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Introduction 
Photocatalytic technology has been applied for the removal of gaseous pollutants from 
air due to its excellent features such as low-cost operation and benign final products (CO2 
and H2O).  

Indoor air quality has become an increasing concern as people spend much of their 
time inside houses and offices. Indoor air can be contaminated by various factors, 
including significant emissions of volatile organic compounds (VOCs). The World Health 
Organisation (WHO) has used the term “Sick Building Syndrome” to describe the health 
concerns related to poor indoor air quality that building residents can experience. 

Photocatalysis is a promising technique for indoor air purification because it can 
decompose VOCs and destroy bacteria, viruses, and fungi in air, unlike common indoor 
cleaning methods, such as high-efficiency particulate air (HEPA) filters. Photocatalytic air 
devices have been developed based on UV-C activated photocatalytic modules, which 
are coated with  thick layers of commercial TiO2 nanoparticles. However, the use of these 
air-cleaning devices is limited by several factors, such as their requirements for periodic 
maintenance and replacement of the photocatalyst module in the purifier, because less 
mechanically stable TiO2 nanoparticles can become detached from the module and enter 
the indoor air. To overcome these limitations, the integration of large-area photocatalytic 
thin film coatings has been proposed as a future indoor air-cleaning solution. Photocatalytic 
coatings can be applied to building elements such as windowpanes. Therefore, 
transparent TiO2 thin films on well-illuminated surfaces can benefit from their large area 
to remove VOCs while offering good mechanical stability and long-term photostability. 
The deposition method, as well as the preparation conditions, and annealing parameters 
determine the properties of TiO2 thin films. The most common deposition methods for 
fabricating TiO2 thin films for air purification are sputtering and sol-gel methods, which 
have the limitations of high fabrication costs and high precursor waste, respectively. 
However, ultrasonic spray pyrolysis, as a resource-saving technology, can reduce the 
fabrication cost. In addition, it is a rapid and robust method. Based on the literature 
survey, to the best of our knowledge, no publications on TiO2 thin films deposited by 
ultrasonic spray pyrolysis for the degradation of air contaminants have been found.  

This research aims to deposit TiO2 thin films by ultrasonic spray pyrolysis and optimize 
the preparation parameters to obtain TiO2 thin films with air-cleaning and self-cleaning 
features to be used, for example, as windowpane coatings. Ultrasonic spray pyrolysis 
offers the possibility of fabricating low-cost thin films with high scalability for industrial 
production. Therefore, this work extends the potential application of ultrasonic spray 
pyrolysis for photocatalytic air-cleaning applications. Moreover, in this study the  
gas-phase photocatalytic activity of TiO2 films fabricated by ultrasonic spray pyrolysis was 
evaluated using a multi-section plug-flow reactor. The main advantage of the  
multi-section plug-flow reactor compared to other gas-phase photocatalytic activity 
evaluation methods is that the tested sample area can be gradually increased;  
in addition, the residence time can be extended by adding reactor sections. 

To achieve the target of this thesis, some specific conditions and issues are addressed 
in this work; these serve as objectives of the study. First, the growth temperature  
of the TiO2 thin film deposited by ultrasonic spray pyrolysis was optimized. Second,  
the performance of sprayed TiO2 thin films towards the degradation of various VOCs was 
demonstrated under different operating conditions of a multi-section plug-flow reactor. 
Finally, the optimal thickness for TiO2 thin films fabricated by ultrasonic spray pyrolysis 
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for photocatalytic applications was determined. From the perspective of applications, 
the influences of morphological, structural, and optical properties; surface chemical 
composition; wettability; and photocatalytic activity on the degradation of different 
gaseous VOCs and stearic acid on TiO2 films were investigated.  

This thesis is based on three published articles and sub-divided into three chapters. 
The first chapter provides a literature overview of the fundamentals of photocatalysis 
and indoor air purification solutions, including photocatalysis. In addition, the main 
fabrication methods and important parameters of photocatalytic TiO2 thin films for air 
purification are addressed. The literature survey is concluded with the aim and objectives 
of this research work. In the second chapter, the experimental methods and processes 
are described. In the third chapter, the results and discussions of the thesis are divided 
into three sections. The first and second sections focus on the results obtained from 
papers I and II. These sections summarize the results of the deposition of TiO2 films onto 
window and borosilicate glass substrates at different temperatures and the 
photocatalytic activity of these thin films towards the degradation of different VOCs 
degradation under different measurement conditions. The third section is based on the 
paper III, focusing on the effect of TiO2 thin film thickness on photocatalytic activity. 

This work is directly related to the ongoing research project in the Laboratory of  
Thin Film Chemical Technologies, which focus on the development TiO2 thin films by  
wet-chemical process for environmental applications. This study was financially  
supported by the Estonian Ministry of Education and Research project IUT194, Estonian  
research council grant PRG627, Tallinn University of Technology based financing project 
B24, and the European  Union through the European Regional Development Fund project 
TK141 “Advanced  materials and high-technology devices for energy recuperation 
systems”. This work has also been partially supported by ASTRA ‘TUT Institutional 
Development Programme for 2016–2022’ Graduate School of Functional Materials and 
Technologies. 
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Abbreviations, Terms, and Symbols 
VOC Volatile organic compound 
WHO World Health Organization 
HEPA  High-efficiency particulate air (filter) 
HVAC Heating, ventilating, and air-conditioning 
UV Ultraviolet 
VIS Visible 
MTBE Methyl-tert-butylether 
MEK Methyl-ethyl-ketone 
TBF Tert-butyl formate 
TTIP Titanium tetraisopropoxide 
AcacH Acetylacetone 
BG Borosilicate glass 
WG Window glass 
SLG Soda lime glass 
ALD Atomic layer deposition 
RMS Root mean square roughness 
FTIR Fourier-transform infrared spectroscopy 
SEM Scanning electron microscopy  
AFM Atomic force microscopy  
XRD X-ray diffraction 
XPS X-ray photoelectron spectroscopy  
UV-VIS Ultraviolet-Visible light spectroscopy 
k Reaction rate constant 
BE Binding energy 
WCA Water contact angle 
RH  Relative humidity  
M Molarity  
Eg Bandgap  
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1 Literature Overview  
Photocatalysis has been known since the early 20th century via the flaking of paints and 
the degradation of dyes over illuminated TiO2 [1–2]. Significant research on 
photocatalysis was initiated in the 1970s, after Fujishima and Honda demonstrated the 
splitting of water into H2 and O2 under near-UV light using a TiO2 photoanode and a Pt 
cathode [3–5]. After the discovery of this photocatalytic ability, interest in the scientific 
community has grown rapidly, particularly in the photocatalytic decomposition of 
environmental pollutants [6]. Thereafter, the scientific literature has increased rapidly 
since the ’70s. Clear evidence of this attention is present in the large number of articles 
published in this area annually; more than 6000 such reports were published in 2019, 
according to the Institute for Scientific Information (ISI). 

1.1 Semiconductor photocatalysis – from fundamentals to applications 
1.1.1 General view of semiconductor photocatalysis and materials  
Semiconductor photocatalysis is the initiation of photochemical reactions in the 
presence of a semiconductor catalyst activated by light radiation [7]. In heterogeneous 
photocatalysis, the catalyst can be in the form of nanoparticles (suspended or immobilized) 
or a polycrystalline thin film deposited on a substrate.  

Nanoparticles are the most widely studied photocatalytic materials with broad use in 
industry, as they possess high specific surface areas, pore volumes, and pore sizes; they 
are expected to exhibit high photocatalytic activity due to the increasing mass transfer 
facilitating organic pollutant adsorption [8–9]. The idea of an immobilized photocatalyst 
onto supporting materials such as glass, ceramic tiles, and polymeric materials became 
accepted in the early ’90s [10]. An immobilized form of photocatalyst has been prepared 
either with nanopowders or as thin films with thicknesses of a few nanometers up to a 
few micrometers. 

Semiconductor photocatalysis has been used for air and water treatment [6]. 
Traditional remediation techniques for air are [11–12]:  

• thermal and catalytic thermal oxidation, 
• condensation of vapours, 
• adsorption, 
• absorption, 
• bio-filtration.  

The main advantages of photocatalysis compared to the technologies mentioned 
above are [11–12]: 

• efficient for low concentration of pollutants, 
• avoiding utilization of secondary wastes, 
• relative low cost, 
• reusability and environmental benignity. 

Several metal oxides as semiconductor photocatalysts have been reported in the 
literature. The most studied photocatalysts are metal-oxide materials, for example, TiO2, 
ZnO, WO3, Fe2O3, SnO2, and CeO2 [13]. ZnO (bandgap energy Eg = 3.4 eV) has been widely 
examined as a photocatalyst for water treatment because of its suitable properties, 
including low cost, high redox potential, and environmentally friendly features [14]. 
However, it has been reported that ZnO has poor photostability and chemical instability 
[7, 14]. WO3, which has the narrow optical bandgap of 2.7 eV, has received renewed 
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interest owing to its strong optical light absorption in the visible-light region. However, 
WO3 remains far from becoming a practical semiconductor for photocatalysis applications 
owing to the high recombination rate of electron–hole pairs [15]. SnO2 (Eg = 3.6 eV) has 
been mostly investigated for water treatment and shows relatively lower activity 
compared to TiO2 and ZnO for decomposing dye molecules [16]. SnO2 has been more 
widely employed as an additive to modify TiO2 for improving its photocatalytic activity 
[16]. Fe2O3 is advantageous relative to TiO2 and ZnO in using solar energy for photocatalytic 
applications owing to its lower bandgap of 2.2 eV. However, the photocatalytic 
performance of Fe2O3 is limited by certain factors such as the high recombination rate of 
charge carriers and the low diffusion lengths of holes (2–4 nm) [17]. Thus, Fe2O3 is used 
to form heterojunction nanocomposites with other semiconductors such as TiO2 to 
overcome these factors [18]. CeO2 (Eg = 3.19 eV) has attracted considerable interest as a 
photocatalyst for water and air treatment. It has strong stability under illumination and 
strong absorption of UV light [13]. However, this material is generally found to be less 
active than TiO2 under UV irradiation [19–20]. 

TiO2 (Eg = 3.2 eV) is one of the most studied photocatalytic materials and is considered 
one of the most promising photocatalytic materials owing to its excellent properties, 
such as photostability, nontoxicity, low cost, and chemical inertness [6, 21].  

The ideal photocatalyst for environmental applications should fulfill the following 
conditions: suitability for visible or near-UV light energy harnessing, mechanical stability, 
biological and chemical inertness, low cost, easy production, and safety for both the 
environment and humans [22]. 

1.1.2 Basic principles of photocatalysis 
Photocatalytic phenomena are observed once a photocatalytic material is exposed to 
light energy (hν). This involves the generation of valence-band holes (h+VB) and 
conduction-band electrons (e−CB) that are created when the photocatalyst absorbs an 
incoming photon has an energy greater than the bandgap energy Eg of the semiconductor 
(Eq. 1). The photon excites the electrons in the valence band, allowing them to jump into 
the conduction band, leaving behind an unfilled space in the valance band referred to  
as a hole. The generated electron–hole pair is responsible for the reduction or  
oxidation of environmental contaminants by the formation of radicals (Figure 1.1). Using 
TiO2 (Eg = 3.2 eV) as an example, the photocatalytic mechanism is explained in detail [23]: 
 

TiO2 + hν 
ℎ𝜈𝜈>3.2𝑒𝑒𝑒𝑒
�⎯⎯⎯⎯⎯�   h+VB + e−CB (1) 

 
Figure 1.1 shows the charge carriers diffused towards the TiO2 surface, where the 

initial photocatalytic reactions occur. After photogenerated electrons and holes reach 
the surface, they cause redox reactions with oxygen (O2) or water (H2O). The holes have 
a positive potential to generate hydroxyl radicals (OH●) from H2O molecules adsorbed on 
the surface. The excited electrons react with O2 to form the superoxide anion (•O2–) 
(Figure 1.1) [23]. 

The initial redox reactions for the formation of •O2– and OH● are shown in Eqs. 2 and 3. 

Reduction O2 + e– → •O2– (2) 
Oxidation  H2O + h+ → •OH + H+ (3) 



14 

Figure 1.1. Schematic diagram of photocatalysis mechanism on an excited TiO2.  

Thereafter, these radicals (typically •O2– and OH●) can react with organic and inorganic 
pollutants converting them into CO2 and H2O (Eq. 4) [24]. 

Radicals (•O2– and OH●) 
𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷
�⎯⎯⎯⎯⎯� CO2 + H2O     (4) 

However, the reactive oxygen species (ROS) are also key species in photocatalytic 
reactions. When the radicals (•O2– and OH●) detach from the surface, they can form ROS, 
which are reactive due to their unsaturated bonds. At this point, the ROS can remain 
unchanged or they can react to form other ROS [24]. 

 The following reaction pathways (Eqs. 6-8) show the formation of ROS, which are 
typically HO2• and H2O2: 

•O2– + H+ → HO2• (6) 
•O2–+ 2H++ e– → H2O2 (7) 
OH● + OH– → H2O2 (8) 

Finally, the ROS can attack the pollutants and convert them into CO2 and H2O (Eq. 9) 
[24–25]. 

ROS (HO2• and H2O2) 
𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷
�⎯⎯⎯⎯⎯� CO2 + H2O (9) 

All the possible photocatalytic reactions in air are summarized in Table 1.1. 
However, the high amount of the photogenerated electron-hole pairs spontaneously 

recombine either in the bulk or on the surface of TiO2, while less than 10% of the surviving 
survived charge carriers are utilized in redox reactions [25].  
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Table 1.1 Summary of the reactions during photocatalytic decomposition of organic compounds in 
air [24]. 

Considering the overall photocatalytic process, the photocatalytic efficiency mainly 
depends on the charge-carrier transfer rate and the recombination rate. Therefore,  
the main limitations to the use of photocatalysis are low charge-carrier transfer rate and 
high electron–hole recombination rate [26]. In addition, the intermediate products of 
gaseous pollutants may form on the surface of the photocatalyst, which can retard 
continuous reactions by blocking the active sites [27]. 

1.1.3 Applications of semiconductor photocatalysis 
The main application areas of semiconductor photocatalysis based on TiO2 are summarised 
in Figure 1.2.   

One of the main applications of semiconductor photocatalysis is water and 
wastewater purification. Photocatalytic water treatment is used for cleaning industrial 
wastewater and natural water sources [21]. Small-scale photocatalytic systems with 
artificial UV light have been commercially available for several years [28–29].  

Photocatalysis has been reported to destroy a wide range of organisms, including 
bacteria, fungi, algae, viruses, and microbial toxins [30–34]. 

The photoinduced superhydrophilic behavior of TiO2 surfaces has been exploited 
commercially to develop antifogging and easy-to-clean surfaces for various applications. 
Self-cleaning windows and roof tiles are used worldwide. Pilkington ActivTM glass is the 
first example of a self-cleaning glass currently used in different commercial and private 
buildings. In recent years, several other self-cleaning glasses such as RadianceTiTM, 
SuncleanTM, and BiocleanTM have also been used in commercial applications [35].  
 
