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Abstract

Semiconductor-based photocatalysts were fabricated via one-step gas-phase method, 

specifically utilizing plasma enhanced chemical vapor deposition and physical vapor 

deposition method to fabricate TiO2, TiO2-CuO, and TiO2-Ag nanoparticulate thin films.

In addition, spray pyrolysis method to fabricate ZnO and ZnO-Ag nanoparticles. These

semiconductor-based photocatalysts characteristic and enhanced photocatalytic activity

were assessed.

Chapter 1 elaborates on the detailed exploration and importance of the materials 

utilized and the various processes involved in nanomaterial fabrication and their 

applications in advanced oxidation processes (AOPs), specifically photocatalysis. This 

overview serves as the motivation behind the research investigation within the scope of 

this dissertation.

Chapter 2 explores the production of TiO2-CuO nanoparticulate thin films via a 

one-step PECVD-PVD method, followed by an assessment of their photocatalytic 

activity under visible light, considering the anatase or rutile crystalline phases, which is 

altered by the increase of the post-deposition annealing temperature. Results showed, 

the rutile- TiO2-CuO film exhibited superior photocatalytic activity compared to 

anatase- TiO2-CuO. Further investigation focused on the characteristics of anatase TiO2-

CuO. The photocatalytic activity was explored by alterations in UV or visible light 

exposure, pH, and the addition of H2O2 to the photodegradation system. The results 

showed that TiO2-CuO/H2O2 at pH 13 exhibited the highest photocatalytic activity.

Chapter 3 extends the investigation of TiO2-based photocatalysts by loading noble-

metal Ag nanoparticles. Utilizing the same fabrication system as in Chapter 2, Ag-

loaded TiO2 was fabricated. The addition of Ag extends the light absorbance of TiO2 the
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visible light wavelengths. Results demonstrated that at specific Ag contents, TiO2-Ag 

exhibits superior photocatalytic activity compared to pristine TiO2 under visible light 

irradiation. Additionally, this chapter delves into a comprehensive examination of how 

variations in the heating rate during post-deposition annealing affect the characteristics 

of TiO2-Ag such as crystallinity and surface area.

Chapter 4 expands the scope of semiconductor-based photocatalysts beyond the 

one-step PECVD-PVD method and TiO2-based materials. It explores alternative one-

step gas-phase fabrication methods and materials by focusing on Ag-loaded ZnO using 

SP method, which resulted in crumpled-shaped particles. The photocatalytic activity 

was assessed for treating real textile wastewater, offering insights into its potential 

application in environmental remediation. The photocatalytic activity of ZnO-Ag was 

higher compared to ZnO.

Chapter 5 Summarizes the findings from all chapters and suggests future research 

directions.
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Chapter 1

Introduction

1.1. Advanced oxidation process by photocatalysis

Environmental issues related to pollution have been exacerbated by human

activities. Alternative solutions in wastewater treatment can be done by methods, such

as advanced oxidation processes (AOPs). This method has emerged as a solution for 

addressing water pollution compared to traditional wastewater treatment methods such 

as adsorption, flocculation, and coagulation, which can be higher in operational 

expenses and the existence of additional streams for secondary waste. AOPs benefits

includes, the accelerated degradation rate, mineralization or toxicity reduction of 

organic compounds, and function at room temperature and pressure [1].

AOPs involves the generation of highly oxidizing species, such as hydroxyl radicals 

(•OH), which facilitate the degradation of organic compounds, possibly leading to 

complete mineralization. Several AOPs has been implemented in wastewater treatments, 

as explained by Paździor, et al. [2], such as (i) Fenton and photo-Fenton based reactions,

(ii) electrochemical, (iii) photochemical, and others. Fenton-based reactions involve

ferreous ions Fe2+ and their reaction with hydrogen peroxide (H2O2) in the 

decomposition process of organic compounds. Apart from Fenton-based reactions, 

electrochemical oxidation treatments have also been considered, where the degradation 

of organic pollutants takes place as a result of anodic activity.

Photocatalysis has attracted high attention as one of the photochemical AOPs,

which involve the use of a nanomaterial semiconductor as a catalyst for the degradation 

of organic compounds. The process in photocatalysis follows [3]: 1) the diffusion of the 
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organic pollutant to the surface of the photocatalyst, 2) adsorption of the pollutants onto 

the surface of the photocatalyst, 3) degradation through oxidation or reduction of the 

adsorbed pollutant, 4) desorption of products from the surface of photocatalyst, and 5) 

removal of products from the interface region.

Photocatalysis involves activating a catalyst through light exposure. When the 

catalyst is irradiated with light, provided that the energy of the incident photons aligns 

with the band gap energy of the semiconductors, electrons undergo excitation from the 

valence band (VB) to the conduction band (CB). The electrons can instigate reduction 

reactions on the catalyst surface. Conversely, the resulting holes in the VB participate in 

oxidation reactions. The electron–hole separation and subsequent reaction can produce 

•OH. These radicals can then oxidize organic compounds, potentially achieving 

complete mineralization. In instances where electron–hole pairs remain unused in 

photocatalytic reactions, they tend to recombine rapidly, releasing energy in the form of 

heat.

Chen et al., [4] has listed several advantages and limitation of traditional photocatalysis. 

They stated that photocatalysis is an environmentally friendly process, low-cost, and how easy it 

is to adjust catalyst loadings. However, there are still limitations of the process such as the 

difficulty in recovery and regeneration, effectiveness of degradation reduces because of 

excessive pollutants, and the potential of losses of the photocatalyst.

The effectiveness of a photocatalyst activity is influenced by its band gap energy, electronic 

structure, and ability to generate electron–holes [4]. The band gap energy should be tailored to 

extend light absorption into the visible spectrum, thereby efficiently harnessing light energy and 

increase the effectiveness of activity [5]. Besides the appropriate band gap energy, a 

photocatalyst should be selected based on its availability, surface area, cost, and physical and 
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chemical stability. Additionally, an ideal photocatalyst should be reliable under various reaction 

conditions and resistant to photocorrosion [6,7]. Figure 1 highlights the essential 

characteristics of an excellent photocatalyst [8].

Figure 1. Characteristics of Good Photocatalyst. Adapted from [8].

1.2. Materials for photocatalysis

1.2.1. Characteristics of semiconductor-based photocatalyst

Photocatalysis involves the excitation of electrons of a photocatalyst that is 

irradiated with light. The light photons energy must have bigger energy compared to the 

band gap of the semiconductor to excite the electrons from the VB to the CB of the 

semiconductor. This phenomenon generates electron and hole pairs. A variety of these 

band gap energy can be seen in Figure 2, where the definition of the band gap energy is 

the energy gap between the filled VB to the empty conduction band of the 

semiconductor [9].
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Figure 2. Band Gap Energy of Semiconductors. Adapted from [9].

Semiconductors (MxOy) such as TiO2 and ZnO are eminently used as photocatalysts

for the degradation of organic compounds. In photocatalysis the characteristics of the 

material, such as the crystallinity, morphology, and surface area, are important factors in 

achieving optimum applications. Additionally, to enhance the performance of MxOy, the 

introduction of either semiconductor or metal materials is utilized to tune its 

characteristics and improve the photocatalytic activity. The subsequent sections will 

introduce the materials used in this study.

1.2.1.1. TiO2

TiO2, an n–type semiconductor, stands out as a pivotal material in photocatalytic 

applications due to its thermal and chemical stability, low toxicity, cost-effectiveness, 

and availability [10]. It has been studied for photocatalytic applications such as CO2

conversion, degradation of organic pollutants, and water splitting. In nature, TiO2 exists
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in anatase, rutile, and brookite crystalline phases (Figure 3). The transformation from 

the anatase phase to the rutile phase may occur as the temperature rises [11]. Among

these phases, anatase exhibits exceptional photocatalytic capabilities, particularly in 

generating •OH during photocatalysis.

Figure 3. Crystal phases of TiO2: a) anatase, b) rutile, and brookite.

It was reported by Zhang et. al., [12] that anatase had the indirect band gap while 

rutile has direct band gaps (Figure 4a). Due to the indirect band gap of anatase TiO2 it 

has a slower electron and hole recombination rate compared to rutile, which is the 

reason for the better photocatalytic performance. In addition, it was reported that 

because of the smaller size effective mass of anatase compared to rutile the 

photocatalytic activity is better (Figure 4b). The effective mass of electrons and holes is 

inversely proportional to the transfer rate of electrons and holes to migrate and transfer 

to the surface of the particles to participate in the photocatalytic degradation process.
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Figure 4. a) Comparison of recombination processes and b) transfer diagram of anatase 

and rutile. Adapted from [12].

Under UV light irradiation the photon energy from the light can excite the electrons 

of TiO2. The reaction that occurs follows eq. 1-10 [4]:

e−cb (TiO2) + hvb
+ (TiO2) → energy (1)

e−cb (TiO2) + O2 → HO•
2+ TiO2→ H+ + O•

2
− + TiO2 (2)

hvb
+ (TiO2) + H2O → HO• + TiO2 + H+ (3)

O•
2
− + H+ → HOO• (4)

HOO• + HOO• → H2O2 + O2 (5)

e−cb (TiO2) + H2O2→ HO• + OH− (6)

O•
2
− + H2O2→ HO• + OH− + O2 (7)

hvb
+ (TiO2) + OH− → TiO2 + HO• (8)

HO• + pollutants → H2O + CO2 (9)

HOO• + pollutants → H2O + CO2 (10)

However, the UV region constitutes only a small portion (~4%) of the solar spectrum, 

restricting the practical applications of TiO2 in daily life. This constraint arises from its 

wide bandgap (3.2 eV), which limits photoactivity under visible light and exacerbates 

rapid electron–hole recombination. Effective electron–hole recombination is needed for 
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the production of •OH that will react in degrading organic compounds.

Chen, et al, [4] stated several factors that decreases the photocatalytic efficiency of 

TiO2, such as 1) fast recombination rate of the electrons and holes, 2) poor affinity with 

organic pollutants, decreasing the adsorption to its surface, 3) aggregation, which can 

inhibit the active centers to absorb light irradiation, 4) higher scattering, 5) practicality 

in the recovery of the TiO2 powder particles, which is well dispersed in the organic 

pollutant, 6) TiO2 possess an initial high band energy. Potential modification strategies 

of TiO2 such as doping of metal or non-metal materials, which can decrease the possible 

electron–hole recombination of TiO2 [13].

1.2.1.2. ZnO

ZnO has attracted potential alternative from TiO2 as a photocatalyst. It has a similar 

band gap energy (3.37 eV) with a higher absorbance in the visible light spectrum. The 

known crystal structure of ZnO is cubic rocksalt, cubic zincblende, and hexagonal 

wurtzite [1]. At ambient conditions, ZnO typically exists in the thermodynamically 

stable hexagonal wurtzite structure. Ong et al., [1] has explained several potential 

materials that can be added to ZnO which can increase the photocatalytic activity of 

ZnO, such as before in TiO2, with the addition of semiconductor (SnO2, Co3O4, TiO2xNy)

or even metal (Ag, Al, Mn) nanoparticles.

1.2.2. Enhancing the activity of photocatalysts 

Several methods can be done to increase the photocatalytic activity of the

semiconductor-based photocatalyst, which includes dye-sensitization, noble metal 

loading, transition metal doping, semiconductor heterojunction formation, and non-
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metal doping [14]. Other researchers have done these modifications towards the 

semiconductor-based materials such fgureas seen in Table 1. These modifications can

increase the performance of the semiconductor-based materials. This study will focus on 

the semiconductor-semiconductor (Section 1.2.2.1) and semiconductor-metal 

heterojunctions (Section 1.2.2.2).

Table 1. Modification of semiconductor-based nanomaterials

Modification Material Application Application Result Higlights Ref.

