1N1 virus was evaluated.  

This study was jointly conducted by two research groups. It is directly related to the 
research topics and projects of the Laboratory of Thin Film Chemical Technologies and 
the Laboratory of Environmental Technology, which focusses on developing TiO2 thin 
films using wet-chemical methods for environmental remediation. The surface 
photovoltage measurements were performed in collaboration with the Helmholtz 
Zentrum in Berlin. Atomic force microscopy was conducted at The Arctic University of 
Norway. The antibacterial experiments were performed in collaboration with the 
National Institute of Chemical Physics and Biophysics. The antiviral experiments were 
conducted at the University of Tartu. This study was financially supported by  
The Estonian Ministry of Education and Research Institutional Research Funding 
projects IUT 19-4 ‘Thin films and nanomaterials wet-chemical methods for a new 
generation of photovoltaic devices’, and PRG627 ‘Antimony-chalcogenide thin films for 
the next generation of semi-transparent solar cells for use in power-producing 
windows’, the Estonian Centre of Excellence project TK141 (TAR16016EK) ‘Advanced 
materials and high-technology devices for energy recuperation systems’, and the 
European Commission’s H2020 programme under the ERA Chair project 5GSOLAR grant 
agreement No 952509. In addition, this study was partially supported by ASTRA ‘TUT 
Institutional Development Programme for 2016-2022’ Graduate School of Functional 
Materials and Technologies (2014-2020.4.01.16-0032), Dora Plus program (activity 1), 
and Tallinn City Council (Raestipendium). 
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Abbreviations, Terms, and Symbols  

A Band area 

AcacH Acetylacetone 

AFM Atomic force microscopy 

BE Binding energy 

CA Contact angle 

CB Conduction band 

CFU Colony-forming unit 

Eg Band gap 

FFU Focus-forming unit 

FTIR Fourier-transform infrared spectroscopy 

FWHM Full width at half maximum 

HOPG Highly oriented pyrolytic graphite 

IR Infrared  

ISO International Organization for Standardization 

K Adsorption constant 

kr Reaction rate constant 

LMCT Ligand-to-metal-charge transfer 

LOQ Limit of quantification 

NHE Normal hydrogen electrode 

PCO Photocatalytic oxidation 

PEG Polyethylene glycol 

ppb Parts per billion 

ppm Parts per million 

Re Reynolds number 

RH Relative humidity 

RMS Root mean square 

ro Initial reaction rate 

ROS Reactive oxygen species 

SA Stearic acid 

SKPM Scanning Kelvin probe microscopy 

SPV Surface photovoltage 

t Time 

TTIP Titanium (IV) isopropoxide 

UV Ultraviolet 

UV–VIS Ultraviolet–Visible light spectroscopy  

VB Valence band 

VIS Visible 

VOCs Volatile organic compounds 

XPS X-ray photoelectron spectroscopy  

XRD X-ray diffraction 

  ΔCPD Contact potential difference 
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1 Literature overview 

This chapter presents a brief overview of the fundamentals of photocatalysis, describes 
commonly used powder and thin film photocatalysts, lists the various methods of thin 
film deposition, and introduces potential applications of photocatalysis in different 
fields. This chapter primarily focusses on TiO2 thin films as the most promising materials 
for the photocatalytic purification of indoor air. The challenges in TiO2 thin film 
preparation for photocatalysis and the applications of TiO2 thin films in gas-phase 
treatment are discussed.   

1.1 Photocatalysis 

Photocatalysis is an advanced oxidation process involving the formation of hydroxyl 
radicals and other reactive oxygen species (ROS), in the presence of a semiconductor, 
under suitable light irradiation. In 1972, Fujishima and Honda reported that, in 
photoelectrochemical cells, TiO2 can split water into H2 and O2 under irradiation by 
ultraviolet (UV) light. Following this discovery,  photocatalysis has garnered significant 
attention of scientists and engineers [1,2]. 

The photocatalysis can be divided into six steps: absorption of photons and 
photogeneration of electron–hole pairs, formation of the ROS, transfer of the reagents 
to photocatalyst surface, adsorption of the reagents, photochemical reactions on the 
surface/mineralisation of the organic species, and desorption and diffusion of the 
photocatalytic products from the photocatalyst surface [3]. 

The main step of the photocatalysis is the photogeneration of electron–hole pairs in 
the bulk of photocatalyst, when it absorbs light with an energy equal to or greater than 
the band gap of the material (Reaction 1.1) [4]. To initiate photocatalytic reactions on 
the TiO2 surface, the photogenerated electrons and holes shall be separated and 
transferred to the surface-active sites. The photogenerated electrons and holes on the 
surface-active sites of the photocatalyst are responsible for the photocatalytic 
reduction (or inhibition of oxidation) or oxidation (or inhibition of reduction) of the 
adsorbed species, respectively (Figure 1.1) [5,6]. 

 

TiO2 + hv →  TiO2 (e−CB + h+
VB) (1.1) 

 
The hydroxyl groups adsorbed on the TiO2 surface act as reducing agents, whereas 

the adsorbed oxygen acts as an oxidising agent. The transformation reactions yield 
hydroxyl radicals (•OH) (Reactions 1.2–1.5), which can non-selectively mineralise 
almost all organic compounds adsorbed on the surface or present near the surface. 
Occasionally, the adsorbed organics can directly function as reducing agents; however, 
this situation mostly occurs in a dry atmosphere [6]. The formation of electron–hole 
pairs is a reversible process. The surface and bulk recombination of electron–hole pairs 
occur in the absence of suitable adsorbates or because of lattice defects. Energy and/or 
light are released during the recombination [7].    

H2Oads →  OH− + H+ (1.2) 

OH− + h+ →  •OH (1.3) 
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O2 ads + e− →  •O2− (1.4) 

2•O2− + 2H2Oads →  2•OH + 2OH− + O2 (1.5) 

 

 
Application of photocatalysis for photocatalytic oxidation (PCO) of air pollutants 

affords several useful extra features for traditional indoor air treatment methods, such 
as ventilation and filtration [8]:  

• It is a destructive technique that does not generate any secondary 
pollution.   

• It operates under ambient pressure and temperature conditions. 

• The semiconductors used as photocatalyst are relatively inexpensive 
and can be reused for a long duration without any activity loss. 

• Photocatalysis can occur under direct solar radiation.  

• The process operation is facile and can be autonomous. 

• PCO can occur even at low concentrations with the non-selective 
oxidation of organic pollutants. 

Based on the above-mentioned aspects, photocatalysis can be widely applied to 
environmental remediation (abatement of air and water pollution), energy production, 
as multi-functional surfaces (e.g. self-cleaning, anti-fungal, and anti-fogging), and 
medicine (e.g. antibacterial, antiviral, and odour control) [4]. The detailed application of 
TiO2 as a photocatalyst in different fields is introduced in Section 1.3.  

1.2 Photocatalysts 

In general, photocatalysts are semiconductors, that function as hosts for photocatalytic 
processes under suitable illumination [9].  

The properties of potential photocatalysts are as follows [9–11]: 

 

Figure 1.1. Processes occurring on the surface and in the lattice of TiO2. Modified from ref. [7]. 
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• A suitable energy band gap (Eg) to facilitate efficient absorption of the 
light throughout the solar spectrum.  

• High mobility and long lifetime of charge carriers to reduce the 
recombination rate of the electron–hole pairs. 

• Suitable positions of the band edges for redox reactions to produce 
both •OH and •O2

– radicals from the adsorbed water and oxygen 
(Figure 1.2).  

• A high concentration of surface-active sites (oxygen vacancies and 
defects) to enhance the reactivity of the photocatalyst with the 
adsorbed molecules. 

• A large surface area to enable excellent adsorption of substances.  

• Non-toxicity, low cost, and excellent mechanical and thermal 
stabilities to allow for environmental and economic profitability. 
 

 
Nearly 190 compounds have been used as photocatalysts [8], including single-phase 

semiconductors (e.g. TiO2, ZnO, NiO, CdS, Fe2O3, and Bi2WO6) and, bifunctional hybrids 
of two or more semiconductor materials (e.g. CdS/ZnS, CdS/TiO2, CuFe2O4/TiO2, and 
CdS/Au/TiO2) [14]. ZnO shows a high photocatalytic activity; however, it is prone to 
photocorrosion [8]. Bi2WO6 also demonstrates a high photocatalytic activity, but it is 
unstable at low pH values [8]. ZnS has been studied as a photocatalyst due to its good 
physicochemical properties; however, its large band gap of 3.7 eV slightly limits its 
applicability [15].  

Among all photocatalysts, TiO2 has been investigated the most, owing to its chemical 
stability, high photoactivity, non-toxicity, and relatively low cost. Moreover, the position 
of valence band (VB) and conduction band (CB) edges of anatase TiO2 render it suitable 
for redox reactions (Figure 1.2) [7]. Nearly 80% of the scientific literature related to 
oxide semiconductor photocatalysts from 1990 to 2010 is focussed on TiO2 [8]. 
Furthermore, TiO2 is the prevailing photocatalyst at present because no suitable 
alternative has been discovered yet.  

 

Figure 1.2. Band gaps and valence band and conduction band edges of some semiconductors 

compared with the standard redox potentials of the (O2/O2•−) and (•OH/ −OH) redox couples 

versus normal hydrogen electrode (NHE) [7,12,13]. 
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1.2.1 TiO2  
TiO2 is mainly prepared in the form of pigments [16]. In 2020, 1 million tons of TiO2 
pigment was produced in the USA [17]. The pigment is mostly used in the production of 
paints (including lacquers and varnishes; 60%), plastics (20%), and paper (5%).  
The remaining 15% of the produced TiO2 pigments are used in catalysis, ceramics, 
coated textiles, etc. [17]. Owing to its white colour, TiO2 is widely used in cosmetics and 
as a food additive (E171). However, from 2021 onwards, the European Food Safety 
Authority does not consider E171 to be safe for use in food because of the potential 
genotoxicity of TiO2 nanoparticles with a size < 30 nm [18]. 

TiO2 is an important n-type semiconductor with an indirect band gap. TiO2 occurs in 
nature mainly in three crystal polymorphs: anatase (tetragonal), rutile (tetragonal), and 
brookite (orthorhombic). The rutile phase is the most thermally stable, whereas 
brookite is the most metastable phase and rarest among the natural TiO2 polymorphs 
[19]. Thus, the rutile (Eg = 3.0 eV) and anatase (Eg = 3.2 eV) phases are mostly used for 
photocatalytic applications. Anatase is also a metastable phase that transforms into 
rutile upon processing in the temperature range 600–700 °C [20]. However, the anatase 
phase is considered more photocatalytically active than the rutile phase owing to the 
following reasons [2]: 

• A wider band gap (3.2 eV).  

• A higher concentration of surface oxygen vacancies, which increases 
the charge separation efficiency.  

• A lower recombination rate of the electron–hole pairs. 

• A higher position of the VB edge (Figure 1.2) than redox potential of 
the •OH/−OH redox couple, which allows for the oxidation of −OH 
groups to •OH, and a lower position of the CB edge than the O2/O2•− 

redox couple, allowing for the reduction of O2 to O2•−. Thus, anatase 
TiO2 has favourable band-edge positions for photocatalytic redox 
reactions, which could facilitate the complete mineralisation of 
pollutants to CO2 and H2O [8,21].  

TiO2 can be used in photocatalysis as nanopowders in the form of suspended fluids 
(slurry) in a liquid medium, as highly dispersed fine particles on different supports  
(i.e. nanopowdered coatings), or as polycrystalline thin films [17]. 

1.2.2 TiO2 powder  
TiO2 is mostly used as a nanopowder in photocatalytic applications. 

Various TiO2 powders are commercially available. The most popular powder is 
AEROXIDE® TiO2 P 25 (Evonik), which is used in many photocatalytic applications as a 
standard titania photocatalyst owing to its high photoactivity, availability, and relatively 
low cost [22–25]. P 25 TiO2 is composed of an approximately 80:20 ratio mixture of the 
anatase and rutile phases [18]. Cristal Global manufactures Millennium PC500 powder, 
whose particle size is two times lower but specific surface area (350 m2 g−1) is 
significantly greater than those of P 25 (50 ± 15 m2 g−1).  

For water remediation, TiO2 powder is commonly used in a simple suspended form 
(slurry). The photocatalyst is freely dispersed in the water phase, leading to good 
contact between the catalyst and water pollutants. However, the freely dispersed 
nanopowder should be separated from the treated fluid, which significantly increases 
the cost of purification [26,27]. Currently, layers of TiO2 powder immobilised on 
different supports (nanopowdered coatings) are used more frequently [28]. In gas-phase 
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PCO, fluidised bed photocatalytic reactors containing TiO2 powders or granules and 
immobilised layers of TiO2 powders are commonly used [29]. PCO systems with 
immobilised catalysts exhibit a lower photocatalytic activity than non-immobilised 
systems as they have a fewer surface-active sites available for reaction with the 
pollutants [27,30]. Moreover, Verbruggen et al. [24] demonstrated the significance of 
the specific surface area of the nanopowders; the degradation rate of acetaldehyde on 
PC500 was ca 1.3 times higher than that on P25 [24]. 

Various PCO-based purifiers are available in the market [25]. Typically, the TiO2 
modules used in the purifiers are equipped with an UV-C lamp (Figure 1.3).  
For example, TiO2 photocatalytic modules can be prepared by immobilising TiO2 
nanopowder on the surface of an aluminium honeycomb [31].  

 

 
The above-mentioned purifiers effectively remove numerous VOCs, get rid of 

unpleasant odours, and neutralise bacteria and viruses with an efficiency of up to 
99.99%. Owing to the low adhesion strength of the TiO2 nanoparticles in the filter 
module, it is recommended to replace the filters biennially [31,32]. 

To solve the problem of particle loss from the photocatalytic coatings and to 
broaden the application scope of photocatalysis, polycrystalline TiO2 thin films on 
different supports can be used instead of TiO2 nanopowders or nanopowdered 
coatings. 

1.2.3 TiO2 thin films  
TiO2 thin films have a high optical transmittance in the visible light region, a high 
dielectric constant (20–50), a high refractive index (anatase: 2.54, rutile: 2.75), excellent 
mechanical and chemical stabilities, and photoinduced superhydrophilicity (water 
contact angle ≈ 0) [33–37]. Owing to these properties, various TiO2-based thin films 
have been developed and used in several applications, such as solar cells, gas sensors, 
antireflective coatings, and photocatalysis [37].  

The deposition of TiO2 thin films onto the substrate affords a transparent layer with 
the thickness ranging from a few nanometres to several micrometres, depending on 
the fabrication method and deposition parameters [38–40]. 

The main advantages of TiO2 thin films over nanopowdered coatings are as follows 
[41–43]: 

 

Figure 1.3. Schematic of an air purifier with a TiO2 filter [32]. This is one example application of 
TiO2; the detailed application of TiO2 as a photocatalyst in different fields is introduced in Section 1.3. 
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• Low material quantity; 

• Transparency; 

• High mechanical resistivity; 

• Excellent adhesion properties; 

• Homogeneous surface coverage; 

• Long-term stability; 

• Reusability; 

• Photoswitchable surface wettability; 

• Surface multi-functionality (e.g. self-cleaning, anti-fungal, and anti-
fogging). 

To date, the main limitation of TiO2 thin films is the insufficient photocatalytic 
activity, leading to the research on material development and in-depth analyses of the 
material properties [34]. 

The properties and photocatalytic performance of the films strongly depend on their 
degree of crystallinity, crystallite size, surface chemical composition, surface area, and 
electronic structures [36,44]. It is important to control the TiO2 phase structure during 
the growth because the characteristic properties of the obtained film depend on the 
crystal structure, orientation, and morphology [36]. As mentioned in Section 1.2.1, TiO2 
generally crystallises in three structures: anatase, rutile, and brookite [2]. The phase 
transformation is determined by the process of thin film growth and is influences by 
the defect concentration, grain boundary concentration, and particle packing.  

Thin films can be deposited using physical or chemical methods, which comprise 
many sub-methods (Figure 1.4) [45].   

 

 
Sputtering and evaporation are the common physical methods for preparing thin 

films; the photocatalytic activities of such films have been tested in VOCs PCO in several 
studies [46,47] (Appendix 2).  

 

Figure 1.4. Methods of thin film deposition. 
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For example, Garliso and Palmisano prepared a 20 nm thick TiO2 film by electron 
beam evaporation, which could oxidise approximately 40% of toluene (5 ppm) in 30 min 
under UV-A irradiation in a gas-phase batch reactor [46]. In another study, 100 nm thick 
TiO2 films fabricated by physical evaporation oxidised 80.5% of acetaldehyde (40 ppm) 
in 20 s [47]. 

Table 1.1 in Appendix 2 shows that the TiO2 films fabricated using physical and 
chemical methods have similar photocatalytic activities. Since the preparation of thin 
films using physical methods is more expensive than that using chemical methods, 
owing to the requirements of high-purity reagents and vacuum, chemical methods are 
widely used for fabrication of photocatalysts [48].  

The photocatalytic properties of the thin films obtained using chemical deposition 
techniques strongly depend on the chemistry of the solution (e.g. concentration,  
pH value, and viscosity), deposition parameters, and post-deposition treatment 
conditions (e.g. temperature, time, and environment) [34,49]. 

The most common wet-chemical deposition methods are sol–gel dip/spin coating, 
chemical batch deposition, and spray pyrolysis (Figure 1.4) [50]. Among all the deposition 
methods, the sol–gel-synthesised spin-/dip-coated thin films have been researched the 
most [49,51,52]. According to the Web of Science database, approximately 20% of the 
papers on TiO2 thin films discuss films synthesised by sol–gel spin/dip coating. Thin 
films prepared by the sol–gel process have been applied to the PCO of various VOCs 
such as toluene, acetaldehyde, formaldehyde, and ethanol. [49,51].  

For example, Hernandez-Alonso [53] reported a toluene conversion efficiency of 60% 
(initial concentration = 192 ppm) by a sol–gel dip-coated 470 nm thick TiO2 film in 2 h 
under UV-A irradiation [53]. In their study on sol–gel dip-coated 350 nm thick TiO2 film, 
Quici et al. [54] achieved a toluene conversion efficiency of 78% (initial concentration = 
155 ppb) in ca 1 s under UV-C irradiation [54] (Appendix 2).  

The selection of the deposition technique is crucial to the formation of stable thin 
films with the desired properties. For future manufacturing applications, the chosen 
method should be cost-effective, easily scalable, and operable at relatively low 
temperatures and pressures. To obtain high-photocatalytic-activity films, the synthesis 
method should allow for the control of the film microstructure, deposition rate, and 
formation of the adhesive film. 

1.2.4 Precursor solution for TiO2 film deposition using chemical methods 
As mentioned in the previous section, in wet-chemical methods, the choice of the 
precursor solution and its composition and concentration influence the properties of 
the thin films. Solution preparation in these methods is often based on sol–gel process. 
In the sol–gel process, an oxide network is formed during the polymerisation reactions 
of the precursor dissolved in the liquid media [55]. Titanium alkoxides are commonly 
used as Ti precursors in sol–gel chemistry. Dulian et al. [56] prepared TiO2 films by  
sol–gel dip-coating using two different Ti precursors,  namely, titanium (IV) isopropoxide 
(TTIP) and titanium (IV) butoxide dissolved in anhydrous ethanol; HCl was added to 
avoid precipitation [56]. They observed that the films obtained from the TTIP solution 
had smaller grains and a higher photocatalytic activity in methylene orange PCO than 
those obtained from titanium (IV) butoxide [56].   