 

Incidents  Chemical reactions Descriptions 

Photoexcitation TiO2 + hν → h+ + e-   
Formation of charge carriers by 
radiation  

Oxidation 
H2O + h+ → •OH + H+ 
OH–+ h+ → •OH 

H2O or OH− reacts with a 
photogenerated hole (h+) and 
transforms to an oxidizing 
hydroxyl radical (•OH) 

Reduction  O2 + e– → •O2– 
O2 traps a photogenerated 
electron (e–) and forms a 
superoxide radical (•O2–) 

ROS formation 
from radicals 

•O2– + H+ → HO2• 
HO2• + H2O + e– → H2O2 + OH– 
•OH + •OH  →  H2O2 
H2O2 + e– → •OH + OH– 

Superoxide radical (•O2–) 
creates a hydroperoxyl radical 
ROS (HO2•) 
Other reactions to create a 
hydrogen peroxide ROS (H2O2) 

Decomposition 
of pollutants by 
radicals and ROS 

•OH, •O2–, HO2•, H2O2 + 
Pollutant 

Decomposition of pollutants 
after photocatalytic reactions 
Pollutant → H2O + CO2  
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Moreover, self-cleaning coatings with antifogging properties have been used in the 
automotive industry for self-cleaning windows, automotive mirrors, and headlights  
[36–38]. 

 

Figure 1.2. Overview of photocatalytic applications. 

The photocatalytic decomposition of organic and inorganic contaminants in air has 
received much attention. Photocatalytic air purification, which is potentially suitable for 
outdoor and indoor environments, is the fastest-growing application field [39]. For 
outdoor air cleaning, photocatalysts can be used in cement bricks and concrete 
pavement surfaces; these are already available commercially [40–41]. For indoor air 
purification, some products as photocatalytic modules comprising TiO2 nanoparticles on 
supporting plates [42] are available in the market [40]. Indoor air cleaning solutions are 
discussed in Section 1.2.  

As a distinct application, hydrogen evolution by water splitting can be included as an 
energy application area for semiconductor photocatalysis [43].   

Considering both the technological and economic importance of photocatalysis,  
the field has grown considerably over the past two decades. In 2020, the global market 
for photocatalytic products (e.g., self-cleaning industrial glass, concrete products,  
and air-water purifiers) was $828.2 million. The expected global volume will reach  
$1.54 billion by the end of 2025 [44]. Major factors driving the growth of the market are 
the rapidly growing demand for TiO2 and increasing applications in water and air 
purification as well as self-cleaning technologies. TiO2 has broad applicability, especially 
in self-cleaning technologies; therefore, it is widely used in building materials, which 
comprise more than 80% of the consumption worldwide. Further developments of TiO2 
are estimated to fuel the growth of the market. As the novel coronavirus SARS-CoV-2  
(COVID-19) pandemic continues, the demand for photocatalytic antimicrobial coatings is 
expected to grow in the future [45]. 
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1.2 Indoor air quality 
Indoor air is defined as the air in non-industrial areas such as homes, offices, schools, and 
hospitals [46]. Air quality in transportation vehicles (car, bus, train, and aircraft) has also 
raised concern; these vehicles are also typical of indoor environments [47]. The population 
of the industrialized world spends more than 90% of their life indoors, with approximately 
20% of the time spent in offices by working individuals [48–49].  

The sources affecting indoor air quality are particulate matters, including particles 
associated with tiny organisms (dust, smoke, bacteria and viruses) and gaseous pollutants 
such as sulfur dioxide (SO2), nitrogen oxides (NOx), and volatile organic compounds  
(VOCs) [50]. 

The World Health Organisation (WHO) has used the term “Sick Building Syndrome” 
(SBS) to describe the health concerns relating to poor indoor air quality that building 
residents can experience [51]. SBS comprises various nonspecific symptoms that occur in 
humans, including headache, dizziness, and fatigue [51]. 

1.2.1 Volatile organic compounds (VOCs) in indoor air  
VOCs are the most common air pollutants present in both indoor and outdoor air. These 
organic compounds are man-made and/or naturally originating hydrocarbons with high 
reactivity [52]. The United States Environmental Protection Agency (U.S. EPA) reported 
that VOC levels in indoor air are 2–5 times higher than in outdoor air [53]. VOCs, which 
can cause several diseases including cancer, have also been reported as a major factor in 
SBS [54].  

The concentration of VOCs in indoor environments is significantly dependent on the 
sources and emissions. Common VOCs with approximate concentration ranges in indoor 
air and their origin sources are listed below [51, 55–57].  

• Acetaldehyde (5–50 µg·m-3) – glues, deodorants, fuels, tobacco smoke, gas 
cookers, and building materials, such as particleboard and foam. 

• Formaldehyde (8–66 µg·m-3) – wood products, gas cookers, perfumes, and 
building materials, including particleboard and foam. 

• Toluene (6–320 µg·m-3) – gasoline, household products, including paints and 
paint thinners, glues, synthetic fragrances, and nail polish.  

• Acetone (32–130 µg·m-3) – gasoline, tobacco smoke, household products, such 
as paints, paint thinners, insecticide spray, glues, and nail polish. 

• Methyl tert-butyl ether (MTBE) (5.5–45 µg·m-3) – gasoline, combustion products. 
• Heptane (4–87 µg·m-3) – gasoline, paints, glues, building materials, such as 

cement. 

According to the international standard, the main VOCs such as acetone, 
acetaldehyde, toluene, and formaldehyde are the model air pollutants used for the 
international standard testing of potential air cleaners [58].  

In summary, among VOCs, acetone and acetaldehyde are chemicals used extensively 
in a variety of industrial and domestic applications; they are found in appreciable 
concentrations in indoor air [58–59]. MTBE and heptane are released to the atmosphere 
from gasoline and motor vehicle exhaust and therefore considered as outdoor-generated 
VOCs that also affect indoor air quality, especially in buildings close to parking lots or 
streets [56, 60–62]. Therefore, it is essential to obtain healthy living environments in 
modern buildings using air-cleaning solutions. 
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1.2.2 Currently available indoor air-cleaning technologies and challenges 
Air-cleaning systems are useful for minimizing the accumulation of contaminants in 
indoor air. There are two basic categories of indoor air cleaning, which are HVAC 
(heating, ventilating, and air-conditioning) systems and portable air cleaners [63]. 

Filtration is the most widely used method for indoor air cleaning. High-efficiency 
particulate air (HEPA) filters are the most common filtration technology. HEPA filters are 
used in ventilation systems and portable air cleaning devices. These filters can remove 
large particulate matter (≥1 µm), such as pet dander, pollen, and dust mites. However, 
they are ineffective in removing viruses, bacteria, and gaseous pollutants such as NOx 
and VOCs. In addition, they must be replaced regularly because of inactivation, in which 
case they can become sources of pollution [63–65].  

Photocatalysis is a promising technology for indoor air purification because it 
decomposes VOCs and destroys bacteria and fungi in the air [66–67].  

Photocatalytic air-cleaning devices are on the market [68]. The majority of commercial 
photocatalytic air purifiers have UV-C lamps and photocatalytic modules, such as 
aluminum honeycomb meshes coated with thick layers of commercial TiO2 nanoparticles 
(e.g., Evonik P25) [63, 69].   

The application of air-cleaning devices using TiO2 nanoparticles is limited due to several 
factors such as periodic maintenance and the replacement of photocatalyst modules in the 
purifiers [42, 66]. This is because TiO2 nanoparticles immobilized with low adhesion can 
detach from the module and enter the indoor air over time [69–70]. The detached TiO2 
nanoparticles could contaminate indoor air; while TiO2 is known as a nontoxic material, the 
hazardous effects of TiO2 nanoparticles are still under examination in the ecosystem [71].  

To overcome these drawbacks, the integration of large-area photocatalytic materials 
has been proposed as a future indoor air-cleaning solution in order to achieve maximum 
efficiency against indoor air pollutants by depositing photocatalysts onto building 
elements such as tiles or cementitious materials [69, 72]. Furthermore, photocatalytic 
coatings can be easily applied to large-area and well-illuminated surfaces, such as 
windowpanes [73]. However, the concept of a photocatalytic window for indoor air 
cleaning is yet to be developed. 

1.3 TiO2 photocatalyst for air purification 
TiO2 is one of the most widely used photocatalysts, which occurs in three polymorphic 
crystal forms: anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic) [8]. 
The anatase and rutile phases of TiO2 are the most studied polymorphs for photocatalytic 
applications. Generally, the anatase phase of TiO2 is more photocatalytically active than 
the rutile phase, which is because it shows better generation of electron–hole pairs, 
higher affinity towards O2 because of the more negative redox potential of the 
conduction band, and a lower electron–hole recombination rate [25, 74–75]. 

The photocatalytic performance of TiO2 depends on numerous factors such as crystal 
phase, crystallite size, bandgap energy, surface area, material amount, and surface 
chemical composition; these are mainly determined by the material type (powder vs. 
thin film) and deposition method [74]. 

1.3.1 TiO2 nanopowders for air cleaning 
The number of publications in the past two decades has indicated great interest in the 
application of commercial photocatalysts for the removal of VOCs from air. TiO2 Aeroxide 
P25 from Evonik (formerly Degussa) is by far the most widely employed photocatalyst in 
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this field because of its high performance in the degradation of several VOCs, high 
availability, and relatively low cost [74–76]. Experimental results have shown that P25 
contains 80% anatase and 20% rutile crystalline phases [76–77]. The other commercial 
TiO2 nanopowders are the PC series (PC100, PC105, and PC500) from Cristal Global 
Companies and UV100 from Hombicat, possessing anatase phase with different mean 
crystal sizes in the range 10–25 nm [74]. 

Numerous studies have evaluated the photocatalytic performance of commercial TiO2 
powders [78–91]. In most of these studies, powder suspensions were dip-coated onto 
various type of support materials, such as activated carbon and fiberglass, which can 
potentially be used as a photocatalytic base (plate) in air-cleaning devices [80, 84],  
or the walls of photocatalytic reactors such as annular tubular and continuous reactors 
[86–87]. Generally, the effect of photocatalytic test parameters, such as the airflow rate 
[78], initial VOC concentration [79], relative humidity (RH) [80–81], and irradiation source 
[88] have been investigated.  

Most of the studies have revealed that TiO2 nanoparticles are highly effective in the 
photodegradation of several VOCs at high initial concentrations between 100 and  
1000 ppm. Preis et al. reported a P25-coated reactor (640 cm2) with a specific quantity 
of ca. 1.4 mg·cm−2 that achieved ca 75% conversion of tert-butyl alcohol (100 ppm)  
under UV light [89]. Galano et al. indicated that a coated reactor with the specific 
quantity of 3.5 mg·cm−2 P25 in the coated reactor showed 90% conversion of 500 ppm 
MTBE [90]. Furthermore, several studies have been devoted to the comparison of  
the photocatalytic performance of P25 to other commercial powders or lab-synthesized 
powders [82, 87, 91]. Kirchnerova et al. [82] coated a 1200-cm2 reactor with P25 and 
UV100 powders at 0.2 mg·cm−2 and reported 95% and 89% conversion of n-butanol  
(580 ppm) over P25 and UV100, respectively [82]. Meanwhile, Krichevskaya et al. 
compared the flame aerosol-synthesized TiO2 powders and P25 coated onto a reactor 
with a specific quantity of 1.2 mg·cm−2. It was concluded that the synthesized TiO2 
powders were photocatalytically more active than P25; this was attributed to the primary 
particle size and specific surface area [91]. 

In summary, despite the high photocatalytic performance of powders or powdered 
coatings, their main limitations are poor adhesion and inapplicability in applications 
requiring high optical transparency [10, 92]. 

1.3.2 Nanocrystalline TiO2 thin films for air cleaning 
In contrast to TiO2 powders, TiO2 thin films have several advantages such as high 
mechanical resistivity, high transparency for window coatings, and cost-effectiveness 
due to reduced material amount [93]. Additionally, TiO2 thin films can fulfill  
different physical surface functionalities such as exhibiting self-cleaning features with 
superhydrophilic surfaces while providing clean air [94].  

The main techniques used to prepare TiO2 thin films for air cleaning are magnetron 
sputtering, atomic layer deposition and sol-gel methods (dip and spin-coating) [23]. 

Magnetron sputtering 
Several studies have reported on the gas-phase photodegradation of VOCs over TiO2 thin 
films formed by the sputtering method [95–100]. Takahashi et al. [98] showed complete 
(5 µL) methanol oxidation on a 665-nm-thick TiO2 film deposited on a glass substrate 
under UV light for 24 h. Gray et al. [95] and Österlund et al. [96] reported that the 
degradation of acetaldehyde depended on the crystallite orientation in sputtered TiO2 
films. Tomaszewski et al. investigated the influence of Na ions on the photocatalytic 
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activity of TiO2 films deposited onto soda lime glass (SLG) and SLG coated with a SiO2 
barrier layer. The highest reaction rate for the photocatalytic decomposition of ethanol 
was found for the TiO2 film deposited onto SLG coated with a SiO2 barrier layer [97]. 
Moreover, Ho-Geun et al. [100] examined the effect of the irradiation source on the 
photocatalytic decomposition of methyl-ethyl-ketone (MEK) and acetaldehyde over TiO2 
films. It was reported that the TiO2 films showed 25% and 60% conversion of MEK under 
UV-B and UV-C irradiation, respectively. However, no photocatalytic reaction was 
monitored over TiO2 films under UV-A irradiation [100].  

The limitations of the sputtering method for photocatalytic applications are high cost, 
substrate damage risk due to ionic bombardment and smaller grain sizes in the films 
compared to those obtained by chemical solution-based methods [66].  

Atomic layer deposition (ALD) 
The effects of film thickness and substrate type were investigated on TiO2 thin films 
deposited by the ALD method for the photocatalytic degradation of toluene and 
acetaldehyde. Kim et al. [101] deposited TiO2 thin films onto nano-diamond and reported 
about 50% conversion of toluene under UV-A light in 2000 min. Verbruggen et al. [102] 
deposited TiO2 films with different thicknesses onto carbonaceous substrates for the 
photocatalytic decomposition of acetaldehyde under UV irradiation. The thickness of the 
TiO2 layer was varied by using between 50 and 400 ALD cycles, where the optimal 
thickness (400 nm) was found after 200 ALD cycles; this coating showed an acetaldehyde 
conversion of ca. 50% in 20 min under UV-A light [102]. The major drawbacks of ALD are 
the low deposition rate and inapplicability of large-area coatings [103].  

Sol-gel methods 
The sol–gel methods (of dip-coating and spin-coating) are the most common deposition 
methods for fabricating TiO2 thin films for the degradation of gaseous organic pollutants 
because these techniques are both simple and low in cost. Table 1.1 in Appendix 2 
summarizes the photocatalytic decomposition of various VOCs on TiO2 films prepared 
using sol-gel methods.  