Metal-doping
ZnO-Ag 

ZnO-Au
Photocatalysis

UV light irradiation (160 min) 
Methylene blue degradation
ZnO = 8%
ZnO-Ag (2 mol%) = 25%
ZnO-Au (2 mol%) = 45%

[15]

Metal-doping TiO2-Ag Water splitting
H2 production
TiO2 = 206 mmol/g.h
TiO2-Ag (1.5 wt%) = 470 mmol/g.h

[16]

Non-metal 

doping
N-ZnO Photocatalysis

Methylene blue degradation
UV light irradiation (60 min)
ZnO = 25%
N-ZnO = 97%
visible light irradiation (180 min)
ZnO = 15%
N-ZnO = 80%

[17]

Non-metal 

doping
N-TiO2 Photocatalysis

Methylene blue degradation
UV light irradiation
P25 = 0.032 1/min
N-TiO2 (anatase) =0.031 1/min
N-TiO2 (anatase-rutile) = 0.095 
1/min

[18]

Non-metal 

doping
TiO2/rGO Photocatalysis

UV light irradiation (240 min) 
Rhodamine 6G degradation
TiO2 = 30.6%
rGO = 10.9%
TiO2/rGO = 42.7-82.9%

[19]

Semiconducto

r coupling
ZnO/TiO2 Photocatalysis

UV light irradiation (120 min) 
Methylene blue degradation
TiO2 = 84%
TiO2/ZnO= 92%

[20]
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Semiconducto

r coupling
CuO-ZnO Photocatalysis

Sun light irradiation
Methylene blue degradation
ZnO = 0.072 1/min
CuO = 0.033 1/min
CuO-ZnO= 0.022-0.099 1/min

[21]

1.2.2.1. Semiconductor-semiconductor heterojunctions

To enhance the electron separation process, it is possible to create a heterojunction, 

such as semiconductor-semiconductor heterojunctions, which can be categorized into 

three types (Figure 5) [13,22]. In Type I heterojunction the semiconductors should 

either be p– or n–type. For effective charge transfer, the CB of B should be higher, and 

its VB should be lower than that of A. This configuration ensures that both electrons and 

holes transfer to semiconductor A. In Type II, photogenerated electrons move from 

semiconductor B to A, while photogenerated holes move from A to B. This arrangement 

facilitates efficient separation of electron–hole pairs, making it highly advantageous. 

Type III heterojunctions are similar to Type II, except that there's a more pronounced 

difference in the positions of the VB and CB.
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Figure 5. Schematic of the charges-carrier separation in three type combination systems 

of semiconductor-semiconductor heterojunction. Adapted from [13,22].

Various transition metal oxide semiconductors, including WO3, SiO2, Fe2O3, and 

CuO, have been loaded to semiconductors, such as TiO2, to enhance its photocatalytic 

activity [23,24]. Furthermore, research has been carried out for its various applications, 

including hydrogen production [23], gas sensing [25], and degradation of pollutants 

through photocatalysis [26]. Several research of semiconductor-semiconductor 

heterojunction and its fabrication process and applications is summarized in Table 2 and 

their respective morphologies in Figure 6.

Table 2. Semiconductor-semiconductor based photocatalysts

Materials Application Highlights Ref.

TiO2/CuO Photocatalysis Fabrication of ultrathin p–n

heterojunction by thermal and ALD.

Study of the photocatalytic mechanism

in cationic/ionic dyes.

[26]

A B A B

A

B

Type I Type II

Type III

CB

VB

CB

VB
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TiO2/CuO Gas sensing Sensing of different gases showed the

highest response to CO (50–800 ppm).

Exhibits high selectivity at low 

temperatures (250 °C).

[25]

CuO-ZnO Photocatalysis Fabrication of copper doped ZnO by 

wet impregnation.

Increase photodegradation of acid red 

88 under visible light irradiation.

[27]

ZnO/TiO2 Photocatalysis Fabricated by sol-gel method.

Orange G was photodegraded by

photocatalyst following the Network 

Kinetic Model.

[28]

WO3/TiO2/ZnO Optoelectronic Fabrication via RF-sputtering.

Adjustability in optical and electrical 

characteristics based on layer 

composition and thickness.

[29]

Figure 6. Morphology of a) TiO2/CuO, b) CuO-ZnO, and c) ZnO/TiO2. Adapted from 

[26–28].

Among these, copper oxides (Cu2+ and Cu1+) is a candidate because it is

economical, environmentally safe, abundance, and high activity [30–32]. When 
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combined with TiO2, a well-known n–type semiconductor, CuO, which is a p–type

semiconductor, forms a p–n heterojunction (Type II), leading to enhanced photocatalytic 

efficiency [26,33]. Several advantages stem from this heterojunction, primarily 

attributed to CuO:

1. CuxO has a bandgap energy (1.2–2.2 eV), thereby can extend light absorption 

to the visible spectrum [30,31]

2. By loading a lower-bandgap semiconductor like CuO, the electron–hole 

separation lifetime can be prolonged, lowering the electron–hole recombination

[26,30]. This extended separation enables the production of •OH, which are 

essential for the degradation of pollutants through photocatalysis.

3. Furthermore, with the addition of H2O2, referred to as the Fenton process 

within AOPs, can enhance the generation of •OH. Cu-based materials 

demonstrate Fenton-like properties, enhancing their effectiveness in 

decomposing organic pollutants during wastewater treatment. [34].

The potential degradation mechanism can be elucidated using Figure 7 for TiO2-

CuO/H2O2. As reported in a previous study [34], the introduction of CuO into TiO2

forms a p–n heterojunction (Type II), as illustrated. Under light irradiation, electron–

hole pairs are generated. Specifically, electrons excited from the VB of CuO are 

transferred to the CB of TiO2. This transfer facilitates a Fenton-like reaction involving 

Cu2+ ions (depicted as green blocks) and photo-generated electrons (depicted as pink 

circles) with H2O2, effectively increasing the production of •OH, thereby enhancing the 

photocatalytic activity [34]. Additionally, the generated holes react with adsorbed water 

(H2O) or surface hydroxyl (OH−) to form •OH [35,36].
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Figure 7. Schematic of hydroxyl radical formation by TiO2-CuO/H2O2 under UV and 

visible light irradiation.

1.2.2.2. Semiconductor-metal heterojunction

Apart from the loading of semiconductors, the addition of metals also holds the 

potential to enhance the activity of semiconductor photocatalysts. Surface modification 

with noble metals like Ag, Cu, Pt, and Au can expand light absorption, thereby 

increasing photocatalytic activity in the visible light region [37,38]. Table 3 and Figure 

8 shows several of these heterojunctions with their applications and morphologies. 

Under UV light irradiation, these metals can suppress the recombination of electrons–

holes by being an electron sink for the excited electrons generated from the VB of the 

semiconductor (Figure 9a) [39]. Ag is regarded as a potential loading material due to its 

abundance and cost-effectiveness, particularly when compared to other highly stable 

noble metals. 
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Table 3. Semiconductor-metal heterojunction based photocatalyst

Materials Application Highlights Ref.

TiO2/Ag Water 

Splitting

Fabrication by chemical reduction.

Ag/TiO2 is more effective than TiO2 in

water splitting.

The impact of reaction time, 

photocatalyst loading, and the presence 

of sacrificial reagents (alcohols and 

sulfur) was analyzed.

[16]

Au-TiO2, Ag-TiO2 DSSCs Fabrication of novel double-layer films.

The TiO2-Ag NW DSSC showed higher 

efficiency. It is attributed to improved 

electron transport properties of Ag NW, 

strengthened light absorption, and 

intensified light scattering.

[40]

TiO2/Ag Photocatalysis Fabricated by sol-gel method.

Ag-doped TiO2 showed superior 

degradation of methylene blue (MB).

[10]

ZnO/Ag Photocatalysis Ag-modified ZnO exhibited enhanced 

visible light photocatalytic activity 

compared to ZnO, as demonstrated by 

the degradation of model organic dyes 

like MB and methyl orange.

[5]
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Figure 8. Morphology of a) TiO2/Ag, b) TiO2-Ag NWs, and c) ZnO/Ag. Adapted from 

[5,16,40].

Figure 9. Schematic of carrier-charge separation of semiconductor and Ag under a) UV 

and b) visible light irradiations.

Loaded metals display a distinct effect due to localized surface plasmon resonance 

(LSPR), characterized by the oscillation of free electrons within metallic nanoparticles

[16]. These energetic electrons are transferred into the CB of the semiconductor due to 

the presence of a Schottky barrier. The Schottky barrier between noble metals and 

semiconductor oxides occurs through Fermi level equilibrium, leading to the 

establishment of a built-in electric field at the interface [13]. This electric field 

facilitates the separation of photogenerated charges, such as seen in Figure 9b. LSPR 
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activation contributes to the enhancement of visible-light-driven photocatalytic activity.

It facilitates the extension of the photocatalyst light-harvesting capability to longer 

wavelengths, enhances light scattering, and promotes direct electron transfer from the 

metal to the semiconductor, thereby increasing the photocatalyst activity in the visible 

light region.

1.3. Methods of fabrication

In this section, methods for the fabrication of photocatalysts will be introduced. It 

encompasses solid, liquid, and gas-phase methods in the fabrication process. A brief

comparison can be seen in Table 4.

Table 4. Advantage and limitations of solid, liquid, and gas-phase methods

Preparation Advantages Limitations

Solid-phase method Simple process, cost-effective Time-consuming and 

achieving uniform particle 

size distribution

Liquid-phase method Better control of the whole 

reaction parameters, low-cost, 

easily applied to any substrate. 

The usage of solvents and 

consist of several steps in 

laboratory practice.

Gas-phase method Control of nanoparticles 

microstructure; growth, purity, 

uniformity, and has good step 

coverage. Furthermore, it is 

scalable to larger process.

Control of reaction 

parameter and chemical 

compositions

1.3.1. Solid-phase method for fabricating nanomaterials

Solid-phase metho typically involves the production of materials without the 
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involvement of liquid or solvents. Furthermore, the precursors are solid substances that

undergo physical or chemical transformation in solid state. Mechanical milling stands 

out as one of the straightforward and cost-effective methods, offering significant 

technical benefits in the fabrication of diverse nanomaterials and nanocomposites. A 

multitude of researchers have employed ball milling for this purpose. During milling, 

several phenomena may occur, including the generation of structural defects, 

mechanical alloying, phase transformations, and particle refinement [41].

Rinaudo, et al., [41] used titanium oxide (IV) with a purity of 99% (Biopack) as the 

starting material for the synthesis. High-energy ball milling was conducted using a 

planetary ball mill, equipped with an 80 cm3 WC vial and 15 mm WC balls. Milling was 

carried out under ambient air conditions. The milling process was conducted for various 

time periods. Such as seen in Figure 10, high-energy ball milling enables the

preparation of titania supports with customizable phase compositions. This process

generated grain boundaries and interfaces during polymorphic transformation, which 

has the potential to enhance the adsorption properties. Additionally, particle refinement

resulted in the increase of the external surface area. In addition, prolonged milling time 

increases the oxygen vacancies.



18

Figure 10. Preparation of TiO2 by ball-milling. Adapted from [41].

1.3.2. Liquid-phase method for fabricating nanomaterials

Liquid-phase methods are known to be a simple approach in the fabrication of 

nanomaterials. The liquid-phase method involves the fabrication of materials where the 

precursor is prepared by dissolving, dispersing, or suspending the substance. During 

synthetization, chemical reaction occurs in a liquid state. Liquid-phase methods include 

sol-gel, hydrothermal, precipitation, solvothermal, electrochemical deposition, wet 

chemical, and electrospinning. This route enables easy control of the morphology of 

nanostructures by manipulating experimental factors such as the type of solvents, 

starting materials, and reaction conditions.

Figure 11 exhibits the morphology of the fabricated nanoparticles by the

hydrothermal and sol-gel methods. Abbad, et al., [42] fabricated TiO2 and Ag-doped 

TiO2 nanopowder by sol-gel method. Initially, titanium tetra n-butoxide was dissolved 

in acetic acid, and then distilled water was added dropwise to the mixture. This gel was 

subsequently dried. The resulting material was ground in a mortar and annealed. For the 

preparation of Ag-doped TiO2, AgNO3 was added to water in calculated amounts to 

achieve different Ag contents. The morphology can be seen in Figure 11a and b, TiO2

WC balls
Titania Powder

Anatase or rutile
formationBall milling

Improved properties

• Surface area
• Oxygen vacancy
• Reducibility
• Oxygen mobility
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reveals cuboid-shaped TiO2 particles with a size of 18 nm. In Ag-doped TiO2, the 

images show the presence of spherical Ag particles. The black spots observed can be 

attributed to silver metallic particles.