Metal alkoxide precursors exhibit a high reactivity towards water, thereby producing 
titanium-oxo/hydroxo precipitates [57]. Chemical additives or so-called chelating ligands 
are used to retard the fast hydrolysis of the precursor. Chelating ligands are resistant to 
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hydrolysis and block hydrolysis-condensation sites [58]. Additives such as stabilising 
agents (e.g. acetylacetone, diethanolamine, and polyethylene glycol) [39] [55,58–60], 
acids (e.g. HCl, acetic acid, and citric acid) [55,58], bases (e.g. NaOH) [61], and solvents 
(e.g. 2-methoxyethanol) [62] can be used to stabilise the solution. The choice of the 
chemical additives and their concentration could affect the properties of the final 
material [58,63,64]. 

Acetylacetone (AcacH) is a strong chelating agent that behaves as a nucleophilic 
reactant and replaces the alkoxy group in metal alkoxides, forming stable transparent 
complexes [57,58,61,63,65]. The formation of complexes upon the reaction of TTIP with 
AcacH in an ethanol solution is shown in Figure 1.5. Dimeric [Ti(OR)3(AcacH)]2 structure 
and monomeric cis-Ti(OR)2(AcacH)2 structure were formed when TTIP (Ti(OR)4) was 
reacted with AcacH in molar ratios of 1:1 and 1:2, respectively [57,63].    

   

 
The role of the chelating ligand concentration in the material and photocatalytic 

activity of the synthesised TiO2 has been explained in several studies [66–70]. Juma et al. 
[58] studied the formation of a TTIP:AcacH complex by infrared spectroscopy and the 
effect of TTIP:AcacH molar ratios (1:1, 1:2, 1:3, and 1:4) in the precursor solution on the 
morphological, structural, and optical properties of TiO2 thin films [58]. The FTIR 
spectra revealed that complete chelation occurred for the solution with a TTIP:AcacH 
molar ratio of 1:2. At a molar ratio of 1:3, in addition to the complex formation, excess 
AcacH was detected in the solution, as proven by the appearance of the peaks of the 
carbonyl groups not involved in chelation [58]. The Raman spectra and XRD 
diffractogram showed that the transformation to rutile phase occurred at lower 
annealing temperatures; for the TTIP:AcacH molar ratios of 1:2 and 1:3, the peaks of 
the rutile phase started to appear at 800 and 700 °C, respectively [58]. 

Away et al. [70] studied the effects of three additives (diethanolamine, lactic acid, 
and citric acid) on TiO2 films prepared by sol–gel dip coating [70]. They found that all 
the stabilising agents prevented solution precipitation; the films obtained from 
different sols had similar structural and morphological properties and could oxidise ca 
90% of methylene blue in 120 min under UV irradiation [70]. Imao et al. [63] prepared 
TiO2 nanocrystalline films by the addition of two hydrolysis inhibitors, namely AcacH 

   

Figure 1.5. Modification of TTIP (Ti(OR)4) by AcacH in 1:1 and 1:2 molar ratios [57]. 
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and polyethylene glycol (PEG) [63]. They discovered that thin films with a narrow 
particle size distribution can be prepared by increasing the amount of PEG in solution; 
consequently, the adsorption of organics could be improved [63]. Kajitvichyanukul et al. 
[64] determined the effect of AcacH on the photocatalytic activity of TiO2 films in Cr (VI) 
PCO [64]. The change in the titanium (IV) butoxide:AcacH molar ratio from 1:0 to 1:2 
resulted in a smoother surface and enhanced adhesion properties [64]. Kaltsum et al. 
[71] studied the role of AcacH in the PCO  to reduce the quantity of degradation 
products such as free fatty acids and peroxide in used frying oil [71]. They found that 
when the TTIP:AcacH molar ratio was increased from 1:1 to 2:3, the obtained TiO2 films 
had a higher crystallite size, film thickness, and photocatalytic activity [71]. Yu et al. [68] 
studied the effect of AcacH molar ratio on the corrosion properties of a silane–zirconium 
sol–gel coating. They observed that an increase in the AcacH molar ratio from 1 to 3 
narrowed the particle size distribution, thereby making the surface smoother and more 
compact and increasing the corrosion potential [68].  

Acetylacetone, benzoylacetone, and urea are used as fuel additives in combustion 
film synthesis [72,73]. Thus, excess AcacH in the precursor solution can be used as a 
fuel. The combustion of organic precursors during the film growth can result in a 
decrease in the number of oxygen vacancies on the surface of the obtained film 
[72,73]. In contrast, as a chelating ligand, excess of AcacH can be a source of carbon 
impurities, which can be incorporated into the TiO2 lattice and grain boundaries [69]. 
The electrons in the highest occupied molecular orbital of the chelating ligand can 
directly make a transition to the CB of TiO2 [69]. Consequently, the chelating ligands 
and TiO2 bonds exhibit the ligand-to-metal charge transfer (LMCT) mechanism, which 
facilitates the efficient photogeneration of •O2

– under VIS light irradiation.  
The influence of chelating agents on the properties of the TiO2, has been studied 

extensively; however, to the best of our knowledge, the effects of excess AcacH in the 
precursor solution, after complete formation of complex, on the growth and 
photocatalytic activity of the film have not been investigated systematically. Moreover, 
there is a literature gap between the material and photocatalytic properties of TiO2 thin 
films with respect to changes in the AcacH molar ratio in the precursor solution. 

1.2.5 State-of-the-art development of photocatalytic TiO2 thin films by 
chemical spray pyrolysis 
Spray pyrolysis is a wet-chemical method based on the deposition of a sol (spray 
solution) on a heated substrate.  

The main benefits of spray pyrolysis over other wet-chemical methods are as follows 
[74,75]: 

• Uniform and large area coverage, 

• Facile control of the film thickness, 

• Good reproducibility of the films, 

• In-line production with a high throughput, and 

• High material utilisation, i.e. low material wastage. 
Despite their advantages, spray-pyrolysis-synthesised TiO2 thin films have been 

studied less than spin- and dip-coated films, as discussed in Section 1.2.4 [49,52,59]. 
The main reason is that in addition to the precursor solution, the process parameters of 
spray pyrolysis must be optimised [39,76,77]. 

The pyrolysis process begins by nebulising the precursor solution into a liquid aerosol 
and generating droplets. Then, aerosol is transported to the hot substrate, on which 
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the dispersed precursor decomposes forming a thin film. All the processing parameters 
during this period affect the properties of the final material.  

The droplet diameter or volume, initial concentration and composition of the 
precursor solution, deposition rate, and temperature determine the final properties of 
the obtained material, such as the average particle size and distribution, phase 
composition, and homogeneity [75,78–81].  

Therefore, all the deposition parameters and the precursor solution composition and 
preparation technology must be optimised for obtaining TiO2 thin films with a high 
photocatalytic activity.  

Atay et al. [82] synthesised 240 nm thick TiO2 films from a TiCl4 precursor by 
ultrasonic spray pyrolysis at 300 °C. The preferential orientation (004) significantly 
influenced the structural, optical, and surface properties of the obtained films, resulting 
in a low refractive index, which may be beneficial for potential applications in 
photocatalysis [82]. Cao et al. [83] prepared TiO2 thin films by ultrasonic spray pyrolysis 
using N2, O2, or a mixture of these gases as carriers. The TiO2 film obtained in the nitrogen 
atmosphere exhibited a pyramidal morphology and had a lower photoluminescence 
intensity, resulting in a lower recombination rate of the electron–hole pairs [83].  
The photocatalytic activity of the film in paraoxon pesticide PCO under visible light 
irradiation increased owing to the presence of oxygen vacancy defects and Ti3+ species, 
which led to a red shift in the adsorption edge [83]. 

TiO2 thin-film preparation for photocatalytic applications via optimisation of the 
deposition parameters of ultrasonic spray pyrolysis was previously studied at the 
Department of Materials and Environmental Technology, Tallinn University of 
Technology. In these studies [39,59,77,84], the TTIP:AcacH molar ratio in the solution 
was set to 1:4, and the effect of the deposition temperature in the range 250–450 °C 
was investigated. A deposition temperature of 350 °C along with post-annealing in air 
for 1 h at 500 °C was optimal for photocatalytic thin-film preparation because of the 
presence of numerous OH− groups and oxygen vacancies on the film surface [84]. These 
thin films could oxidise up to 7.5, 9.3, and 4.8 ppm of acetaldehyde, acetone, and 
heptane, respectively, as individual air pollutants with an initial concentration of 10 ppm, 
for a catalyst surface area of 600 cm2 under UV-A irradiation (Appendix 2) [77,84].  

In this study, the precursor solution was optimised to enhance the photocatalytic 
activity of the TiO2 films.  

1.2.6 Trends in photocatalytic activity enhancement of TiO2 thin films  
The photocatalytic activity of TiO2 thin films has been increased using several 
fabrication strategies. The major challenges regarding the efficient photocatalytic 
activity of TiO2 thin films have also been discussed. First, TiO2 has relatively wide band 
gaps of 3.2 and 3.0 eV for the anatase and rutile phases, respectively, which implies the 
requirement of ultraviolet light irradiation. Second, the high recombination rate of the 
charge carriers results in the low quantum efficiency of the process. Third, TiO2 is a  
non-porous material with a polar surface; hence, only a few non-polar organic 
pollutants can be adsorbed [85]. Accordingly, several studies on TiO2 photocatalysis are 
focussed on overcoming these challenges and modifying TiO2 to increase its 
photocatalytic activity [85].  

Doping is one approach to overcome the fast recombination of the electron–hole 
pairs and shift the activity of the material to the visible-light region [37]. TiO2 can be 
modified by metal dopants such as Fe, Nb, Zr, Co, Sm, Pt, Ag, and Au or non-metal 
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dopants such as N, S, C, B, and F [37]. Xu et al. [86] prepared Fe-doped TiO2 films  
with Fe:Ti atomic ratios ranging 0% to 20% by sol–gel drain coating. The film with  
an Fe:Ti molar ratio of 3% exhibited the highest photocatalytic activity in the  
PCO of Rhodamine B owing the generation of defect states, which prolong the lifetime of 
the electron–hole pairs. However, at a molar ratio of 5%, these defect states behave  
as recombination centres, thereby decreasing the PCO [86]. Single doping with a metal 
or non-metal resulted in excellent performance and decreased the recombination rate 
of the charge carriers, but there were thermal stability issues, and some dopants could 
be lost during the preparation process. Thus, co- or tri-doping has been used in some 
studies. For example, Alotaibi et al. [87] prepared Zn and N co-doped TiO2 thin films by 
chemical vapour deposition. The dopants addition resulted in a prolonged charge 
carrier lifetime and high concentration of the formed superoxide, which enhanced the 
photocatalytic and antibacterial activities of the films [87]. Jiang et al. [88] studied the 
PCO of benzene under visible light irradiation on F, Fe, and N tri-doped TiO2 thin films 
prepared by sol–gel spin coating. The maximum conversion efficiency (36.27%) was 
achieved by the film with 5, 0.03, and 7 atomic percent of F, Fe, and N, respectively; the 
efficiency of the undoped film was significantly lower (approximately 2.5%) [88]. Other 
methods for modifying TiO2 are dye sensitisation, fabrication of composites with other 
materials, and surface modification. Zhang et al. [89] investigated the PCO of a 
TiO2/reduced graphene oxide multilayer film. The PCO rate of the obtained layer 
against Rhodamine B dye was 2.6 × 10−2 min−1, which is 13 times higher than that of the 
TiO2/poly(styrene sulfonate) nanocomposite film. The PCO rate increased owing to the 
formation of Ti–O–C bonds, which bridged TiO2 and reduced graphene to enable 
efficient charge separation and transfer, thereby increasing the number of •O2

−  

surface-active sites [89].          
Generation of various point defects, such as misplaced lattice atoms/ions, vacancies, 

and foreign atoms/ions, and dislocations is another strategy to increase the 
photocatalytic activity of TiO2 films. Polycrystalline materials have defects owing to 
their grain and crystallite boundaries. The location of a defect strongly depends on its 
nature. Defects can form energy levels within the band gap of the material, referred to 
as ‘trap sites’. Depending on the location, trap sites can be permanent (deep location) 
or temporary (shallow location), and a charge carrier can be bound. In the first case, the 
charge carriers are strongly bonded and not available to participate in the redox reaction; 
in the second case, the trap sites increase the separation of the electron–hole pairs. 
Therefore, defects can enhance as well as inhibit the photocatalytic activity of TiO2 [48]. 
Abdullah et al. [90] used photoluminescence spectroscopy to study the trap-state defects 
in TiO2 thin films deposited by magnetron sputtering at different temperatures [90]. They 
observed that an increase in the deposition temperature decreased the number of 
oxygen vacancies, which are the predominant defect states facilitating the PCO process 
[90]. Carey and McKenna [91] added dopants such as Zr and Hf to TiO2 to optimise the 
mobility of the charge carriers and prevent electron trapping [91]. 

The higher the degree of crystallinity of TiO2, the better its PCO performance 
because less defects are present in bulk TiO2 [48]. Thus, the calcination temperature 
can be increased to enhance the crystallinity; however, high temperatures lead to 
crystal growth in anatase TiO2, resulting in grain growth and the phase transformation 
of anatase to rutile. To limit the aggregation of TiO2 particles, additives can be used, 
e.g. SiO2. Zhou et al. [92] prepared a film by the sol–gel process and observed enhanced 
PCO of Rhodamine B owing to its lower crystallite size [92].  
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Another approach to increase the photocatalytic activity of the films is to control  
the surface states and facet orientations, which determine the adsorption of reactants 
and charge carrier transfer during the photocatalysis [93,94]. TiO2 nanoparticles are 
usually dominated by (101) facets with small amount of the highly oriented and 
energetic (001) facets. Stefanov et al. [94] observed that the PCO rate of acetaldehyde 
in the gas-phase was on the order of magnitude higher on the (001) facets than on  
the (101) facets. Moreover, they found that the film with the preferred orientation 
(001) was less affected by changes in the relative humidity (RH) compared to those with 
a random orientation [94]. However, Pan et al. [93] observed that (100) facets have 
approximately ten times higher density of surface-active sites than (001) facets [93].            

Most of the above-mentioned strategies are expensive because they require the 
incorporation of additional materials. Therefore, the choice of the deposition technique 
and precursor and the determination of optimal parameters for film deposition are 
crucial for obtaining cost-effective thin films with a high photocatalytic activity. 
Moreover, the adaption of new advanced characterisation techniques to explain 
changes in the surface of the films is necessary for a deeper understanding of the 
enhancement of photocatalytic properties.        

1.3 Applications based on TiO2 photocatalytic oxidation 

During photocatalysis, solar energy is converted to chemical energy. The ability of TiO2 

to oxidise or reduce molecules via its chemical energy can be harnessed in various 
applications, such as environmental remediation, energy production, medicine and 
functional surfaces in construction (Figure 1.6) [95]. 
 

TiO2 was used in construction in the 1910s as a pigment and opacifier in building 
materials because of its white colour and excellent optical properties [96].  
The photoirradiation of titania electrodes for water splitting by Fujishima and Honda in 
1972 considerably impacted the field of photocatalysis [1] [97]. Hydrogen production 
via water splitting is a promising application of TiO2 because it allows for the production 
of electric energy in fuel cell systems without CO2 emissions [98].  

 

Figure 1.6 Applications of TiO2 in different fields of photocatalysis. 
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Since the discovery of the photocatalytic properties of TiO2, its application range has 
expanded rapidly. The use of TiO2 powders in the PCO of organic pollutants for air and 
wastewater treatment began in 1980s. A few years later, the ability of TiO2 to kill 
microorganisms such as Lactobacillus acidophilus, Saccharomyces cerevisiae, and 
Escherichia coli was discovered, following which the application of TiO2  to medicine 
began attracting the interest of researchers [96,99]. In 1994, Sierka and Sjogren found 
out that the ROS formed on the TiO2 surface under light irradiation destroyed the shells 
of viruses, leading to their inactivation [100]. Recent papers have demonstrated that 
TiO2 thin films can inactivate E. coli cells in 90 min under UV irradiation [101], and the 
films modified with carbon nanomaterials can inactivate E. coli bacteria at a rate constant 
of 0.01 min−1 under VIS light irradiation [102]. Sol–gel synthesised TiO2 films can 
inactivate 99% of influenza virus in 15 and 30 min under UV and fluorescent lamp 
irradiation, respectively [103], and SARS-CoV-2 virus after 5 h under ambient laboratory 
light irradiation [104]. 

The application of TiO2 as a functional surface originated from the discovery of its 
light-induced reversible hydrophilic properties by Wang et al. in 1997 [105]. They 
observed that the water contact angle of the as-prepared TiO2 film was 72°±1°; upon 
UV irradiation, the TiO2 film surface became superhydrophilic, exhibiting a water contact 
angle of 0°±1° [105]. This finding has initiated the use of TiO2 coatings as self-cleaning 
and anti-fogging surfaces. In 2001, Pilkington Glass Company developed the first 
commercial self-cleaning glass. Pilkington ActivTM is a glass with a 15 nm thick TiO2 film 
deposited by atmospheric pressure chemical vapour deposition; it is still available in the 
market [106]. The quantum efficiency of stearic acid PCO on Pilkington ActivTM at 365 nm 
was 0.7 × 10−5 molecules per photon, and the material became superhydrophilic after 
prolonged UV irradiation, deeming it a suitable reference material for semiconductor 
film photocatalysis [107].  

Currently, TiO2 is widely used in construction in the form of nanoparticles or 
nanometre-sized thin films to prepare photoactive TiO2-based building materials. This 
technology is applied in exterior construction materials (e.g. tiles, paints, glass, and 
tents), interior furnishing materials (e.g. windows, wallpaper, and paints), and road 
construction materials (e.g. lamp coatings, traffic signs, and tunnel walls) [96,108].  
An example application of the addition of TiO2 photocatalysts in construction is the 
‘Dives in Misericordia’ Church in Italy [109]. Another example is a TiO2 photocatalytic 
pavement block, with an area of 10,000 m2, on a parking line in Antwerp, Belgium, 
which was built within the framework of the pilot project. The on-site measurements 
revealed a decrease in the NOx concentration and long-term activity; however, a precise 
interpretation of results is difficult owing to the influence of traffic, wind speed, light 
intensity, and RH [108,110]. 

As discussed in Section 1.2.2, TiO2 powders have been applied to indoor air PCO 
treatment as a module in air purifiers (Figure 1.3). The application of TiO2 thin films to 
indoor air purification has been studied, and some success has been achieved at the 
scientific level [111]. However, the significant gap between the laboratory-scale 
academic research and production demand should be bridged to realise the practical 
application of PCO technology, as discussed in Section 1.4.4. In addition to the 
preparation of durable photocatalyst, a comprehensive study of the gas-phase PCO is 
essential. Moreover, the analysis of the ability of TiO2 thin films to oxidize mixtures of 
organic pollutants in air under VIS light irradiation remains a challenge.   
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1.4 Gas-phase photocatalytic oxidation 

The application of photocatalysis using TiO2 to the decomposition of air pollutants  
was first studied in the early 1970s; the partial PCO of paraffins was published by 
Teichner et al. [111,112]. The research interest in indoor air purification using TiO2 
emerged in the 2010s [108]. Photocatalysis is a cost-effective technology for purifying 
indoor air consisting of a wide spectrum of VOCs. Although the PCO via TiO2 has been 
studied by various researchers for nearly 50 years, certain limitations impede its 
commercial application to indoor air treatment. The nanopowdered TiO2 coatings  
that have been extensively investigated in the literature are not safe because 
nanoparticles could enter the human body owing to their poor adhesion properties, 
resulting in adverse health effects [108]. Therefore, it is crucial to prepare TiO2  
thin films with excellent adhesion properties and a PCO ability similar to that of 
powders. In addition to the improvement in the material properties of thin films,  
the gas-phase photocatalytic activity of the thin films in the PCO of air pollutants under 
different operating parameters must be researched extensively. 