Many studies have focused only on the photocatalytic measurement parameters, such 
as VOC type [104, 106, 110], humidity level [110, 112, 115], and pollutant concentration 
[113, 115, 116] over TiO2 films. However, some studies have focused on altering the 
parameters affecting both the characteristics of the photocatalyst and photocatalytic 
performance, such as the annealing temperature of TiO2 films [116], stabilizing agents in 
precursor solutions [105], substrate types [111], and film thickness [122]. Biswas et al. 
[116] prepared TiO2 films at various annealing temperatures (300, 400, and 500 °C) and 
reported that the highest photocatalytic activity (ca. 80% conversion of methanol) was 
obtained on a film annealed at 300 °C. This is explained by the effect of structural and 
morphological changes arising from the difference in annealing temperatures. Legrand 
et al. [105] used several stabilizing agents in TiO2 sol. They concluded that the film 
prepared using an acetic acid-stabilized sol showed the highest initial reaction rate  
(0.006 min−1), which was attributed to the higher crystallinity and prevalence of cracks 
on the film surface [105]. Ho et al. [111] reported that the ions diffused from the 
substrates of SLG, aluminum, and stainless steel during film preparation and heat 
treatment could have negative or positive effects on the photocatalytic activity of TiO2 
films. In their study, the samples prepared on quartz showed the highest reaction rate 
during acetone degradation (2.3 x 10−3 min−1), which was ascribed to the high degree of 
purity of the TiO2 film. Lee et al. [122] studied the film thickness effect on the photocatalytic 
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degradation of 2-propanol. They proposed that the photocatalytic activity increases with 
increasing film thickness because of the higher amount of photogenerated electron–hole 
pairs transferred from the bulk to the surface of the TiO2 films. In addition, Watanabe  
et al. [107] investigated the effect of Na ion diffusion from the SLG substrate on the 
photocatalytic conversion of acetaldehyde over TiO2 films as a function of film thickness. 
They reported an increase in reaction rate (0.1–0.4 µmol−1 min−1) with an increase in film 
thickness from 500 nm to 2.1 µm.  

The major drawbacks of sol-gel methods are precursor wasting during film deposition 
and the necessity of annealing treatments at high temperatures to form the anatase 
phase [123]. 

Chemical spray pyrolysis 
Spray pyrolysis is a robust, cost-effective, fast, easily scalable, and freely applicable 
chemical method of deposition for large-area coverage. In spray pyrolysis, aerosols are 
generated by atomizers, which are usually pneumatic, ultrasonic, or electrostatic [124]. 
The nebulization technique is often the most crucial parameter because it allows 
management of the scale and distribution of the droplets on the preheated substrates 
[124–125]. In the literature, most of the studies on photocatalytic TiO2 thin films 
prepared by spray pyrolysis have focused on water treatment [126], and only a few 
studies have been conducted on the photocatalytic decomposition of VOCs over sprayed 
TiO2 films (Table 1.1 in Appendix 2).  

Watanabe et al. [107] sprayed 2.1-µm-thick TiO2 films onto quartz and SLG substrates 
to show the detrimental effect of Na ions on the photocatalytic activity. They reported 
48% and 33% conversion of acetaldehyde over TiO2 films on quartz and SLG substrates, 
respectively, after 60 min under UV light [107]. Simonsen et al. [108] compared the 
photocatalytic activity for the degradation of acetone over commercially available 
coatings, such as Pilkington ActivTM, to that of sprayed TiO2 films. They measured an 
almost negligible degradation (≤1%) of acetone on the 100-nm-thick TiO2 thin film 
obtained by spray pyrolysis. Miki-Yoshida et al. [119] compared the photocatalytic 
efficiency of TiO2 and ZnO films prepared by spray pyrolysis under the same deposition 
conditions. The TiO2 film showed a 90% conversion of butane, which was 30% higher than 
that of the ZnO film. Kaneko et al. [120] sprayed TiO2 films on glass fibers for the 
photocatalytic degradation of different VOCs. TiO2 films showed complete conversion of 
5 ppb of trimethylamine, methanethiol, and dimethyl sulfide under UV-A light in 120 min. 

Despite the easy scale-up in industry and fast deposition process, no publications have 
been found on the photocatalytic removal of pollutants in air over TiO2 thin films 
fabricated by ultrasonic spray pyrolysis. 

 In summary, the deposition method of thin films, as well as their deposition and 
annealing parameters, determine the thin-film properties such as phase composition, 
crystallite orientation, crystallite size, film thickness, and surface chemical composition, 
which in turn determine the photocatalytic activity. Moreover, it is difficult to compare 
the photocatalytic performances of thin films studied by different research groups 
because of the lack of standard test methods. According to the literature, different test 
conditions and different photocatalytic reactor configurations have been used, thus 
impairing comparisons of the results. 
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1.4 Summary of literature overview and the aim of the study 
Photocatalysis is considered a promising technology for indoor air cleaning, possessing 
great advantages compared to filtration systems. Currently, it is used in some portable 
air devices comprising photocatalytic modules with UV lamps. 

As stated in the literature, the selection criteria for choosing the ideal photocatalyst 
should fulfill several requirements such as easy production and low cost. Research in the 
development of efficient photocatalytic materials has achieved significant progress in 
recent years. Although many semiconductor materials have been studied, TiO2 is 
considered to be the most effective photocatalyst. However, investigations on TiO2 
remain underway to extend its applicability. 

Commercial TiO2 powders are coated on photocatalytic modules for use in portable 
air purifiers. Therefore, most research has been conducted on thick TiO2 powder coatings 
on different types of support materials; these have potential utility as photocatalytic 
modules in air-cleaning devices. However, there are several drawbacks that limit the use 
of powdered coatings, such as mechanical instability and low optical transparency. 
Meanwhile, the integration of large-area photocatalytic coatings on building elements 
comprising well-illuminated surfaces, such as windowpanes, has been proposed as a 
future indoor air-cleaning solution. In contrast to powder coatings, TiO2 thin films have 
durable and functional features such as mechanical resistivity, high transparency, and 
superhydrophilicity. These features, however, strongly depend on the preparation 
technique and preparation conditions. 

Among the various deposition methods, ultrasonic spray pyrolysis is simple, fast, and 
cost-effective, yielding smooth and durable films by the generation of small-sized initial 
droplets. Despite the many advantages, no comprehensive study has been reported on 
ultrasonically sprayed TiO2 films as photocatalytic materials for air purification.  

Moreover, in the field of photocatalytic air purification, the lack of standard evaluation 
methods and differences in reactor types can hinder readers’ understanding of the 
performance of the photocatalyst and the correct comparison of photocatalytic materials.  

Therefore, this thesis aims to deposit TiO2 thin films by ultrasonic spray pyrolysis to 
achieve materials suitable as air-cleaning window coatings with self-cleaning properties. 
This will broaden the utility of the ultrasonic spray pyrolysis method in large-area 
photocatalytic applications for air cleaning. Thus, the objectives of this thesis are as 
follows:  

1. To study the effect of the TiO2 film deposition temperature on different glass 
substrates on the film morphology, structure, optical properties, and film surface 
properties such as chemical composition, wettability and photocatalytic activity 
toward the degradation of MBTE as a model pollutant. 

2. To study the photocatalytic degradation of various indoor air pollutants such as 
MTBE, acetone, heptane, and acetaldehyde over the sprayed TiO2 thin films and 
the effects of the operating parameters of the reactor such as humidity, airflow 
rate, and light source, on the photocatalytic performance of TiO2 thin films. 

3. To develop TiO2 thin films with various thicknesses to determine the optimal 
thickness range for photocatalytic applications. 
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2 Experimental method 
In this section, the experimental methods applied in this work are presented; the details 
of the experiments have also been published in papers I, II, and III.  

2.1 Deposition of TiO2 thin films by ultrasonic spray pyrolysis 
In this work, TiO2 thin films were deposited onto conventional industrial window glass 
[I] and borosilicate glass substrates [II, III]. Prior to film deposition, all substrates
were washed with ethanol and subsequently sonicated in the deionized water for
approximately 10 min using an ultrasonic bath.

 TiO2 thin films were prepared using titanium tetraisopropoxide (TTIP, C12H28O4Ti, 
Merck, 98% purity) as the Ti source, acetylacetone (AcacH, C5H8O2, Merck, 98% purity) 
as a complexing agent, and ethanol (EtOH, C2H5OH ; Estonian Sprit OU, 96%) as a solvent. 
The spray solution was composed of TTIP with a concentration of 0.1 mol·L-1 [III] or 
0.2 mol·L-1 [I, II, III] and TTIP:AcacH with a molar ratio of 1:4 in ethanol. After the 
preparation of the precursor solution, TiO2 thin films were deposited using the ultrasonic 
spray pyrolysis setup (Figure 2.1) onto the heated substrates at different temperatures 
(Tdep) of 250 °C, 350 °C, and 450 °C. All as-deposited samples were annealed at the 
temperature (Tan) of 500 °C for 1 h in air in a furnace; these are referred to as the 
as-prepared samples throughout the thesis. 

Table 2.1. Technological parameters for the deposition of TiO2 thin films. 

The details of the deposition of TiO2 thin films have also been discussed in the papers 
I, II, and III, and also summarised in Table 2.1. 

Figure 2.1. Schematic illustration of ultrasonic spray pyrolysis setup [128]. 

Precursors 
molar ratio 

Substrate Tdep, ˚C Tan, ˚C 
[TTIP],          
mol L-1 

Number of 
spray cycles 

Ref. 

TTIP:AcacH 
    (1:4) 

Window 
glass 

250, 350, 

450 
500 1h 0.2 6 [I] 

Borosilicate 
glass 

350, 450 500 1h 0.2 6 [II] 

Borosilicate 

glass 
350 500 1h 0.1, 0.2 1, 2, 3, 6,7, 9, 12, 

15, 18, and 21 
[III]
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2.2 Characterization of TiO2 thin films 
The characterization methods used to determine the physical and chemical properties of 
TiO2 thin films are summarized in Table 2.2. Detailed descriptions of each method used 
in this study can be found in the experimental sections of paper I, II, and III. 

Table 2.2. Analytical techniques used for the characterization of TiO2 thin films. 

2.3 Evaluation of the photocatalytic activity of TiO2 thin films 
In this work, two in situ approaches were used to determine the photocatalytic 
performance of TiO2 films; degradation of VOCs in gas-phase and destruction of stearic 
acid as a solid organic layer on TiO2 films. 

2.3.1 Determination of gas-phase photooxidation of VOCs over TiO2 thin films 
In papers I and II, the photocatalytic activity of thin films was tested in a multi-section 
plug-flow reactor [129]. The multi-section plug-flow reactor consisted of five sections, 
where the section volume was 130 mL and the surface area of the photocatalytic coating 
in one section of the reactor was 120 cm2 with an overall surface area of 600 cm2 for the 
entire reactor. The samples were placed inside each section of the reactor in the form of 
thin films on glass plates. The experimental setup consisted of two gas-flow controllers 
for measuring the diluent and polluted gas flow rates, a gas humidifier, and an INTERSPEC 
200-X Fourier-transform infrared (FTIR) spectrometer with a Specac Tornado 8-m gas cell. 

The photocatalytic activity was studied following the photocatalytic degradation of 
MTBE (C5H12O, Fluka, ≥99.5 purity), acetone (C3H6O, Sigma-Aldrich, ≥99.5 purity), 
acetaldehyde (C2H4O, Acros, >99.5 purity), and heptane (C7H16, Honeywell, ≥99 purity) in 

Properties Characterization 
Methods Apparatus Ref. 

Morphology; Film 
thickness  SEM Zeiss EVO-MA15, Zeiss 

HR FESEM Ultra 55 [I, II, III] 

Surface roughness AFM  NT-MDT Solver 47 [I, II, III] 

Phase composition; 
mean crystallite size XRD Rigaku Ultima IV [I, II, III] 

Phase composition  Raman Horiba’s LabRam HR800 [I] 

Optical 
transmittance; optical 
bandgap 

UV-VIS spectroscopy Jasco V-670 [I, II, III] 

Absorptance; UV-VIS spectroscopy  [III] 

Film thickness  UV-VIS spectroscopy  [III] 

Wettability Water contact angle 
measurement 

DSA 25 (KRUSS 
Instrument) [I, II] 

Chemical composition XPS   Kratos Analytical  
Axis Ultra DLD [I, II] 
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the gas phase as model air pollutants (all reagents >99% purity). In the experimental 
setup, airflow rates of 0.5 [I] and 1.0 [I, II] L min−1 were used, which gave residence times 
of 15.6 and 7.8 s per reactor section, respectively. The inlet concentrations of the gaseous 
pollutant were 5 and 10 ppm, respectively. The RH was maintained at 6 ± 1% [I] and  
40 ± 5 % [I, II] under dry- and humid-air conditions, respectively. Two lamps were used: 
the UV Philips Actinic BL 15 W with an average irradiance of 3.5 mW·cm−2 with reflector 
(maximum emission at 365 nm) or VIS Philips TL-D 15 W with an average irradiance of 
3.3 mW·cm−2 with reflector were used as the UV and visible (VIS) sources. The MTBE, 
acetone, acetaldehyde, and heptane peaks were quantified using an INTERSPEC  
200-X FTIR spectrometer at the IR bands of 1063–1124, 1172–1245, 2630–2910, and 
2825–3010 cm−1, respectively. The gas-phase intermediate products of MTBE, heptane, 
TBF, and formic acid were also quantitatively monitored by FTIR at the IR bands from 
1138 to 1190 and from 1103 to 1107 cm−1, respectively. 

Measurements were performed in the Laboratory of Environmental Technology at 
Tallinn University of Technology under the supervision Dr. Marina Kritševskaja.  

2.3.2 Determination of stearic acid decomposition on TiO2 thin films 
In paper III, photocatalytic experiments were performed on the photodegradation of a 
stearic acid layer on TiO2 films measuring 2 × 2 cm2. Sol-gel spin-coating technique was 
applied to deposit a thin layer of stearic acid on the TiO2 thin films. In a typical 
experiment, 100 µL of 8.8-mM stearic acid solution in methanol was cast onto the center 
of each TiO2 thin film. The rotation speed was adjusted to 1000 rpm for 30 s for coating. 
The final coated film was dried at 80 °C for 10 min. 

The degradation of stearic acid as a function of UV-A irradiation time was monitored 
by FTIR (Perkin Elmer, Beaconsfield, England). Stearic acid has strong absorption bands 
at 2958, 2923, and 2853 cm−1. Therefore, the measurements were performed in the 
wavenumber region 3200–2500 cm−1 in transmission mode. The details of other 
instrument parameters for the measurement can be found in the experimental part 
section of paper III. The decrease in the specific stearic acid band intensity was monitored 
using FT-IR spectroscopy as a function of irradiation time. FTIR spectra were measured 
before UV-A irradiation and after every 60 min for 3 h. The UV Philips Actinic BL 15 W 
lamp (Philips, Poland) with an irradiance of 3.5 mW·cm−2 and maximum emission at  
365 nm and UV-B/UV-A ratio of <0.2% was used as the irradiation source. 

Stearic acid degradation under UV-A light is known to follow first-order kinetics that 
is the integrated band area (A) depends on time (t) as follow: 

A(t) = A0 e−k                
(1) 

where k is the photodegradation rate constant. The photodegradation rate constant is 
the slope value of the linear fit of the plot ln (A/A0) versus time [130]. 
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3 Results and Discussion 
This section presents the results and discussions of the effects of the deposition 
parameters and reactor operating parameters on the characteristics and photocatalytic 
activity of TiO2 thin films. These results have been published in papers I, II, and III. 

3.1 Effect of substrate and deposition temperature on photocatalytic 
activity of TiO2 thin films 
In this study, TiO2 thin films were deposited at different temperatures onto window and 
borosilicate glass substrates.  

3.1.1 Morphology, structural, and optical properties  
Surface Morphology 
According to the SEM surface images in papers I and II, compact TiO2 thin films were 
observed on the window and borosilicate glass substrates. TiO2 films deposited on 
window glass at 250 °C and 350 °C and on borosilicate glass at 350 °C showed planar 
surface structures; however, at the increased deposition temperature of 450 °C, the film 
surface showed well-distinguished grains [I, II].  