Figure 11. Morphology of a) TiO2 an b,c,d) TiO2/Ag fabricated by a,b) sol-gel and c,d) 

hydrothermal methods. Adapted from [42,43].

Zhang, et al., [43] fabricated TiO2 nanostructures with the modification of silver 

nanoparticles with different contents of Ag (1–3 mol%) using a one-step hydrothermal 

method. In the fabrication process, TBAH (C16H37NO) and DEA 

(HO(CH2)2NH(CH2)2OH) were mixed. Subsequently, TTIP was slowly added dropwise 

to the solution and stirred uniformly. AgNO3 particles were then added to the solution 

with varying mole ratios and stirred. The resulting solution was transferred to Teflon-

lined stainless-steel autoclave and heated. The products were centrifuged with HCl, 
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followed by washing ethanol and distilled water. Afterward, the products were dried and 

then exposed to a xenon lamp to photoreduce Ag ions into metallic Ag. The morphology 

of the hydrothermal-synthesized TiO2/Ag at 1 and 3 mol% Ag content can be seen in 

Figure 11c and d, respectively. TiO2 nanoparticles exhibit cube-like morphology. With 

the increase of Ag content, small dark spots that correspond to Ag can be seen on the 

surface of TiO2. In addition, the SAED patterns Figure 11c and d (inset) show the 

sharpness of the concentric rings increases with the higher Ag content.

1.3.3. Gas-phase method for fabricating nanomaterials

Gas-phase method involves the formation of materials in gas. The precursors are 

typically gas or vapor. Throughout the process, chemical and physical changes occur in 

the gas state. Gas-phase fabrication can happen through either a chemical or physical 

process, referred to as chemical vapor deposition (CVD) and physical vapor deposition 

(PVD), respectively.

The gas-phase method is a highly regarded route for fabricating nanoparticles. 

This method is considered superior to the liquid-phase method due to its simple 

synthesis steps, easy collection of nanoparticles, absence of liquid by-products, and 

production of high-purity materials [44–46]. Utilizing the gas-phase method for 

fabrication can simplify the production of nanoparticles, nanocomposite materials [47],

and nanoalloys [48] in a one-step process. Various gas-phase methods, such as flame 

spray pyrolysis [44], plasma-enhanced chemical vapor deposition (PECVD) [49], spark 

ablation [50], and spray pyrolysis (SP) [51] have been employed to produce 

nanoparticles. Jamkhande et al. [52] and Kruis et al. [46] have described the advantages, 

disadvantages, and applications of gas-phase methods for nanoparticle preparation. The 
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gas-phase route has advanced to produce materials for applications such as pigments, 

catalysts, gas sensors, fuel cells, and more [47]. Producing nanoparticles via the gas-

phase method not only simplifies the synthesis process but also enhances the 

characteristics of the resulting materials.

1.3.3.1. Chemical vapor deposition (CVD)

CVD method refers to the fabrication of materials in the gas form, which involves 

chemical reactions. Processes such as the PECVD and SP are some examples of the 

CVD process.

1.3.3.1.1. Spray pyrolysis (SP)

SP is a well-suited gas-phase method for producing nanoparticles and composites in 

a one-step method. Sriram, et al [51] have comprehensively elucidated the SP method 

and its prospects in metal oxide-based materials. The SP method offers the possibility to 

fabricate materials with diverse morphologies, further broadening their potential 

applications in areas such as photocatalysis, gas sensors [53], and more. The formation 

of nanoparticles and the resulting morphology is influenced by various parameters, 

including the evaporation rate of the solvent, carrier gas ratios, flow rate, and the 

concentration of the precursor [51].

Dermenci, et al., [54] fabricated ZnO/Ag nanocomposite particles by SP system 

such as seen in Figure 12a. The precursor solution was atomized using an ultrasonic 

atomizer. The aerosol stream flown into a horizontal quartz reactor that is heated by a 

furnace. Upon decomposition of the aerosol droplets, the resulting particles were 

collected in bottles connected to the outlet of the quartz reactor and stored in ethanol.

The submicron-sized, spherical morphology of the particles can be confirmed through 
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SEM analysis, as shown in Figure 12b. These particles, referred to as secondary 

particles, are aggregates of nano-sized primary particles.

Haugen, et. al., [37] has also use SP for the fabrication of TiO2-based materials. 

Figure 12c shows that hollow spherical nanoparticles was produced, a result of the 

atomization-evaporation sequence occurring during the SP process. These 

morphological characteristics are attributed to the compression and decomposition of 

the precursor in the tubular furnace [55].

Figure 12. a) Schematic of spray pyrolysis experimental set-up; morphology of b)

Ag/ZnO and c) TiO2 nanoparticles fabricated by spray pyrolysis. Adapted from [37,54].

1.3.3.2. Plasma-enhanced chemical vapor deposition (PECVD)

PECVD method is advantageous as it requires significantly lower temperatures

compared to other methods, making it feasible to deposit coatings onto temperature-

sensitive substrates. PECVD is a method that employs electrical energy as an activating 

source to generate ionized species and radicals from gases and/or vapors, forming 

plasma [56].

PECVD, as a gas-phase method, facilitates the formation of nanomaterials through 
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the interaction of electrons generated from plasma, leading to the dissociation of 

precursor molecules introduced into the plasma reactor. PECVD offers several 

advantages such as lower deposition temperature, high material purity, and precise 

control over fabrication parameters. This method enables the fabrication of layered thin 

films through flight-coating processes [36] and nanoparticulate thin films [37], 

depending on the specific fabrication setup and parameters. 

1.3.3.3. Physical vapor deposition (PVD)

In the PVD method, nanoparticles that are typically fabricated through evaporation-

condensation, often conducted using a tube furnace under atmospheric pressure. Jung, et. 

al., [57] attempted the synthetization of Ag metal nanoparticles. Such seen in Figure 

13a, the experimental setup consisted of parts to: (i) synthesize metal nanoparticles 

through aerosol generation, and (ii) sampling and measuring the nanoparticles. Ag

nanoparticles were successfully fabricated and remained stable for extended durations. 

Increased surface temperatures resulted in higher values of geometric mean diameter, 

geometric standard deviation, and total number concentration. TEM images revealed the 

presence of spherical and non-agglomerated nanoparticles, even at high concentrations 

and elevated heater surface temperatures. Notably, the generated Ag nanoparticles were 

found to be pure Ag without any oxide species.
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Figure 13. Schematic of a) simplified evaporation-condensation experimental setup and 

b) nanoparticles deposition process by ALD. Adapted from [57,58].

Another PVD method is the atomic layer deposition process. It is a deposition 

method used to fabricate thin film materials with exceptional conformality. It relies on 

self-limiting reactions between two gaseous precursors, facilitating the deposition of 

thin films in a layer-by-layer manner such as seen in Figure 13b. Initially, a precursor is 

introduced into the reactor chamber where it reacts with the substrate's surface groups.

Next, inert gas purging or pumping removes unreacted precursors and by-products. A

second precursor is then introduced to react with the adsorbed molecules. Finally, the 

system is purged or pumped to eliminate unreacted precursors and by-products. This 

cycle deposits one monolayer, and it is repeated until the desired thickness is achieved

[58].
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1.4. Advancement of the fabrication and application of photocatalyst 

The liquid-phase preparation method offers the benefit of generating monodisperse 

and non-agglomerated nanoparticles. However, it has drawbacks including a complex 

fabrication process, generation of liquid waste, lower purity, and limited production 

quantity of nanomaterials. In contrast, gas-phase methods, such as SP, evaporation-

condensation PVD, ALD and PECVD, offer significant advantages. These methods 

allow for precise control over the characteristics of the produced nanomaterials (size, 

crystallinity, purity, and uniformity) while minimizing environmental impact. 

Importantly, these processes can produce nanomaterials in a one-step manner and are 

suitable for large-scale production.

In our previous studies by the PECVD method [49,59,60], it allows for the 

production of porous nanoparticulate thin films with minimal agglomeration. Such 

morphology offers the advantage of increased surface area, enhancing the potential 

applications of the resulting nanomaterials. Thin films are particularly suitable for 

practical applications compared to powder materials, as they can be more conveniently 

reused without the need for complex recovery processes such when using powder 

nanoparticles.

A thin film is defined to be a layer that extends indefinitely in two dimensions but is 

limited to the third dimension, with thicknesses ranging from several nanometers to a 

few micrometers [61]. The properties of thin films are largely determined by their 

structure, while their mechanical and thermal properties are influenced by the reaction 

conditions and deposition methods. Figure 14 provides an overview of the classification 

of thin film deposition methods, which are divided into physical and chemical methods. 

Several of these methods were explained in the previous sections.
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Figure 14. Classification of thin-film deposition methods. Adapted from [61].

1.4.1. Post-deposition heat treatments

In our previous studies [49,59,60] TiO2 nanoparticulate thin films were fabricated. 

Given the amorphous nature of the TiO2 nanoparticles obtained through PECVD 

deposition, post-deposition heat treatments were applied. The effects of post-annealing 

heat treatment on film characteristics and activity has already been studied [11,62]. The 

anatase phase shows the highest activity compared to rutile and brookite phases. For 

TiO2 films, the transformation from amorphous to anatase occurred at 400 °C, followed 

by nanoparticle coalescence. At temperatures above 1000 °C, anatase transformed into 

rutile, leading to film densification and decrease thickness.

Heat treatment at a specific temperature can facilitate nanoparticle crystallization, 

alter film thickness, and influence film absorbance. The comparison of crystal phase 

changes in thin films reveals that phase transformation of TiO2 is influenced by 
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deposition process variables, morphology, residues of amorphous TiO2 nanoparticles 

obtained under different fabrication parameters, and plasma reactor design. 

Densification of thin films was confirmed in all samples subjected to heat treatment.

Other than the applied annealing temperatures, the set heating rates for annealing 

have also been found to affect the characteristics of the produced nanoparticles. The 

annealing process has been noted to have a significant impact on various characteristics 

of nanoparticles, including grain growth [63], crystal size [64], and crystal orientation 

[65]. Modifying this parameter presents an opportunity to fine-tune the activity of the 

nanoparticles for optimal performance.

1.4.2. Addition of foreign materials by a one-step gas-phase method

The gas-phase method versatility has led to advancements in fabricating 

nanocomposites with enhanced characteristics compared to pristine substances. 

Incorporation of foreign materials such as Ag nanoparticles via a one-step gas-phase

method has been studied [62]. To simplify the fabrication process of Ag-loaded TiO2

nanoparticulate thin film, a PECVD-PVD one-step gas-phase system was employed. 

The addition of Ag to TiO2 reduced the temperature at which the anatase-to-rutile

transformation occurred, influenced by metal-induced crystallization. Additionally, 

higher Ag content promoted TiO2 nanoparticle growth during annealing. When the 

performance was observed, optimal photocatalytic activity for MB degradation under 

UV irradiation was for TiO2-Ag annealed at 700 °C, attributed to synergistic effects of 

anatase-rutile TiO2 and loaded Ag metals. The coexistence of anatase and rutile TiO2

prolonged electron–hole separation, enhancing photocatalytic activity.

Other materials such as clearly elucidated in Section 1.2, can be used in
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photocatalysis and by the usage of a one-step gas-phase system such material can be 

easily produced. The resulting nanocomposites, including TiO2-CuxO [66], TiO2/Au or 

TiO2/Ag [37], are anticipated to enhance the photocatalytic activity of TiO2.

Additionally, alternative materials such as WO3 and ZnO show promise as candidates

[24].

Furthermore, in the fabrication process of nanocomposites, methods stated in

Section 1.3.3 can be of used to fabricate these materials. SP as a gas-phase method has 

the potential to fabricate composites in a simple one-step process. Materials that have

been successfully fabricated by SP are ZnO/CuO, TiO2/Ag, TiO2/Au, and ZnO/Ag 

[37,54,55].