1.4.1 Indoor air pollution 
Indoor air quality is an important issue because it is strongly related to the health and 
comfort of the residents [113]. Today people spend more than 90% of their time 
indoors. Indoor air pollutants include particulate matter, inorganic compounds, VOCs, 
and biological factors, all of which can negatively impact the human health. 

VOCs are present in the indoor air because of the daily use of products such as 
cosmetics, air fresheners, and furniture; they constitute a major fraction of indoor air 
pollutants [114]. Indoor air can contain up to 200 different VOCs with individual 
concentrations of less than 10 ppb [25]. The concentrations of VOCs in the buildings 
depend on the RH, building age, and wealth status of the families [115]. Moreover, 
modern construction and renovation strategies are directed towards energy-efficient 
buildings. Immense attention to the energy savings often goes against the maintenance 
of the recommended VOCs levels in the indoor air. Insolation of buildings can lead to 
poor air infiltration; if the intentional ventilation is insufficient, it can result in higher 
VOCs concentrations [116]. For example, the mean concentration of total VOCs in 
energy-efficient buildings in Switzerland is 384 ppb [115]. However, according to the 
European Commission, the comfort range of total VOCs is less than 200 ppb [117].  
If the concentration of total VOCs indoors exceeds 25 ppm, the indoor air is considered 
toxic [117].      

Airborne bacteria, viruses, and fungi are present in the indoor air. Bioaerosols can 
cause human diseases, whereas others are beneficial to organisms. Jo and Seo [118] 
calculated that, on average, humans inhale 5 × 106 and 9 × 105  virus- and bacteria-like 
particles, respectively, from the indoor air every day [118]. Currently, owing to  
COVID-19, there is a growing concern regarding viral pandemics. Therefore, purification 
of air from bacteria and viruses has attracted scientific attention [119].  

The control of VOCs concentrations and disinfection of indoor air can enhance the 
working productivity and reduce the health effects [117]. However, not all treatment 
technologies are suitable for domestic use. Photocatalysis is a prospective and cost-
effective technology that can be easily applied to indoor air purification [111].    
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1.4.2 Design of photocatalytic reactor 
The modelling and design of photocatalytic reactors should consider the fluid 
hydrodynamics, lamp emission models, radiation transport, and kinetics [111].  

The major types of gas-phase reactor construction for photocatalysis are plate, 
annular, honeycomb monolith, and fluidised bed reactors. The characteristic features of 
the main reactor design for gas-phase photocatalysis are listed in the Table 1.1. 

Table 1.1. Major types of gas-phase photocatalytic reactors [111,122]. 

Type of 
the 
reactor 

Scheme A short 
description of the 
reactor 

Advantages Limitations 

Plate Square or 
rectangular box. 
The catalyst is 
located at the 
bottom of the 
reactor. Can be 
equipped with an 
inner or outer 
source of 
irradiation. 

Simplicity of 
the design. 
Small pressure 
drop. 
Possibility of 
obtaining a 
high reaction 
rate. 

Small reaction 
area. Low 
mass transfer. 
Not 
commercially 
feasible. 

Annular Cylindrical tube. 
The catalyst is 
coated onto the 
inner surface. The 
lamp is located at 
the centre of the 
reactor. 

Simplicity of 
the design. 
Small pressure 
drop. High 
linear velocity 
of the air. 

Small reaction 
area. Not 
commercially 
feasible 

Honey-
comb 
monolith 

Contains a certain 
number of 
channels. The 
catalyst is coated 
onto the walls of 
the channels as a 
thin layer. 

Large reaction 
area, high 
mechanical 
strength, 
compact 
structure. 
High area-to-
volume ratio. 

Low photon 
utilisation 
rate. 

Fluidised 
bed 

Gas goes through 
a transparent 
container, which 
is filled with the 
catalyst. 

High gas-feed 
rate. Small 
pressure drop. 
Good contact 
of the 
pollutant with 
the catalyst. 

Difficulties in 
control. Loss 
and removal 
of the catalyst. 
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Photocatalytic reactors can operate in batch, continuous, or recyclable regimes. 
Conventionally, the batch regime is used in laboratory gas-phase PCO because it affords 
facile scalability of the reactor system and study of the reaction kinetics [120]. 
However, the continuous-flow regime provides more information for potentially 
commercial applications because it mimics the operation of air purification systems 
[120,121]. 

The important parameters in a photocatalytic reactor design are the gas flow type 
(streamline or turbulent), gas flow rate (volume and pressure drop), gas residence time 
in the reactor, distance between the light source and photocatalyst, and mass transfer 
between the photocatalyst and contaminants [122]. The reactor design should offer 
good conditions for PCO reactions. The main limitations of the photocatalytic reactor 
design are mass and photon transfer. Therefore, the reactor should be compact while  
affording a large throughput, a low pressure drop, an optimal use of radiation, and no 
loss of catalyst [84].  

As shown in Table 1.1, all reactor constructions have advantages and limitations. 
Therefore, the basic designs of the reactor construction have been modified to 
optimise the process performance. Tokode et al. [123] studied the performance of a 
photocatalytic impeller reactor in toluene PCO to overcome the mass-transfer 
limitations. The catalyst was immobilised on modified Rushton impellers such that the 
reactor could be operated as a stirred tank reactor [123]. Micro- and milli-reactors are 
gaining popularity owing to their unique feature of microspace. These reactors solve 
the problems of photocatalyst coating, mass transfer, and illumination [124]. Da Costa 
Filho et al. [125] studied the PCO of n-decane in a multi-photoreactor coated with a 
TiO2-P 25 thin coating. The catalyst-coated surface area per reactor volume was  
990 m2 m−3, and the gas streams were fed to alternate chambers, which resulted in 
good contact between the pollutant and the catalyst [125]. 

1.4.3 Parameters affecting the gas-phase photocatalytic oxidation process 
The operating parameters, such as the air flow rate, initial concentration of the 
pollutants, oxygen concentration, RH, temperature, and irradiance, can strongly affect 
the performance of PCO. Therefore, the optimisation of these parameters is 
instrumental in the process design. 
 
Air flow regime 
Air flow rate is the main parameter that affects the mass transfer; it also determines 
the residence time of the pollutants in the reactor and the amount of treated air per 
unit time or volume of the catalyst. An increase in the air flow rate may have a dual 
antagonistic effect on PCO. Mass transfer improves with an increase in the air flow rate, 
whereas the contact time between the pollutant and catalyst surface decreases. At low 
gas flow rates, the mass transfer may limit the PCO efficiency, wherein, the efficiency 
would increase with an increase in the gas flow rate. At intermediate gas flow rates, the 
PCO of VOCs is not affected by changes in the gas flow rate, and the reaction kinetics 
on the photocatalyst surface is the limiting factor. At high gas flow rates, the residence 
time in the reactor is insufficient for the PCO of VOCs on the photocatalyst surface;  
the efficiency of the PCO would increase with decreasing gas flow rate. The reactor 
configuration and reaction kinetics on the photocatalyst surface should be considered 
while determining the optimal gas flow regime [7]. Air moves in the reactor at ambient 
room temperature and pressure, which indicates that air is a Newtonian incompressible 
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fluid with uniform physical properties [111]. The Reynolds number (Re) can be used to 
describe the mass transfer (Equation 1) [126]. Obee [127] found that, for a TiO2  
glass-plate photocatalytic reactor with a catalyst surface area of 39 cm2, the PCO rate of 
toluene with an initial concentration of 0.71 ppm increased up to an Re value of 300, 
after which the effect of mass transfer was negligible [127].   
 

𝑅𝑒 =
puL

µ
 (1) 

 
where p is the density of air, kg m−3, 

u is the air flow speed, m s−1, 
   L is the characteristic linear dimension of the reactor, m, 
   and µ is the dynamic viscosity of the air, Pa∙s. 
 
Quici et al. [54] studied the PCO of toluene (500 ppb) in a benchtop plug-flow 

photocatalytic reactor, wherein the TiO2 catalyst was coated onto the Raschig rings by 
sol–gel dip coating. They observed a decrease in the toluene conversion efficiency from 
90% to 30% with an increase in the air flow rate from 0.125 to 4 L min−1, and the 
residence time in the reactor decreased from 1920 to 129 ms [54]. Sleiman et al. [128] 
also observed a decrease in the toluene conversion efficiency with an increase in the air 
flow rate [128]. Liang et al. [129] observed an increase in the efficiency of the acetone 
PCO from 18% to 78% with an increase in the air flow rate from 1 to 3 L min−1; however, 
a further increase in the air flow rate resulted in a decrease in the PCO efficiency [129]. 

 
Initial concentration of the pollutants 
The PCO rate on the photocatalyst surface is affected by the initial concentration of 
VOCs, oxygen concentration, RH, temperature, and intensity of the irradiation source 
[7]. 

The initial concentration of VOCs can affect the efficiency of pollutant PCO in three 
ways. At low concentrations, the PCO rate strongly depends on the concentration, and 
the PCO of VOCs follows first-order reaction kinetics, that is, the PCO rate increases 
linearly with an increase in the concentration. The high density of surface-active sites 
leads to rapid PCO [130]. At intermediate concentrations, the PCO rate continues to 
increase with increasing VOCs concentration, but the rate of increase is small and  
non-linear. At high concentrations, the PCO rate starts to decrease because of 
insufficient number of surface-active sites. At a certain point between the intermediate 
and high concentrations, the PCO rate is independent of the concentration, during 
which the PCO follows zero-order reaction kinetics [7]. Li et al. [131] investigated the 
toluene PCO in a continuous-flow reactor using a g-C3N4/TiO2 composite catalyst and 
observed an increase in the toluene conversion efficiency with an increase in the initial 
toluene concentration from 90 to 200 ppm; the maximum efficiency was 93%. A further 
increase in the concentration resulted in a decrease in the conversion efficiency up to 
25% at an initial toluene concentration of 1000 ppm [131]. Debono et al. [132] studied 
toluene PCO in a 120 L batch reactor using a 100 mg TiO2 catalyst load and observed a 
decrease in reaction rate constant with an increase in the initial toluene concentration 
from 50 to 250 ppb [132]. 
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Oxygen concentration  
Oxygen plays several roles in the photocatalysis. Adsorbed molecular oxygen is an 
electron-trapping species. Therefore, the presence of oxygen reduces the 
recombination rate of the electron–hole pairs. Moreover, the reduction reactions on 
the TiO2 surface afford O2•−, which enhances the formation of •OH [7]. Kim et al. [133] 
studied the gas-phase PCO of trichloroethylene, acetone, methanol, and toluene in 
pure nitrogen, synthetic air (~20.9 vol% O2), and pure oxygen atmospheres. They 
observed that, in the nitrogen atmosphere, the PCO rates of all pollutants were lower 
than those in synthetic air and pure oxygen atmospheres. However, the PCO rates in air 
and pure oxygen atmospheres were similar. Their study proved that the amount of 
oxygen in air (~21%) is adequate for efficient PCO [133]. 
 
Relative humidity 
The effect of water vapour depends on its concentration and the type and 
concentration of VOCs in the polluted air. A high RH enhances the formation of •OH. 
However, water adsorption on the catalyst surface can deteriorate the adsorption of 
VOCs, thereby decreasing the efficiency of the process. At high initial concentrations of 
VOCs, competitive adsorption with water is slightly significant. Additionally, a high RH 
helps to prolong the lifetime of the photocatalyst because the presence of water 
vapour decreases the deactivation rate [7]. In several studies, the negative effect of 
water vapour on the PCO of isopropanol, trichloroethylene, and acetone was reported; 
a high RH exerted a positive effect on the PCO of toluene and formic acid but no 
significant effect on the PCO of l-butanol [133].  

Raillard et al. [134] studied the effect of water vapour on the adsorption and PCO of 
methyl ethyl ketone on four different TiO2 photocatalysts, two of them were powdered 
TiO2 deposited onto supports, whereas the other two were thin films coated onto glass 
substrate. They found out that an increase in the RH from 0% to 30% variably affected 
the PCO of methyl ethyl ketone, depending on the form of the photocatalyst. For the 
powdered photocatalysts, the adsorption constant decreased at a high RH owing to the 
competitive adsorption between the water and pollutant molecules, whereas the 
reaction rate constant increased because of the increase in the quantity of hydroxyl 
radicals. For the thin film photocatalysts, the converse was observed: the adsorption 
constant increased and the reaction rate constant decreased at a high RH. The presence 
of a large amount of water on the film surface resulted in the formation of a water film; 
therefore, the pollutants were dissolved in the water layer, whereby the water 
molecules inhibited the diffusion of the pollutant to the catalyst surface [134].  

 
Operating temperature 
Theoretically, the operating temperature can affect both the adsorption–desorption 
processes and the conversion of pollutants during the PCO reactions. However, several 
papers have demonstrated that the kinetics of photocatalytic reactions are insensitive 
to small variations in the temperature [7]. Kim et al. [133] studied the VOC PCO at 25, 
45, and 75 °C. The optimal temperature for the PCO of trichloroethylene, acetone, and 
methanol was 45 °C. For toluene, the PCO was the most efficient at 25 °C [133]. Jiang 
and Yu [135] studied the effect of air temperature on toluene PCO over N-doped TiO2 
coatings. They observed a slight increase in the PCO rate with an increase in the 
temperature from 5 to 35 °C because of increased diffusion velocity. However, despite 
the increase in the removal efficiency with increasing temperature, practical 
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applications under room-temperature conditions are more beneficial because 
additional heating would increase the room temperature, which can result in occupant 
discomfort and higher heating costs [135]. 
 
Irradiation source 
The intensity of the irradiation source is another parameter that affects the 
photocatalytic reaction kinetics. An increase in the irradiation source intensity increases 
the number of photons, thereby generating more electron–hole pairs. However, only  
a fraction of the electron–hole pairs participate in the photocatalysis; the remaining 
pairs undergo the recombination process. The photocatalysis process can be enhanced 
by an increase in the light intensity, if the generated electron–hole pairs are consumed 
more intensively in the redox reactions than in the recombination process. This typically 
occurs at high initial concentrations of VOCs. At low initial concentrations of VOCs, an 
increase in the intensity could increase the recombination rate [7]. Dillert et al. [136] 
studied the effect of light intensity on the PCO of NO with an initial concentration 
ranging 0.05–1.3 ppm on TiO2 photocatalyst. The light intensity was varied from 0 to 
1.5 mW cm−2 by changing the distance between the UV-A lamp and the photoreactor. 
At a high photon flux (light intensity > 1.3 mW cm−2), the PCO rate increased almost 
linearly with the concentration growth, whereas at a low photon flux (light intensity < 
0.7 mW cm−2), the PCO rate increased with the concentration until it reached a limiting 
value, which was governed by the photon flux [136].  

1.4.4 Outlook and practical applicability of TiO2 films to indoor air treatment 
Despite the substantial researches in the field of photocatalysis, the gas-phase PCO is 
still less understood compared to that of the PCO of aqueous pollutants [137]. 

Gas–solid reactions are complex and occur primarily at the interface between the 
adsorbed pollutants and the solid photocatalyst surface. Both the adsorption and 
degradation of pollutant molecules are affected by the molecular structure of the 
pollutants, catalyst surface, and operating parameters (e.g. reactor system, air flow 
rate, and humidity). Thus, the reaction kinetics of gas-phase PCO has been studied less 
than that of PCO in aqueous environments [138] [139]. Moreover, various gas-phase 
reactor systems, wide range of pollutants with different concentrations and, different 
photocatalysts have been reported. The comparison of the results in the literature is 
difficult because of the unavailability of a standard methodology and reference 
material [52,140].  

Another research topic is the lifetime of the photocatalytic thin films. Photocatalyst 
deactivation has been frequently reported for gas-phase PCO reactions. If in an 
aqueous environment, water can help to remove the adsorbed intermediates from the 
catalyst surface, than in the gas-phase regeneration is needed. Washing with water,  
UV cleaning under an air stream, heat treatment, or ozonation can be performed. A 
further in-depth exploration of the deactivation mechanism of the catalyst will help in 
preparing efficient and durable photocatalysts [138,139]. 

PCO testing under real indoor conditions remains one of the biggest challenges in 
the field. The performance of TiO2 thin films is typically evaluated for the PCO of a 
single pollutant. Overall, indoor can contain various VOCs in low concentrations (ppb). 
Several studies have been conducted on the PCO of VOCs mixtures on powders and 
coatings prepared from P 25 [52,121,141]. However, thin films have been used for the 
PCO of multi-component air mixtures only in a few studies [142]. Certain VOCs can 
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inhibit the PCO of other pollutants. For example, toluene intermediates can be 
adsorbed on the photocatalyst surface, blocking the surface-active sites [121,143].  
In contrast, some VOCs can produce radicals with a high oxidation potential during 
partial PCO. For example, •Cl is produced during trichloroethylene PCO [140,144].  
The competitive adsorption of VOCs in the mixture on the catalyst surface must be 
focussed in particular. For example, Chen and Zhang [141] observed the interference 
effect between VOCs in the mixture; molecules with a higher affinity to the catalyst 
were adsorbed more easily on the surface-active sites and oxidised faster [141].  
A similar observation of the sequential PCO of VOCs, which was related to the 
competitive adsorption of different compounds on the photocatalyst  surface was 
reported by Debono et al. [132]. A systematic study of the PCO of pollutant mixtures 
and their interactions under real conditions will provide a solid foundation for the 
practical application of TiO2 thin films to indoor air treatment [137–139].  

From a socioeconomic viewpoint, photocatalytic air treatment has a significant 
potential. In 2000, a review paper estimated that up to 200 billion United States dollars 
can be saved annually in the USA by improving the indoor air quality[145]. Thus, during 
the development of photocatalysts, it is vital to consider the final cost of the film, 
especially the commercial prospects [140].  

1.5 Summary of literature overview and the aim of the study 

Photocatalysis is an advanced oxidation process that can be widely applied to 
environmental remediation. The incorporation of TiO2 photocatalysts in the field of 
construction, in the form of thin film coatings, will be beneficial for air purification via 
destruction of VOCs, bacteria, and viruses. However, the significant gap between 
academic research and industrial applications needs to be bridged. 

Despite the availability of many catalytic materials, TiO2 is the most promising 
material for photocatalysis and continues to be of interest to many researchers.  
The main challenges are preparing VIS light-driven TiO2 photocatalysts and reducing the 
recombination of the photoinduced charges. These challenges can be overcome using 
several strategies, such as metal/non-metal or multiple-ion doping, formation of 
heterojunctions with other semiconductors, dye sensitisation, and preparation of 
composites. The modification of TiO2 leads to the formation of impurity energy levels 
and defect states, which affect the grain size. However, 99% of the studies focus on 
pre-fabricated nanopowders or thick non-transparent coatings. Thus, there is a gap 
between the development of thin transparent polycrystalline TiO2 films with low 
material quantities and the demonstration of high photocatalytic activity under UV and 
VIS light irradiation. 