Figure 3.1 shows the three-dimensional AFM deflection images of the as-prepared 
TiO2 films deposited at 350 and 450 °C onto window and borosilicate glass substrates. 
The TiO2 films sprayed at 350 °C show fine-grained structures compared to those 
deposited at 450 °C, which possess distinctive large grains. Further, the formation of 

  
(a) (b) 

  
(c) (d) 

Figure 3.1. AFM images of TiO2 thin films deposited on window glass at (a) 350 °C and (b) 450 °C 
and borosilicate glass at (c) 350 °C and (d) 450 °C.  
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elliptical agglomerated clusters is observed in the TiO2 thin film deposited onto 
borosilicate glass at 450 °C in Figure 3.1d. 

The different surface topography of the films also resulted in a slight increase in the 
root mean square (RMS) roughness (Table 3.1). The higher RMS roughness of the TiO2 
films deposited at 450 °C could be due to the different topography of the film and the 
cavities formed between the well-distinguished grains. 

The thicknesses of the TiO2 films are presented in Table 3.1, as estimated from the 
cross-sectional SEM images [I, II]. The film thickness of the TiO2 thin films was increased 
with increases in deposition temperature (Table 3.1). The increase in the film thickness 
with deposition temperature has also been found in other studies, for example, in the 
cases of ZrO2 and TiO2 deposition by spray pyrolysis [131–132]. 

Table 3.1 Summary of the morphological and structural properties of as-prepared TiO2 thin films. 

*NM: Not measured 

Structural and optical properties  
The XRD patterns of the TiO2 films deposited onto window glass and borosilicate glass at 
various temperatures are presented in Figure 3.2. The patterns exhibited reflection peaks 
at 2θ values of 25.3°, 37.9°, 48.1°, 54.1°, and 55.2°, corresponding to reflections from the 
(101), (004), (200), (105), and (211) crystal planes of the anatase TiO2 structure (JCPDS 
01-070-6826). No other crystalline phases of TiO2 were detected. The mean crystallite 
size of TiO2 was calculated using the main anatase peak (101) using the Scherrer formula. 

The mean crystallite size of TiO2 films on window glass was increased in from 13 to  
32 nm with an increase in the deposition temperature from 250 to 450 °C, while similar 
mean crystallite sizes of 26 and 22 nm were found for the TiO2 films deposited on 
borosilicate glass at 350 °C and 450 °C, respectively (Table 3.1). In addition, it was observed 
that TiO2 films grown on borosilicate glass showed smaller crystallite sizes than those on 
window glass. 

All TiO2 films showed a total transmittance of ca. 80% in the visible spectral region.  
A similar optical bandgap was found for all samples of approximately 3.40 eV [I, II]. 

In summary, morphological studies have shown that TiO2 films are compact.  
The increase in deposition temperature resulted in larger grains, higher surface roughness, 
and increased film thickness. XRD analyses revealed that the mean crystallite size varied 
depending on the deposition temperature and substrate type. All films showed high 
transparency (ca 80%) in the visible spectral range.  

Deposition 
temperature, 
°C 

TiO2 films on window glass  TiO2 films on borosilicate glass  

Thickness, 
nm 

RMS, 
nm 

Mean 
crystallite 
size, nm 

Thickness, 
nm 

RMS, 
nm 

Mean 
crystallite 
size, nm 

250 110 NM 13 NM NM NM 

350 180 0.8 35 190 0.6 26 

450 240 1.2 32 330 1.0 22 
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(a) (b) 

Figure 3.2. XRD patterns of TiO2 films deposited onto (a) window and (b) borosilicate glass 
substrates. The peaks corresponding to SiO2 from substrate are marked by “*” [I]. 

3.1.2 Chemical composition and wettability 
X-ray photoelectron spectroscopy (XPS) measurements were performed on the
as-prepared TiO2 films deposited on window glass in paper I, while they were performed
for the UV-treated TiO2 films deposited on borosilicate glass in article II. The details of
the data analysis of the XPS spectra can be found in papers I and II.

TiO2 films on window glass substrate 
Figure 3.3 shows the oxygen core level (O1s) spectra of as-prepared TiO2 thin films 
fabricated on window glass substrates. The O1s core level spectrum of TiO2 films 
deposited on window glass can be deconvoluted into three peaks. The peak observed at 
the binding energy (BE) value of 529.7 eV corresponds to the Me–O bond, and it is 
ascribed to the Ti-O. The peak observed at a BE value of 530.5 eV could be attributed to 
oxygen deficient region, revealing the presence of oxygen vacancies (Vo) [133]. 
Additionally, the peak at a BE value of 531.8±0.3 eV reveals that the surface of the TiO2 
film involves surface hydroxyl groups (OH–) [134]. 

 (a)   (b)        (c) 
Figure 3.3. XPS spectra of O1s core level for as-prepared TiO2 thin films on window glass deposited 
at (a) 250 °C, (b) 350 °C and (c) 450 °C.  

The atomic concentrations of the components such as Ti–O, Vo, and OH– were 
determined from the peak areas using sensitivity factors (Scofield’s cross-section) 
provided by analysis software. The ratios of the components, [OH–]/[Ti–O] and [Vo]/[Ti–O] 
are presented in Table 3.2.  

As seen in Table 3.2, the ratios of [OH–]/[Ti–O] on the surfaces of the TiO2 films on 
window glass is increasing from 0.06 up to 0.18 with the increasing of the deposition 
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temperature from 250 to 350 °C. However, a slight decrease in the [OH–]/[Ti–O] ratio was 
observed for the TiO2 film deposited onto window glass at 450 °C. The surface OH– groups 
can participate directly in the interfacial reactions by trapping photogenerated holes that 
diffuse to the TiO2 surface and producing hydroxyl radicals (●OH) (Figure 1.1) [135]. 

The [Vo]/[Ti–O] ratio is recalculated for 250 °C deposited sample by fixing the Vo peak 
position at 530.5 eV. The recalculated [Vo]/[Ti–O] value is 0.27 (Table 3.2).  It can be seen 
that the [Vo]/[Ti–O] ratio is decreasing with increasing the deposition temperature from 
250 to 450 °C (Table 3.2). The presence of surface oxygen vacancies facilitates the 
adsorption of environmental species at the surface, where reactions occur. Thus, surface 
oxygen vacancies are called surface-active sites [136]. 

Table 3.2. Results of the XPS studies of as-prepared TiO2 thin films deposited onto window and 
borosilicate glass at different deposition temperatures. 

*Tdep: Deposition temperature, **NM: Not measured

TiO2 films on borosilicate glass substrate 
XPS measurements were performed on the TiO2 films on borosilicate glass after UV-A 
treatment in ambient air [II]. Similar to the TiO2 films deposited on window glass 
substrates, the TiO2 thin film deposited at 350 °C on the borosilicate glass substrate 
showed a higher level of oxygen vacancies and OH– groups on the film surface than the 
sample deposited at 450 °C (Table 3.2). The lower number of oxygen vacancies on the 
TiO2 thin films deposited at 450 °C can be attributed to the effect of the higher deposition 
temperature, which repairs surface oxygen defects. 

Moreover, Na was detected on the surfaces of the TiO2 thin films fabricated on window 
and borosilicate glass. According to the XPS data, a low average content (1–3 at.%) of Na 
was calculated for the TiO2 films deposited on borosilicate glass, while that on the TiO2 
films deposited on window glass was 10–13 at.% (Table 3.2). Na diffusion probably occurs 
from the glass substrates into the TiO2 film surface during the deposition and annealing 
processes. The Na content decreased with increases in the deposition temperature, 
which could be attributed to the higher film thickness inhibiting the diffusion of Na ions 
to the surface. 

The detrimental effect of Na diffusion from soda lime glass to the film surface during 
the heat treatments has been investigated in several studies. In this regard, different 
negative influences of Na ions on the TiO2 film properties have been proposed such as 
the production of recombination centers for photogenerated electron–hole pairs [137] 
and disrupting the crystallinity of TiO2 [138]. 

Glass 
substrate Tdep, 

°C 

As-prepared samples After UV-treatment 

[Na] 
at.% [Vo]/[Ti-O] [OH–]/[Ti-O]  [Na] 

at.% [Vo]/[Ti-O] [OH–]/[Ti-O] 

Window 250 13.0 0.27 0.06 NM NM NM 

Window 350 10.0 0.23 0.18 NM NM NM 

Window 450 11.0 0.13 0.13 NM NM NM 

Borosilicate 350 NM NM NM 3.0 0.12 0.11 

Borosilicate 450 NM NM NM 1.0 0.09 0.05 
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Wettability  
The wettability of the TiO2 thin films was evaluated by measuring the average water 
contact angle (WCA) values [I, II]. According to the WCA results in paper I, the sample 
prepared at 250 °C exhibits a WCA value of ca. 33°, whereas TiO2 films deposited at  
350 °C and 450 °C show superhydrophilic surfaces (WCA < 10°). The sample deposited at 
250 °C showed a superhydrophilic surface after exposure to UV light for 30 min. Moreover, 
the WCA values for the as-prepared TiO2 films prepared on borosilicate glass at 350 °C 
and 450 °C were 12° and 17°, respectively [II].  

Based on the XPS analysis and wettability test, TiO2 thin films sprayed at 350 °C contain 
the highest surface ratios of OH– groups on the surface irrespective of substrate type.  
In addition, the diffusion of Na ions from substrates were detected on the film surfaces. 
TiO2 thin films prepared on window glass showed higher amounts of Na on the film 
surface compared to those deposited on borosilicate glass. The WCA measurements 
showed that all as-prepared TiO2 films were hydrophilic and showed superhydrophilicity 
after 30 min of UV irradiation.  

3.1.3 Photocatalytic activity   
The photocatalytic performances of TiO2 thin films were investigated through the 
photocatalytic decomposition of methyl tert-butyl ether (MTBE) using a multi-section 
plug-flow reactor. The photocatalytic decomposition of MTBE is characterized by its 
conversion, defined as (Cin–Cout)/Cin (%) as a function of residence time, which is increased 
by subsequent inclusion reactor sections. Here, Cin and Cout are the MTBE concentrations 
of the intake and output gases.  

The photocatalytic conversion of MTBE was investigated at five residence times of 
15.6, 31.2, 46.8, 62.4, and 78.0 s, employing one, two, three, four, and five sections of the 
reactor, respectively. The operating conditions were determined for the experimental runs 
as 15.6 s residence time per section, 6% RH, and the reactor temperature of 34 °C. 

The photocatalytic activity of the TiO2 thin films was first tested by using one section 
of the reactor (corresponding to a residence time of 15.6 s, as shown in Figure 3.4).  
The sample prepared at 250 °C showed only 4% conversion of MTBE (Figure 3.4), which 
could be attributed its low crystallinity (see Figure 3.2, Section 3.1.1). Thus, it was excluded 
from further experiments [I].  

The photocatalytic activity of the TiO2 films deposited at 350 °C and 450 °C were tested 
in all five sections, corresponding to a total coating area of 600 cm2 (Figure 3.4). 

 As seen in Figure 3.4, TiO2 thin films deposited at 350 °C irrespective of substrate type 
showed the highest MTBE conversions of 80% and 100% on window and borosilicate glass, 
respectively. Several factors could contribute to the higher photocatalytic performance of 
the TiO2 thin films deposited at 350 °C compared to those deposited at 450 °C, including 
the surface morphology, higher level of oxygen vacancies, and OH– groups. The presence 
of OH− groups is known to benefit photocatalytic reactions; it has been reported that  
OH− groups participate directly in the interface reactions by trapping photogenerated  
holes that diffuse to the TiO2 surfaces and thereby producing reactive surface hydroxyl 
radicals (●OH) (see Figure 1.1, Section 1.1). OH− groups can also act as active sites for the 
adsorption and reaction of reactant molecules on TiO2 [139]. Additionally, it is well known 
that oxygen vacancies favor photocatalytic reactions because water dissociation occurs in 
the presence of surface oxygen vacancies, producing adsorbed OH− groups. In addition, 
oxygen vacancies support O2 adsorption, indicating that oxygen vacancies can facilitate  
the capture of photoinduced electrons by adsorbed O2, simultaneously producing reactive 
oxygen species (•O2–), and thus promoting the oxidation of organic pollutants [140]. 
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Figure 3.4. Photocatalytic conversion of MTBE on as-prepared TiO2 thin films deposited onto 
window and borosilicate glass substrates at 250, 350 and 450 °C; MTBE inlet concentration 10 ppm; 
RH 6%. 

Moreover, TiO2 thin films deposited onto borosilicate glass at 350 ˚C showed higher 
photocatalytic activity (at 62.4 s, 100% degradation of MTBE) than those deposited on 
window glass (at 62.4 s, 75% degradation of MTBE) at the photocatalytic coating area of 
480 cm2. Considering the results given in the literature, this could be attributed to the 
high Na content detected on the surfaces of the samples fabricated on window glass 
(Table 3.1). It has been reported that high concentrations of Na ions can introduce 
surface and bulk recombination centers [141]. In addition, Nam et al. [142] and Krysa  
et al. [143] investigated the photocatalytic properties of TiO2 thin films on different glass 
substrates. They claimed that the photocatalytic activity of the TiO2 thin film depended 
greatly on the amount of Na because the Na concentration increased the TiO2 crystallite 
size, which in turn decreased the photocatalytic activity of the TiO2 films [143]. 

Before proceeding to the conclusion of Section 3.1, the main results of the selected 
studies regarding the conversion of common VOCs over TiO2 powder coatings and  
as-deposited TiO2 thin films were compared with the TiO2 film deposited on borosilicate 
glass at 350 °C. However, comparison of the gas-phase photocatalytic efficiency of thin 
films is often difficult. Thus, the specific quantity of TiO2, calculated as the mass (mg) of 
TiO2 per unit of surface area (cm2), of the coating could permit comparison of some 
studies regarding the photocatalytic oxidation of VOCs. In the current work, the specific 
quantity of the 190-nm-thick TiO2 film was 0.2 mg·cm−2. This film achieved approximately 
100%, 80%, and 70% conversion of MTBE, acetone, and acetaldehyde, respectively, over 
the photocatalytic coating area of 480 cm2 (at 62.4 s) with the inlet concentration of  
10 ppm under UV-A light (Figure 3.5a). For comparison, Preis et al. [89] reported the 
specific quantity of TiO2 (P25) in the coated reactor as 1.4 mg·cm−2, resulting in a 30% 
conversion of 100 ppm MTBE in 150 min under UV-A light. Krichevskaya et al. [91] 
indicated that the specific quantity of TiO2 in the coated reactor was 1.2 mg·cm−2; this 
coating showed 100% conversion of 40 ppm toluene under UV-A irradiation for 60 min. 
Kluson et al. [109] detected a 45% conversion of acetone under UV-A light over a  
dip-coated TiO2 film with a thickness of 675 nm. Ardizzone et al. [94] deposited TiO2 films 
on glass substrates by an electrochemically assisted method with a thickness of ca.  
450 nm; these achieved up to 87% conversion of acetaldehyde under UV-A light. 
Verbruggen et al. [102] reported 400-nm-thick TiO2 films on carbonaceous substrates 
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fabricated by ALD; these showed 50% conversion of acetaldehyde with an inlet 
concentration of 50 ppmv under UV-A light in 20 min. 

 To summarize these findings, the TiO2 thin films deposited on borosilicate glass at  
350 °C demonstrated the highest photocatalytic activity. This could be attributed to the 
lower amount of Na ions, higher amounts of oxygen vacancies, and OH– groups on the 
film surface. Therefore, the effect of the operating parameters of the photocatalytic 
reactor was investigated over TiO2 films sprayed on borosilicate glass at 350 °C because 
they showed the highest photocatalytic performance among the TiO2 samples. 