1.4.3. Photocatalytic test conditions

Under UV light irradiation, the activity of TiO2-Ag showed an increase compared 

to TiO2 nanoparticulate thin film. Additionally, the addition of Ag enhanced the activity 

in the visible light region (higher wavelength of light irradiation). In our previous study, 

the optimum content of loaded Ag was 2.2 wt. % for photocatalytic degradation under

UV light irradiations [60].

In investigating the photocatalyst and its properties, other factors need to be taken 

into account within the photocatalytic degradation system. Such as seen in Figure 9 the

charge separation within the semiconductor-metal heterojunction undergoes changes 

under light irradiation. Furthermore, evaluating the performance of the photocatalyst 

under visible light exposure is essential to ensure its suitability for everyday 

applications.

Other than that, the condition in the photocatalytic system has also been viewed to 
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influenced and optimized the photocatalytic activity, such as the pH of the system [67].

pH significantly influences the surface charge properties of nanomaterials and the 

formation of •OH, affecting photocatalytic activity. For instance, for TiO2 nanoparticles, 

at neutral or high pH, •OH are the primary species, while at low pH, positive holes 

dominate oxidation reactions. TiO2 can be protonated in acidic conditions (eq. 11) and 

de-protonated in alkaline conditions (eq. 12) [9].

TiOH + H+ → TiOH2+ (11)

TiOH + OH−→ TiO− + H2O (12)

The point of zero charge for TiO2 ranges from 4.5 to 7. Below this value, the surface of 

nano TiO2 becomes positively charged, enhancing the adsorption of negatively charged 

contaminants and boosting photocatalytic reactions. Conversely, above this value, the 

surface is negatively charged, favoring the absorption of positively charged 

contaminants.

Additionally, the addition of substances such as H2O2 can further enhance the 

photocatalytic activity. Acting as an electron scavenger, H2O2 optimizes the separation 

and utilization of the generated electron–hole pairs during the degradation process of 

organic compounds. Moreover, under UV light exposure, H2O2 undergoes degradation, 

leading to the production of additional •OH, which are instrumental in the degradation 

of organic dyes [68].

1.5. Objectives and outline of dissertation

In this dissertation, semiconductor-based photocatalysts were fabricated via one-

step gas-phase method, specifically utilizing a one-step PECVD-PVD and SP method.

These methods were employed to fabricate photocatalyst of semiconductor-based

materials such as TiO2 and ZnO. Loaded materials, such as CuO and Ag, were 
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incorporated into the semiconductor-based photocatalyst structures to potentially

enhance their characteristics and photocatalytic activity. This dissertation is structured 

into five chapters as can be seen in Figure 15, each delving into specific aspects of the 

one-step fabrication method, characterization, and applications of the photocatalytic 

materials.

Chapter 1 elaborates the motivations driving the progress of AOPs, exploring the 

materials utilized, and the diverse process employed in the fabrication of nanomaterials. 

This comprehensive examination shed light on the multifaceted landscape of AOPs, 

offering an understanding of its significance, the materials employed, and the processes 

available in nanomaterial fabrication.

Chapter 2 is divided into two sub-topics. Initially, TiO2-CuO nanoparticulate thin 

films were produced through a single-step PECVD-PVD method, and its photocatalytic 

activity was assessed concerning the crystalline phase (anatase or rutile) when exposed 

to visible light. It was found that the photocatalytic activity of (rutile) TiO2-CuO was 

higher compared to all samples. Secondly, a more detailed examination was carried out 

on the (anatase) TiO2-CuO film. The test was conducted with the addition of H2O2

aimed at enhancing photocatalytic activity. Moreover, parameters such as variations in 

UV or visible light exposure and pH were investigated.
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Figure 15. Diagrammatic illustration of the objective of this dissertation.

Apart from the semiconductor-semiconductor photocatalyst, the addition of noble 

metal has potential in increasing the photocatalytic activity. Previous studies in our 

laboratory have explored the fabrication and activity under UV light irradiation [60] and 

the effect of annealing temperatures for TiO2-Ag nanoparticulate thin films [62].

Nevertheless, there is still room for further enhancements and investigations. In

Chapter 3 two key areas are explored. Firstly, it examines the production of Ag-loaded 

TiO2 using a gas-phase system and the photocatalytic activity was evaluated under 

visible light irradiation. Secondly, it assesses a more detailed impact of the heating rate 

of annealing towards the characteristics and activity of TiO2-Ag.

In addition to the one-step PECVD-PVD method and TiO2-based materials 

discussed, there are still other fabrication methods and materials to explore, such stated 
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in Chapter 1. Chapter 4 broadens the potential fabrication of the semiconductor-based

photocatalyst through the fabrication of ZnO and ZnO-Ag nanoparticles by a one-step

SP method. The photocatalytic activity was tested for direct applications in the 

degradation of textile wastewater under UV light irradiation.

Chapter 5 Summarizes the findings and activity from all chapters and suggests 

future research directions.
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Chapter 2

Gas-phase Fabrication of TiO2 and TiO2-CuO: Enhancing 

Photocatalytic Activity

Abstract

This chapter discusses the fabrication of TiO2 and TiO2-CuO nanoparticulate thin 

films using a one-step gas-phase method, which utilized plasma-enhanced chemical 

vapor deposition and evaporation-condensation physical vapor deposition method, for 

TiO2 and CuO, respectively. The produced films consisted of spherical TiO2

nanoparticles with visible CuO on the surface of TiO2 nanoparticles. Annealing in air 

resulted in the crystallization of TiO2 and complete oxidation of CuO. Additionally, the 

increase of annealing temperature randing from 400 to 800 °C transformed the crystal 

phase of TiO2 from anatase to rutile and increased the size of the nanoparticles. The 

photocatalytic activity tests were conducted for the degradation of Rhodamine 6G. The 

photocatalytic activity of rutile- TiO2/CuO exhibits better performance compared to 

anatase- TiO2/CuO under visible light irradiation. Furthermore, for anatase- TiO2

samples, H2O2 was added to improve the degradation process. Additionally, this study 

examines the impact of pH on photocatalytic activity. Anatase- TiO2-CuO/H2O2

exhibited the highest photocatalytic activity at pH 13, achieving a reaction rate constant 

of 0.99 h−1cm−2 after 180 min of visible light irradiation. These findings have significant 

implications for advancing the usage of nanoparticulate thin films in wastewater 

treatment by enhancing pollutant degradation.
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2.1. Introduction

AOPs, such as photocatalysis, is seen as a more efficient solutions compared to 

traditional methods in remediation due to its ability to completely degrade organic 

compounds in wastewaters by the generation of highly reactive •OH that can break 

down organic pollutants to the extent of complete mineralization. TiO2 is a popular 

material in photocatalysis because of its stability, safety, and cost-effectiveness. 

However, its wide bandgap limits its activity to the UV region of the spectrum. To 

enhance its activity, various transition metal oxides like CuxO have been combined with 

TiO2 to increase its activity, such explained in Chapter 1. CuxO, being economical and 

environmentally friendly, is a suitable candidate as a loading material to TiO2, by the 

formation of a p–n heterojunction, which in the photodegradation process can improve 

the charge separation.

In our previous studies on different annealing temperatures for TiO2 and TiO2-Ag

nanoparticulate thin films annealed in N2 atmosphere [11,62], variations in the 

characteristics of the produced films such as the size of nanoparticles, crystal phase, and 

porosity; consequently, the photocatalytic activity. However, samples annealed in air 

and loaded with CuxO have not been studied. 

Higher annealing temperatures, anatase shifts to rutile. While the anatase phase 

exhibited high activity, a study [69] suggested that CuxO-loaded rutile-TiO2 displayed 

greater activity compared to anatase- TiO2, attributed to its distinct characteristics and 

electron–hole separation process.

Further engineering in the photocatalytic system can be explored. Several studies 

[68,70,71] have proposed a cost-effective method that involves enhancing the 

photocatalytic degradation with the aid of H2O2. Additionally, in wastewater treatment 
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applications, the solution pH exerts significant influence on the decontamination 

process as it affects catalyst surfaces, organic dye properties, and reaction kinetics

[71,72]. Exploring factors such as pH adjustments and the addition of H2O2 could offer 

further insights into optimizing the process.

In the fabrication process, despite its advantages, traditional fabrication methods 

involving liquid-phase method have limitations such as multiple steps, liquid waste 

generation, and small-scale production. Gas-phase preparation, like PECVD, offers a 

solution by enabling the creation of well-dispersed nanoparticulate thin films, which 

have a larger surface area and are more conducive to mass transfer. By incorporating an 

evaporation-condensation PVD system, CuxO can be loaded onto TiO2 nanoparticles in 

a one-step process.

Section 2.5.1 delves into the fabrication and characterization of CuxO-loaded 

anatase- or rutile- TiO2 by the one-step PECVD-PVD and its photocatalytic activity

were evaluated under visible light irradiation. Section 2.5.2 further studies the 

characteristics of anatase- TiO2-CuxO and its photocatalytic activity with the addition of 

H2O2. Additionally, factors such as changes in UV or visible light exposure and pH were 

explored during the test.

2.2. Materials and experimental setup

The setup for producing TiO2 and TiO2-CuxO nanoparticulate thin films is 

illustrated in Figure 16. TiO2 nanoparticles were formed by the PECVD reactor. 

Titanium tetraisopropoxide (TTIP; Kanto Chemical Co.), as the precursor, was fed into 

the plasma reactor with a radio frequency supply (AX-1000IIP; Adtec Plasma 

Technology Co., Ltd.) at 13.56 MHz and 100 W. Ar gas served as the carrier gas for the 
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system, with a bubbling flow rate of 40 sccm for TTIP, and diluter flow rates of 350 and 

100 sccm were employed when the PVD system was in operational and idle, 

respectively. Concurrently, CuxO nanoparticles were generated in the PVD system 

through the evaporation of Cu chips (99.9% Cu, Nacalai Tesque, Inc.) at 1350 °C 

(Section 2.5.1) and 1400 °C (Section 2.5.2) inside a tubular furnace (FT-01VAC-1630,

Full-Tech Co., Ltd.). The vapor was flown by a carrier gas and rapidly condensed to 

form nanoparticles inside the tubes covered by the cooling water system. For TiO2 or

CuxO samples, PECVD and PVD systems were operated separately. However, for TiO2-

CuxO deposition, both systems were run simultaneously, depositing the nanoparticles 

onto a Si substrate with an applied +500 V. The pressure of the system was kept 

between 0.7–1.5 kPa. The films obtained were annealed in air atmosphere, with a 

constant heating rate of 5 °C/min, until reaching the set temperature. The temperature 

then held at this temperature for 3 h to oxidize CuxO and crystallize TiO2 nanoparticles.

Figure 16. Schematic of PECVD-PVD experimental setup.



37

2.3. Characterization of TiO2 and TiO2-CuO

Surface morphology of the nanoparticulate thin films was inspected using 

scanning electron microscopy (SEM; S-5200, Hitachi High Technologies). Transmission 

electron microscopy with energy dispersive X-ray spectroscopy (TEM-EDS; JEM-2010, 

JEOL) was employed to observe nanoparticle morphology and elemental composition. 

X-ray diffraction (XRD; MiniFlex 600, Rigaku) determined crystallinity using Cu Kα (λ 

= 0.154 nm) radiation, with an accelerating voltage of 40 kV and a current of 15 mA. 

Chemical states were analyzed via X-ray photoelectron spectroscopy (XPS; ESCA-3400,

Shimadzu). UV–vis diffuse reflectance spectroscopy (UV-Vis DRS, V-650, Jasco) 

measured the reflectance, and zeta potential measurements were conducted using 

ZEN3690 (Malvern Instruments Ltd., Malvern).

2.4. Evaluation of photocatalytic activity

To evaluate the activity of both TiO2 and TiO2–CuxO nanoparticulate thin films, 

rhodamine 6G (R6G) was utilized as a model pollutant. The photocatalyst was 

immersed in a cuvette containing 3 mL of R6G aqueous solution at 5 ppm concentration. 