The film preparation method significantly affects the properties of the resultant film. 
The application of physical methods affords high-purity films; however, these methods 
are relatively expensive. Thus, the optimisation of chemical methods would be 
beneficial for manufacturing cost-effective films. Ultrasonic spray pyrolysis is an 
efficient, cost-effective, and easily scalable method for the production of films on the 
laboratory and industrial scales. Temperature, mist generation, aerosol flow, and other 
deposition parameters influence the film properties. Moreover, the composition and 
concentration of the precursor solution play a major role in determining the final 
properties of the synthesised films. Acetylacetone (AcacH) is a widely used stabilising 
agent in TiO2 thin-film preparation. The molar ratio of the Ti precursor and chelating 
agent affect the crystallite size, phase composition, and surface of the film and 



32 

decrease the recombination rate of electron–hole pairs, consequently influencing the 
photocatalytic properties. However, to the best of our knowledge, the effects of 
changes in the TTIP:AcacH molar ratio in the solution on the photocatalytic properties 
have not been systematically investigated thus far. 

Prior to applying TiO2 films to indoor air treatment, their photocatalytic properties 
must be understood comprehensively. Batch reactors have been used in most studies; 
however, continuous-flow reactors are preferable to mimic real applications.  
The operating parameters, such as the air flow rate, initial concentration of the 
pollutants, and RH, can strongly influence the PCO. Hence, it is important to study the 
effects of operating parameters on the reaction kinetics. Moreover, indoor air can 
contain mixtures of hundreds of VOCs in low concentrations. Thus, synergy between 
VOCs with different molecular structures and polarities should be considered. To the 
best of our knowledge, this is the first study in which a transparent polycrystalline TiO2 
film was investigated in a continuous-flow reactor for the photocatalytic oxidation 
(PCO) of multi-component VOCs mixtures under different operating conditions. 

Based on the literature review and the aforementioned gaps in the literature, the 
following hypothesis is formulated: An increase in the amount of AcacH in the 
precursor solution will result in a larger amount of organic additive in the solution, 
which in turn will lead to an increased carbon content in the obtained film. Moreover, 
excess AcacH in the precursor solution and carbon incorporation will affect the material 
properties of the TiO2 thin films, such as the structural and morphological features and 
the chemical composition. The changes in the material properties of the TiO2 films with 
increasing amount of AcacH will affect the photocatalytic performance. 

Therefore, the main aim of this thesis is to fabricate transparent TiO2 thin films by 
varying the amount of AcacH in the precursor solution and to explain the corresponding 
variations in the properties of the TiO2 thin films and their effect on the photocatalytic 
activity of the films. A comprehensive study of the TiO2 thin films with different 
TTIP:AcacH molar ratios in the precursor solution and their corresponding 
photocatalytic air-cleaning properties was performed. 

The objectives of this thesis are as follows: 
1. To deposit TiO2 thin films with different TTIP:AcacH molar ratios in the 

precursor solution using the cost-effective, easily scalable technique of 
ultrasonic spray pyrolysis. To study the structural, optical, morphological, 
and surface properties of the obtained films. 

2. To determine the TiO2 thin films with optimal TTIP:AcacH molar ratio in 
the precursor solution for the PCO of an 8.8 mM stearic acid (SA) layer. 

3. To systematically investigate the photocatalytic activities of the selected 
films in oxidising VOCs (e.g. acetone, acetaldehyde, heptane, and toluene), 
mimicking the real indoor air pollution conditions under UV-A and VIS light 
irradiation in the continuous mode. To study the PCO of individual VOCs 
and VOCs in mixtures under different operating conditions (initial 
concentration of the pollutants, RH, and air flow rate). 

4. To test the antibacterial and antiviral activities of the TiO2 film surface 
against E. coli bacteria and H1N1 virus under UV-A irradiation. 
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2 Experimental method 

In this chapter, the experimental methods applied in the studies pertaining to Papers I, 
II, III, and IV for TiO2 thin-film preparation; characterisation; and measurements of the 
self-cleaning, gas-phase photocatalytic, antibacterial, and antiviral activities are 
summarised. 

2.1 Deposition and characterisation of the TiO2 thin films 

TiO2 thin films were deposited onto borosilicate glass substrates by ultrasonic spray 
pyrolysis at 350 °C (Figure 2.1) and annealed for 1 h at 500 °C in air. A titanium (IV) 
isopropoxide (TTIP) solution (0.2 M) was used as the precursor. Acetylacetone (AcacH) 
and ethanol were used as the additive and solvent, respectively. Only the amount of 
AcacH in the precursor solution was varied in the entire film-preparation process.  
The molar ratio of TTIP:AcacH was varied from 1:1 to 1:20. Additional details regarding 
the film preparation are available in Paper I. 

Ultrasonic mist generation is superior to others mist generation techniques (e.g. 
pneumatic) because it consumes less energy, and the generated droplets are much 
smaller and have a lower velocity [146]. A schematic of the ultrasonic spray pyrolysis 
setup is presented in Figure 2.1. The piezoceramic element in the ultrasonic generator 
generates mechanical vibrations that get transported to the liquid, producing capillary 
waves. The generated waves break the liquid into small droplets without applying 
pressure or compressed air. Subsequently, the fine mist is transported by the 
compressed air to the heated surface, on which it decomposes, forming a thin film [75].    

 

 
The methods used for characterising the obtained thin films are listed in Table 2.1. 

Unless otherwise specified, the measurements were performed at the Department of 
Materials and Environmental Technology, Tallinn University of Technology. 

 

Figure 2.1 Schematic of the ultrasonic spray pyrolysis setup. 
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2.2 Estimation of photocatalytic activity of the TiO2 thin films 

First, the photocatalytic activities of all films were estimated by the photocatalytic 
oxidation (PCO) of stearic acid (SA) layer, referred to as the SA test [I]. Second, selected 
films were tested for their activity in oxidising VOCs in the gas phase [II, IV]. Finally,  
the ability of the film with an optimal TTIP:AcacH molar ratio to inactivate Escherichia 
coli bacteria and H1N1 virus was tested [II]. 

The photocatalytic experiments were conducted using UV-A and VIS light sources. 
Before each experiment, the films were pre-treated with UV-A light for at least 30 min. 
The UV-A lamps used in the photocatalytic experiments for SA and VOCs PCO had the 
following characteristics: UV Philips Actinic BL 15 W irradiance 3.5 mW cm−2 with a 
reflector (integrated in the range of 180–400 nm, with maximum emission at 365 nm, 
UV-B/UV-A ratio < 0.2%). The parameters of the VIS light lamps were as follows:  
VIS Philips TL-D 15 W, irradiance 3.3 mW cm−2 with reflector (integrated in the range of 
180–700 nm, UV/UV–VIS ratio < 5%) [I, II, IV]. 

Table 2.1. Methods used for the characterisation of TiO2 thin films. 

Properties 
Characterisation 

methods 
Apparatus Ref. 

Phase composition 
and crystallite size 

XRD Rigaku Ultima IV I 

Transmittance, 
reflectance, film 

thickness, and band 
gap 

UV–VIS Jasco V-670 I 

Chemical 
composition of the 

film surface 
XPS 

Kratos Analytical Axis 
Ultra DLD 

I 

Wettability 
Water contact angle 

measurement 
DSA 25 (KRÜSS 

Instrument) 
I 

Topography AFM 
MFP-3D AFM from 
Asylum Researcha 

[147] 

Surface contact 
potential difference 

Kelvin probe 
Kelvin Probe, Besocke 

delta phib 
III 

Charge separation Transient SPV 

Nd:YAG laser (NT230-50, 
λ = 216−2600 nm) that is 
equipped with a spectral 

cleaning unit, EKSPLAb 

III 

a ARC-Arctic Centre for Sustainable Energy, Department of Physics and Technology, UiT The 
Arctic University of Norway, Tromsø, Norway. 

b Helmholtz Zentrum Berlin für Materialien und Energie GmbH, Institut für Silizium-
Photovoltaik, Berlin, Germany. 
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2.1.1 Stearic acid photocatalytic oxidation 
The PCO of a thin layer of SA deposited onto a TiO2 film is a common method for 
assessing the self-cleaning properties of the films. In this study [I], 100 µL of an 8.8 mM 
SA solution was deposited atop the film with a catalyst surface area of 4 cm2 by  
spin coating. The PCO of the SA layer as a function of the irradiation time was 
monitored by Fourier-transform infrared spectroscopy (FTIR, PerkinElmer, 
Beaconsfield) in the wavenumber range of 3200–2500 cm−1. The integrated area of the 
two typical SA bands centred at 2853 and 2923 cm−1 was used to measure the PCO rate. 
The PCO rate of SA was assumed to follow first-order kinetics. Equation 2 represents 
the relationship between the integrated band area (A) and time (t). 
 

A(t) = Aoe−kt (2) 

 
The values of the reaction rate constant (k) were determined from the slope of the 

linear fit of the plot ln(A/Ao) versus t. 

2.1.2 Gas-phase photocatalytic oxidation of VOCs 
The gas-phase PCO of VOCs as individual pollutants [II, IV] and in mixtures [IV] on the 
sprayed TiO2 films was studied in a continuous-flow multi-section reactor (Figure 2.2).  
 

 
The reactor contained five sequentially connected sections. Each section had a 

volume of 130 mL and a catalyst surface area of 120 cm2 (the catalyst surface area was 
equal to the surface area of the borosilicate glass substrate). Thus, the five sections 
collectively provided a catalyst surface area of 600 cm2. TiO2 films were placed inside 
each section of the reactor. UV-A or VIS lamps were placed over each section of the 
reactor, 6 cm away from the surface of the photocatalytic films. The temperature in the 
reactor sections was checked by a temperature controller containing a thermocouple 
(Omega, CN9000A); the value was determined as 40 ± 2 °C. The air temperature in the 

 

Figure 2.2. The schematic of the photocatalytic setup. Modified from ref. [121]. FIC – gas flow 
controller, PI – manometer, MI – gas humidity meter. 
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reactors was higher than the ambient owing to the heating by lamps. The air flow rates 
were regulated by mass flow controllers and varied from 0.5 to 1 L min−1, resulting in 
changes in the residence time in the reactor from 15.6 to 7.8 s per reactor section.  
A gas humidifier was used to change the relative humidity (RH) from 6% to 40%. 

Information on the experimental conditions is presented in Table 2.2. Detailed 
descriptions can be found in papers II and IV. 

 
Four model pollutants were used as representatives of different groups of VOCs, 

namely, acetaldehyde, acetone, heptane, and toluene. The oxidation of VOCs as 
individual air pollutants in the concentration range 5–40 ppm was studied. Moreover, 
the oxidation of the two VOC mixtures with an initial concentration of 9 ppm was 
monitored. The first mixture contained 3 ppm each of acetaldehyde, acetone, and 
heptane. The second mixture comprised 3 ppm each of acetaldehyde, acetone, and 
toluene. An INTERSPEC 200-X FTIR spectrometer with an 8 m gas cell (Specac Tornado) 
and a 20 m gas cell (Specac Atmos) was used to analyse the concentration of VOCs as 
individual pollutants and VOC mixtures, respectively. Interspec version 3.40 Pro and 

VOC PCO as individual air pollutants 

Photo-
catalyst 

Pollutant 
Concent-

ration, ppm 
RH, % 

Air 
flow 

rate, L 

min−1 

Irradi-
ation 

source 
Ref 

TiO2 film 
with 

TTIP:AcacH 
1:8 

Acetaldehyde 5, 10, 40 6, 40 0.5, 1 UV-A, VIS 
II 

Acetone 5, 10, 40 6, 40 0.5, 1 UV-A, VIS 

Heptane 5, 10, 40 6, 40 0.5, 1 UV-A, VIS 
IV 

Toluene 5, 10, 40 6, 40 0.5, 1 UV-A, VIS 

TiO2 film 
with 

TTIP:AcacH 
1:5 

Acetaldehyde 10 6 0.5 UV-A 

II 
Acetone 10 6 0.5 UV-A 

Pilkington 
ActivTM 

Acetaldehyde 10 6 0.5 UV-A 

Acetone 10 6 0.5 UV-A 

VOCs PCO in mixtures 

TiO2 film 
with 

TTIP:AcacH 
1:8 

Acetaldehyde, 
acetone, 
heptane 

9 (3+3+3) 6, 40 0.5, 1 UV-A, VIS 

IV 
Acetaldehyde, 

acetone, 
heptane 

9 (3+3+3) 6, 40 0.5, 1 UV-A, VIS 

Table 2.2. Consolidated table of gas-phase photocatalytic oxidation (PCO) experiments with VOCs.  
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Essential FTIR software were used to acquire and process the air spectra. All the spectra 
were recorded at least thrice. The average conversion efficiency was calculated with a 
standard deviation of < 5%. Acetaldehyde, acetone, heptane, and toluene were 
quantified at the IR bands of 1170–1060, 1250–1180, 3020–2790, and 2975–2850 cm−1, 
respectively. 

2.1.3 Photocatalytic inactivation of E. coli bacteria and H1N1 virus  
The antibacterial activity of the TiO2 film against Escherichia coli was studied in the 
Laboratory of Environmental Toxicology, National Institute of Chemical Physics and 
Biophysics, using an in-house protocol based on the modified ISO 27,447 and ISO 
22,196 standards [II]. A bacterial suspension of 5 × 104 cells per cm2 was prepared in a 
nutrient broth, and 15 µL of the suspension was applied to the TiO2 surface with a 
catalyst surface area of 4 cm2

, which was then covered with a polyethylene film.  
The samples were then exposed to UV-A with an irradiance of 0.26–0.33 mW cm−2. 
After the UV-A exposure, the film was washed with 2 mL of toxicity neutralising 
solution, diluted in a phosphate-buffered physiological saline, and drop-plated for 
counting after 24 h of incubation. A statistical analysis was performed to detect 
statistically significant differences in the viable bacterial counts. Further experimental 
details are presented in Paper II. 

The antiviral activity of the TiO2 film against H1N1 was studied at the Institute of 
Technology, University of Tartu, using a modified ISO 21702:2019 protocol. A viral 
suspension of 107–108 FFU mL−1 was prepared in a phosphate-buffered saline, and  
300 µL of the suspension was applied to the TiO2 surface with a catalyst surface area of 
12.25 cm2

, followed by coverage with a polyvinyl chloride film. The samples were 
exposed to UV-A with an irradiance of 0.2–0.3 mW cm−2. The virus titre was determined 
using the TCID50 method, and the titres were calculated as FFU mL−1 using the 
Spearman–Karber algorithm. 
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3 Results and Discussion 

In this chapter, the results of the study on sprayed TiO2 thin films are presented and 
discussed. This chapter is divided into two sections. The first part concerns the material 
characterisation. The second part focusses on the photocatalytic activity of the films 
(i.e. self-cleaning, gas-phase, and disinfectant properties of the film surface). These 
results have been published in Papers I, II, III, and IV. 

3.1 Characterisation of the TiO2 thin films 

Herein, the effects of the amount of acetylacetone (AcacH) in the precursor solution on 
the structural, optical, and surface properties; wettability; and chemical composition of 
the films were studied. The results of this study are published in Papers I, II, and III.  
The results of the atomic force microscopy (AFM) measurements were published in 
[147]. 

TiO2 thin films with TTIP:AcacH molar ratios from 1:1 to 1:20 were deposited onto 
borosilicate glass substrates by ultrasonic spray pyrolysis at a deposition temperature 
of 350 °C and were annealed for 1 h in air atmosphere at 500 °C. 

3.1.1 Structural and optical properties 
The crystallinity, phase composition, and mean crystallite size of the TiO2 thin films 
were estimated by X-ray diffraction (XRD). The XRD diffractograms in Figure 3.1 a show 
the peaks at 2 theta values of 25.3°, 37,0°, 37.8°, 38.6°, 48.1°, 53.9°, and 55°, which 
correspond to the reflection planes (101), (103), (004), (112), (200), (105), and (211), 
respectively (JCPDS 01-070-6826). The peaks belonging to the rutile or brookite phase 
were not detected. This confirms that all the TiO2 films, regardless of the amount of 
acetylacetone in the precursor solution, consist of the anatase phase only. However, 
the magnified XRD patterns of the (101) main peak of anatase TiO2 indicated a shift 
from 2 theta value of 25.38° for TTIP:AcacH 1:3 to 25.43° for TTIP:AcacH 1:20 (Figure 
3.1 b). This shift indicates that carbon impurities could be incorporated into the lattice 
and probably accumulated at the grain boundaries of TiO2. The incorporation of carbon 
atoms into the lattice of anatase TiO2 can occur through a substitutional mechanism at 
the oxygen sites [146] or by occupying an interstitial site [148]. 
 

 

 

Figure 3.1. X-ray diffraction (XRD) patterns (a) and magnified patterns of the (101) main peak (b) 
of anatase TiO2 thin films deposited with TTIP:AcacH molar ratios from 1:1 to 1:20. 
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The mean crystallite size was calculated using the Scherrer formula from the full 
width at half maximum (FWHM) of the most intense (101) peak; it decreased from 50 
to 31 nm with increasing amount of acetylacetonate in the solution (Table 3.1) [I]. This 
decrease in the mean crystallite size confirms the incorporation of carbon into the film, 
which hinders the crystallite growth[149]. 

As discussed in Section 1.2.4, an increase in the amount of AcacH in the precursor 
solution can influence the phase transformation from anatase to rutile and enhance the 
crystallisation process. In this study, all the films were annealed at 500 °C, and no phase 
transformation occurred upon increasing the AcacH molar ratio. 

TTIP:AcacH 
Mean crystallite 

size, nm 
Thickness, nm Band gap, eV 

1:1 < LOQ* 130 3.5 

1:3 50 400 

3.3–3.4 

1:5 42 380 

1:8 38 370 

1:10 28 380 

1:20 31 280 
* - Less than the limit of quantification 

 
The optical properties of the films were measured by UV–VIS spectroscopy (Figure 

3.2 a). The total transmittance spectra of the TiO2 thin films showed that the transparency 
of the films in the visible range was approximately 80%, irrespective of the amount of 
AcacH in the precursor solution. The thickness of all the films, calculated using the 
Swanepoel’s method, was ~380 nm, except for the film with a molar ratio of 1:1 (Table 
3.1). 

 
The differences in the structural and optical properties of the film with TTIP:AcacH 

1:1 is due to the incomplete complex formation during precursor solution preparation. 
AcacH replaces the alkoxy group, retarding the hydrolysis of TTIP and forming a stable 
complex [65]. A molar ratio of 1:1 is insufficient for complex formation; a complex is 
formed at a molar ratio of 1:2, and at molar ratios ≥ 1:3, excess AcacH appears in the 
solution [58]. 

Table 3.1 Summary of the structural and optical properties of the TiO2 thin films. 

 

Figure 3.2. Total transmittance spectra of the TiO2 thin films deposited with TTIP:AcacH molar 
ratios from 1:1 to 1:20.  
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The transmittance was used to calculate the indirect optical band gaps of the TiO2 
films using a Tauc plot. The band gaps of all the films were in the range 3.3–3.4 eV 
(Table 3.1) [I], which corresponds to the values reported for synthesised anatase TiO2 

films [150]. 
The results demonstrate that an increase in the amount of AcacH in the precursor 

solution shift the (101) main peak of anatase TiO2 to higher 2 theta values and decrease 
the mean crystallite size from 50 to 30 nm, which could indicate the incorporation of 
carbon impurities into the obtained TiO2 thin film. 