3.2 Investigating photocatalytic degradation of different VOCs over 
TiO2 thin films 
TiO2 films deposited on borosilicate glass at 350 °C were selected to investigate the  
gas-phase decomposition of different VOCs in a multi-section plug-flow reactor. VOCs of 
MTBE, acetone, acetaldehyde, and heptane were chosen as air pollutants for this study. 
Heptane, acetaldehyde, acetone, and MTBE were exposed to photocatalytic degradation 
tests under different conditions, that is, air humidity level (RH), airflow rate, and light 
source. The results have been published in paper II.  

3.2.1 Effect of air humidity  
The influence of the increase in RH from ca. 6 to 40% on the photocatalytic oxidation of 
acetaldehyde, acetone, heptane, and MTBE is illustrated in Figure 3.5. As seen in Figure 
3.5a, under relatively dry air, the conversions of heptane, acetaldehyde, and acetone 
were 46%, 74%, and 93% at a residence time of 78 s, respectively, and 100% conversion 
of MTBE was achieved at 62.4 s, as previously discussed in Section 3.1. During the 
photocatalytic degradation of these VOCs, tert-butyl formate (TBF) and formic acid were 
detected as intermediate gas-phase products of MTBE and heptane, respectively. 

The conversion efficiency of most VOCs was decreased with an increase in RH from 
6% to 40% (Figure 3.5b). The heptane degradation was almost halved with this increase 
in RH. Higher air humidity had an indistinct influence on the complete conversion of 
MTBE. Complete MTBE conversion over 6002 of TiO2-coated glass for 78 s was achieved 
under humid air conditions. TBF was detected as the only by-product of MTBE in both 
dry and humid conditions [II]. The degradation of acetone was highly influenced by the 
RH, decreasing from 93% at RH 6% to 30% at RH 40%. Acetaldehyde was the only 
compound with oxidation uninfluenced by variations in RH. No significant changes in the 
conversion of acetaldehyde (ca. 75% conversion at 78.0 s) were observed with the 
increase in RH from 6% to 40%. It is known that transport of reactant molecules through 
water molecules depends on the solubility of the molecules in water. Acetaldehyde is a 
water-soluble polar molecule, explaining the “immunity” of its photocatalytic oxidation 
to differences in air humidity [II]. 
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(a) (b) 

Figure 3.5. Photocatalytic conversion of different VOCs on TiO2 thin film deposited on borosilicate 
glass at 350 °C under (a) dry (6% RH) air and (b) humid (40% RH) air conditions. VOCs inlet 
concentration 10 ppm. 

3.2.2 Effect of airflow rate   
The effect of the airflow rate of VOCs on the surfaces of the TiO2 thin films was 
investigated with initial pollutant concentrations of 5 ppm under 6% RH. 

It is generally agreed that the airflow rate has two different effects on the 
photocatalytic reactions. First, with increases in airflow rate, the residence time of VOC 
molecules in the reactor decreases, causing a decrease in the adsorption of the pollutant 
and decreased conversion. Second, an increase in the airflow rate (decreased residence 
time) increases the mass transfer of pollutants between the air and the photocatalyst 
surface, resulting in an increased photocatalytic reaction rate [74].  

In this study, the residence time in the reactor section was shifted from 15.6 s to 7.8 s 
as the airflow rate was increased from 0.5 L·min–1 to 1.0 L·min−1 (Figure 3.6). 

As seen in Figure 3.6a, the complete degradation of 5 ppm MTBE and acetone was 
achieved within 46.8 s and 62.4 s, respectively, whereas the maximum conversions of 
heptane and acetaldehyde of 65% and 80%, respectively, were observed at 78.0 s. 
In Figure 3.6b, a general decrease in the VOCs conversion is observed at the 
photocatalytic coating area of 600 cm2 (at residence time of 39.0 s)  when compared to 
the same catalyst area corresponding with two times higher residence time of 78.0 s 
(Figure 3.6a). 

When comparing the equal residence times in the reactor at different airflow regimes, 
then at a shorter residence time of 15.6 s (one section of the reactor in Figure 3.6a and 
two sections in Figure 3.6b), the conversion of VOCs was decreased despite the increased 
photocatalytic area in the two sections of the reactor in Figure 3.6b. However, at a 
residence time of 31.2 s (two sections of the reactor in Figure 3.6a and four sections in 
Figure 3.6b), doubling the airflow rate favoured the photocatalytic degradation of VOCs 
at the higher photocatalytic surface: the conversions of all the compounds were 
increased from 25, 38, 47, and 86% to 34, 47, 64, and 100% for heptane, acetone, 
acetaldehyde, and MTBE, respectively. The process of photocatalytic oxidation of 
acetaldehyde and MTBE was revealed as especially benefitting from the intensification 
of mass transfer in the reactor at the same residence time (31.2 s). Thus, again, the effect 
of the different airflow regimes was expected to be different for each VOC [II]. 
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The order of conversion of VOCs at the residence time of 39 s in five sections was 
MTBE > acetaldehyde > acetone > heptane (Figure 3.6b), while it was MTBE > acetone > 
acetaldehyde > heptane at the longer residence time of 46.8 s (Figure 3.6a). Acetaldehyde 
and MTBE conversion were only slightly influenced by the shorter residence times, but the 
impact of the shorter residence time was much larger for photocatalytic degradation of 
acetone. This could be attributed to the different reaction rates of each VOC [II]. 

3.2.3 Effect of visible light 
The photocatalytic activity of the TiO2 thin films was investigated under visible light. 
The study used 5 ppm MTBE and acetone under visible light and 6% RH (Figure 3.7). 
The results were compared to those obtained from the samples measured under UV 
light, 6% RH, and 5 ppm inlet concentration, as presented in Section 3.2.2, Figure 3.6a. 

Figure 3.7. Photocatalytic conversion of MTBE and acetone under visible light on TiO2 thin film 
deposited on borosilicate glass at 350 °C. MTBE and acetone inlet concentration 5 ppm; RH 6%; 
residence time 15.6 s per section. 

Under visible light, the TiO2 thin film showed 60% and 33% conversion of MTBE 
and acetone, respectively, at a residence time of 78.0 s. TBF was detected as an 
intermediate decomposition product of MTBE. In comparison, while using the same 

(a) (b) 

Figure 3.6. Photocatalytic conversion of different VOCs on TiO2 thin film deposited on borosilicate 
glass at 350 °C under different airflow rates (a) 0.5 L min−1 (15.6 s per section) and (b) 1.0 L min−1 
(7.8 s per section) VOC inlet concentration 5 ppm; RH 6%. 
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operating parameters under UV-A light, the TiO2 film showed 100% MTBE conversion at 
the residence time of 46.8 s over 360 cm2 and 100% conversion of acetone at the 
residence time of 62.4 s over 480 cm2 (Figure 3.6a). The significant decrease in the 
photocatalytic performance of the TiO2 film under visible light was attributed to the 
optical bandgap exceeding 3.2 eV, which determined its photocatalytic activity under 
near-UV irradiation. 

However, the visible-light activity of the TiO2 film could also be associated with the 
formation of oxygen vacancies. In several studies [144], it was demonstrated that the 
presence of oxygen vacancies in TiO2 could effectively expand the visible-light absorption 
range of TiO2 because oxygen vacancies can form shallow donor states (sub-energy 
levels) below the conduction band [136]. 

In summarize Section 3.2, the TiO2 thin film deposited at 350 °C effectively degraded 
100% MTBE, 90% acetone, and 75% acetaldehyde vapor with the inlet concentration of 
10 ppm under dry-air (6% RH) conditions without the formation of gas-phase intermediate 
products. Complete degradation of MTBE and 80% conversion of acetaldehyde were also 
achieved under humid-air (40% RH) conditions. TBF was detected as an intermediate 
decomposition product of MTBE during the photocatalytic conversion of MTBE under a 
humid atmosphere. The residence time was based on the mass transfer of VOCs, which 
is expected to differ for each VOC. Further, TiO2 thin films deposited at 350 °C were 
photocatalytically active under visible light, degrading 60% of MTBE and 33% of acetone 
with inlet concentrations of 5 ppm; the origin of this phenomenon is a subject for further 
studies.  

3.3 Influence of thickness on photocatalytic activity of TiO2 thin films 
This section was intended to determine the optimal thickness range of ultrasonic spray 
pyrolysis-deposited TiO2 thin films for photocatalytic applications. Thus, the effect of film 
thickness on the material characteristics and photocatalytic activity has been studied. 
The results are presented in paper III. 

3.3.1 Surface morphology, structural and optical properties of TiO2 thin films 
Morphological and structural properties 
The thickness of the TiO2 thin films was adjusted by altering the solution concentration 
and the number of spray cycles.  

According to SEM cross-sectional images [III], the thicknesses of the TiO2 films sprayed 
from the 0.1M solution were 65, 165, and 455 nm and those from the 0.2 M solution 
were 50, 205, and 635 nm, respectively, when using 2, 6 and 15 spray cycles. 

AFM images (scan area 2 µm × 2 µm) of the TiO2 films sprayed from the 0.1 M and  
0.2 M solutions applying 2, 6, and 15 spray cycles are presented in paper III, Figure 2.  
The TiO2 films deposited from the 0.1 M solution (2 and 6 spray cycles) consisted of fine 
grains with sizes of ca. 20–40 nm. Upon increasing the number of spray cycles to 15,  
the surfaces of the TiO2 films showed agglomerated grains with sizes in the range ca.  
40–150 nm. TiO2 films prepared from the 0.2 M solution possessed average grain sizes of 
ca. 50–70 nm; however, the size of the agglomerates varied in the range ca. 50–100 nm 
with the increase in spray cycle numbers from 2 to 15. These findings correlate with our 
earlier research on TiO2 films deposited from a 0.2 M solution by pneumatic spray 
pyrolysis, suggesting that TiO2 films obey a 3-D growth mechanism regardless of the 
substrate type. In this growth mechanism, separate islands are formed in the first stage 
and following the growth with larger islands during further deposition [145]. 
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All TiO2 films exhibited anatase crystalline structures regardless of the precursor 
concentration and cycle number [III]. The mean crystallite size of TiO2 thin films prepared 
from the 0.1 M solution was increased from 30 nm to 50 nm and that of those from the 
0.2 M solution from 25 nm to 40 nm as the spray cycle number increased from 2 to 15, 
respectively. Compared to TiO2 films sprayed from the 0.2 M solution, the films deposited 
from 0.1 M solution showed slightly higher mean crystallite values [III]. This could be the 
result of the lower amount of organic residues on the surfaces of TiO2 films sprayed from 
the 0.1 M solution compared to that present on those deposited from the 0.2 M solution, 
as the deposition time per cycle was kept constant at 87 s.  

Optical properties of TiO2 thin films 
The total transmittance and absorbance spectra are presented in paper III. Figure 3.8 
shows the thickness of the TiO2 films as a function of the spray cycle number (described 
in the paper III). The film thickness values obtained from the SEM cross-sectional images 
are presented in Figure 3.8.  

(a) (b) 

Figure 3.8. TiO2 thin film thickness dependence on spray cycle numbers and solution concentration 
(a) 0.1M and (b) 0.2M. Film thickness values obtained from SEM-cross section images and UV-Vis 
spectroscopy using Fizeau method. 

The thickness of TiO2 films deposited from the 0.1 M solution increased from 170 to 
640 nm by increasing the number of spray cycles from 6 to 21. The thickness of the TiO2 
films deposited from the 0.2 M solution increased from 210 to 860 nm by increasing the 
number of spray cycles from 6 to 18. As expected, the thickness of the films deposited 
from the 0.2 M solution was slightly higher than that the ones from the 0.1 M solution 
due to the higher solution concentration. The slight discrepancy in the thickness values 
obtained from SEM and total transmittance for the 15-cycled TiO2 film could originate 
from the local thickness measured by SEM and the average thickness obtained by UV-VIS 
spectroscopy. 

The transmittance spectrum revealed that all films were transparent in the spectral 
range 250–800 nm and demonstrated the average transmittance of 70–80% [paper III, 
Figure 4], regardless of the solution concentration and the spray cycle numbers. A Tauc 
plot was applied to determine the indirect bandgap of TiO2 films; the obtained values for 
all films remained at 3.40 ± 0.05 eV.  

To summarize, both the solution concentration and number of spray cycles influence 
the film thickness and affect the surface morphology, as shown above. The TiO2 film 
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thickness is increased with increasing the solution concentration from 0.1 M to 0.2 M 
and with increasing the number of spray cycles from 2 to 15. The surfaces of the TiO2 thin 
films from the 0.1 M solution with 2 and 6 spray cycles consisted of fine grains of ca.  
20–40 nm, while those of the TiO2 films deposited from the 0.2 M solution had larger 
grain sizes of ca. 50–70 nm. However, agglomerated grains were observed on TiO2 films 
prepared with 15 spray cycles, regardless of the solution concentration. The mean 
crystallite size increased from 25 nm to 50 nm by increasing the number of cycles from  
2 to 15, similar to the behavior of the film thickness. A slightly larger mean crystallite size 
was found in the TiO2 films deposited from the 0.1 M solution than in those deposited 
the 0.2 M solution. Based on the optical studies, the TiO2 film thickness increased from 
50 to 800 nm with increases in the precursor concentration from 0.1 to 0.2 M and in the 
number of spray cycles from 1 to 21. All TiO2 films exhibited a total transmittance of  
70%–80% in the visible spectral region.  

3.3.2. Photocatalytic activity  
The influence of film thickness on the photocatalytic performance was determined by 
stearic acid degradation test under UV-A light irradiation over TiO2 thin films prepared 
using 0.1M and 0.2M solutions.  

 
Figure 3.9. The degradation of stearic acid as a function of ultraviolet (UV-A) irradiation time on 
TiO2 films deposited from 0.1 and 0.2M solution applying 2, 6, and 15 spray cycles. 

TiO2 films deposited using 2 (thickness ca. 50–65 nm) and 15 spray cycles (thickness 
450 nm (0.1M) and 635 nm (0.2M)) showed ca. 50% degradation of stearic acid in  
180 min under UV-A irradiation (Figure 3.9). TiO2 films deposited using 6 spray cycles 
(thickness ca. 170 nm (0.1 M) and 210 nm (0.2 M)) showed ca. 90% degradation of stearic 
acid after 180 min of UV-A irradiation. For comparison, the commercial self-cleaning glass 
Pilkington ActivTM (thickness ca. 65 nm) showed 35% stearic acid degradation, which was 
approximately 1.4 times lower than that of the sprayed TiO2 films with similar thicknesses 
of ca. 50–60 nm (2 spray cycles) under the same measurement conditions (Figure 3.9). 

The reaction rate (k) constants of stearic acid degradation on the TiO2 films from  
0.1 M and 0.2 M solutions as a function of spray cycles and Pilkington ActivTM as a reference 
are presented in Figure 3.10. 

The TiO2 films deposited from both 0.1 M and 0.2 M solutions employing 6 and 7 spray 
cycles showed reaction rate constants almost 3.5 times higher than those of the films 
with other thicknesses in both solution series (Figure 3.10). The lower photodegradation 
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rate of the TiO2 films prepared using 1, 2, and 3 spray cycles (<100 nm in thickness) 
compared to the 200 ± 30-nm-thick-TiO2 films was due to their lower absorption of  
UV-A light [see Figure 5 in paper III], which provided more photogenerated reaction 
carriers. However, thicker TiO2 films (>200 ± 30 nm) deposited with more than 7 spray 
cycles showed a decrease in their photocatalytic activity irrespective of the solution 
concentration. This phenomenon is characteristic of thin films [146–147] and has been 
explained by the increased recombination rate of photoinduced charge carriers [146, 
148]. 