Experiments were conducted under either UV irradiation (λ = 365 nm; AS ONE) and 

visible light irradiation (100 mW cm−2, λ > 385 nm; HAL-C100, Asahi Spectra). 

Samples were subjected to dark conditions for 30 min at 25 °C before monitoring dye 

photodegradation at 30 min intervals over 3 h. Changes in absorbance of R6G at 530 

nm were measured using a UV–vis spectrophotometer. Additionally, diluted H2O2

(Kanto Chemical Co., Inc.) was added to some samples, resulting in a final 

concentration of 22.3 mM. Photocatalytic activity was tested under acidic (pH 3) and 

basic (pH 13) conditions with the addition of HNO3 (Nacalai Tesque, Inc.) and NaOH 
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(Fujifilm Wako Pure Chemical Corporation), respectively.

Additionally, in Section 2.5.2 the photocatalytic activity of the fabricated film 

under UV irradiation was compared with that of commercially available TiO2

nanoparticles (P25, Sigma–Aldrich, Burlington, MA, USA) immobilized through the 

doctor-blade method. Both the fabricated film and immobilized P25 weighed 0.08 mg 

(± 5%) each, covering an area of 1 × 1 cm2, corresponding to the size of the Si substrate.

2.5. Results and discussions

2.5.1. Photocatalytic Activity of CuxO-loaded Anatase- or Rutile- TiO2

In this section the CuxO was formed in the PVD system by heating the Cu metal at 

1350 °C and a carrier gas of 700 sccm. Figure 17 displays SEM images depicting the 

top views of TiO2 films annealed at different temperatures under air atmosphere,

maintaining a constant heating rate of 5 °C/min until reaching the set temperature. The 

annealing process was sustained at the specified temperatures for a duration of 3 h.

Examination of these SEM images indicates the formation of a highly porous film with 

minimal agglomeration. This porous and low-agglomeration film holds significance for 

photocatalytic uses due to its heightened surface-to-volume ratio. This feature enhances

photodegradation efficacy by providing a larger active surface area for dye adsorption 

on the nanoparticle surface.
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Figure 17. SEM images of TiO2 annealed at a) 400 °C, b) 500 °C, c) 600 °C, d) 700 °C, 

and e) 800 °C.

Additionally, from the SEM images an increase in particle size with rising 

annealing temperature can be viewed, such as observed in our previous studies [11,62].

This growth in particle size after annealing is likely due to increased particle mobility, 

driven by the coalescence of particles induced by thermal treatment. As temperatures 

rise, the kinetic energy and diffusion rate of particles increase, facilitating the merging 

of smaller particles into larger ones.

Figure 18a displays a sequence of XRD patterns for the fabricated nanocomposite 

films obtained at various annealing temperatures ranging from 400 to 800 °C, with a 

heating rate of 5 °C/min, including the as-deposited nanocomposite film. Initially, no 

diffraction peaks are observed in the XRD pattern of the as-deposited film, indicating its 

amorphous nature. Upon annealing at 400 °C, the film peak corresponding to the 

anatase phase of TiO2 emerges, signaling the initiation of the phase transformation from 
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amorphous to anatase. Subsequently, at 600 °C, a mixture of anatase and rutile phases is 

observed, with the rutile phase becoming predominant at higher temperatures. Finally, at 

temperatures of 800 °C, the anatase phase completely transforms into rutile.

Figure 18. a) XRD pattern, b) band gap, and c) I-V curve of TiO2 annealed at different 

temperatures.

Figure 18b and c depict the Tauc plot and dark I-V curve of anatase- or rutile-

TiO2, respectively. Tauc plot can determine the band gap energy via the Kubelka–Munk

equation, expressed as F(R) = (1 − R)2/2R, where R represents reflectance [19]. The 

bandgap energy was determined from the intercept of the (hνF(R))1/2 versus hν plot, 

where h denotes Planck’s constant (1240 eV) and ν denotes frequency (eV). It's 

noteworthy that the bandgap energy of TiO2 800 °C (rutile) is lower than that of 500 °C
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(anatase). The Tauc plot for TiO2 annealed at 500 °C and 800 °C revealed a band-gap 

value of 3.2 and 2.9 eV, comparable to the band gaps of TiO2 in both its anatase (3.2 eV) 

and rutile (3.0 eV) forms [73].

The I-V curve indicates the electrical behavior under dark conditions. This curve 

provides insights into its current output changes in response to varying applied voltages. 

The results showed that rutile has higher electrical conductivity and charge carrier 

mobility compared to anatase, leading to higher current values in the I-V curve. This 

difference in electrical properties can influence the photocatalytic activity and overall 

behavior of the material in various applications.

The morphology and crystallinity of TiO2-CuxO nanoparticulate thin film of either

anatase- and rutile- TiO2 are shown in Figure 19. There were no significant changes in 

the morphology and crystallinity of TiO2 (Figure 17) and TiO2-CuxO. Such as for 

samples of pristine TiO2 nanoparticles with the increase of annealing temperature the 

size of the nanoparticles increases. In addition, from the TEM images it can be clearly 

observed that the morphology of the nanoparticles are round-shaped interlinking with 

one another.

XRD patterns were obtained in the 2θ range of 20–60° for both TiO2 and TiO2-

CuxO nanoparticulate films. After annealing at the set temperatures, the TiO2 can be 

observed to crystallize. Upon annealing at 500 °C, the XRD pattern showed peaks at 

25.4°, 38.3°, and 48.5°, corresponding to the (101), (004), and (200) planes of the 

anatase phase of TiO2, respectively (JCPDS no. 21-1272). Furthermore, as the annealing 

temperature is increased to 800 °C, peaks at 27.5°, 36.1°, 41.7°, 54.3° and 57.1°, 

corresponding to the (110), (101), (111), (211), and (220) planes of the rutile phase of 

TiO2 can be seen (JCPDS no. 21-1276). However, for both the XRD pattern of the two 
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annealing temperatures no peaks from CuxO can be seen, which can be attributed to the 

small size and low amount of CuxO nanoparticles in the TiO2-CuxO.

Figure 19. TEM images of TiO2-CuxO nanoparticles annealed at a) 500 °C and b) 

800 °C; and c) XRD patterns of TiO2 and TiO2-CuxO annealed at 500 °C and 800 °C.

XPS analysis was conducted to determine the composition and chemical states of 

the anatase- or rutile- TiO2 and TiO2-CuxO nanoparticulate thin films. XPS spectra in 

Figure 20 confirmed the presence of Ti and O atom. In these spectra, the prominent 

peaks observed around 458 eV and 464 eV for both anatase- and rutile- TiO2 correspond 

to the Ti 2p3/2 and Ti 2p1/2 states, respectively, and binding energy (BE) separation of 6 

eV is typical for TiO2 [74]. The O 1s XPS spectra reveal peaks at approximately 530 eV, 

consistent with the lattice oxygen BE of TiO2. Additionally, an extra peak observed at a
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BE of 532 eV in both samples is attributed to H2O absorbed on the surface [74]. The 

difference between the anatase- or rutile- samples can be seen from the O 1s peaks. The 

rutile- samples had a greater amount of H2O absorbed on the surface of the 

nanoparticles, evidenced by the higher peak observed at 532 eV compared to 530 eV. To 

confirm the existence of CuxO, the Cu 2p was measured for the rutile- TiO2-CuxO

nanoparticulate thin film. It revealed the presence of CuxO, albeit with a weak peak due 

to the low amount. To enhance detection, an increase in the concentration during 

deposition is necessary.

Figure 20. XPS spectra of a,c) anatase- b,d) rutile- TiO2 and TiO2-CuxO, respectively. 

The solid and dotted lines represent the XPS and deconvoluted spectra, respectively.
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The photocatalytic activity (Figure 21) of both TiO2 and TiO2-CuxO films were 

assessed by monitoring the degradation of R6G solution under visible light irradiation. 

It was determined by deriving the k from the slope of the logarithmic plot of Ct/C0

against t. Where C0, Ct, t, and k represent the initial concentration, concentration at a 

given time, time (h), and the reaction rate constant, respectively.

Figure 21. Reaction rate constants for photocatalytic activity under visible light 

irradiation of anatase- or rutile- TiO2 as well as their TiO2-CuxO counterparts.

The photocatalytic activity of anatase- TiO2 was found to be higher compared to 

that of rutile- TiO2. In this study, despite its lower band gap and higher conductivity

results, rutile exhibited lower activity compared to anatase- TiO2 for the degradation of 

R6G under visible light. This difference can be attributed to the inherent characteristics 

of rutile, characterized by a more compact crystal structure compared to anatase, 

resulting in a higher density of defects and surface states. These defects provide 

additional pathways for charge carriers to recombine. Moreover, anatase typically 
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possesses a higher surface area with more active sites for photocatalytic reactions. In 

contrast, rutile possesses a lower surface area, as observed in the SEM results, resulting 

in fewer available sites for charge separation and, consequently, higher chances of 

recombination.

For TiO2-CuxO showed a different result in the performance where the 

photocatalytic activity of CuxO-loaded rutile- TiO2 is higher compared to that of 

anatase- TiO2. Chen et. al., [69] has reported the possible  charge separation mechanism 

for the oxidation process of NH3 under visible light irradiation. On the interface of CuxO

and anatase- TiO2, visible light can only induce excitation within CuxO and not anatase-

TiO2. The resulting holes in CuxO have low oxidation potential and thus cannot oxidize 

NH3 due to the high VB position of CuxO. Conversely, on the interface between CuxO

and rutile- TiO2, electrons from rutile TiO2 are directly transferred from the VB to the 

CuxO under visible light irradiation. Because of the low VB position of TiO2, the 

resulting holes possess high oxidation potential, enabling efficient oxidation of NH3.

The proposed mechanism can also justify the increase photocatalytic activity of the 

rutile- compared to anatase- TiO2-CuxO in this study and as illustrated in  Figure 22.

Owing to the low band gap energy of rutile- TiO2 it is possible for the electrons to be 

excited under visible light irradiation and be transferred to CuxO. Compared to antase-

TiO2 with the band gap energy of 3.2 eV, which is more active in the UV light 

irradiation. The higher number of holes formed in rutile- TiO2 compared to anatase-

TiO2 can increase the formation of •OH that can degrade the R6G for the rutile-

TiO2/CuxO sample under visible light irradiation.
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Figure 22. Schematic of charge separation of anatase- and rutile- TiO2-CuxO under 

visible light irradiation.

2.5.2. Photocatalytic activity optimization of CuO-loaded anatase-TiO2 through 

H2O2 addition and pH adjustments

In this section, further investigations into the properties of anatase- TiO2 and TiO2-

CuxO and its photocatalytic activity will be explained. To enhance the quantity of CuxO, 

the CuxO nanoparticles were generated through heating of Cu metal at 1400 °C with a 

carrier gas flow of 900 sccm. Notably, the CuxO sample in this section were measured 

as deposited (not annealed). Additionally, to optimize the photocatalytic activity, H2O2

was added into the system for the R6G photodegradation. Furthermore, various 

parameters such as alterations in UV or visible light exposure and pH levels were 

examined during the testing process.

Similar to Section 2.5.1, the SEM image of TiO2 in Figure 23a the surface 

morphology of the annealed thin film, comprising of nanoparticles. TEM analysis 

provided further insight into the morphology (Figure 23a–e). The TiO2 and CuxO

nanoparticles appeared spherical, with sizes ranging from 7 to 15 nm and 8 to 14 nm, 

respectively. The introduction of CuxO did not alter the morphology of the TiO2
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nanoparticles, as observed and compared in both the TiO2 and TiO2-CuxO in Figure 23a,

b, and e. Closer examination of the TiO2-CuxO samples revealed the deposition of CuxO

nanoparticles on the TiO2 nanoparticle surface, confirming the presence of CuxO in the 

film. EDS analysis (Figure 23f) further supported this finding, showing peaks 

corresponding to Cu L , Cu K , Cu K , Ti K , Ti K , and O K , confirming the 

presence of CuxO and TiO2.