3.1.2 Chemical composition and wettability 
The chemical composition and bonding structure of the obtained TiO2 thin films were 
studied by X-ray photoelectron spectroscopy (XPS). The XPS spectra of the O1s and C1s 
core levels are shown in Figure 3.3. 
 

 
The O1s core-level spectra consisted of three peaks (Figure 3.3 a and b). The peak 

with the highest intensity at a binding energy (BE) of 530.0 eV corresponds to the Ti–O 
bond. The peak at a BE of 531.0 eV indicates the O2− ions in the oxygen-deficient 
regions within the matrix of TiO2 [151], which can be associated with the oxygen 
vacancies (Vo); the peak corresponding to a BE of 532.0 eV is ascribed to the hydroxyl 
groups adsorbed on the surface [152]. The integrated peak areas were used to calculate 
the atomic concentrations of the chemical constituents. There was no significant 
difference between the atomic ratios of (OH)/(Ti–O) and (Vo)/(Ti–O) (I). As mentioned 

 

Figure 3.3. X-ray photoelectron spectroscopy (XPS) spectra of O1s core level for films with 
TTIP:AcacH molar ratios 1:5 (a) and 1:8 (b) after UV-A pre-treatment. XPS spectra of C1s core level 
for films with TTIP:AcacH molar ratios 1:5 (c) and 1:8 (d) as-prepared and after 24 h of UV-A pre-
treatment. 
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in Section 1.2.5., Dundar et al. [59] showed that the oxygen defects and the number of 
hydroxyl groups on the surface depend on the deposition temperature however, the 
deposition temperature was maintained constant herein. Thus, the increase in the 
amount of AcacH in the precursor solution did not impact the number of oxygen 
vacancies and hydroxyl groups [59]. 

The XPS spectra of the films with TTIP:AcacH 1:5 and 1:8 for the C1s core levels 
before and after UV-A pre-treatment are shown in Figure 3.3 c and d, respectively. 
The amount of total carbon increased from 6.95% to 12.00 at% when TTIP:AcacH was 
changed from 1:5 to 1:8 for the films pre-treated with UV-A for 24 h. The dominant 
peak with a binding energy (BE) of 285.0 eV corresponds to the C–C bond, and the peak 
with a BE of 285.9 is attributed to the C–H bond. These non-oxygenated carbons are 
contaminants adsorbed on the TiO2 surface [152]. However, some researchers have 
proposed that such carbon species may exist in the grain boundaries of TiO2 and 
therefore, act as photosensitisers [148,153]. The other peaks belong to the oxygen-
containing carbon species (Figure 3.3). These peaks confirm the incorporation of carbon 
into the lattice in place of the Ti atoms, i.e. interstitial carbon doping [148,153]. 
The presence of a large amount of hydrocarbon species on the film surface is attributed 
to the contamination from the ambient environment [152]. However, as shown in 
Figure 3.3, the carbon content of the freshly prepared and annealed samples and that 
of the same sample after 24 h of UV-A pre-treatment were almost the same (black and 
blue lines in Figure 3.3 c and d). Since the intensities of the peaks denoting the bonds of 
non-oxygenated carbon species do not decrease after UV-A pre-treatment, the carbon 
bonds are not a consequence of the contamination of the surface. The carbon species 
probably existed in the grain boundaries of TiO2. 

The incorporated carbon species on the TiO2 surface may function as photosensitisers 
and absorb VIS light [153] [154]. Moreover, the incorporation of carbon atoms can lead 
to the formation of localised occupied states within the band gap of TiO2, which can 
reduce the recombination rate of the electron–hole pairs [148].  

To understand the effect of carbon incorporation on the electronic structure, the 
density of states was evaluated using the valence band (VB) XPS spectra (Figure 3.4 a) 
[156].  

Figure 3.4. XPS valence band spectra (a) and valence and conduction band edges (b) of the TiO2 
thin films with TTIP:AcacH 1:5 and 1:8 molar ratios.  
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The maximum energies of the VB edges of the films with TTIP:AcacH 1:5 and 1:8 
were ~2.66 and ~2.82 eV, respectively (Figure 3.4 a). Thus, the VB edge of the film with 
a molar ratio of 1:8 downshifted upon increasing the amount of AcacH. The downshift 
in the VB top edge can be related to the incorporation of carbon [148]. 

The band structure of the TiO2 films was schematised (Figure 3.4 b) by combining the 
values of band gaps and VB edges determined from the UV–VIS (Section 3.1.1) and XPS 
spectra, respectively. Figure 3.4 b shows that owing to the downshift in the VB edge, 
the redox potential of the film with TTIP:AcacH 1.8 was more positive than the redox 
potential of the H2O/•OH couple [157], thereby rendering the position of the band 
edges more favourable for photocatalytic redox reactions, as discussed in Section 1.2. 

The surface wettability of the films was evaluated by measuring the water contact 
angles (CA) (Table 3.2) (I). Table 3.2 shows that all the as-prepared films, irrespective of 
the amount of AcacH, were hydrophilic (water CA < 90°). After 15 min of UV-A  
pre-treatment, all the films became superhydrophilic with water CA < 5°. 

TTIP:AcacH 
Water contact angle, ° 

As-prepared 
samples 

After 15 min of 
UV-A treatment 

1:1 3 ± 0.5 3 ± 0.5 

1:3 24 ± 0.5 4 ± 0.5 

1:5 13 ± 0.5 4 ± 0.5 

1:8 20 ± 0.5 ~0  

1:10 11 ± 0.5 ~0  

1:20 9 ± 0.5 ~0  

 

The reverse superhydrophilic properties of the TiO2 surface are closely related to the 
photoinduced metastable TiO2 surface, which was formed during the UV-A pre-treatment. 
The pre-treatment of the TiO2 surface in the presence of oxygen and adsorbed  
water enhanced the photocatalytic performance; the enhancement is applicable to  
VIS-light-responsive photocatalysts as well [158]. 

The results demonstrated that the increase in the amount of AcacH in the precursor 
solution led to more carbon content on the surface of the films. The incorporation of 
carbon into the film influences the electronic structure of the material. The VB edge 
shifted upon increasing the amount of AcacH, thereby enhancing the production of 
•OH. 

3.1.3 Surface properties 
The morphology of the TiO2 films was studied by atomic force microscopy (AFM) in the 
non-contact mode, and the results were published in [147]. The topographies of the 
films with TTIP:AcacH molar ratios of 1:1, 1:5, 1:8, and 1:10 are shown in Figure 3.5. 

The TiO2 films deposited with a larger amount of AcacH in the spray solution had a 
fine-grain structure, unlike the TiO2 films deposited with a smaller amount of AcacH in 
the spray solution. A larger amount of AcacH in the precursor solution facilitates the 
formation of a film with a more uniform surface, resulting in a denser TiO2 film [159]. 
The root mean square (RMS) roughness decreased from 2.6 to 0.9 nm with the change 
in the TTIP:AcacH molar ratio from 1:5 to 1:20. 

Table 3.2. Wettability results of the TiO2 thin films. 
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For a deeper understanding of the changes in the surface of the films, surface 

photovoltage (SPV) measurements were studied in the Paper III. The spectra of the 

contact potential difference (ΔCPD) for the TiO2 films with TTIP:AcacH molar ratios of 
1:1, 1:4, 1:5, 1:8, 1:10, and 1:20, measured using the Kelvin probe, are shown in Figure 
3.6. 

 
 

 

 

Figure 3.5. Atomic force microscopy topography maps of the TiO2 thin films with different 
TTIP:AcacH molar ratios [147].   

 

Figure 3.6. Spectra of the contact potential difference (ΔCPD) for the TiO2 thin films with different 
TTIP:AcacH molar ratios. The spectrum of highly oriented pyrolytic graphite (HOPG) is shown for 
comparison [III]. 
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The spectrum of highly oriented pyrolytic graphite (HOPG) is shown for comparison. 
The ΔCPD of HOPG did not indicate the influence of illumination; it was approximately 
0.26 V, which corresponds to the work function (WF) of HOPG. At low photon energies, 
the ΔCPD of the TiO2 films changed from −0.17 to 0.273 V when the TTIP:AcacH molar 
ratio was changed from 1:1 to 1:20. The WF of HOPG in air (4.475 eV) can be used as a 
reference [160]. Thus, the WF of TiO2 films changed from 4.045 to 4.488 eV with 
TTIP:AcacH molar ratio alteration from 1:1 to 1:20 [III]. The changes in the WF of TiO2 
thin films is in qualitative agreement with the shift of the VB in XPS spectra (Section 
3.1.2 Figure 3.4). 

The intense change in the ΔCPD signal at a photon energy of ~3.2 eV is correlated to 
the band gap of anatase TiO2 [2]. The maximum ΔCPD was measured for photon 
energies ranging 3.7–3.9 eV, as inferred from the signals; ΔCPD was high for the films 
with TTIP:AcacH 1:8, 1:10, and 1:20. This signifies that the charge separation was 
stronger for a larger amount of AcacH. However, the overall charge separation does not 
provide specific information about the fast and local charge separation processes, 
which are crucial to photocatalysis. 

Starting from the TTIP:AcacH with a molar ratio of 1:8, the ΔCPD signal exhibited a 
slight linear change in the photon energy region 2.6–3.2 eV before the intense change 
at 3.2 eV [III]. This slight change can be associated with the Urbach tail and indicates 
the ionisation of excitons by internal electric microfields formed by lattice disorders, 
charged impurities, etc., which may be ascribed to the incorporated carbon [150]. 

The maps of the colour-coded SPV signals (photon energy versus time) for the TiO2 
thin films are shown in Figure 3.7 [III]. 

 
 

 

Figure 3.7. Contour plots of transient surface photovoltage (SPV) spectroscopy of the TiO2 thin 
films with different TTIP:AcacH molar ratios [III]. 
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For the TiO2 film with a TTIP:AcacH molar ratio of 1:1, negative SPV signals were 
observed at a photon energy of ~3.1 eV. The negative SPV signals reached values of 
more than −100 mV in the photon energy range 3.4–4 eV for times shorter than 10 µs. 
At longer times and higher photon energies, the sign of the SPV signals became positive 
and reached values up to 20 eV. The films with a molar ratio of 1:4 had narrower 
regions of negative SPV signals in the photon energy range 3.2–3.7 eV for times up to  
1 ms. At longer times, the SPV signals became positive in this spectral range and over 
the entire time range at higher photon energies. For the films with TTIP:AcacH 1:5, 
small negative SPV signals of up to −20 mV were observed in the photon energy range 
3.2–3.6 eV at ~20 µs. The SPV signals became positive at longer times at photon 
energies below 3.6 eV. Positive SPV signals were measured at all times for photon 
energies above 3.6 eV. The film with a molar ratio of 1:8 exhibited a small negative SPV 
signal of up to −5 mV at a photon energy of 3.4 eV for times up to 20 µs. At longer 
times, an intense positive SPV signal was observed, reaching values of up to 100 mV.  
At molar ratios of 1:10 and 1:20, the response of the negative SPV signals was 
insignificant, similar to that observed for TTIP:AcacH 1:8 [III]. 

The changes in the SPV signals from negative to positive correlate with the increase 
in the amount of AcacH in the precursor solution. The intense negative and positive SPV 
signals signify the dominance of the separation of photogenerated electrons and holes 
towards the surface, respectively. The increase in the amount of AcacH in the spray 
solution leads to electron trap passivation and a reduction in electron back transfer. 

For efficient photocatalysis, the photogenerated holes should be separated towards 
the surface, whereas the transfer of electrons towards the surface should be 
minimised. An increase in the AcacH molar ratio during the synthesis of TiO2 thin films 
leads to electron trapping, thus facilitating the transfer of holes and formation of the 
reactive oxygen species (ROS) [III]. 

To summarise the changes in the material properties with an increase in the amount 
of AcacH in the precursor solution, the XRD analysis showed that an increase in the 
AcacH molar ratio in the precursor solution resulted in a shift in the (101) main peak of 
anatase TiO2 to higher 2 theta values. The results of XPS demonstrated that the 
increase in the amount of AcacH in the precursor solution films resulted in more carbon 
on the film surface, which influenced the electronic structure of the film. The valence 
band edge shifted with an increase in the AcacH molar ratio. The SPV measurements 
inferred that, upon increasing the amount of AcacH in the precursor solution, the 
transition from preferential fast electron transfer to preferential fast hole transfer 
towards the surface occurs. Thus, films with a larger amount of AcacH in the precursor 
solution should have a lower recombination rate of the electron–hole pairs, more ROS, 
and higher PCO rates. 

3.2 Photocatalytic activity of the TiO2 thin films 

The photocatalytic activities of all the obtained films were first estimated by the PCO of 
an 8.8 mM stearic acid (SA) layer deposited atop the TiO2 film by spin coating [I]. Based 
on the results of SA PCO, two films with TTIP:AcacH molar ratios of 1:5 and 1:8 were 
selected for further study in gas-phase photocatalytic reactors for the PCO of the 
hazardous model air pollutants – acetone and acetaldehyde – which are small organic 
molecules [II]. The PCO of the films was compared to that of commercially available 
Pilkington ActivTM glass [II]. The film with the optimal TTIP:AcacH molar ratio of 1:8 was 
tested for the gas-phase PCO of refractory compounds – heptane and toluene [IV]. 
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Moreover, the ability of the film to oxidise VOCs with different polarities and 
hydrophilicities in mixtures was tested [IV]. 

Finally, the antibacterial and antiviral properties of the film with the optimal 
TTIP:AcacH molar ratio of 1:8 were tested via the inactivation of E.coli [II] and H1N1, 
respectively. 

3.2.1 Stearic acid photocatalytic oxidation 
The PCO of the SA layer on the TiO2 thin films with TTIP:AcacH molar ratios from 1:1 to 
1:20 was investigated (Figure 3.8). The SA layer deposited onto the TiO2 film provides a 
model solid organic film that pollutes surfaces, such as kitchen windows; thus, it is a 
fundamental method for assessing the self-cleaning properties of photocatalytic 
surfaces [161].   
 

 
Figure 3.8 shows that the reaction rate of stearic acid increased rapidly with an 

increase in the AcacH molar ratio in the precursor solution. After 60 min of UV-A 
irradiation, the conversion efficiencies of stearic acid were approximately 18%, 50%, 
and 90% on the films with TTIP:AcacH 1:1, 1:3, and 1:5, respectively, whereas the film 
with a molar ratio of 1:8 oxidised ~90% of the SA after 15 min of UV-A irradiation 
(Figure 3.8 a). 

 The PCO of SA follows first-order reaction kinetics [162]. Therefore, the reaction 
rate constant (k) was determined as the slope of the linear fit of the plot of ln(A/Ao) 
versus t [162]. Figure 3.8 b demonstrates that when the TTIP:AcacH molar ratio was 
increased from 1:1 to 1:8, k increased from 0.004 to 0.190 min−1 under UV-A irradiation. 
The reaction rate of SA under VIS light irradiation was approximately five times lower 
than that under UV-A light irradiation; the results have been published in [I].  
The TTIP:AcacH molar ratio of 1:8 can be considered optimal because a further increase 
in the amount of AcacH in the precursor solution did not result in an increase in k. 
Beyond the molar ratio of 1:8, the precursor solution was possibly saturated with 
AcacH. Thus, a plateau was formed, and the reaction rate did not increase further 
(Figure 3.8 b) [I]. 

The self-cleaning properties of TiO2 films and coatings due to SA layer PCO have 
been studied by several researchers [39,161,162]. Liao et al. reported that TiO2 coatings 
prepared from P 25 powder almost completely oxidised a 0.013 M stearic acid layer 

 

Figure 3.8. Photocatalytic oxidation (PCO) of stearic acid as a function of irradiation time (a) and 
reaction rate constants (b) for TiO2 thin films at TTIP:AcacH molar ratios from 1:1 to 1:20, under 
UV-A irradiation. 
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after 15 min of UV radiation [163]. The performance of the thin film synthesised herein 
agrees with the activity of the coating prepared from powder under UV light by Liao et al. 
[163]. 

3.2.2 Gas-phase photocatalytic oxidation of VOCs 
Gas-phase PCO was performed on four model air pollutants: acetaldehyde, acetone, 
heptane, and toluene. Acetaldehyde and acetone are relatively easily oxidised to 
hydrophilic and polar compounds. The PCO of these model pollutants on the TiO2 films 
with TTIP:AcacH ratios of 1:5 (Figure 3.9 a) and 1:8 (Figure 3.9 b) was compared to the 
PCO of commercially available Pilkington ActivTM self-cleaning glass (Figure 3.9 c).  
The following operating parameters were used: an initial concentration of acetone and 
acetaldehyde of 10 ppm, an air flow rate of 0.5 L min−1, an RH of 6%, and UV-A light as 
the irradiation source [II] (Table 2.2 Section 2.1.2). 
 

 
Both the synthesised TiO2 films with TTIP:AcacH 1:5 and 1:8 were significantly more 

active than the commercial Pilkington ActivTM glass (Figure 3.9). Acetaldehyde oxidised 
faster on the sprayed films than acetone. Acetaldehyde may be formed as an 
intermediate in acetone oxidation during full mineralisation, depending on the 
degradation pathway [163]. When there are sufficient surface-active sites in the 
catalyst, the PCO of acetaldehyde is expected to be faster than that of acetone.  
The same phenomenon was reported for P 25 powder by Bianchi et al. [137]. However, 
the opposite trend – a higher acetone conversion efficiency – was observed for the 

 

Figure 3.9. PCO of acetone and acetaldehyde (10 ppm) under ultraviolet (UV-A) irradiation on the 
films with TTIP:AcacH molar ratios 1:5 (a), 1:8 (b) and on Pilkington ActivTM glass (c) at different 
catalyst surface areas. PCO of heptane and toluene (10 ppm) under ultraviolet (UV-A) irradiation 
on the films with TTIP:AcacH molar ratios 1:8 (d). 
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Pilkington ActivTM glass. With an increase in the residence time from 15.6 to 78 s,  
the acetone conversion efficiency increased from 28% to 42%, whereas the 
acetaldehyde conversion efficiency increased from 14% to 38% (Figure 3.9 c). This could 
signify that the number of surface-active sites in Pilkington ActivTM is limited, given that 
the adsorption of the pollutants plays a key role in the PCO process. Acetone should be 
adsorbed faster on the surface-active sites because its molecular weight is higher and 
vapour pressure is lower, compared to those of acetaldehyde [165,166]. Dundar et al. 
[59] reported higher conversion efficiencies for acetone than those for acetaldehyde on 
sprayed TiO2 thin films with a TTIP:AcacH molar ratio of 1:4 [59] (Appendix 2). 

Acetone and acetaldehyde were completely oxidised on the TiO2 film with 
TTIP:AcacH 1:8 and a catalyst surface area of 240 cm2 (Figure 3.9 b); in the case of the 
TiO2 film with a molar ratio of 1:5, two times larger catalyst surface area was required 
for the complete PCO of acetaldehyde (Figure 3.9 a). Acetone PCO on the film surface 
with a molar ratio of 1:5 was slower. Under the studied conditions, a maximum 
conversion efficiency of approximately 75% was achieved at a catalyst surface area of 
600 cm2 (Figure 3.9 a, [II]). Compared to the other films reported in the scientific 
literature, the TiO2 thin films with a molar ratio of 1:8 exhibited higher acetone and 
acetaldehyde conversion efficiencies (Appendix 2). The photocatalytic activity of the 
TiO2 thin film with a TTIP:AcacH molar ratio of 1:8 (Figure 3.9 b) was twice that of the 
film with a molar ratio of 1:5 (Figure 3.9 a) and more than four times that of the film 
with TTIP:AcacH 1:4 [59] (Appendix 2). ). In contrast, the coatings prepared from P 25 
powder completely oxidised up to 20 ppm of acetone with a catalyst surface area of 
120 cm2 under the same experimental conditions [121]. However, the material loading 
of these coatings was more than ten times higher than that of the sprayed films. 