  
(a) (b) 

Figure 3.10. Photodegradation rate constant (k) values of stearic acid (standard errors shown by 
errors bars) for TiO2 films deposited from solution with a concentration of (a) 0.1M and (b) 0.2M as 
a function of the number of spray cycles. 

TiO2 films prepared from the 0.1 M solution with 7 spray cycles (Figure 3.10a) showed 
a slightly higher reaction rate constant of 0.01648 min−1 compared to the film with similar 
thickness (5 cycles) obtained from the 0.2 M solution of 0.01094 min−1 (Figure 3.10).  
TiO2 films deposited from the 0.1 M solution showed favourable combinations of 
multiple film properties, such as a higher mean crystallite size (45 nm vs. 35 nm), with 
smaller grain size (20–40 nm vs. 70 nm), thus enhancing the photocatalytic activity.  

In summary, the 150–250-nm-thick-TiO2 thin films could be of particular interest for 
the development of photocatalytic materials as they entail a low manufacturing cost 
because they achieve the higher performance with the lower precursor concentration 
(0.1 M TTIP) without requiring higher film thickness values. Moreover, the current work 
confirms that in the case of solution-based chemical methods, not only the film thickness 
but also the solution concentration-derived effects on film properties should be considered 
in optimizing the deposition protocol for the TiO2 thin films. However, further studies are 
required to interpret the decrease in the reaction rate after reaching the maximum 
photocatalytic activity at a thickness of ca 250 nm.  
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Conclusion  
This thesis discussed the properties of TiO2 thin films deposited by ultrasonic spray 
pyrolysis as semiconductor photocatalysts. The novelty of this study lies in the creation 
of new knowledge on optimal deposition conditions for TiO2 thin films, confirmed by the 
systematic study of degradation of several VOCs using multi-section plug-flow reactor  
or stearic acid degradation test. This work extends the potential of ultrasonic spray  
pyrolysis deposited TiO2 thin films in large-area and transparent photocatalytic air- and  
self-cleaning applications in building elements. 

Therefore, the main highlights from the thesis can be summarized as follows: 
1. TiO2 thin films, deposited onto window and borosilicate glass by ultrasonic spray 

pyrolysis in the temperature range of 250–450 °C and annealed at 500 °C for  
1 h in air, showed the thicknesses of 110–330 nm and root mean square 
roughness of 0.6–1.2 nm. All films comprised of crystalline anatase phase.  
The mean crystallite size remained in the range of 13–35 nm and 22–26 nm for 
the films sprayed onto window and borosilicate glass substrates, respectively. 
The total transmittance of TiO2 films was ca. 80% in the visible spectral range 
and the bandgap was 3.4 eV. The wettability test results showed that the 
surfaces of the TiO2 thin films exhibited superhydrophilic behaviour after 30 min 
of UV treatment (WCA ≤ 10°). The XPS study revealed that the surface of TiO2 
films deposited at 350 °C possessed higher [Vo]/[Ti-O] and [OH–]/[Ti-O] ratio 
than in the case of the films deposited at 450 °C.  Moreover, TiO2 films deposited 
onto window glass possessed higher Na concentrations (ca. 10.0 at.%) on the 
film surfaces compared to those deposited on borosilicate glass (3.0 at.%).  
TiO2 thin films deposited at 350 °C on window glass showed ca. 80% of MTBE 
degradation (inlet concentration of 10 ppm) at photocatalytic coating area of 
600 cm2 (residence time 78.0 s), while those deposited on borosilicate glass 
showed 100% conversion of MTBE from the surface area of 480 cm2 (residence 
time 62.4 s). These results revealed that the surface chemical composition of 
TiO2 films deposited by ultrasonic spray pyrolysis dependent on the deposition 
temperature and substrate type. The results revealed the crucial role of TiO2 
thin film properties upon the gas-phase photocatalytic activity of TiO2 thin films 
deposited by ultrasonic spray pyrolysis.   

2. TiO2 films with a thickness of 190 nm, deposited onto borosilicate glass at 350 °C 
and annealed at 500 °C for 1 h in air, exhibited degradation of 90% acetone  
(inlet concentration of 10 ppm) and 75% acetaldehyde (inlet concentration of 
10 ppm) at a residence time of 78 s under dry-air (6% RH) conditions without 
the formation of gas-phase intermediate decomposition products. Complete 
degradation of MTBE (inlet concentration of 10 ppm) and 80% conversion of 
acetaldehyde (inlet concentration of 10 ppm) were achieved under humid-air 
(40% RH) conditions at a residence time of 78 s. The VOC conversion was 
increased with increasing the airflow rate from 0.5 to 1.0 L·min-1 for heptane 
(from 25 to 34%), acetone (from 38 to 47%), acetaldehyde (from 47 to 64%), 
and MTBE (from 86 to 100%) at the residence time of 31.2 s, relative humidity 
6% and VOCs initial concentration of 5 ppm. TiO2 thin films showed photocatalytic 
performance under visible light, degrading 60% MTBE and 33% acetone (with 
inlet concentration of 5 ppm). The results showed that TiO2 thin films can 
degrade several VOCs under different measurement conditions.  
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3. TiO2 thin films deposited on borosilicate glass at 350 °C from a solution with 
titanium(IV)isopropoxide concentration of 0.1 M and 0.2 M resulted in film 
thickness from 65 to 640 nm and from 50 to 860 nm, respectively, with 
increasing the number of spray cycles in the range of 1-21. XRD studies showed 
that the mean crystallite size of anatase phase remained in the range of 30–50 nm 
and 25–40 nm for films deposited from 0.1 M and 0.2 M solutions, respectively. 
All TiO2 films demonstrated a total transmittance of 70%–80% in the visible 
spectral range. The photocatalytic and self-cleaning activity of TiO2 thin  
films was studied by the stearic acid degradation test under UV-A light. The TiO2 
thin film with a thickness of 190 nm and 210 nm deposited from 0.1M and  
0.2M solution, respectively, exhibited highest activity towards stearic acid 
degradation under UV-A radiation with a corresponding reaction rate constant 
k = 0.0016 min-1 and k = 0.011 min-1. For comparison, commercial Pilkington 
ActivTM self-cleaning glass showed k = 0.003 min-1. 

This study revealed that the optimal conditions for TiO2 thin films by ultrasonic 
spray pyrolysis for photocatalytic air- and self-cleaning applications are: the 
concentration of titanium (IV)isopropoxide in the spray solution 0.1 M, deposition 
temperature 350 °C and the film thickness ca. 200 nm. 

This thesis introduces the ultrasonic spray pyrolysis method as a viable method 
for the deposition of TiO2 thin films. The developed TiO2 thin films exhibit potential 
applicability as future coating materials for air-cleaning window and coatings also 
exhibit self-cleaning abilities. 
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Abstract 

TiO2 thin films by ultrasonic spray pyrolysis for photocatalytic 
air-cleaning applications 
Semiconductor photocatalysis is a developing technology for improving indoor air quality 
with the ability to remove volatile organic compounds (VOCs), bacteria, and fungi from 
indoor air. Some portable air cleaning devices comprising photocatalytic plates, coated 
with TiO2 powder are commercially available. The main limitation of these devices is their 
use of commercial TiO2 powders, which suffer from low adhesion properties.    

TiO2 thin films on large-area surfaces in building elements have been proposed due to 
the durable and functional features such as high mechanical resistivity, high transparency 
for window coatings, easy-to-clean surface, and cost-effectiveness. The photocatalytic 
performance of TiO2 thin films depends on several factors, mostly related to the film 
properties, which are primarily determined by the film deposition method. Different 
techniques such as sputtering and sol-gel methods have been studied to achieve TiO2 
thin films suitable for air cleaning. Despite the favourable properties of ultrasonic spray 
pyrolysis, no publications on the gas-phase photocatalytic decomposition of common 
VOCs such as acetone and acetaldehyde on TiO2 thin films fabricated by the ultrasonic 
spray pyrolysis method were found available.  

Therefore, this thesis aims to fabricate photocatalytic TiO2 thin films by ultrasonic 
spray pyrolysis, which will be suitable for air and self-cleaning applications. The scope of 
this work is to focus on the effects of the deposition temperature on decomposition of 
various VOCs under different operating parameters of the multi-section plug-flow 
reactor and of film thickness on the decomposition of stearic acid.  

TiO2 thin films were deposited by ultrasonic spray pyrolysis onto a window and 
borosilicate glass in the temperature range 250–450 °C. The sprayed TiO2 thin films were 
smooth and compacted with thicknesses in the range 100–330 nm. All TiO2 thin films 
consisted of anatase phase with mean crystallite sizes in the ranges 13–35 nm and  
22–26 nm for the samples prepared on window and borosilicate glass substrates, 
respectively. The TiO2 thin films deposited at 350 °C showed the highest amount of 
oxygen vacancies and hydroxyl groups on the film surfaces, as well as superhydropilic 
behaviour.  

In this work, for the first time, ultrasonically sprayed TiO2 thin films prepared on 
borosilicate glass at 350 °C were evaluated for the photodegradation of methyl tert-butyl 
ether (MTBE), heptane, acetone, and acetaldehyde using a multi-section plug-flow 
reactor. The results showed that the TiO2 films were effective in degrading MTBE (100%) 
and acetaldehyde (80%) in humid-air conditions (40% relative humidity) and high airflow 
rates (1.0 L·min-1) under UV-A light. TiO2 thin films deposited at 350 °C with a surface area 
of 600 cm2 showed 60% MTBE and 33% acetone degradation under visible light. 

The impact of film thickness on the photocatalytic activity of TiO2 films was examined 
by the photodegradation of stearic acid under UV-A radiation. The optimum thicknessess 
of the TiO2 films were in the range 170–230 nm, suggesting a photocatalytic efficiency ca 
2.6 times higher than that of the reference sample of commercial Pilkington ActivTM. 
Photocatalytic test results revealed that the 190 nm-thick-TiO2 film deposited from an 
0.1 M solution demonstrated the finest grain structure and the highest photocatalytic 
activity, contributing to ca. 95% degradation of stearic acid degradation in 180 min under 
UV-A light with a reaction rate constant k = 0.01648 min-1. 
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In conclusion, ultrasonic spray pyrolysis for the deposition of TiO2 thin films in 
photocatalytic air-cleaning applications was reported for the first time in this thesis.  
The presented results are of practical importance in the development of TiO2 films for 
low-cost and large-area fabrication for photocatalytic air-cleaning applications.  
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Lühikokkuvõte 

TiO2 õhukesed kiled ultraheli pihustuspürolüüsi meetodil õhu 
fotokatalüütiliseks puhastamiseks 
Pooljuhtmaterjalidest valmistatud fotokatalüütilised pinnakatted on üks võimalikest 
tuleviku tehnoloogiatest siseruumide õhu kvaliteedi parandamisel. Antud tehnoloogia 
võimaldab lagundada siseruumide õhus leiduvaid lenduvaid orgaanilisi ühendeid, 
baktereid ja seeni. Täna turul olevates fotokatalüütilistes õhupuhastuse seadmetes 
kasutatakse TiO2 nanopulbrist kokkupressitud kihte. Sellise tehnoloogia peamine 
kitsaskoht on TiO2 nanopulbrist valmistatud kihtide nõrk adhesioon aluspinnaga. 
Alternatiivse lahendusena on välja pakutud suurepinnaliste ehituselementide nagu 
näiteks aknaklaaside katmine TiO2 õhukese kilega. TiO2 õhukese kile peamised eelised 
nanopulbrist koosneva pinnakatte ees on mehaaniline vastupidavus, läbipaistvus 
nähtava valguse piirkonnas, isepuhastusvõime ja kulutõhusus. TiO2 õhukese kile 
saasteainete fotokatalüütilise lagundamise võimekus sõltub mitmest kile omadusest 
nagu struktuur, morfoloogia ja kile pinna keemiline koostis, mis omakorda on tingitud 
kilede sadestamise meetodite iseärasustest.  Õhu  puhastuse rakendust silmas pidades 
on kõige levinumad meetodid TiO2 õhukeste kilede sadestamiseks: magnetron 
pihustamine ja sool-geel meetodid. Hoolimata ultraheli pihustuspürolüüsi (USP) meetodi 
eelistest (võimalus efektiivselt katta suuri pindalasid, protsessi kiirus ja lähtematerjali 
säästlik kasutus) ei ole uuritud sellel meetodil sadestatud TiO2 kilede võimekust 
lagundada lenduvaid orgaanilisi ühendeid. Doktoritöö eesmärk oli töötada välja 
sadestustehnoloogia ultraheli pihustuspürolüüsi meetodil TiO2 õhukeste kilede 
valmistamiseks, mis on võimelised fotokatalüütiliselt lagundama lenduvaid orgaanilisi 
ühendeid ning on sobilikud kasutamiseks isepuhastuvate pinnakatetena. Töös uuriti kilede 
sadestustemperatuuri ja lahuse kontsentratsiooni mõju ultraheli pihustuspürolüüsi 
meetodil sadestatud TiO2 õhukese kilede struktuursetele, optilistele ja morfoloogilistele 
omadustele ning erinevate mudelsaasteainete fotokatalüütilise lagundamise võimekusele.  

TiO2 õhukesed kiled sadestati ultraheli pihustuspürolüüsi meetodil akna- ja 
boorsilikaatklaasist alustele sadestustemperatuuride vahemikus 250–450 °C  koos 
järelkuumutamisega 500 °C juures 1 tund. Saadud TiO2 õhukesed kiled on järgmiste 
omadustega:  optiline läbilaskvus nähtava valguse piirkonnas 80%, keelutsoon 3,4 eV  
ja kilede paksus vahemikus 100–330 nm. Kõik saadud kiled koosnesid TiO2 anataasi 
faasist, mille keskmine kristalliidi suurus oli aknaklaasil vahemikus 13–35 nm ja 
boorsilikaatklaasil vahemikus 22–26 nm. TiO2 kile pinna keemiline koostis määrati 
röntgen fotoelektronspektroskoopia meetodil. Mõõtmistulemuste analüüsist selgus, et 
350 °C juures sadestatud kilede pind sisaldas suuremat hapniku vakantside ([Vo]/[Ti-O]) 
ja hüdroksüülrühmade ([OH-]/[Ti-O]) osakaalu võrreldes 450 °C juures sadestatud kilega. 
Lisaks sellele omasid 350 °C juures sadestatud kiled ka superhüdrofiilseid pinnaomadusi.  

Doktoritöös testiti esmakordselt USP meetodil sadestatud TiO2 kilede võimekust 
lagundada lenduvaid orgaanilisi ühendeid. Õhukeste kilede fotokatalüütilist aktiivsust 
uuriti õhu mudelsaasteainete nagu metüül-tert-butüüleetri (MTBE), atsetooni, heptaani 
ja atseetaldehüüdi fotokatalüütilisel lagundamisel gaasifaasis. Kilede fotokatalüütilist 
aktiivsust uuriti mitme sektsiooniga fotokatalüütilises pidevvoolureaktoris, mille reaktori 
ühe sektsiooni fotokatalüütilise katte pindala on 120 cm2, ja kogu reaktoris 600 cm2. 