Figure 23. Morphology of nanoparticles. (a) SEM images of TiO2 (inset: TEM). HR-

TEM of (b) TiO2 and (c,d) CuxO. Additionally, (e) TEM image and (f) EDS spectrum 

highlight TiO2-CuxO.

The high-resolution TEM analysis in Figure 23b and d confirm the crystallization 

of TiO2 post-annealing and as-deposited CuxO, with measured interplanar spacings of 

3.35 Å and 2.46 Å, respectively. This crystallization is further supported by XRD 

analysis (Figure 24). For TiO2, the anatase crystalline phase exhibited notably higher 

photocatalytic activity compared to the rutile phase. The XRD pattern confirmed the 
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crystalline nature of TiO2 nanoparticles post-annealing, with a peak corresponding to 

anatase TiO2 observed at approximately 2θ = 25° (JCPDS no. 21-1272). Regarding 

CuxO nanoparticles, the visible peak corresponded to Cu2O at 2θ = 37.16° (JCPDS no. 

5-0667), indicating their crystalline state upon deposition onto the substrate, even before 

annealing. However, in the TiO2-CuxO nanocomposite sample, only anatase TiO2 peaks 

were observed, with no visible peaks corresponding to Cu2O or CuO. Additionally, there 

was no shift in the peaks with the addition of CuxO to TiO2. The absence of CuxO peaks 

could be due to the relatively low concentration and dispersion of CuxO loaded. In 

addition, the crystallite size of the nanoparticles could be estimated from Scherrer’s 

equation D = kλ/(Bcosθ), where k, λ, B, and θ denote the constant value (k = 0.9), 

wavelength of the X-ray source (λ = 0.154 nm), full-width at half-maximum of the XRD 

peak, and peak angle, respectively [75]. Crystallite sizes of 13.0 nm for TiO2 and 14.9 

nm for TiO2-CuxO were estimated using this equation, which align reasonably well with 

sizes obtained directly from TEM images.
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Figure 24. XRD pattern indicating crystallinity of TiO2, CuxO, and TiO2-CuxO

nanoparticulate thin films.

XPS analysis was employed to confirm the chemical composition of the 

nanoparticulate thin film, particularly to confirm the presence of CuxO and its impact on 

the chemical state of TiO2 nanoparticles. The Ti 2p, O 1s, and Cu 2p core level spectra 

were examined to determine the chemical composition and valence state on the film's 

surface (Figure 25a–c). In the Ti 2p profile for TiO2, the BE for the Ti 2p3/2 and Ti 2p1/2

peaks were measured at 458.65 eV and 464.65 eV, respectively, corresponding to Ti4+ of 

TiO2 [74]. Similarly, in the Ti 2p profile for TiO2-CuxO, BEs of 458.33 eV and 464.33 

eV were observed for Ti 2p3/2 and Ti 2p1/2, respectively. 
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Figure 25. Chemical state of a) TiO2, (b) CuxO, and (c) TiO2–CuO. The solid and dotted 

lines represent the XPS and deconvoluted spectra, respectively.

The O 1s XPS spectra reveal peaks at 529.96 eV and 532.16 eV for the electron BE 

of O 1s in TiO2 (OL) and H2O absorbed on the surface (OOH), respectively. CuxO

exhibited a higher BE (531.19 eV) for OL in the O 1s spectrum, attributed to the 

variation in Cu- or Ti- bonding to -O. In TiO2-CuxO, the BEs for O 1s were 529.73 eV

and 531.83 eV, indicating a slight shift compared with that observed for TiO2, attributed 

to the interaction between Cu ions and TiO2 [76].

For the as-deposited CuxO, Cu 2p3/2 and Cu 2p1/2 peaks were detected at 932.29 eV

and 951.99 eV, respectively, corresponding to Cu+ and Cu2+, respectively. However, for 

the annealed TiO2-CuxO film, the presented peaks were solely ascribed to Cu2+ at Cu 

2p3/2 and Cu 2p1/2, with BEs of 934.03 eV and 953.93 eV, respectively. The satellite 
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peaks at approximately 940 eV and 960 eV in both Cu 2p results corresponded to the 

existence of Cu2+. These results indicate complete oxidation of Cu after annealing in air, 

hence the term "TiO2-CuO" is used to refer to this nanocomposite. Table 5 shows the 

concentration of the elements extracted from the XPS peaks in Figure 25. The mass 

concentration of Cu is 5.54 %.

Table 5. XPS-analysis mass concentration of elements

Peak Mass Conc.

C 1s 12.23 %

Ti 2p 35.91 %

O 1s 46.33 %

Cu 2p 5.54 %

Figure 26a shows the Tauc Plot of the film derived from UV-vis diffuse reflectance 

spectroscopy measurements using the Kubelka-Munk function. The bandgap energies of 

the pristine CuxO, pristine TiO2, and TiO2-CuO nanoparticulate thin films were found to 

be 1.6, 3.26, and 3.25 eV, respectively. Notably, the bandgap energy of TiO2-CuO was 

slightly lower than that of pristine TiO2, despite the small amount of CuO added to the 

film. Udayabhanu, et al., [23] has reported the decrease of the band gap energy with the 

increase concentration of CuO loaded TiO2, with concentrations of 1–4 mol % with the 

resulting band gap energy of 3.05–2.73 eV. This decrease in bandgap energy is 

attributed to the charge transfer of the p–n heterojunction between TiO2 and CuO, 

consistent with previous reports [77]. This finding aligns with the XPS results, where 

the reduction in the BE with the addition of CuO to TiO2 indicates a decrease in the 

bandgap energy.
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Figure 26b illustrates the zeta potentials of the samples. It indicates that both the 

TiO2 and TiO2-CuO samples exhibited positively charged surfaces under acidic 

conditions and negatively charged surfaces under basic conditions. Zero zeta potential 

was observed at pH ~6.5 for pristine TiO2 and TiO2-CuO, suggesting that the surface 

charge remained relatively unchanged after CuO addition to TiO2. A negatively charged 

surface is advantageous for interactions with cationic dyes such as R6G, enhancing the 

affinity of the nanoparticle surface of the film to the dye and thereby increasing 

photocatalytic degradation, as reported previously [67,78].

Figure 26. a) Plot of (hνF(R))1/2 versus hν of nanoparticulate thin film and b) zeta 

potential.

The degradation process of R6G was first assessed under UV irradiation. It was 

evaluated by monitoring the change of the absorbance peak of the dye using a UV-vis 

spectrophotometer. The normalized dye concentration was plotted over time (Figure 27). 

Direct photolysis (depicted as Blank) or dye degradation without a catalyst exhibited 

limited photodegradation of R6G, with Ct/C0 being less than 0.99 within 180 min of

irradiation. Addition a TiO2 nanoparticulate film into the photodegradation system 

1.60 2.00 2.40 2.80 3.20 3.60 4.00

(h
vF

(R
))

1/
2

hv

TiO2
cu
1.42%

TiO2
CuxO
TiO2-CuO

-50
-40
-30
-20
-10

0
10
20
30
40
50

3 4 5 6 7 8 9 10 11 12

Ze
ta

 P
ot

en
tia

l [
m

V
]

pH

tio2cuo
tio2
TiO2
TiO2-CuO

a) b)



53

enhanced the dye photodegradation rather than photolysis, resulting in Ct/C0 = 0.73 after 

180 min of irradiation. However, the photocatalytic activity decreased when employing 

the TiO2-CuO nanoparticulate thin film (Ct/C0 = 0.96). CuO was introduced into the 

system as an electron acceptor to mitigate electron–hole recombination in TiO2;

however, the results suggest that CuO presence potentially amplified charge 

recombination, effectively serving as a center for electron–hole recombination.

Figure 27. Degradation of R6G by (a) photolysis, TiO2, TiO2-CuO, and P25 films; and 

(b) the corresponding samples with added H2O2 under UV light irradiation.

To further enhance the dye photodegradation, H2O2 (~0.05 mL; 22.3 mM) was 

introduced into the photodegradation system as an electron acceptor. The addition of 

H2O2 did not significantly increase either the photolysis (Blank/H2O2) or photocatalytic 

(TiO2/H2O2) degradation of R6G, with Ct/C0 values of 0.99 and 0.81, respectively 

(Figure 27b).

Compared to the other films, the photocatalytic degradation by the TiO2-CuO 

nanoparticulate thin film was significantly enhanced with the addition of H2O2,

resulting in complete degradation of R6G at 180 min. The possible degradation 
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mechanism is illustrated in Figure 7 for TiO2-CuO/H2O2. Briefly, by the formation of 

the Type II p–n heterojunction by introducing CuO into TiO2 The electrons generated by 

light irradiation was excited from the VB of CuO to CB of TiO2. In addition, a Fenton-

like reaction of Cu2+ and photo-generated electrons with H2O2 effectively increased the 

production of •OH, thereby enhancing the photocatalytic activity. A comparison of the 

results in Figure 27a and b indicate a substantial improvement in the photocatalytic 

activity with the addition of H2O2 and CuO.

To confirm the Fenton-like reaction of CuO and H2O2, degradation of R6G (5 ppm, 

39.4 mL) was done under dark condition with commercially available powder CuO 

nanoparticles (5 mg) with and without the addition of H2O2. Such seen in Figure 28 the 

degradation of R6G with the addition of H2O2 is faster compared to samples of CuO 

only, which proofs the occurrence of the Fenton-like reaction of CuO/H2O2.

Figure 28. Degradation of R6G by CuO and CuO/H2O2 under dark condition.

In addition, to evaluate the effectiveness of the produced TiO2 nanoparticulate thin 

film performance, its photocatalytic activity was compared with that of the P25 film. 

The rates of R6G photodegradation for both the fabricated TiO2 nanoparticulate thin 
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film and the P25 film were found to be similar, irrespective of the presence of H2O2.

This consistency underscores the effectiveness of the photocatalytic activity of the film 

developed in this study.

In photocatalytic applications, TiO2 typically exhibits limited activity for 

applications under UV irradiation. Therefore, photocatalytic activity test was also 

conducted in the visible light region to evaluate the produced film. Additionally, 

considering the varying pH levels of wastewater effluents, the pH of the 

photodegradation system was adjusted to lower or higher values of 3 or 13, respectively.

The R6G dye typically has a pH of 7. However, to explore the effects of varying pH 

conditions, acidic conditions (pH 3) and basic conditions (pH 13) were achieved by 

adding HNO3 and NaOH, respectively, to the R6G solution. This adjustment allowed for 

an examination of how different pH levels influence the photocatalytic degradation 

process. 

The calculated reaction rate constant results are shown in Figure 29a. Additionally, 

Figure 29b–d depict the relationship between ln(Ct/C0) and t for the calculation of k,

demonstrating the photocatalytic activity within 180 min (3 h) of light irradiation. These 

findings highlight the significant enhancement in R6G degradation achieved through the 

utilization of the photocatalyst and the addition of H2O2. TiO2-CuO/H2O2 exhibited the 

most substantial degradation of R6G under visible light irradiation across various pH 

levels, with the highest efficacy observed at pH 13 and a reaction rate constant of 0.99 

h−1cm−2. Comparatively, the photodegradation of R6G by pristine TiO2/H2O2 and TiO2-

CuO/H2O2 films outperformed the photolysis of R6G by H2O2 alone (Blank/H2O2)

under visible light irradiation.
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Figure 29. Photodegradation reaction rate constant of R6G under visible light 

irradiation for different pH conditions; representative curves of ln(Ct /C0) versus time 

for samples at pH values of (b) 3, (c) 7, and (d) 13.

Comparing the photolysis results (Blank/H2O2), it becomes evident that the activity 

increased in the order of pH 3 > 13 > 7. At lower pH levels, where HNO3 was 

introduced into the photodegradation system, the photolysis of R6G intensified. 

According to a previous study [79], the heightened activity under either acidic or basic 

conditions is governed by distinct mechanisms, leading to enhanced degradation under 

both conditions. However, in the absence of the photocatalyst, photodegradation by 

H2O2 under various pH conditions remained relatively insignificant, contrasting with the 

notable degradation observed upon the addition of the photocatalyst. This underscores 

the importance of dye degradation through the photocatalytic mechanism.