The TiO2 film with a molar ratio of 1:8 was tested for the PCO of two refractory 
compounds, namely, heptane and toluene (Figure 3.9 d) [IV]. These model pollutants 
are non-polar, hydrophobic, and have a more complex molecular structure than 
acetone and acetaldehyde. The heptane PCO occurred relatively quickly on the TiO2 
film with TTIP:AcacH 1:8. Heptane (10 ppm) was completely oxidised at a catalyst 
surface area of 360 cm2, an air flow rate of 0.5 L min−1, and an RH of 6%, under UV-A 
irradiation (Figure 3.9 d). Dundar et al. [59] achieved ~50% conversion of heptane  
(10 ppm) at a catalyst surface area of 600 cm2 on a film with TTIP:AcacH 1:4 under the 
same experimental conditions [59]. Toluene PCO is more complicated because of the 
lower reactivity of the aromatic ring and the formation of intermediates, which can 
deactivate the photocatalyst [107]. The toluene conversion efficiency for an initial 
concentration of 10 ppm at a catalyst surface area of 600 cm2 was ~55%, signifying the 
PCO of 5.5 ppm of toluene over a residence time of 78 s (Figure 3.9 d) [IV]. 

 
Effect of initial concentration of VOCs on photocatalytic oxidation 
To study the effect of initial concentration of VOCs on their PCO, the initial 
concentration was changed from 5 to 40 ppm at an air flow rate of 0.5 L min−1 and RH 
of 6%, under UV-A irradiation (Table 2.2 Section 2.1.2) [II, IV]. The reaction kinetics with 
respect to the increase in the initial concentration was estimated from the changes in 
the initial reaction rates (ro) at a catalyst surface area of 120 cm2. The initial reaction 
rate was calculated using Equation 3. 
 

𝑟𝑜 = −
𝑑𝐶

𝑑𝑡
  (3) 
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Figure 3.10 shows that the initial reaction rate increased with an increase in the 
concentration for all compounds, indicating that the PCO was not limited by the ROS. 
However, the increase in the initial reaction rate was non-linear; hence, at some point, 
the concentration would limit the efficiency of the process. The initial reaction rates for 
an initial concentration of 40 ppm were 1.7, 1.2, 1.1, and 0.9 ppm s−1 for acetaldehyde, 
acetone, heptane, and toluene, respectively. Acetaldehyde is the smallest polar 
molecule and had the highest initial reaction rate. The toluene oxidation pathway 
involves many intermediate oxidation products, which can block the surface-active sites 
of the photocatalyst. Thus, toluene PCO is expected to have the lowest initial reaction 
rate (Figure 3.10).  
 

 
Because the reaction rate is not diffusion-limited, the PCO reactions should 

determine the reaction rate, and the reaction kinetics can be investigated using the 
Langmuir–Hinshelwood model (Equation 4). 

 

𝑟0 =
𝑘𝑟𝐾𝐶0

1+ 𝐾𝐶0
  (4) 

The plot of 1/ro versus 1/Co yields a straight line, and the kinetic constants can be 
calculated using linear regression. The reaction rate constants and adsorption constants 
determined using the Langmuir–Hinshelwood model are listed in Table 3.3. 

 

Pollutant 
Reaction rate 

constant kr  

(ppm s−1) 

Adsorption 
constant K 

(ppm−1) 

acetaldehyde 2.8 0.02 

acetone 2.3 0.03 

heptane 1.7 0.05 

toluene 0.9 0.03 

 

 

Figure 3.10. Initial reaction rate of VOCs PCO at different initial concentrations for a catalyst 
surface area of 120 cm2. 

Table 3.3. Reaction rate and adsorption constants of VOCs PCO on the TiO2 film under UV-A 
irradiation. 
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The reaction rate constants decreased in the following order: acetaldehyde > 
acetone > heptane > toluene. The decrease in the reaction rate constants correlated 
with the molecular structure of the pollutants. The reaction rate constant of 
acetaldehyde was more than three times higher than that of toluene. This indicates 
that toluene PCO occurred more slowly owing to the formation of complex 
intermediates, which can block the surface-active sites of the photocatalyst. 

 
Effects of relative humidity and air flow rate on photocatalytic oxidation 
To study the effect of water molecules on the PCO of VOCs, the RH was increased from 
6% to 40% while maintaining the other parameters constant (an air flow rate of  
0.5 L min−1 and initial concentration of 10 ppm) (Figure 3.11, Table 2.2) [II, IV].  
The presence of increased amount of water molecules inhibits the PCO of all pollutants. 
However, the increase in the RH affected the PCO of acetone and heptane more 
significantly; the conversion efficiencies of both the pollutants were two times lower at 
a catalyst surface area of 120 cm2 and an RH of 40% (Figures 3.11 and 3.9 c) than those 
at an RH of 6%. The acetaldehyde and toluene conversion efficiencies changed only 
slightly upon increasing the RH at an air flow rate of 0.5 L min−1. 
 

 
As per the literature, there is no consensus on the effects of water molecules on the 

PCO of VOCs. The impact depends on the ratio of water vapour in air, initial 
concentration, and pollutant type. A higher RH results in the production of more 
hydroxyl radicals (•OH). Thus, it can increase the efficiency of PCO, especially at high 
initial concentrations of VOCs. However, a high RH could lead to competitive adsorption 
between the water molecules and VOCs on the surface-active sites of TiO2 [7,167].  

As demonstrated in Section 3.1.3 Table 3.2, the surface of the obtained TiO2 film was 
superhydrophilic; thus, the adsorption rate of water was high. The adsorbed water 
formed a thin layer on the TiO2 film surface. The adsorbed water layer can serve as a 
barrier to the diffusion of VOC molecules to the catalyst surface and decrease the PCO 
rate [168].   

Next, the effect of high mass transfer on the PCO of pollutants was studied by 
increasing the air flow rate from 0.5 to 1 L min−1 (Figures 3.9 and 3.12 a) [II, IV].  
An increase in the air flow rate from 0.5 to 1 L min−1 leads to a decrease in the 
residence time of the pollutants in the reactor section from 15.6 to 7.8 s. Because 
toluene has a lower reactivity than the other model pollutants (Figure 3.9 d) and its 

 

Figure 3.11. PCO of model air pollutants (10 ppm) on the film with TTIP:AcacH molar ratios 1:8 at 
different catalyst surface areas and an RH of 40%, under UV-A irradiation. 
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PCO could deactivate the photocatalyst, its PCO at higher mass transfer was not 
considered in this study.  

 
As shown in Figure 3.12, the air flow rate was increased to 1 L min−1, which 

promoted the PCO of the pollutants. The acetaldehyde and acetone conversion 
efficiencies were higher at an air flow rate of 1 L min−1 than those at 0.5 L min−1 over 
the same residence time of 15.6 s, for the catalyst surface areas of 240 and 120 cm2, 
respectively (Figures 3.12 a and 3.9 c). The heptane conversion efficiency was 
approximately 70% at an air flow rate of 1 and 0.5 L min−1 for the catalyst surface areas 
of 240 and 120 cm2, respectively, over the same residence time of 15.6 s (Figures 3.12 a 
and 3.9 c). Moreover, an increase in the air flow rate up to 2.5 L min−1 [IV] results in the 
same heptane conversion efficiency of approximately 70% over the same residence 
time of 15.6 s for different air flow rates and catalyst surface areas. The construction of 
a multi-section reactor enables the purification of a larger volume of air at the same 
residence time by simultaneously increasing the air flow rate and catalyst surface area 
[IV]. 

The simultaneous increase in the RH to 40% and air flow rate to 1 L min−1 (Figure 
3.12 b) intensified the negative effects of water molecules on pollutant adsorption on 
the catalyst surface. At an air flow rate of 0.5 L min−1, an increase in the RH from 6% to 
40% did not significantly influence acetaldehyde PCO (Figures 3.9 c and 3.11); however, 
when the air flow rate was increased to 1 L min−1, the conversion efficiency decreased 
from 61% to 40% along with an increase in the RH, for a catalyst surface area of  
120 cm2 (Figure 3.12). Several authors have reported the decrease in the reaction rate 
of different VOCs with increasing RH, attributed to the competitive adsorption between 
the water molecules and pollutants on the catalyst surface [7,59]. 

The results obtained showed that operating parameters are instrumental in 
evaluating the photocatalytic activity. Thus, the effects of the operating parameters on 
the photocatalytic activity should be analysed with precision. 

 
Photocatalytic oxidation of VOCs under visible light 
The synthesised TiO2 thin films showed promising photocatalytic activity in the PCO of 
VOCs under UV-A light irradiation. However, for practical indoor air treatment 
applications such as window glass coatings, the utilisation of VIS light is more beneficial. 

 

Figure 3.12. Effects of increase in the air flow rate (a) and RH (b) on the PCO of model air 
pollutants (10 ppm) on the film with TTIP:AcacH molar ratios 1:8 at different catalyst surface 
areas, under UV-A irradiation. 
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To evaluate the photocatalytic activity of the obtained film under VIS light 
irradiation, the PCO of VOCs (initial concentration = 10 ppm) was studied at an air flow 
rate of 0.5 L min−1 and RH of 6% (Figure 3.13, Table 2.2). 

 

 
Figure 3.13 shows that the obtained TiO2 film was active under VIS light irradiation. 

The conversion efficiencies of 10 ppm of the polar compounds – acetaldehyde and 
acetone – reached 100% at residence times of 46.8 and 62.4 s, respectively (air flow 
rate = 0.5 L min−1, RH = 6%). Heptane PCO under VIS light irradiation occurred slower; 
4.4 out of 10 ppm was degraded in 78 s. Toluene PCO was almost negligible; 0.6 ppm 
was degraded over a residence time of 78 s (Figure 3.13). The photocatalytic activity of 
the TiO2 films under VIS light irradiation (Figure 3.13) was considerably lower than that 
under UV-A irradiation (Figure 3.9), for the same experimental conditions. The initial 
reaction rates of 10 ppm of acetaldehyde, acetone, and heptane under VIS light 
irradiation decreased 1.4, 1.9, and 8.7 times compared to those under UV-A irradiation, 
respectively (Table 3.4). 

Pollutant 
Initial reaction rate (ppm s−1) 

UV-A VIS 

acetaldehyde 0.67 0.47 

acetone 0.65 0.34 

heptane 0.52 0.06 

toluene 0.16 0.00 

 
As discussed above in this section, under UV-A irradiation, the PCO was not limited 

by the amount of ROS; hence, the reaction rate increased as the initial concentration 
increased from 5 to 40 ppm. To study the effect of initial concentration on the reaction 
rate under VIS light irradiation, PCO of acetone (5 ppm) [II] and heptane (5 ppm) [IV] 
was performed at an air flow rate of 0.5 L min−1 and RH of 6%. Under VIS light 
irradiation, the initial reaction rate for the degradation of pollutants with initial 
concentration of 10 ppm was lower than that of 5 ppm, unlike that corresponding to 

 

Figure 3.13. PCO of model air pollutants (10 ppm) on the film with TTIP:AcacH molar ratios 1:8 at 
different catalyst surface areas, under visible (VIS) light irradiation. 

Table 3.4. Comparison of the initial reaction rates of VOCs PCO (initial concentrations = 10 ppm) 
on the TiO2 film under UV-A and VIS light irradiation, for a catalyst surface area of 120 cm2.  
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the PCO under UV-A light irradiation. Thus, under VIS light irradiation, the photocatalytic 
activity is limited by the surface reactions. 

The photocatalytic activity of the film under VIS light irradiation can be related to the 
carbon incorporated into the film surface (Section 3.1.2, Figure 3.3) [II]. Several authors 
have reported that the synergy between TiO2 and carbon in TiO2/C composites results 
in the high photocatalytic activity [148,169–171]. For example, Shayegan et al. [171] 
found out that upon modification with carbon P 25 powder, the conversion efficiency 
of methyl ethyl ketone increased from 77% to 94% and from 50% to 67% under UV-A 
and VIS light irradiation, respectively [171]. Yuan et al. [170] proposed that carbon 
absorbs VIS light and generates electrons that can be transferred directly to the 
conduction band of TiO2 [170]. The formation of localised mid-gap energy states in 
carbon-modified TiO2 was reported in another study [148]. The phenomenon explaining 
the results of the present study concurs with the changes in the electronic structure of 
the material due to carbon incorporation [II]. Further material modification can be 
implemented to enhance the photocatalytic activity of the TiO2 films under VIS light. 
Some strategies involve the shift in the band gap to the VIS light region via doping or 
the use of sensitisers that can absorb VIS light. Moreover, heterojunction formation, 
semiconductor coupling, and co-catalyst loading can be implemented [172]. 

 
Photocatalytic oxidation of synthetic air mixtures of VOCs 
Indoor air contains various mixtures of VOCs in low concentrations [115]. Thus, the PCO 
of two synthetic air mixtures was studied to mimic indoor air pollution, thereby inching 
closer to real applications. The first mixture consisted of 9 ppm of heptane–acetone–
acetaldehyde (3 ppm of each component) (Figure 3.14, Table 2.2 in Section 2.1.2), and 
the second mixture consisted of 9 ppm of toluene–acetone–acetaldehyde (3 ppm of 
each component) (Figure 3.15, Table 2.2 in Section 2.1.2) [IV].   

All the components in both mixtures were completely oxidised at a catalyst surface 
area of 360 cm2 (residence time of 46.8 s), an RH of 6%, and an air flow rate 0.5 L min−1, 
under UV-A irradiation (Figures 3.14 a and 3.15 a). The PCO of the compounds in the 
mixture containing heptane occurred faster. In the first mixture, the acetaldehyde, 
acetone, and heptane conversion efficiencies at a catalyst surface area of 120 cm2 were 
100%, 93%, and 77%, respectively (Figure 3.14 a). In the second mixture, the 
acetaldehyde, acetone, and toluene conversion efficiencies were 78%, 70%, and 71%, 
respectively, at a catalyst surface area of 120 cm2 (Figure 3.15 a) [IV]. Thus, the initial 
reaction rates for acetaldehyde and acetone PCO in the second mixture decreased by 
25% and 22%, respectively. The PCO of acetone and acetaldehyde in the mixture 
containing toluene was inhibited by the adsorption of highly stable intermediate  
by-products derived from toluene on the surface-active sites of TiO2. 

An increase in the air flow rate from 0.5 to 1 L min−1 enhanced the initial reaction 
rates of all the pollutants in both mixtures (Figures 3.14 b and 3.15 b). However,  
the less polar compounds – heptane and toluene – were more affected by the high 
mass transfer. The complete PCO of 3 ppm of heptane and toluene was achieved in a 
residence time of 31.2 s (catalyst surface area = 480 cm2) at an air flow rate of 1 L min−1, 
whereas a residence time of 46.8 s (catalyst surface area = 360 cm2) was required for an 
air flow rate of 0.5 L min−1. 
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Figure 3.14. PCO of the heptane–acetone–acetaldehyde mixture on the TiO2 film surface. PCO of 
the mixture (9 ppm) under UV-A light irradiation (a), the effect of increased air flow rate (b), the 
effect of increased relative humidity (RH) (c), and PCO under VIS light irradiation (d). 

 

Figure 3.15. PCO of the toluene–acetone–acetaldehyde mixture on the TiO2 film surface. PCO of 
the mixture (9 ppm) under UV-A light irradiation (a), the effect of increased air flow rate (b),  
the effect of increased RH (c), and PCO under VIS light irradiation (d). 
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The increase in the RH from 6% to 40% negatively impacted the PCO of all the 
compounds in both mixtures (Figures 3.14 c and 3.15 c). For the individual compounds 
(initial concentration = 10 ppm), at an air flow rate of 0.5 L min−1, an increase in the RH 
predominantly inhibited the degradation of acetone and heptane (Section 3.2.2, Figure 
3.11); in the mixtures, the conversion efficiencies of all the compounds decreased two 
times at a catalyst surface area of 120 cm2. Thus, in the mixtures, competitive 
adsorption between the pollutant molecules and water molecules on the surface-active 
sites of the photocatalyst is dominant, inhibiting the PCO of all the pollutants. 

Under VIS light irradiation, the initial reaction rates of the compounds in the mixture 
containing heptane or toluene decreased by 3 or 3.6 times on average, respectively, 
(Figures 3.14 d and 3.15 d) compared to those under UV-A irradiation. As inferred from 
Table 3.4, the PCO of VOCs as individual air pollutants under VIS light was limited by the 
amount of produced ROS. For the individual pollutants (initial concentration = 10 ppm), 
the initial reaction rates of acetone and acetaldehyde degradation decreased by 
approximately two times and that of heptane by more than eight times, under VIS light 
irradiation, compared to those under UV-A irradiation; toluene PCO was insignificant 
under VIS light. In the mixtures, the initial reaction rates of heptane and toluene 
degradation under VIS light irradiation decreased by five and four times, respectively, 
compared to those under UV-A irradiation. 

Figure 3.16 summarises this section. When individual air pollutants were subjected 
to an air flow rate of 0.5 L min−1 and RH of 6% under UV-A (irradiance = 3.5 mW cm−2), 
acetone and acetaldehyde (10 ppm each) completely oxidised at a catalyst surface area 
of 240 cm2, heptane (10 ppm) at a catalyst surface area of 360 cm2, and up to 5.5 out of 
10 ppm of toluene oxidised at a catalyst surface area of 600 cm2. When the same 
experimental conditions were applied under VIS light, acetaldehyde and acetone 
(10 ppm each) were oxidised at catalyst surface areas of 360 and 480 cm2, respectively, 
and the heptane and toluene conversion efficiencies (10 ppm) at a catalyst surface area 
of 600 cm2 reached 44% and 6%, respectively. 

Figure 3.16. Quantity of oxidized VOCs (ppm) as individual pollutants and in the mixtures under 
UV-A (purple lamp) and VIS (yellow lamp) light irradiation at different catalyst surface areas.  
AD – acetaldehyde, AC – acetone, HEP – heptane, TOL – toluene. 
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In the 9 ppm mixtures, all the compounds were completely oxidised at a catalyst 
surface area of 360 cm2 under UV-A irradiation at an air flow rate of 0.5 L min−1 and RH 
of 6%. For the same experimental conditions under VIS light irradiation, at a catalyst 
surface area of 600 cm2, 3, 3, and 2.3 ppm of acetaldehyde, acetone, and heptane were 
oxidised, respectively, in the first mixture, whereas 1.6, 1.6, and 0.9 ppm of acetaldehyde, 
acetone, and toluene were oxidised in the second mixture. 