Tulemustest selgus, et TiO2 kiled, mis olid sadestatud 350 °C juures boorsilikaatklaasile, 
omasid kõige suuremat fotokatalüütilist aktiivsust mudelsaasteainete lagundamisel. 
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Temperatuuril 350 °C boorsilikaatklaasile sadestatud TiO2 kile korral leiti, et 
fotokatalüsaatori 600 cm2 suurune pind on efektiivne lagundama 100% MTBE,  
93% atsetooni, 78% atseetaldehüüdi, 46% heptaani UV-A kiirguse all järgmiste 
mõõtmisparameetrite korral: saasteaine algkontsentratsioon 5 ppm, õhuvoolu kiirus  
0,5 Lmin-1 ja suhteline õhuniiskus 6%. Mõlemad, nii suhtelise õhuniiskuse (40%) kui ka 
õhuvoolukiiruse suurendamine (1 Lmin-1) avaldasid mõju saasteainete fotokatalüütilise 
lagundamise efektiivsusele. Nähtava valguse all lagundasid TiO2 kiled 60% MTBE ja 33% 
atsetooni saasteaine algkontsentratsiooni 5 ppm, õhuvoolu kiiruse 0,5 Lmin-1 ja suhtelise 
õhuniiskuse 6% juures. TiO2 kile paksuse mõju fotokatalüütilisele isepuhastusvõimele 
uuriti steariinhappe fotodegradatsiooni teel UV-A kiirguse all. Leiti, et ultraheli 
pihustuspürolüüsi meetodil sadestatud TiO2 kilede optimaalne paksus on vahemikus 
170–230 nm, omades ca. 2,6 korda suuremat fotokatalüütilist efektiivsust kui tööstuslik 
Pilkington ActivTM klaas. Steariinhappe fotokatalüütilise lagundamise testide tulemused 
näitasid, et lähtelahusest, milles titaan(IV)isopropoksiidi kontsentratsioon on 0,1 M, 
sadestatud 190 nm paksune TiO2 kile omab võrreldes 0,2 M lahusest sadestatud kilega 
suuremaid algomeerunud terade kogumike kile pinnal (20–40 nm vs 70 nm), suuremat 
ruutkeskmist pinnakaredust (1.6 nm vs 1.1 nm), suuremat keskmist kristalliidi suurust  
(45 nm vs 35 nm), mis päädivad kõrgema steariinahappe lagundamise kiiruskonstandiga 
(k = 0,01648 min-1 vs 0,01094 min-1) UV-A valguse all 180 min jooksul.  

Kokkuvõtteks: doktoritöös töötati välja tehnoloogilised parameetrid fotokatalüütiliselt 
aktiivse TiO2 kile sadestamiseks USP meetodil. Esmakordselt näidati USP meetodil 
sadestatud TiO2 kilede võimakust lagundada lenduvaid orgaanilisi ühendeid kasutades 
testimiseks mitme sektsiooniga fotokatalüütilist pidevvoolureaktorit. Eksperimentaalselt 
tehti kindlaks optimaalsed tehnoloogilised tingimused fotokatalüütiliselt aktiivsete  
TiO2 kilede sadestamiseks USP meetodil: lähtelahuses titaan(IV)isopropoksiidi ja 
atsetüülatsetooni molaarsuhe on 1:4 ja titaan(IV)isopropoksiidi kontsentratsioon 0,1 M; 
sadestustemperatuur 350 °C ja kile paksus 200 nm. Esitatud tulemused on suure praktilise 
tähtsusega TiO2 kilede väljatöötamisel suurte pindade katmiseks fotokatalüütiliste 
õhupuhastuse ja pindade isepuhastuse rakenduste jaoks. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 

I. Dundar, M. Krichevskaya, A. Katerski, I. Oja Acik. TiO2 thin films by ultrasonic spray 
pyrolysis as photocatalytic material for air purification. Royal Society Open Science, 2019, 
6, 181578. 
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_o~_ |~_o~x�uàafdkfket�dlk�n}_|_{_p__̂_}̂_|̂_{̂_
p̂_

l���n̂�} �l̂_od jh�}d k�} n

p_ ����i�}�d}x_yz����i�}�dox_yz ����i�}�dox_yz����i�}�d|x_yz
l�n l�n

������������ICFGCHF�K�DCCF�EJKBJECHF�IH�DA�C�D��DG�K JBIKDCJ FC�¡¢.£¤?¡¢.£F� ¥¡¢.£I�CI¦D� I¦§GFKKF� F��JFGJ FC¡¢¢.£�IḦ�@�©���JD�KJCK�I¦KC�JªF� §FB«FG¬JI�FKBHJBFHJ �DA�KF�BGJ JBIKDCJ FC?¡¢.£@
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Publication II 

I. Dundar, M. Krichevskaya, A. Katerski, M. Krunks, I. Oja Acik. Photocatalytic degradation 
of different VOCs in the gas-phase over TiO2 thin films prepared by ultrasonic spray 
pyrolysis. Catalysts, 2019, 9, 915.  





�����������	
�������������������������������������� !"�����#�"$���"��%��&� '&���(��)"���*����+�,����"����-*���������"�".+����)�/����012 13�����4�����%"5���'12 16����"4����"5�013����4�/�5"0���.���� 7�6��50128 9:;<=>?:@>ABC<>:=D<EF<@GH@ID=A@?:@><EJ:KL@AEAMNOP<QA=<>A=NABJLD@RDE?SL:?DK<EJ:KL@AEAMD:FJ<EED@@T@DI:=FD>NABJ:KL@AEAMNOHLD><U<>:>::VO8WXYZJ<EED@@OHF>A@D<[<><@<F\]<>:=F]D̂><E>:KL\::_̀\a\b[?<EE:\]=c@]F̂><E>:KL\::_C\a\bd 9:;<=>?:@>ABC<>:=D<EF<@GH@ID=A@?:@><EJ:KL@AEAMNOP<QA=<>A=NABH@ID=A@?:@><EJ:KL@AEAMNOJ<EED@@T@DI:=FD>NABJ:KL@AEAMNOHLD><U<>:>::VO8WXYZJ<EED@@OHF>A@D<2 SA==:F;A@G:@K:eDQ=<LD?\Gc@G<=̂><E>:KL\::_f\9\b[?<=D@<\]=D>F:IF]<U<̂><E>:KL\::_C\a\b[DEA@<\AU<̂><E>:KL\::_f\g\̀\bh:K:DI:GedXi:;>:?Q:=dX8W[̀ KK:;>:Gej8gK>AQ:=dX8W[kcQEDFL:GedlAI:?Q:=dX8W mnompqrstquvwxyz{6+"�����|f@>LDFF>cGNO}:G:;AFD>:GJDgd>LD@~E?FA@>AQA=AFDEDK<>:ME<FFQNcE>=<FA@DKF;=<N;N=AENFDF<>jVX<@G�VX�S\JL:<D?ABF>cGNDF>AG:>:=?D@:>L::�:K>ABG:;AFD>DA@>:?;:=<>c=:A@;LA>AK<><EN>DK<K>DID>NABJDgd>LD@~E?F<@G>AD@I:F>DM<>:>L:;:=BA=?<@K:ABJDgd>LD@~E?FA@;LA>AK<><EN>DKG:M=<G<>DA@AB?:>LNE>:=>�Qc>NE:>L:=_CJ�HbO<K:>A@:O<K:><EG:LNG:O<@GL:;><@:<FBc@K>DA@FABGD�:=:@>A;:=<>D@M;<=<?:>:=F\JDgd>LD@~E?FG:;AFD>:G<>jVX<@G�VX�SL<I:<>LDK]@:FFI<Ec:AB8WX<@GjjX@?O=:F;:K>DI:EN\̀ EE<F�;=:;<=:GJDgd~E?F;AFF:FF<@<@<><F:K=NF><EED@:F>=cK>c=:\̀ KKA=GD@M>A>L:��=<N;LA>A@F;:K>=AFKA;N_�kibF>cGNO>L:JDgd>LD@~E?G:;AFD>:G<>jVX�SFLA}:G<LDML:=<?Ac@>ABA�NM:@I<K<@KD:F<@GLNG=A�NEM=Ac;FA@>L:~E?Fc=B<K:<B>:=T�>=:<>?:@>\JL:<M:G�JDgd>LD@~E?G:;AFD>:G<>jVX�SFLA}:G<}<>:=KA@><K><@ME:_�S̀ bI<Ec:ABX�<B>:=8X?D@T�D==<GD<>DA@OFLA}D@MFc;:=LNG=A;LDEDKFc=B<K:Q:L<IDA=\JL:JDgd~E?G:;AFD>:G<>jVX�S:�LDQD>:G>L:LDML:F><?Ac@>ABKA@I:=FDA@ABCJ�H_8XX�b\JL:=:FcE>F<EFAFLA}:G>L<>JDgd~E?F<=:K<;<QE:AB;LA>AK<><EN>DKG:M=<G<>DA@ABCJ�H_8XX�b<@G<K:><EG:LNG:_<;;=A�\YX�bD@Lc?DG<D=KA@GD>DA@F<@GLDML<D=�A}=<>:\JL:IDFDQE:�EDML>�<K>DID>NABJDgd>LD@~E?F}<F>:F>:G}D>LV;;?CJ�H<@G<K:>A@:\JDgd>LD@~E?FG:;AFD>:G<>jVX�S}D>L<Fc=B<K:<=:<ABZXXK?dFLA}:GZX�ABCJ�H<@Gjj�AB<K:>A@:G:M=<G<>DA@c@G:=�fiEDML>\4������"|JDgd[>LD@~E?[F;=<N;N=AENFDF[;LA>AK<><EN>DK[�gSF[D@GAA=<D=[Fc;:=LNG=A;LDEDK0�.�����/������AE<>DE:A=M<@DKKA?;Ac@GF_�gSFb<=:>L:?AF>KA??A@<D=;AEEc><@>FO}LDKL<=:;=:F:@>D@QA>LD@GAA=<@GAc>GAA=<D=\f>}<F=:;A=>:G>L<>>L:�gSKA@K:@>=<>DA@D@GAA=FDFAB>:@d>AV>D?:FLDML:=>L<@>L<>AB>L:Ac>GAA=F�8�\̀ ?A@M�gSFO<K:>A@:<@G<K:><EG:LNG:<=:KA??A@KL:?DK<EFcF:G:�>:@FDI:END@<I<=D:>NABD@GcF>=D<E<@GGA?:F>DK<;;EDK<>DA@F<@G<=:BAc@GD@<;;=:KD<QE:KA@K:@>=<>DA@FD@D@GAA=<D=�dOj�\C:>LNE>:=>�Qc>NE:>L:=_CJ�Hb<@GL:;><@:<=:Bc:EKA?;A@:@>F=:E:<F:G>A>L:<>?AF;L:=:B=A?M<FAED@:<@G?A>A=I:LDKE::�L<cF>��OV�\JL:N<=:KA@FDG:=:G<FAc>GAA=M:@:=<>:G�gSFO}LDKL<EFA<�:K>D@GAA=<D=�c<ED>NO:F;:KD<EEND@QcDEGD@MFKEAF:>A;<=]D@MEA>FA=F>=::>F\JL:=:BA=:OD>DF:FF:@>D<E>AAQ><D@L:<E>LNEDID@M:@ID=A@?:@>FD@?AG:=@QcDEGD@MFOD@>:M=<>:G}D>L<D=KE:<@D@MFAEc>DA@F�Z�\ K̀KA=GD@M>A>L:D@>:=@<>DA@<EF><@G<=GO<K:>A@:<@G<K:><EG:LNG:>AM:>L:=}D>LL:;><@:O>AEc:@:O<@GBA=?<EG:LNG:<=:>L:?AG:E<D=;AEEc><@>FBA=>L:;A>:@>D<ED@>:=@<>DA@<EF><@G<=G>:F>D@MAB<D=KE:<@:=F���\��	����	�'�0�O�OW8V[GADe8X\jjWX�K<><EW88XW8V }}}\?G;D\KA?�UAc=@<E�K<><ENF>F



�����������	
����� ����������������������������� �!�� ��"�#��"�#��#�$���� #�#������!#�"�"�#���!��������#"� ����" �#���%�!#!�$����"��� �#�&���'(�))�&*�)��#!�&*�))#!� �#��!+�$"�$#"��,������$����"�-�.��/0�����#"��1$� ������#2�#��+�$���� #�#���� # ��2�����"+#�3$�#��$�����#!���+"#�#���!���������"�#"+�#2#��#,����"�# �#"�#04���2�"�!#!�$����" �#��!+��#2���+�$���!��#���#++����"#��#!����# ��"�������,��"#��� #���!+#"��� ���!�!����"$���� #�#���� # ��2���-����5/#!�����"#!�����#! ��!���2���,���$� �"#�"#!+�-�6/���� ����������7�����#$$�� #���!��� �#��!���"�"������"$���� #�#�����08#!� "���#���!���%����!7��������2�"�#"�2��#���"�#��+�#"��!+���#!��#������������"��"�!+#������!�������,��"#��0����������!�����������!7����#�#�2#!�#+���!�����2���$��!�������#�!#,��$���� #�#�������"#$$�� #���!� �!�#�!�!+9���!++#���"�#�� ��$#"����!#!�$����" �#��!+�-����5/0���$���� #�#���� $�"��"�#! �����%����!7�����$�!���!��2�"#��# ��"�������"��#��������!7��$"�$�"�����$"��#"��� �!�����!��,����$"�$#"#���!������0&���� #�#���� ���!7��� #!,��#,"� #���,�2# ���#!�!�!32# �����$������!�������0������� ����!2# ����� �!�:�����#��#2�,��!�������#,"� #����%����!7�����"$���� #�#���� #$$�� #���!�#"�#���� �#��"��$������!-��/#!��$����"�!+�������-�;/08�!32# ����������!,#���������������2�"��#2���2�"#�#�2#!�#+�� ��$#"����2# ���,#����� �!�:������ �#� ���3�<� ��2�!����"����" ��#2�!+��#!�"#$����$������!0������� ����!!�!32# ��� �� �!�:����#��#��������#,"� #����%����!7�����"$���� #�#���� #$$�� #���!���������.+��������=>�$$����!�#"�?#��"�#���#,��>�@0A��!+������#!���������#2�,��!��!��!���+#�3$�#��$���� #�#���� ��+"#�#���!��# ��#�������-�B.��/#!�# ���!�-��.�B/�!��%����!7���������#������������"���!��!$���� #�#���� �1��#���!��?�CD#!���$�#!�0>�$$����!�#"�?#��"�#���#,��>��������#����$���� #�#���� �� ��$������!��?�CD#!���$�#!��#���������������!��%�$����" �#��!+�-�B.5�/0E!��"$"�2������������%����!7�����"��1#��!����"$���� #�#����  �!2�"���!��+#�����?�CD�!�����%���"�# �0�����%�7����$�������!��!���+�#���1��,���� �!2�"���!��?�CD��#$$"�1��#�����)F-�/0�����,�������"G!�����+��!�$"��"��������#2��1#��!��$������ ��$������!����$�#!��!�"#!�$#"�!���%����!7���0A����!�!>�$$����!�#"�?#��"�#���#,��>�����"��������������������#"��#"��� ��$#"#,������������<�"�!��2#��#���!�� �!�:���#!�"�# ��"��$��,�������$�"#��!+ �!�����!���"�!+$���� #�#���� �������� �#�$�����#!���$��9��"#������$�"#��"���""#��#���!�!��!�����#!�$���� #�#����  �#��!+#"�#0A��!+���!�!32# ����������!,#����� �!�:�����$"#�$�"��������#"�,���� ���3�<� ��2��#!��#�����$3� #�#,�� ���� #�������-5��55/0E!����$"#�$�"�������������#�"�����#"�+�!�"#���,�#!�,���H�"=�0+0�$!���#�� ����"#��!� ��"��� �"���#�� @�"#!���"#��!� +�!�"#��"#!� #""����!#+#�9����"��+�#��"!# �-56�5�/�"�!��#���$�#��-�/0A��!+���2#"����!�,���H#���!�� �!�:���#2#��#,��������������"#��!� �$"#�$�"������='>&@�#��#2��"��,� #��������+�!�"#���!����#��3��H���!���#��"�$�����#!�����!��"�!����2��� ���������!���#�����"���#�"����-5�/0I��$��������2�"#�#�2#!�#+����'>&3��!�����H�����!7����!�$�,�� #���!��!����� ��$������!��(%*��� �#�# ���!��# ��#��������#!���$�#!��!�"#!�$#"�!���%����!7����#,"� #���,�'>&"�$�"��!+����"$���� #�#���� # ��2���"�+#"��!+����#��"�#�� �#"# ��"���� ���"����!�#2#��#,��J����������������$$������"��!��+����!��������$� 0���$"���!�$#$�"��# ��$"���!��2����������%����!7�����!�����H��,�'>&#!�#$$������"���#,#����!�����<�"�!�(%*�04�"�,�����$�"$������"� �!����"����"���������K7"��������2#��#�����$���� #�#���� $�"��"�#! �����%����!7�����$������#���<�"�!����$�"#��"��J#!��� �!�������!2����+#������<� ������������#�"9��"�+����#!���+�����" �=�0�0�'(#!�(E>@�!���#,#����!���#�"$�����#!���!��%����!7���0?�CD�# ���!��# ��#��������#!���$�#!���"��!��2���#����������2#��#�����$���� #�#���� # ��2�����"+#�3$�#��"�# ���!��!��������3�� ���!$��+39��"�# ��"0