57

The photocatalytic activity of TiO2/H2O2 followed the order of pH 13 > 7 > 3, 

consistent with the zeta potential results. Under basic conditions, the fabricated film 

exhibited a negatively charged surface, enhancing its potential for R6G adsorption 

compared to acidic conditions, where the surface carried a positive charge. This 

observation shows the influence of surface conditions on the photodegradation of R6G,

indicating a strong dependence on the surface properties of the photocatalyst.

TiO2-CuO/H2O2 demonstrated superior photocatalytic activity across all pH values 

compared to both photolysis with the addition of H2O2 and the photocatalytic activity of 

TiO2/H2O2. This enhancement can be attributed to the Fenton-like reaction facilitated by 

the presence of CuO. Upon closer examination, it was observed that the photocatalytic 

activity followed the order of pH 13 > 3 > 7. Particularly noteworthy was the substantial 

improvement in photodegradation at pH 13 when TiO2-CuO was employed instead of 

pristine TiO2. The heightened activity of TiO2-CuO at pH 13 compared to other pH 

values may be attributed to the enhanced adsorption of R6G on TiO2. Additionally, the 

increased activity at pH 3 can be attributed to the synergistic effects of TiO2-CuO 

interaction and the Fenton-like reaction between CuO and H2O2. Furthermore, the 

presence of H+ ions at pH 3 contributes to an increased production of •OH, which 

further aid in the degradation of R6G.

2.6. Conclusions

TiO2 and TiO2 nanoparticulate thin films were fabricated via a one-step PECVD-

PVD method. The size of TiO2 nanoparticles increased with higher annealing 

temperatures. XRD analysis indicated the transformation of TiO2 from anatase to rutile 

phase through the increase annealing temperature. Complete oxidation of CuO occurred 
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after annealing. The band gap energy and zeta potential of TiO2-CuO showed only slight 

changes compared to pristine TiO2. Rutile TiO2 loaded with CuO exhibited superior 

photocatalytic activity under visible light irradiation compared to anatase TiO2 loaded 

with CuO. Further investigation for the photocatalytic activity by the change of pH and 

addition of H2O2, the highest photocatalytic activity was achieved for TiO2-CuO/H2O2

at pH 13 with a reaction rate constant of 0.99 h−1cm−2, followed by the 

photodegradation of R6G by TiO2/H2O2 at pH 13.
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Chapter 3

Investigation of TiO2 and TiO2-Ag Photocatalyst Fabricated by the 

Gas-phase Method

Abstract

In this chapter, Ag was introduced into TiO2 nanoparticulate thin films via a one-

step plasma-enhanced chemical vapor deposition and physical vapor deposition method.

Owing to the localized surface plasmon resonance (LSPR) of Ag the light absorbance 

can be widened to the visible light region. LSPR absorbance peaks confirmed the 

presence of Ag nanoparticles. The photocatalytic activity was done for rhodamine 6G 

degradation under visible light irradiation, with an optimal Ag content of 0.24 wt. %

exhibiting superior activity compared to TiO2 nanoparticulate thin film and 

commercially available TiO2 nanoparticles immobilized on Si substrates.

Additionally, the effect of heating rates for the annealing process was studied. TiO2-

Ag were subjected to varying heating rates (3 to 60 °C/min). The fabricated films 

exhibited changes in characteristics such as nanoparticle size, crystalline size, crystallite 

phase, and surface area. Photocatalytic activity evaluation by methylene blue 

degradation under UV light irradiation revealed a gradual enhancement with increasing 

heating rates, attributed to the increase surface area and total pore volume.
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3.1. Introduction

Apart from the fabrication of semiconductor-loaded TiO2 by the addition of CuO

explored in Chapter 2, metal-loaded TiO2 has also attracted attention. In our previous 

study [60] a one-step gas-phase method combining PECVD-PVD was utilized to 

fabricate metal-loaded TiO2 by the addition Ag nanoparticulate thin films. This 

approach produced pure Ag nanoparticles with a size of less than 10 nm, embedded 

within the porous structure of the accumulated TiO2 nanoparticles forming film. Ag

nanoparticles were observed on the surface of TiO2 nanoparticles. These films exhibited 

excellent photocatalytic activity under UV light irradiation. There remain further 

exploration opportunities, which will be delved into in Chapter 3. Additionally, this

investigation will extend the potential of TiO2 as a semiconductor- based photocatalyst.

Increasing the light-absorption capacity of TiO2 nanoparticles is pivotal for 

enhancing their photocatalytic activity in everyday applications, owing to the LSPR of 

Ag metal nanoparticles. LSPR activation enhances the visible-light-driven 

photocatalytic activity by broadening light absorption to longer wavelengths, increasing 

light scattering, and promoting electron transfer from the metal to the semiconductor 

[14]. Previous studies [43,80] have demonstrated that Ag nanoparticles, when added to 

TiO2, significantly enhance visible light absorption and improve photodegradation 

capabilities for organic pollutants both under UV or visible light irradiation.

Previously the effect of annealing temperature on the characteristics and 

photocatalytic activity under UV light irradiation of TiO2-Ag nanoparticulate thin film

has been studied in our laboratory [62]. A further careful examination of post-deposition 

parameters, such as the heating rate, presents an intriguing opportunity to further 

modify the characteristics of the material. The heating rate during annealing has been 
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identified as one of the critical parameters influencing grain growth, crystal size, and 

orientation, with the potential to optimize the application of the material. Research by 

Dikici et. al., [81] on TiO2 powders demonstrated that increasing the heating rate led to 

a higher degree of anatase phase shift due to lattice strain, without altering morphology 

or size distribution. Interestingly, the highest photocatalytic activity was observed for a 

specific heating rate that gave high crystallinity. Limited attention has been given to the 

influence of different heating rates in the annealing process for TiO2-Ag 

nanocomposites, presenting an interesting area for further exploration. 

In this chapter Section 3.4.1 explores the characteristics and visible-light-driven

photocatalysis of Ag-loaded TiO2 nanoparticulate thin film with different Ag contents.

Furthermore, the photocatalytic activity was compared with immobilizied commercially 

available TiO2 nanoparticles, known as P25. Whereas Section 3.4.2 delves deeper on 

the to the effect of heating rate on the characteristics of TiO2-Ag nanoparticulate thin 

film and its photocatalytic activity.

3.2. Materials and experimental procedures

The precursors employed in the fabrication of TiO2-Ag nanocomposites were TTIP 

and Ag granules (> 99% purity, Nilaco Corp.). The fabrication of TiO2-Ag

nanocomposite thin films was achieved via a one-step method involving PECVD-PVD 

system such as in Figure 16. The TiO2 nanoparticles are generated as in Section 2.2. To 

fabricate TiO2-Ag nanoparticulate thin films, Ag nanoparticles were generated by 

evaporating Ag granules in a tubular furnace (TMF-300N, AS ONE) at temperatures 

ranging from 1020–1220 °C to regulate the Ag contents. The resulting Ag vapor swiftly 

condensed via a cooling water system, forming Ag nanoparticles. Subsequently, Ag and 
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TiO2 nanoparticles from the PVD and PECVD systems were simultaneously deposited 

onto a Si substrate with a +500 V applied. The pressure of the system was maintained at 

1.2 kPa. The nanoparticulate thin films produced underwent annealing at 500 °C for 3 h

in N2 atmosphere to ensure the crystallization of TiO2 and to ensure that Ag metal was 

not oxidized. Furthermore, commercially available TiO2 nanoparticles (P25) were 

immobilized via a doctor blade method to form a film. The weight of the films was set 

to 0.06 mg (± 5%). These samples were subjected to photocatalytic activity test for 5

ppm of R6G under visible light irradiation.

As a continuation from the previous study [62] of the effect of annealing 

temperature, the fabrication process follows the same parameters. The TiO2 and Ag

nanoparticles were continuously deposited onto a Si substrate under an applied voltage 

of +300 V to form a film. To achieve a target weight of 0.35 mg (± 5%). The total 

pressure of the system was maintained between 2–4 kPa using a vacuum pump. 

Following fabrication, the resulting film underwent annealing under air atmosphere for 

12 h. The effect of heating rate was investigated by varying it from 3–60 °C/min, while 

the annealing temperature was held constant at 600 °C. The photocatalytic activity test 

was conducted for the degradation of 2 ppm MB under UV light irradiation.

3.3. Characterization of TiO2 and TiO2-Ag

The morphologies, sizes, and crystalline phases of the films were analyzed using 

various methods in the following sections. SEM (S-5200, Hitachi High Technologies)

was utilized to observe the surface morphologies and film thicknesses. XRD (MiniFlex 

600, Rigaku) was employed to observe the crystallinity and phases of the 

nanoparticulate thin films. Detailed morphology and crystallinity were examined by
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TEM and HR-TEM (JEM-2010, JEOL). Additionally, XPS (ESCA-3400, Shimadzu) 

was performed to understand the chemical state of Ag nanoparticles. The light 

absorbance of the films was evaluated by measuring their light-absorption capability 

using a UV–Vis spectrophotometer (V-650, Jasco) equipped with an integrated sphere.

Elemental analysis to confirm and quantify the Ag content in the TiO2-Ag

nanoparticulate thin films was conducted using ICP-OES (SPS 3000; Hitachi High 

Technologies). Additionally, nitrogen adsorption–desorption experiments were 

performed to analyze the surface area and pore volume using Autosorb-1

(Quantachrome Instruments).

3.4. Results and discussions

3.4.1. Visible-light photocatalytic activity of TiO2 and TiO2-Ag

SEM images depicted in Figure 30 showcase the morphology of TiO2 and TiO2-Ag

nanoparticulate thin films, as well as P25 film. Although SEM analysis did not directly 

reveal the presence of Ag nanoparticles, a subtle increase in nanoparticle size was 

observed upon Ag addition to TiO2 nanoparticles. Specifically, the TiO2 nanoparticulate 

thin film exhibited an average size of 40.97 nm for TiO2 nanoparticles, while the TiO2-

Ag nanocomposite films with 0.56 wt. % and 2.97 wt. % Ag contents displayed sizes of 

43.65 nm and 53.81 nm, respectively, for TiO2 nanoparticles. Post-annealing SEM 

images suggested that the inclusion of Ag promoted the coalescence of TiO2

nanoparticles, leading to larger particle sizes in TiO2-Ag samples compared to pristine 

TiO2 nanoparticles [60]. Overall, annealing played a role in influencing the morphology 

of the film, where factors like annealing temperature, duration, and the presence of 

foreign materials could impact nanoparticle size. In this investigation, the addition of 
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Ag was found to increase the size of TiO2 nanoparticles. The P25 film was observed to 

be denser compared to the fabricated TiO2 and TiO2-Ag nanoparticulate thin film.

Figure 30. SEM images of a) TiO2 and TiO2-Ag with b) 0.56 c) 2.97 wt. % Ag content 

and d) P25 film. Corresponding size distributions (insets a-c).

The XRD patterns presented in Figure 31 provide insights into the crystallinity and 

phase composition of the nanoparticulate thin films. Annealing plays a critical role in 

achieving well-crystallized TiO2 nanoparticles. The observed peaks at 2θ = 25.5°, 38.3°, 

and 48.5° correspond to the (101), (004), and (200) planes of crystallized TiO2 in the 

anatase phase, respectively. Anatase TiO2 phase was consistently observed across all 

samples. Additionally, broad peaks in the XRD patterns were noted due to the small size 

and quantity of nanoparticles within the films. Notably, a minor diffraction peak at 2θ = 
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44.5°, corresponding to rutile TiO2, was detected with the addition of Ag (0.24 wt. %). 