3.2.3 Photocatalytic inactivation of E. coli bacteria and H1N1 virus  
The TiO2 thin films were tested for their ability to inactivate Escherichia coli bacteria 
and H1N1 virus (Figure 3.17) [II]. The surface disinfection test was performed by 
dispersing the virus or bacteria in the liquid media because the bacteria and virus 
inactivate rapidly on dry surfaces, owing to which the results of the tests would be 
inconclusive. Moreover, bacteria and viruses can be killed by high-intensity UV-A light 
irradiation, even in the absence of a photocatalyst. Thus, the intensity of UV-A 
irradiation in the disinfection tests was set to 0.2–0.3 mW cm−2, which is more than  
10 times lower than the intensity used in the gas-phase experiments of VOC and SA 
layer PCO. The ROS produced during the irradiation of the photocatalysts are highly 
oxidising agents, stronger than chlorine, hydrogen peroxide, and ozone. Therefore, the 
viruses and bacteria attached to the photoinduced TiO2 surface can be inactivated. 

After 60 min of UV-A irradiation, more than 99% of the viable counts of E. coli 
bacteria were inactivated on the TiO2 surface (Figure 3.17 a). Thus, approximately  
5 × 104 bacterial cells per cm2 of TiO2 film can be killed in 1 h, demonstrating the strong 
antibacterial activity of the thin film [II]. 

Rojviroon and Sirivithayapakorn [173] determined that the inactivation of E. coli 
bacteria on TiO2 films follows pseudo-first-order reaction kinetics. The FE-SEM images 
showed that, after 180 min of UV-A irradiation, the outer cell membranes of the 
bacteria underwent deformation or even destruction [173]. Phuinthiang et al. [174] 
observed that over 97% of the E. coli bacteria was inactivated after 1 h of UV-A 
irradiation, and the bacteria were completely killed after 2 h of irradiation [174],  
the results obtained herein concur with their observations. 

 

 

Figure 3.17. Antibacterial properties of the TiO2 film against E. coli (a). Antiviral properties of the 
TiO2 film against H1N1 virus (b). Red dashed line shows the limit of detection. 
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The inactivation of the H1N1 virus under UV-A irradiation was monitored for 8 h, 
with intermediate measurements being performed after 2 and 4 h (Figure 3.17 b).  
The decrease in the H1N1 virus titre was time-dependent, exhibiting first-order 
reaction kinetics. After 8 h of UV-A irradiation, more than 99% of the H1N1 virus was 
killed. TiO2 film showed high virus inactivation capacity. The H1N1 virus belongs to a 
class of enveloped single-stranded RNA viruses. Because SARS-CoV-2 is a representative 
of the same class, it could be inactivated by photocatalytic treatment with TiO2 films 
[104]. 

The TiO2 thin film synthesised in this study can be used as an alternative for surface 
disinfection and continuous purification of high-touch surfaces from bacteria and 
viruses. 
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Conclusion 

Low-material quantity (< 0.2 mg cm−2), transparent TiO2 thin films were deposited by an 
easily scalable deposition technique – ultrasonic spray pyrolysis at 350 °C and annealed 
for 1 h at 500 °C. The synthesis-dependent material properties of TiO2 and the 
photocatalytic activity of the obtained films were studied comprehensively. The TiO2 
films were tested for their self-cleaning, gas-phase photocatalytic, antibacterial, and 
antiviral properties. 

The novelty and the fundamental principle of this study are based on the 
modification of the precursor solution by increasing the amount of the organic 
stabilising agent – AcacH. The systematic study of TiO2 spray-pyrolysis-synthesised films 
by changing the molar ratio of AcacH in the precursor and the comprehensive analysis 
of changes in the material properties and their effects on the photocatalytic 
performance of the films were performed. Moreover, the photocatalytic activity of the 
films was tested mimicking real indoor conditions in a multi-section gas flow reactor. 
This study showed that synthesised films with TTIP:AcacH molar ratios 1:8–1:20 
demonstrated ca 10 times (under UV-A) and 5 times (under VIS light) higher 
photocatalytic performance compare to previously used TTIP:AcacH molar ratios of  
1:2–1:4. AcacH increase leads to the incorporation of carbon and changes in charge 
carriers transfer. The photocatalytic activity of the obtained films was comparable to 
that of the coating prepared from the P 25 powder while reducing the material quantity 
of the films by more than ten times. 

The main highlights of the thesis are as follows: 
1. Irrespective of the TTIP:AcacH molar ratio in the precursor solution, all TiO2 films 

deposited at 350 °C and annealed for 1 h at 500 °C consisted of the anatase 
phase with a mean crystallite size in the range 30–50 nm, were transparent in 
the VIS light region and had band gap ~3.4 eV and a smooth surface.  
The thickness of the films was ~380 nm (except film with TTIP:AcacH 1:1).  
An increase in the amount of AcacH in the precursor solution shifted the (101) 
main XRD peak of anatase TiO2 to higher 2 theta values, which may indicate the 
incorporation of carbon impurities into the formed TiO2 thin film. Moreover,  
the chemical composition revealed that upon increasing the TTIP:AcacH molar 
ratio from 1:5 to 1:8, the amount of adsorbed carbon on the film surface 
increased. The incorporation of carbon into the film influenced the electronic 
structure of the material; the valence band edge shifted down with an increase 
in the amount of AcacH enhancing the production of hydroxyl groups.  
The maximum signal of ΔCPD for the films with larger amount of AcacH was 
higher indicating stronger charge separation. The SPV measurements showed 
that with the changes in the TTIP:AcacH molar ratio from 1:1 to 1:20 the charge 
transfer toward the surface changed from preferential fast electron to 
preferential fast hole. 
Thus, the changes in the material properties with the increase in the amount of 
AcacH in the precursor solution should enhance the photocatalytic properties 
owing to facilitated faster hole transport to the photocatalyst surface, reduction 
in electron–hole pair recombination, and the production of more reactive 
oxygen species. 

2. The self-cleaning properties of the TiO2 films were studied by oxidising an  
8.8 mM SA layer deposited atop the TiO2 film by spin coating. The reaction rate 
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constant (k) of SA oxidation increased with increasing TTIP:AcacH molar ratio 
from 1:1 to 1:8 under both UV-A (k increased from 0.004 to 0.190 min−1) and VIS 
(k increased from 0.002 to 0.032 min−1) light irradiation. Starting from the molar 
ratio 1:8 the plateau is formed and no more increase in the reaction rate occurs. 
Thus, the optimal TTIP:AcacH molar ratio was determined to be 1:8. 

3. The gas-phase photocatalytic activities of the films with TTIP:AcacH molar ratios 
of 1:5 and 1:8 were evaluated in a continuous-flow multi-section reactor. In the 
first step, the photocatalytic oxidation of acetone and acetaldehyde on films 
with TTIP:AcacH molar ratios of 1:5 and 1:8 was compared with that on 
commercially available Pilkington ActivTM glass. The initial reaction rates of both 
films synthesised with TTIP:AcacH 1:5 and 1:8 were several times higher than 
that of commercial glass. However, the photocatalytic activity of the film with 
TTIP:AcacH 1:8 was, on average, two times higher than that of the film with 
TTIP:AcacH 1:5. Subsequently, a more detailed study was conducted on the 
photocatalytic activity of the film with TTIP:AcacH 1:8 in oxidising VOCs as 
individual pollutants and in mixtures under different experimental conditions. 
Under UV-A (irradiance = 3.5 mW cm−2) the deposited TiO2 thin film with 
TTIP:AcacH 1:8 and a catalyst surface area ranging 120–600 cm2 oxidised 9 ppm 
of VOCs in the mixtures (acetone-acetaldehyde-heptane/toluene) at a residence 
time of 46.8 s. As individual compounds (initial concentration of 10 ppm),  
10 ppm of acetone and acetaldehyde were oxidised in 31.2 s, 10 ppm of 
heptane was oxidised in 46.8 s, and ~4 ppm of toluene was oxidised in 46.8 s. 
Under VIS light (irradiance = 3.3 mW cm−2), 3, 3, and 2.3 ppm of acetaldehyde, 
acetone, and heptane were oxidised in 78 s, respectively, in the mixture 
containing acetone-acetaldehyde-heptane. For comparison, in the mixture 
containing acetone-acetaldehyde-toluene, 1.6, 1.6, and 0.9 ppm of acetaldehyde, 
acetone, and toluene were oxidised in 78 s, respectively. As individual pollutants 
(initial concentration of 10 ppm), 10, 10, 4.4, and 0.6 ppm of acetaldehyde, 
acetone, heptane, and toluene were oxidized in 46.8, 62.4, 78, and 78 s under 
VIS light irradiation, respectively. 
In general, an increase in air flow rate promotes the oxidation of all pollutants in 
the mixtures and individually, while an increase in relative humidity inhibits the 
oxidation. 

4. The film with a TTIP:AcacH molar ratio of 1:8 was tested for its ability to 
inactivate surface-attached bacteria and virus in the liquid phase. A 99% 
reduction in E. coli bacteria with an initial concentration of 5 × 104 CFU cm−2 was 
achieved after 60 min under UV-A (irradiance = 0.26–0.33 mW cm−2). A 99% 
reduction in H1N1 virus with an initial concentration of 107–108 FFU mL−1 was 
achieved after 8 h under UV-A (irradiance = 0.2–0.3 mW cm−2). 

This thesis presents an inexpensive, simple, and easily scalable method for 
synthesising TiO2 thin films with a high photocatalytic activity under UV-A and VIS light 
irradiation by modifying the precursor solution. The results demonstrated the ability of 
the film to continuously oxidise different VOCs, which represent the common groups of 
indoor air pollutants. The VOCs were oxidised as individual pollutants and in 9 ppm 
mixtures under various operating conditions. The results of VOCs mixtures oxidation on 
the transparent TiO2 films bring photocatalysis closer to real application. Owing to its 
excellent photocatalytic, antibacterial, and antiviral properties, the as-prepared film 
can be integrated with the surrounding environment as an innovative air-purifying and 
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surface-disinfecting material. Moreover, it can be applied to air-purifying devices as a 
non-replaceable module. Therefore, the data presented in this thesis provide a valuable 
basis for the practical incorporation of TiO2 thin films into air treatment technologies. 

The future outlook of this study includes several directions. First, theoretical study 
of photocatalytic oxidation on the TiO2 thin films can be conducted. That is,  
the gas-phase photocatalytic activity in different carrier gases could be investigated  
to determine the reactive oxygen species (ROS) thus formed and identify the 
predominant ROS in the photocatalytic oxidation of various VOCs under ultraviolet and 
visible light irradiation. Next, a practical investigation of photocatalytic oxidation can be 
performed, for example, using larger reactors, applying higher air flow rates, and 
optimising for commercialisation. Finally, the development of thin films with an 
increased photocatalytic activity under visible light could be achieved through further 
modification of the material. 
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Abstract 
Development of Spray-Pyrolysis-Synthesised TiO2 Thin Films 
for Photocatalytic Degradation of Volatile Organic 
Compounds in Air 
People typically spend most of their time indoors; however, this tendency has 
significantly increased since the spread of COVID-19. Indoor air contains various 
mixtures of volatile organic compounds (VOCs) in low concentrations, which are the 
main reason for poor indoor air quality. The continuous inhalation of polluted air can 
cause acute health problems, referred to as the sick building syndrome. However, not 
all technologies are suitable for indoor air purification. Therefore, there is growing 
scientific interest in photocatalytic oxidation as a cost-effective and efficient technology 
for VOCs removal from the indoor air. 

The aim of the current study is to deposit TiO2 thin films by chemical spray pyrolysis 
using different titanium isopropoxide (TTIP):acetylacetone (AcacH) molar ratios in a 
spray solution. The other objectives include determining the optimal TTIP:AcacH molar 
ratio for depositing photocatalytically active films, assessing the ability of the film to 
purify air from VOCs at different operating conditions, and testing the disinfectant 
properties of the film surfaces against bacteria and virus. 

The TTIP:AcacH molar ratio in the spray solution was varied from 1:1 to 1:20. TiO2 
films were deposited onto the borosilicate glass substrates at 350 °C and heat-treated 
at 500 °C for 1 h. First, the photocatalytic activities of all the obtained films were 
estimated by the photocatalytic oxidation of an 8.8 mM stearic acid (SA) layer  
spin-coated onto the TiO2 films. Second, some TiO2 films were selected for the 
photocatalytic oxidation of VOCs (acetone, acetaldehyde, heptane, and toluene) as 
individual pollutants in the concentration range 5–40 ppm and as 9 ppm VOC mixtures. 
The photocatalytic oxidation of VOCs was analysed in a gas-phase multi-section reactor 
under ultraviolet (UV-A) and visible (VIS) light irradiation. Finally, the photocatalytic 
activity of the films in inactivating E. coli bacteria and H1N1 virus was estimated under 
UV-A irradiation. 

Irrespective of the amount of AcacH in the solution, all the TiO2 films consisted only 
of the anatase crystalline phase, exhibiting a transparency of ~80% in the visible 
spectral region and a band gap of ~3.4 eV. The X-ray photoelectron spectroscopy 
results revealed that the films with a larger amount of AcacH in the spray solution 
contained more adsorbed carbon on the surface. The Kelvin probe measurements 
showed that the contact potential differences maximum signals for the films with large 
AcacH molar ratios were higher than those of the films with small AcacH molar ratios 
indicating stronger charge separation with AcacH increase. The surface photovoltage 
measurements showed that an increase in the AcacH molar ratio led to preferential fast 
hole transfer towards the surface and electron passivation. The changes in the material 
properties was conducive to the production of more reactive oxygen species. 

According to the results of the SA test, an increase in the amount of AcacH in the 
spray solution enhanced the photocatalytic oxidation of SA. The optimal TTIP:AcacH 
molar ratio was determined as 1:8, corresponding to a reaction rate constant of 0.243 
min−1, which was ten times higher than that of the 1:3 film. Therefore, the film with 
TTIP:AcacH 1:8 was selected for further comprehensive analyses in the gas-phase 
reactor for VOC photocatalytic oxidation. Primarily, the activity of the film in the gas 
phase was studied based on the photocatalytic oxidation of VOCs as individual model 
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pollutants under different operating conditions. A residence time of 31.2 s was 
sufficient for the complete oxidation of 10 ppm each of acetone and acetaldehyde, 
whereas heptane required a residence time of 46.8 s and up to 6 out of 10 ppm of 
toluene was oxidised at a residence time of 78 s, under UV-A irradiation. Under VIS light 
irradiation, the VOCs were oxidised slower owing to the limited amount of reactive 
oxygen species (ROS) on the surface. At a residence time of 46.8 and 62.4 s, 10 ppm 
each of acetaldehyde and acetone were completely oxidised, respectively; 4.5 out of  
10 ppm of heptane was oxidised in 78 s, and the conversion efficiency of 10 ppm of 
toluene was less than 10% under VIS light irradiation. To mimic real indoor air pollution 
conditions, the photocatalytic oxidation of two VOCs mixtures (acetaldehyde, acetone, 
heptane/toluene) was studied. Under UV-A irradiation, the TiO2 thin film degraded  
9 ppm of VOCs in the mixtures at a residence time of 46.8 s. Under VIS light irradiation, 
3 ppm each of acetaldehyde and acetone and 2.3 ppm of heptane in the mixture 
containing heptane were oxidised at a residence time of 78 s. In the mixture containing 
toluene, 1.6 ppm each of acetaldehyde and acetone and 0.9 ppm of toluene were 
oxidised, under VIS light irradiation. The presence of toluene inhibited the 
photocatalytic oxidation of other pollutants in the mixture owing to the adsorption of 
less reactive oxidation intermediates on the catalyst surface. Over 99% of E. coli 
bacteria was inactivated after 60 min of UV-A irradiation, and the film showed a high 
reduction factor of influenza virus inactivation after 8 h of UV-A irradiation. 

The novelty and the fundamental principle of this study are based on the 
modification of the precursor solution by increasing the amount of the organic 
stabilising agent—AcacH. The systematic study of TiO2 spray-pyrolysis-synthesised films 
by changing the molar ratio of AcacH in the precursor and the comprehensive analysis 
of changes in the material properties and their effects on the photocatalytic 
performance of the films were performed. Moreover, the photocatalytic activity of the 
films was tested mimicking real indoor conditions in a multi-section gas flow reactor. 
The results of VOCs mixtures oxidation on the transparent TiO2 films bring 
photocatalysis closer to real application. 

TiO2 thin films with a TTIP:AcacH molar ratio of 1:8 exhibited excellent self-cleaning, 
antibacterial, and antiviral properties and a promising ability for indoor air purification 
from VOCs under UV-A and VIS light irradiation. The obtained film can be widely 
applied in the future as an innovative air-purifying material in buildings and devices. 
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Lühikokkuvõte 
Pihustuspürolüüsiga sünteesitud TiO2 õhukeste kilede 
väljatöötamine lenduvate orgaaniliste ühendite 
fotokatalüütiliseks lagundamiseks õhus 

Siseruumide kliima on tänapäeval väga aktuaalne teema kogu maailmas. Nüüdisaegne 
inimene veedab suurema osa ajast siseruumides. Umbes 90% ajast viibime tööl, kodus, 
jõusaalis või kauplustes ja ainult 10% veedame väljas. Tänases pandeemia ajastus 
veedavad mõned inimesed isegi terved päevad oma kodus, töötades kodukontoris ja 
ostes kõik kaubad interneti kaudu. Siseruumide õhukvaliteet mõjutab otseselt meie 
tervist. Siseruumi õhk võib sisaldada kuni 200 erinevat saasteainet, enamik neist on 
toksilised lenduvad orgaanilised ühendid (LOÜ). Need ühendid satuvad siseruumi õhku 
mitmetest toodetest, mida me igapäevaselt kasutame. Näiteks puhastuvahendid, 
kosmeetikatooted, mööbel, vaibad, ehitus- ja viimistlusmaterjalid. Isegi väikesed LOÜ 
kontsentratsioonid võivad tekitada niinimetatud “haige hoone” sündroomi. 
Ventilatsioonisüsteem vähendab saasteainete kontsentrasiooni õhus, kuid ei lagunda 
saasteaineid, seega ventilatsioonisüsteemide sidumine lisatehnoloogiatega oleks 
keskkonnasõbralikum lahendus siseruumide õhu puhastamiseks.  

Seetõttu on hädavajalik leida täiendavaid efektiivseid tehnoloogiaid, mis hävitavad 
õhus olevad LOÜd ja on võimelised tagama siseruumides puhta õhu. Gaasifaasiline 
fotokatalüütiline oksüdatsioon on perspektiivne ja kuluefektiivne tehnoloogia 
siseruumide õhu puhastamiseks. Seda tehnoloogiat võib rakendada nii tavalistes 
elumajades kui ka haiglates, kauplustes, koolides ja muudes hoonetes. Selleks, et 
protsess toimiks on vaja ainult efektiivset katalüsaatorit ning valgusallikat.  

Doktoritöö eesmärgiks oli sadestada TiO2 õhukesed kiled ultraheli pihustuspürolüüsi 
meetodil erinevatel titaan(IV)isopropoksiid ja atsetüülatsetooni moolsuhetel 
pihustuslahuses; leida optimaalne moolsuhe fotokatalüütiliselt aktiivsete kilede 
valmistamiseks; uurida saadud kilede struktuuri, morfoloogiat, pinnaomadusi ja 
fotokatalüütilist võimekust LOÜ lagundamisel erinevatel katsetingimustel; hinnata 
kilede pinnavõimekust bakterite ja viiruste desaktiveerimisel. 