�����������	
����� ���������������������� !���"� �#�� !$��!%&'(�(�()*+�,-./�+01�2�34563*+.�71�8791.7*+�,-.:�+01�2�34��,7;0+.0,+.<=6>'916?@2:7�?A�+�7626-,9.32,77(=6>'@2:<.0�769.<,9��BCDE563*+.�,F71�8.<,02,?.7*+�,-.79+*-9*+.�81.+.,791.@2:<.0�769.<,9G�BCDE563*+.�-F71�8.<,3+,6?;26H.79+*-9*+.(=1.916-H?.77��=6>'@2:770+,4.<,9��B,?<G�BCD8.+.�B,?<��B?:E=,A2.�F�+.70.-96I.24�,7.796:,9.<�+�:91.-+�77;7.-96�?,27-,??6?3.2.-9+�?6-:6-+�7-�0.E)J/F6:,3.7E6?7.96?563*+.�,�-F(fgdgdgQhijcklmQnbjopbqbrsQYtrijmQdQupbvuQwpmQuijcklmQxbjopbqbrsQbcQkuyojmokjmzQ{tZfQwpt|QctqxuQb|Q}bjbutqtlkwmQrqkuugQ{tZfQctqxQzmobutwmzQkwQa~�Q��Q�YtrijmQdk�QupbvmzQkQoqk|mQuijcklmQuwjilwijmVQvpmjmkuQwpmQctqxQzmobutwmzQkwQ�~�Q��Q�YtrijmQdl�QupbvmzQkQrjkt|yqt�mQuwjilwijmgQ{pmQwptl�|muuQbcQ{tZfQctqxuQuojksmzQkwQa~�Qk|zQ�~�Q��QvmjmQd��Qk|zQaa�Q|xQ�{k}qmQd�VQjmuomlwt�mqsVQkuQmuwtxkwmzQcjbxQwpmQljbuuyumlwtb|kqQulk||t|rQmqmlwjb|tlQxtljbulbomQ�h]n�QtxkrmuQ�t|umwQt|QYtrijmQdkVl�gQ
Q���Q Q���Q
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�����������	
����� ��������� ������������������� !""�#�$��%���&�'�(��"&�"�)*�+����,*�)-*./��01�.2*+*3���*)�"�4"*2��567�8�9:6;��<96���
�=>?����@���AB&�++���C��� '�"*�'����D�&��&�%���� �,�&0E*�2������!3&"�F�-�*4,G��"*"��*���)��+++!HH�&"+��&2�H�!&H��+�H��"�4�"��I"*40�)&�0�"*����"��!�����4�"������0�"�������J<K6LMN656��	��=OP�/�@//�AB&�++���C�/� (����+"�&��Q��(�R!���F��S��T��)����2��U����&4!� �%�+@+��*0�0+�&H"*����+���4"�02���"*���&)��*44��H�!�0+��"*"��*!�0*�V*0�(�)!++�D/���J<K6LMN6WXY6���Z�[\�//��@//�]�AB&�++���C�̂� $���)���*�#�U��U�)�*)��"�_��T���B�D��"�4�"��I"*40�)&�0�"*����S.B+��2�&*�!+4����&4*��"*"��*!�0*�V*0�+̀a�H�4"���H�&�"*�)H�&���"�&+��&���2���b4*��4I��03IH&�0!4"+)���&�"*���cdY�:6LMeY9fM6��	g�=P\�/]�@/�/�AB&�++���C�h� a3&��*��U��0�T�+��U�Q*��"*4$�0��*�)��"��D��"�4�"��I"*4(�)&�0�"*����#*&i �&��D���!"��"+�jk�JL56���l�[?����]@��/]�AB&�++���C��� D����m�$��'�����'�-��D*���*���B�����&I�$�Q��_���&�+�D��Q��"�+�#�%��(!���H�D���$��U��*�"���F�n�� I&���F�#��.o������Q���"���#&�2*�R��"��2*+*3���*)�"�4"*2�"*"��*!�0*�V*0�H��"�4�"��I+"+��&��2*&�����"���HH�*4�"*��+�jpp�6�����6cLMeY9fM6��	��=q[�̂ �̂@̂h�AB&�++���C��� S����2��#�#��Q�m��2��r�#��S�,��*�"+�2�#����Q�����2���S��(�&�+��2��a� ����&��2�#�#��n�*�+"�*��a�#�����H���#�#�'��+"�*4�*���"&*4"*"��*!�0*�V*0�����"!3�+R*"������4�04�"��I"*4���4"*2*"I!�0�&2*+*3���*)�"�WXY6s<p6��	g�\���]�AB&�++���CAD!3$�0C�]� t!�F��$���-��T*!���r����4�0H��"�4�"��I"*4�4"*2*"I����+�H�&�!+-*./�))&�)�"�+3I��3�00*�)4�&3������"!3�+�+���4"&��i"&��+��&4�������uJ��6�J<K6�J<K6uJ��6��		�=P�̂h�@̂����AB&�++���CAD!3$�0C��� Q&I+��F��'�2�"���D��Q���"����$*��+�#�rv�4"��)��+++!3+"&�"���00�H�+*"*��"�4��*w!���"��H&�H�&"*�+��+��i)��-*./"�*�G��+�56uJf�fXJ<K6uJf�fxYf�6j��		�qqq���@���AB&�++���Cy/��3I"���!"��&+�T*4��+��$(Da� �+����R*"m�&���0�-�*+�&"*4��*+���H���44�++�&"*4��0*+"&*3!"�0!�0�&"��"�&�+��04��0*"*��+��"��B&��"*2�B�����+#""&*3!"*��zBB t{�*4��+�z�""H̀||4&��"*2�4�����+��&)|�*4��+�+|3I|h��|{�



 

89 

 

 

 

 

 

 

 

 

 

 

 

 

Publication III 

Dundar, A. Mere, V. Mikli, M. Krunks, I. Oja Acik. Thickness effect on photocatalytic 
activity of TiO2 thin films fabricated by ultrasonic spray pyrolysis. Catalysts, 2020, 10, 
1058. 





�����������	
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v	RQQiR�R�S*0�11T��UQ� .�, , ('1 	5�"w�0, 0��= 	��"� 3 4 8( 1 	%�". /1 0 ('1	7�b+�/�& / 36/'& ,��3�&/0��F'� /'�,?0�?�0/'�1��!'#�/+',V341��?�1'/��@61�3i8�3������JxYm����_e	NO�	�CRi����S*0�11T��U�� y='&'	7�"w�0 	z�<�"*+�'	B�"b=4 	5�z�"�'�,61'�=	����"z'//�0	)�<�"��1/ '33 /1	B�>E�&/��(�6? 0 4�/�01�,/+�?+�/�& / 36/'&�F'� /'�,��/�3=�,� /3�A&�,&�,/0 /'�,1', '0=,��0��C{���,4|w'00 �' /'�,�c\\�J�����Jdn]ôIY]J��_�	}P	���i��h�S*0�11T��Uh� B�'(('3~	<�"b==('3 ',�,	>�"T'/ 3 	<�"z�1(�3~	<�>E�&/��/+'&(,�11��%z�80�A,!'#�V341�,?+�/��3�&/0�& / 361'1��JMKY�YZKJMKY�Y�̂Y�Jc�KHLJ���̀	N�O	�i���S*0�11T��U�� .~~0'~',�,	<�9z�".~~0'~',�,	!�#�"* 4�0�,	��*�!'/ ,'=4�'�F'��/+',V341	/+�'01/0=&/=0� ,�'/1�E�&/�,/+�'0?+�/� &/'�'/6 ,�?+�/�& / 36/'&?0�?�0/'�1�xK̂]XY�̂m�̂�L����̀	P
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Appendix 2 
Table1.1 Selected studies on photocatalytic decomposition of different VOCs on TiO2 thin films prepared by wet-chemical methods. 

Ref. Dep. 
Method 

Material Properties Photocatalytic activity 

Subs. 

Specific 
Quantity 

of 
Material 

Ti-
source 

D, 
nm 

RMS, 
nm 

MCS, 
nm 

TT, 
% 

Measurement Parameters 
Degradation reaction 

rate/degraded 
amount Pollutant Inlet 

concent. 

Photocat. 
surface 

area, cm2 

UV light 
intensity, 
mW cm-2 

RH,
% 

104 Sol-gel Glass tube NA TTIP 200  NA NA NA 
Acetaldehyde 

 Toluene 
Acidic acid 

1 μl 26 2.5 NA 1.9 µmol -1s-1g-1  
0.1 µmol -1s-1g-1  

105 
Sol–gel 

dip 
coating 

Glass NA TTIP 1000 NA NA 80 Methyl ethyl 
ketone 1-6 g m-3 NA NA 0%, 

30% 
0.006 min-1 (0%RH) 
0.004 min-1 (30%)  

106 
Sol–gel 

dip 
coating 

SLG NA TPOT 900-
5300 NA 16 70 Acetaldehyde, 

Toluene 
1, 3.25 

ppm 50 1.0 50 80-90% removal 
53-60% removal 

107 

Sol–gel 
dip 

coating 
SLG NA TTIP 500- 

2100 NA NA 70-
80 Acetaldehyde 1350 

ppm 50 1.2 NA 
0.1-0.4 

µmol-1min-1 reaction 
rate 

Spray 
Pyrolysis 

Quartz, SL 
Glass NA TTIP 2100 NA NA 70-

80 Acetaldehyde 1350 
ppm 50 1.2 NA 33-48% conversion

108 Spray 
Pyrolysis Glass  NA Nano-X 110 NA 30 NA Acetone 3 μl 25 2.3  25 NA 

109 
Sol–gel 

dip 
coating 

Glass 
cylinder  NA TTIP 300-

2000 NA 4-35 NA Acetone 
0.017- 
0.02 
g h-1 

67.2 NA 45 67-98%  conversion

110 

Sol–gel 
dip 

coating 

Glass 
cylinders 

0.25 
mg cm-2 TTIP NA NA NA NA Acetone,  MIBK 450 

ppm NA 2.7 20 
9.40x107 

mol s-1 g-1 reaction 
rate 

111 

Sol-gel 
reverse 
micellar 

SLG, Al    
SS, quartz NA TTIP NA NA 13 NA Acetone 400 ppm 140 0.54 80 4.4, 9.5 x10-4 min-1 

1.9, 2.3 x10-3 min-1 

Sol–gel 
dip 

coating 
Al NA TTIP NA NA 13 NA Acetone  400 ppm 140 0.54 80 7.8-9.5x10-4 min-1 
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Ref. Dep. 
Method 

Material Properties Photocatalytic activity  

Subs. 

Specific 
Quantity 

of 
Material 

Ti-
source 

D, 
nm 

RMS, 
nm 

MCS, 
nm TT, % Pollutant 

Measurement Parameters Degradation 
reaction 

rate/degraded 
amount 

Inlet 
concen. 

Photocat. 
surface 

area, cm2 

UV light 
intensity, 
mW cm-2 

RH,
% 

  112 Sol–gel 
dip-coating Glass rings 20-120 

mg cm-2 TTIP 130-
690 NA NA NA Toluene 0.01-0.5 

ppm NA NA 0-66 60-80%
conversion 

113 Sol–gel 
dip-coating Glass tube NA TTIP 1300 NA 8 NA Toluene 0.5-8 

ppm NA NA NA 22-48% removal 

114 Sol–gel 
dip-coating Glass NA TTIP 200-

350 NA 25 70-80 2-propanol 80 µM 19 1.3 NA 100% conversion  

115 Sol–gel dip 
coating Glass 3.5 

mg cm-2 TTIP 5500 NA NA NA MTBE 500 
ppm NA NA NA 90% conversion 

116 Sol–gel dip 
coating Glass NA TBOT 200-

250 6-9 12-
14 70 Methanol 5 µl 16.8 Visible 

light NA 80% conversion 

117 Sol-gel  Borosilicate 
glass tube NA TTIP NA NA NA NA Formaldehyde 100-500

ppm 60 0-1.56 NA 
0.148 min-1 
0.170 min-1 

reaction rate 

118 Sol–gel dip 
coating 

Stainless 
steel NA Ti (OBu)4 

40-
342 NA 6 NA Formaldehyde 145 

μmol l-1 13.75 0.113, 
1.84 NA 35%, 89% 

conversion  

119 Spray 
pyrolysis  Glass tube NA 

Titanyl-        
acetyl  
acetone 

350 NA 35 80 Butane 3.03  
mol dm-3 187 1.0  NA 90% conversion 

120 Spray 
pyrolysis Glass fibre NA TTIP NA NA NA NA 

Trimethyl 
amine, 

Methanethiol, 
Dimethyl 

sulfide 

5 ppb 54 2.0 NA 100% coversion  



 

107 

Ref. Dep. 
Method 

Material Properties Photocatalytic activity  

Substrate 

Specific 
Quantity 

of 
Material 

Ti-
source 

D, 
nm 

RMS, 
nm 

MCS, 
nm 

TT, 
% Pollutant 

Measurement Parameters Degradation 
reaction 

rate/degraded 
amount 

Inlet 
concen. 

Photocat. 
surface 

area, cm2 

UV light 
intensity, 
mW cm-2 

RH,
% 

121 
Sol-gel 
spin-

coating  
Glass NA TTIP 98, 

106 
0.7, 
1.0 NA 80 n-hexane 50 ppm 25 7.0 NA 100% 

conversion 

122 
Sol-gel 
spin-

coating 
Silica glass NA TTIP 70-

670 1 NA NA 2-propanol NA 6.25 NA NA 
33% (70 nm), 
88% (670nm) 

conversion 
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