TiO2 õhukesed ja läbipaistvad kiled sadestati boorsilikaatklaasi pinnale kasutades 
ultraheli pihustuspürolüüsi meetodit temperatuuril 350 °C. Pärast sadestust kuumutati 
neid õhus ühe tunni jooksul temperatuuril 500 °C, et saada kristalliline anataasi 
struktuuriga TiO2. Lähteainetena kasutati titaan(IV)isopropoksiidi, atsetüülatsetooni ja 
etanooli. Titaan(IV)isopropoksiid ja atsetüülatsetooni moolsuhet pihustuslahuses 
varieeriti vahemikus 1:1 kuni 1:20. TiO2 kilede fotokatalüütilist aktiivsust hinnati 
steariinhappe lagundamisega. Selleks kanti 8,8 mM steariinhappe lahus ühtlaselt TiO2 
pinnale kasutades tsentrifugaalsadestuse meetodit ning uuriti steariinhappe lagunemist 
teatud ajaperioodi jooksul. Saadud tulemuste põhjal valiti kiled edasiseks 
fotokatalüütilise aktiivsuse uuringuteks pidevas gaasi-faasilises mitmesektsioonilises 
reaktoris. LOÜ (atseetaldehüüd, atsetoon, heptaan ja tolueen) lagundati nii eraldi kui ka 
segudena nii ultraviolettkiirguse kui nähtava valguse toimel. Samuti testiti kilede 
võimekust desaktiveerida E. coli bakterit ja H1N1 viirust. 

Sadestatud TiO2 kilede optilised ja struktuursed omadused ei sõltu atsetüülatsetooni 
kogusest pihustuslahuses. TiO2 kiled koosnevad anataasi faasist, nende paksus on ca 
380 nm ja keelutsoon 3,4 eV ning nähtava valguse piirkonnas on nende optiline 
läbipaistvus ca. 80 %. Kõik TiO2 kiled on superhüdrofiilsed pärast 15 min töötlust 
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ultraviolettkiirguse all. Kile keemilise koostise uuring XPS meetodil näitas, et 
atsetüülatsetooni koguse suurendamisega pihustuslahuses suurenes süsiniku kogus 
TiO2 kile pinnal. Süsiniku inkorporeerimine TiO2 materjali võib tekitada lisanivoosid 
materjali elektroonilises struktuuris, mis suurendab materjali fotokatalüütilist 
efektiivsust. Kile pinna fotopinge mõõtmised näitasid, et atsetüülatsetooni moolsuhte 
suurenemine pihustuslahuses viib elektronide passiveerimisele kile pinnal. 

Steariinhappe lagundamise kiiruskonstandid kasvasid atsetüülatsetooni suhtelise 
koguse kasvamisega pihustuslahuses nii ultraviolettkiirguse kui ka nähtava valguse all. 
Titaan(IV)isopropoksiid ja atsetüülatsetooni moolsuhe 1 : 8 sadestuslahuses on 
optimaalne fotokatalüütiliselt aktiivse TiO2 kile saamiseks. Kiiruskonstandi väärtus 1 : 8 
kilel oli 0,243 min–1, mis on kümme korda suurem kui 1 : 3 kilel. Seetõttu valiti 1 : 8 kile 
edasiseks LOÜ oksüdeerimise uuringuteks. Esimeses etapis uuriti kile aktiivsust 
lagundada individuaalseid LOÜ-sid. Leiti, et UV-A kiirguse all kulub 10 ppm atsetooni ja 
atseetaldehüüdi lagundamiseks TiO2 pinnal 31,2 s, sama kogus heptaani laguneb 46,8 s 
jooksul ja 5.5 ppm tolueeni (algkontsentratsioon = 10 ppm) lagundamiseks kulub 78 s. 
Nähtava valguse all oksüdeerusid LOÜ-d aeglasemalt, sest reaktiivsete hapnikuosakeste 
hulk oli piiratud. Nimelt, 10 ppm atseetaldehüüdi ja atsetooni oksüdeerusid täielikult 
vastavalt 46,8 s ja 62,4 s jooksul; 4,5 ppm heptaani oksüdeerimiseks kuulus 78 s 
kusjuures 78 s jooksul lagunes vaid 0.6 ppm tolueeni. 

Selleks et imiteerida siseruumide õhusaastet täpsemalt, valmistati erinevatest 
saasteainetest kaks sünteetilist segu. Esimese segu koostis oli 9 ppm atseetaldehüüd-
atsetoon-heptaan ja teise segu koostis oli 9 ppm atseetaldehüüd-atsetoon-tolueen (iga 
komponendi kontsentratsioon segus oli 3 ppm). Mõlemad segud olid täielikult 
oksüdeerunud 46,8 s  jooksul ultraviolettkiirguse all. Nähtava valguse all oksüdeerus 
esimeses segus 78 s jooksul 3 ppm atseetaldehüüdi, 3 ppm atsetooni ja 2,3 ppm 
heptaani ning teises segus sama aja jooksul 1,6 ppm atseetaldehüüdi, 1,6 ppm 
atsetooni ja 0,9 ppm tolueeni. Ultraviolettkiirguse all oli TiO2 kile pinnal E. coli hävimise 
efektiivsus üle 99% ning antud pinnakatted olid efektiivsed ka viiruste lagundamisel. 

Doktoritöö uudsus seisneb kõrge fotokatalüütilise võimekusega TiO2 õhukeste kilede 
sünteesi strateegias. Atsetüülatsetooni suhtelist kogust  muudeti pihustuslahuses 
süstemaatiliselt ja selle mõju TiO2 kilede omadustele s.h. fotokatalüütilisele LOÜ 
lagundamise võimekusele  on igakülgselt uuritud. Kilede fotokatalüütilist võimekust 
hinnati tõelise siseruumi õhu tingimusi jäljendades, kasutades mõõtmisteks pidevat 
gaasi-faasilist mitmesektsioonilist reaktorit. Doktoritöö tulemused toovad fotokatalüüsi 
lähemale reaalsete rakenduste juurutamisele. 

Saadud TiO2 kilesid saab kasutada nii seadisintegreerituna õhupuhastusseadmetes ja 
ventilatsioonisüsteemides kui ka hoone aknaklaasile kantud pinnakattena, et tagada 
siseruumides puhas ja tervislik õhk. 



81 

Appendix 1  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 
J. Spiridonova, A, Katerski, M. Danilson, M. Krichevskaya, M. Krunks, I. Oja Acik. “Effect 
of the titanium isopropoxide:acetylacetone molar ratio on the photocatalytic activity of 
TiO2 thin films ,” Molecules, 24(23), 4326, 2019, doi.org/10.3390/molecules24234326. 
 





����������	
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Publication IV 
J. Sydorenko, A. Mere, M. Krunks, M. Krichevskaya, I. Oja Acik. “Transparent TiO2 thin 
films with high photocatalytic activity for indoor air purification”, RSC Advances, 2022 
(under review). 





������������	
���	�����	���	��������������	����	�	�����	������	����	���	���������� !�"#$%��!�%& '�(�)%*���& �*�++�,�-!�.& �*�� !�,� /0�).��#� '1�!$2+%!�34�(/ � '�50�$�)�+%67�!�%8+%9:7���� �+:;-�!� �#&���!.6���!�&�!���.�5 3<!�!%6��� /+�8����0 !=+7.�.60%�%/���+#� /7���� �+.�%>��0��9 �0�6�%8%-!$-!$��.��!$ !>%8�0� �60%�%/���+#� /�/� ) �#-!$��-+���) %+��?@A:(B�!$) . 1+�?A2"B+ >0� ./�-/ �+8%��!) �%!7�!��++#8� �!$+# !$%%�� �60%�%/���+#� //%�� !>.C2!�0 .9%��&�5 3<�0 !=+7 7%$ =�$1#�! !/���.�$�7%-!�%8�/��#+�/��%!� !�0�6��/-�.%�.%+-� %!9 �0�7���� �+;-�!� �#%8DC<7>/7E<9�..-//�..8-++#$�6%. ��$%!�1%�%. + /���>+�...-1.�����1#-+���.%! /.6��#6#�%+#. .CA3F$�>��$�� %!�.�. !>+�7%$�+6%++-��!��!$ !7 G�-��.-!$��$ H���!�%6���� !>/%!$ � %!.9�..�-$ �$ !�7-+� :.�/� %!/%!� !-%-.I%9���/�%�C@!$��@A:(�0����/� %!����/%!.��!�.8%�0�6��!��!$�%+-�!�%G $�� %!�. !$ ) $-�+6%++-��!�.9���JCK�!$DCL667.EJ&��.6�/� )�+#C2!L667A3F7 G�-��.%8�/���+$�0#$�&�/��%!�&0�6��!��!$�%+-�!��++�0�/%76%-!$.9���/%76+���+#%G $ M�$ !����/� %!� 7�%8+�..�0�!ND.C50�5 3<=+7 .0%9�$7%$�����+#0 >060%�%/���+#� /�/� ) �#-!$��A2"+ >0�C50�/%!)��. %!.%8�/���+$�0#$�&�/��%!�&0�6��!��!$�%+-�!� !L667A3F7 G�-��.-!$��A2"+ >0����/0�$JDD&JDD&KO�!$PJQ&��.6�/� )�+#C50�.#!�0�. M�$5 3<=+7.0%9.6�%7 . !>�1 + �# ! !$%%�� �6-� =/�� %!8�%7A3F.C50���.-+�.%8�0 ..�-$#> )��!�G��!. )��.� 7�� %!%8�0��0 !=+7R.60%�%/���+#� /�S/ �!/#�!$6�%) $�)�+-�1+�$���8%�8-�-���66+ /�� %!. !�!) �%!7�!��+��7�$ �� %!CTUVWXYZ[\]X̂ZW_̀abc̀dèfgaeb̀hfiaegajgk̀lmgli l̀hfaamenok̀ pqrstuvwbxhf̀ilyjamỳfb̀abc̀gaegxzlhgk̀lmkai èjamiahgkexhfgagx{̀ iam̀yxm̀x|adgflelhj̀yglahxhfyc̀xhlh}nt̀ g̀m}̀hgexhfxhglèbglyem̀c̀xè~acxglc̀am}xhlyyaibadhfe�rqpe�lhgagk̀ xlm��klykxm̀gk̀ bmlixmzeadmỳajbaamlhfaamxlm�dxclgzxhfely{|dlcflh}ezhfmai ǹ����dykezhfmai èxexcc̀m}l̀e�mklhlgle�xegkixxhfyah�dhygl~lgleyadcfxbb̀xmn��agxccg̀ykuhaca}l̀exm̀edlgx|c̀jamlhfaamxlmbdml�yxglahxgkai ǹ_kaugayxgxczglya�lfxglahlexhlf̀xcg̀ykhaca}zjamxlmgm̀xgi h̀ggkxgililyehxgdm̀�ebkagayk̀ilyxcbmaỳee��klykleyxbx|c̀ajyaibc̀g̀czilh̀mxcl�lh}xciaegxccgzb̀eajam}xhlybaccdgxhg�klc̀|̀lh}|agk h̀̀m}zxhfyaegù�yl̀hgn�����olq�leyahelf̀m̀fgk̀ iaeg�lf̀czdèfbkagayxgxczegn�a�̀~̀m�lgideg|̀ i h̀glah̀fgkxgww�ajgk̀ olq�egdfl̀e�xyyamflh}gagk̀ � |̀aj�yl̀hỳfxgx|xèahcz���bxb̀me�̀m̀jadhf�lgkgk̀ {̀z�amfe�gmxhebxm̀hg�ci�adgaj��wv�̀hgml̀e
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Appendix 2 
Table 1.1. Comparative table of photocatalytic oxidation of VOCs on the TiO2 thin films. 

Photocatalyst 
Thick-

ness 
Pollutant 

Initial 

concen-

tration 

Reactor 

Catalyst 

surface 

area 

Light 

source 

Oxidation 

conditions 

Conversion/ 

degradation 

rate 

Reac-

tion 

time 

Ref 

Sol-gel dip-

coated TiO2 

thin film 

0.9 µm Acetaldehyde 3 ppm 
Continuous 

flow reactor 
50 cm2 

UV-A, 1 

mW cm−2 

RH 50%, 

Air flow 

rate 0.5 

L min−1 

80% 0.2 s [175] 

Spray 

pyrolysis-

synthesized 

TiO2 thin film 

2.1 µm Acetaldehyde 
1350 

ppm 

Batch 1.5 L 

reactor 
50 cm2 

UV-A, 

1.2 

mW cm−2 
Dry air 48% 60 min [176] 

Atomic layer 

deposited 

TiO2 thin film 

1 µm Acetaldehyde 50 ppm 
Continuous 

flow reactor 
7.5 cm2 

UV-A, 

2.6 

mW cm−2 

RH 5%, 

Air flow 

rate 0.4 

L min−1 

72% 1.2 s [177]
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TiO2 thin film 

deposited by 

evaporation 

technique 

100 nm Acetaldehyde 40 ppm 
Continuous 

flow reactor 
594 cm2 

UV-A, 

39.5 

mW cm−2 

RH 5%, 

Air flow 

rate 0.5 

L min−1 

80.5% 20 s [47] 

Spin-coated 

TiO2-SiO2 thin 

film 

Not 

repor-ted 
Acetaldehyde 

2500 

ppm 

Batch 

reactor 
131 cm2 

UV-A, 

3.5 

mW cm−2 

Dry air 70% 
300 

min 
[178] 

Spray 

pyrolysis-

synthesized 

TiO2 thin film 

200 nm Acetaldehyde 10 ppm 
Continuous 

flow reactor
600 cm2 

UV-A, 

3.5 

mW cm−2

RH 6%, 

Air flow 

rate 0.5 

L min−1 

75% 78 s [59] 

Spray 

pyrolysis-

synthesized 

TiO2 thin film 

200 nm Acetaldehyde 10 ppm 
Continuous 

flow reactor
600 cm2 

UV-A, 

3.5 

mW cm−2

RH 40%, 

Air flow 

rate 0.5 

L min−1 

75% 78 s [59] 

Magnetron 

sputtered TiO2 

thin film 

900 nm Acetaldehyde 10 ppm 
Continuous 

flow reactor 
25 cm2 

UV 

LEDs, 70 

mW 

RH 0%, 

Air flow 

rate 0.15 

L min−1 

1.831 mmol 

cm-2 min-1 11 s [94] 

Magnetron 

sputtered TiO2 

thin film 

900 nm Acetaldehyde 10 ppm 
Continuous 

flow reactor 
25 cm2 

UV 

LEDs, 70 

mW 

RH 40%, 

Air flow 

rate 0.15 

L min−1 

1.542 mmol 

cm-2 min-1 11 s [94]
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Spray 

pyrolysis-

synthesized 

TiO2 thin film 

200 nm Acetone 10 ppm 
Continuous 

flow reactor
600 cm2 

UV-A, 

3.5 

mW cm−2

RH 6%, 

Air flow 

rate 0.5 

L min−1 

93% 78 s [59] 

Spray 

pyrolysis-

synthesized 

TiO2 thin film 

200 nm Acetone 10 ppm 
Continuous 

flow reactor
600 cm2 

UV-A, 

3.5 

mW cm−2

RH 40%, 

Air flow 

rate 0.5 

L min−1 

30% 78 s [59] 

Spray 

pyrolysis-

synthesized 

TiO2 thin film 

200 nm Acetone 10 ppm 
Continuous 

flow reactor
600 cm2 

VIS, 3.3 

mW cm−2

RH 40% 

Air flow 

rate 0.5 

L min−1 

33% 78 s [59] 

Sol-gel wash-

coated TiO2 

thin film 

Not 

reported 
Acetone 10 ppm 

Continuous 

flow reactor 
6.25 cm2

Fluoresc

ent lamp 

6W 

Dry air, 

Air flow 

rate 2 

L min−1 

70% 0.2 s [179] 

Sol-gel dip 

coated 

TiO2/ZrO2 

thin film 

Not 

reported 
Acetone 

1652 

ppm 

Continuous 

flow reactor 
81.6 cm2 

UV-A, 

3.1 

mW cm−2 

Air flow 

rate 0.015 

L min−1 
60% 1.8 s [180] 

Spray 

pyrolysis-

synthesized 

TiO2 thin film 

200 nm Heptane 10 ppm 
Continuous 

flow reactor
600 cm2 

UV-A, 

3.5 

mW cm−2

RH 6%, 

Air flow 

rate 0.5 

L min−1 

48% 78 s [59] 

Spray 

pyrolysis-
200 nm Heptane 10 ppm 

Continuous 

flow reactor 
600 cm2 

UV-A, 

3.5 

RH 40%, 

Air flow 
20% 78 s [59]
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synthesized 

TiO2 thin film 
mW cm−2 rate 0.5 

L min−1 

TiO2 thin film 

prepared by 

electron bean 

evaporation 

20 nm Toluene 5 ppm 
Batch 0.314 

L reactor 

18.75 

cm2 

UV-A, 

30.4 

mW cm−2 

Water 

vapour 

atmospher

e 

40% 30 min [46] 

Sol-gel dip-

coated TiO2 

thin film 

470 nm Toluene 192 ppm 

Batch 0.55 L 

recirculating 

reactor 

20 cm2 
UV-A, 

4W 

Dry air, 

Recirculati

on flow 

rate 0.075 

L min−1 

60% 2 h [53] 

Sol-gel dip-

coated 

Ti0.90Zr0.10O2 

thin film 

540 nm Toluene 192 ppm 

Batch 0.55 L 

recirculating 

reactor 

20 cm2 
UV-A, 

4W 

Dry air, 

Recirculati

on flow 

rate 0.075 

L min−1 

70% 2 h [53] 

Sol-gel dip-

coated 10% 

ZrO2/TiO2 thin 

film 

410 nm Toluene 192 ppm 

Batch 0.55 L 

recirculating 

reactor 

20 cm2 
UV-A, 

4W 

Dry air, 

Recirculati

on flow 

rate 0.075 

L min−1 

50% 2 h [53] 

Sol-gel dip-

coated TiO2 

thin film 

Not 

reported 
Toluene 

50-180

ppm

Batch 1.1 L 

reactor 
68 cm2 

UV-

LED, 10 

mW cm−2 

Dry air 

1.83 x 10-4 

mol m-3 min-

1

1 h [181] 

Sol-gel dip-

coated 0.7% 

Fe-TiO2 thin 

film 

Not 

reported 
Toluene 

50-180

ppm

Batch 1.1 L 

reactor 
68 cm2 

UV-

LED, 10 

mW cm−2 

Dry air 

2.57 x 10-4 

mol m-3 min-

1

1 h [181]
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Sol-gel dip-

coated TiO2 

thin film 

0.9 µm Toluene 1 ppm 
Continuous 

flow reactor 
50 cm2 UV-A, 1 

mW cm−2 

RH 50%, 

Air flow 

rate 0.5 

L min−1 

46% 0.2 s [175] 

Sol-gel dip 

coated TiO2 

thin film 

350 nm Toluene 155 ppb 

Benchtop 

continuous 

flow reactor 

1.2 cm2 

UV-C, 

3.0 

mW cm−2 

Air flow 

rate 0.5 

L min−1, 

dry air 

78% 1 s [54] 

Sol-gel dip 

coated TiO2 
1.3 µm Toluene 0.5 ppm 

Continuous 

flow tubular 

reactor 

184 cm2 
UV-A, 

10W 

Air flow 

rate 0.2 

L min−1, 

dry air 

95% 25 s [182] 

Sol-gel dip 

coated 

porphyrin-

sensitized 

TiO2 thin films 

1.3 µm Toluene 0.5 ppm 

Continuous 

flow tubular 

reactor 

184 cm2 
VIS, 

10W 

Air flow 

rate 0.2 

L min−1, 

dry air 

15% 25 s [182]
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