This finding aligns with previous research [49] indicating a phase transition from 

anatase to rutile TiO2 occurring at lower annealing temperatures with Ag addition. The 

anatase-to-rutile phase transformation typically ranges from 400 °C to 1200 °C which 

depends on the fabrication method used [82]. Our study observed this transition at 

500 °C with the one-step PECVD-PVD fabrication method and loading of Ag metal 

nanoparticles. The presence of both anatase and rutile phases in TiO2 is beneficial for 

enhancing photocatalytic activity due to their synergistic effects on electron–hole

separation. However, the existence of Ag metal nanoparticles was not evident from the 

XRD peaks, possibly due to their low quantity and dispersion within the nanoparticulate 

films [16]. Additionally, the appearance of the Si peak at 33° was attributed to the Si 

substrate.

Figure 31. XRD pattern of TiO2 and TiO2-Ag fabricated by PECVD and PVD; P25 film 

prepared by spin coating.

XPS analysis was employed to verify the oxidation state of the pristine Ag 



66

nanoparticles both before and after annealing under N2 atmosphere at 500 °C for 3 h. 

The results depicted in Figure 32a and b revealed peaks at 367.2 eV and 374.2 eV with 

a spin energy separation of 6.0 eV, indicating the presence of zero-valent or metallic Ag 

(Ag0) [43]. Remarkably, no shift in the XPS peaks was observed post-annealing, 

affirming the ability of Ag to withstand oxidation processes and maintain its metallic 

state during annealing under N2 atmosphere. Furthermore, the stability of Ag metal was 

evaluated over an extended period, as shown in Figure Figure 32c and d. The peak of 

Ag remained unchanged, confirming its long-term stability. The stability of the metallic 

form of Ag is important, as the LSPR effect of the metal Ag can enhance the

photocatalytic activity of TiO2 under visible light irradiation.

Figure 32. Ag 3d XPS spectra of Ag a) before and b) after annealing in N2 and annealed

TiO2-Ag c,d) after a certain period of time.
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The impact of varying Ag contents on TiO2 and its comparison with TiO2

nanoparticulate thin film and the P25 film were assessed based on their absorbance 

(Figure 33). TiO2 nanoparticles exhibited notable light absorption within the 

wavelength range of 300–400 nm across all samples. However, their absorbance at 

longer wavelengths, corresponding to visible light, was relatively low, indicating limited 

photoactivity in this region. Incorporating Ag metal nanoparticles led to increased light 

absorption at longer wavelengths (λ > 500 nm), enhancing the light-harvesting capacity. 

This observation aligns with findings by Fei, et. al., [83], demonstrating that the 

addition of Ag enhances visible light absorption in TiO2. The presence of Ag metal and 

its LSPR progressively enhanced visible light absorption with increasing Ag content, as 

evident in our results. The LSPR peak of 450 nm for Ag metal can be seen to become

more prominent at higher Ag content of such 3.02 wt. %.

Figure 33. Absorbance spectra of TiO2 and TiO2-Ag fabricated by PECVD and PVD; 

P25 film prepared by spin coating.

The photocatalytic degradation of R6G under visible light irradiation was 

investigated using fabricated films weighing at 0.06 mg and a substrate size of 1×1 cm². 
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The experiment comprised photolysis of R6G, photocatalytic activity with TiO2 and 

TiO2-Ag films with varying Ag contents, and P25 film. Additionally, an adsorption test 

of the dye and film in the dark was conducted. The activity was assessed by monitoring 

changes in R6G color and its absorbance peaks. The percent degradation was calculated

from the change of peak absorbance of R6G throughout the photocatalytic activity test

by (A0−At)/A0 ×100%. Where A0 corresponds to the initial absorbance, while At is the 

absorbance after a certain interval (t), respectively. Furthermore, the reaction rate 

constant was determined by deriving the k from the slope of the logarithmic plot of 

Ct/C0 against t. Where C0, Ct, t, and k represent the initial concentration, concentration 

at a given time, time (h), and the reaction rate constant, respectively.

Figure 34 revels that the presence of a photocatalyst significantly increased the 

percent degradation and reaction rate constant of R6G degradation compared to 

photolysis and adsorption tests. The P25 film exhibited higher photocatalytic activity 

than the TiO2 nanoparticulate thin film due to its phase mixture of anatase and rutile, 

which enhances electron–hole separation. The addition of Ag to TiO2 increased its 

photocatalytic activity under visible light, with the optimum Ag content observed at 

0.24 wt. %. From the observed characteristics, the increase photocatalytic activity other 

than solely because of the addition of Ag, was due to the formation anatase and rutile 

phases and the increase of light absorption capabilities. The lower activity of P25 

compared to TiO2-Ag can be attributed to several inherent characteristics of P25. These 

include its low surface area, nonporous nature, and limited activity in the visible light 

region [84].

An increase in Ag content beyond this optimum concentration resulted in decreased 

photocatalytic activity. The decrease in activity could be attributed to factors such as the 
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increasing size of TiO2 nanoparticles such as seen in SEM. Additionally, several studies 

[85,86] have elucidated the enhanced electron–hole recombination in Ag when 

excessive amount is added. The experimental results of this study contribute to 

understanding the increased activity of TiO2 by the addition of Ag, which demonstrated

a twofold increase compared to TiO2.

Figure 34. c) Percent degradation of R6G and d) its corresponding reaction rate 

constants for TiO2, and TiO2-Ag, and P25 film.

3.4.2. The effect of heating rate on the characteristics and photocatalytic activity 

of TiO2-Ag

In our previous study [62], we examined the impact of annealing temperature on the 

morphology of TiO2-Ag, revealing larger and thinner nanoparticles with increasing 

annealing temperatures. In addition, such seen in the results of Figure 17 and Figure 18

and our other previous study [11] for TiO2 nanoparticles. Variations in annealing 

temperature also yielded notable differences in crystallite size, phase content, and other 

characteristics stated. Consequently, the change in the photocatalytic efficiency of the 

nanocomposite films. In this section we further investigate the post-deposition 
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annealing parameters, such as the annealing heating rates and its effects towards TiO2-

Ag characteristics such as the morphology, thickness, crystallinity, and surface area. The 

subsequent findings in this section can increase the understanding of the annealing 

parameters which can be applied to other materials such as TiO2-CuxO in Chapter 2.

SEM images in Figure 35 still showed the porous non-agglomerated film consisted 

of nanoparticles such as in previous sections. From measurement of the nanoparticles 

size, negligible differences were noted in the mean diameter values of nanoparticles 

after annealing at different rates. The mean diameter was measured to be 22, 25, 24, 20, 

and 22 nm for heating rates of 3, 5, 10, 30, and 60 °C/min, respectively. This suggests 

that the heating rate change from 3–60 °C/min insignificantly affects the particle size of 

nanocomposite films. 

Figure 35. SEM images showing the cross-sectional view of TiO2-Ag: a) the as-

deposited and annealed with b) 3 °C/min, c) 5 °C/min, d) 10 °C/min, e) 30 °C/min, and 

f) 60 °C/min heating rates. The inset provides a top-view perspective.

Furthermore, the relative thickness showed no significant difference observed for 
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heating rates of 3–30 °C/min. The relative thickness gradually rose at a heating rate of 

60 °C/min, despite insignificant changes in the size of nanoparticles. A high heating rate 

might result in a brief calcination process, leaving insufficient time for all nanoparticles 

within the primary framework to coalesce, thereby yielding a thicker film structure 

compared to lower heating rates.

Annealing does not only improve crystallinity and densifies the film, but carbon 

contaminants are also removed. Higher heating rates (60 °C/min) result in greater 

thickness compared to lower rates, possibly due to the reduced time required for 

coalescence. To further assess the effects of annealing heating rates on carbon 

contaminants, XPS measurements on pristine TiO2 samples was done (Figure 36). The 

results showed that a higher heating rate leads to nearly the same amount of secondary 

carbon peaks as the as-deposited sample (Table 6). Conversely, a lower heating rate of 

5 °C/min, which involves a longer duration (120 min compared to 10 min at 60 °C/min), 

results in a lower ratio of secondary peaks due to higher carbon residue. This can also 

explain the higher thickness observed at higher heating rates, as the remnant carbons 

contribute. The thickness for these pristine TiO2 samples were also confirmed and it was 

found that the samples annealed at a heating rate of 60 °C/min was thicker than the 

5 °C/min. Further studies on the annealing time and atmosphere (nitrogen or air) are 

necessary to understand their impact on the characteristics of TiO2 and TiO2-Ag.
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Figure 36. XPS spectra of C 1s peaks of TiO2 annealed at heating rates of a) 60 °C/min, 

b) 5 °C/min, and as deposited.

Table 6. C 1s peak ratios of TiO2 annealed in air with different heating rates

Element Heating rate
Primary Peak Ratio Secondary Peak Ratio

C 1s

60 °C/min 0.800785 0.199215

5 °C/min 0.817761 0.182239

As deposited 0.806708 0.193292

The average crystallite size estimated using the lattice planes from Figure 37a and 

the Scherrer’s equation, D = kλ/(Bcosθ), where k, λ, B, and θ denote the constant value, 

wavelength of the X-ray source, full-width at half-maximum of the XRD peak, and peak 

angle, respectively. The calculation revealed no significant difference of the crystallite 

size of anatase (range from 26 to 29 nm) across all heating rates. Conversely, the 

crystallite size of rutile (31–45 nm) was consistently greater than that of anatase.
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Furthermore, the crystallite size of rutile decreased from 41 nm at 3 °C/min to 32 nm at 

60 °C/min, except at 5 °C/min. Furthermore, the ratio of anatase to rutile from the peaks 

were also calculated (Figure 37b). It reveals that the film is dominated by the anatase 

phase (~84%) and rutile phase (~16%).

Figure 37. a) XRD pattern of TiO2-Ag nanoparticulate thin films annealed at different 

heating rates and b) the ratio of anatase and rutile phases.

Further experiments conducted at two heating rates (3 and 60 °C/min) with a 

shorter holding time (2 h), which revealed only slight differences in XRD patterns such 

seen in Figure 38. Despite a slightly higher intensity at the higher heating rate, both 

spectra displayed a small rutile peak, indicating its presence in the nanocomposite after 

short-term annealing. However, the intensity of these peaks was lower than those 

observed with longer holding times, suggesting that holding time predominantly 

influences the crystal phase of the nanocomposite compared to the heating rate.
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Figure 38. XRD pattern of TiO2-Ag nanoparticulate thin films at heating rates of 3 and 

60 °C/min (2 h holding time).

Further examination of the samples was done by HR-TEM such as seen in Figure 39.

It reveals that a higher heating rate (60 °C/min) leads to greater crystallinity compared 

to a lower heating rate (5 °C/min), as indicated by the lattice spacing of the anatase or 

rutile phase. HR-TEM observation highlighted that at high heating rates, the entire area 

of the nanocomposite particles is mostly occupied by the crystalline phase structure, 

with only a small portion exhibiting imperfect crystallization. Conversely, at low 

heating rates, a significant portion of the phase structure appears imperfectly 

crystallized. This imperfection is likely due to the lower crystallinity of the anatase 

phase, making the lattice spacing less clearly observable.

TEM images further revealed that the nanocomposite was primarily determined by 

the diffraction peak of anatase (101), with a lattice spacing of 0.35 nm (JCPDS no. 21-

1272), consistent with results from XRD. Additionally, a lattice spacing of 0.24 nm 
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Si
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corresponds to the Ag (110) phase, indicating the presence of Ag nanoparticles in the 

nanocomposite structure.

Figure 39. HR-TEM images of TiO2-Ag nanoparticulate thin films at heating rates of a) 

5 and 60 °C/min (12 h holding time).

The surface area and pore volume values obtained from nitrogen adsorption-

desorption isotherm analysis presented in Figure 40 exhibits a clear increase with the 

rise in the heating rate except for 5 °C/min. A larger pore volume facilitates the 

penetration of dye molecules into the deeper regions of catalyst particles, creating more 

reaction sites. This phenomenon ultimately contributes to a higher photocatalytic 

activity, enabling the degradation of numerous organic compounds.
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Figure 40. Surface area, total pore volume, and particle diameter of TiO2-Ag

nanoparticulate thin films annealed at 600 °C.

The photocatalytic activity was evaluated through the degradation of MB aqueous 

solution under UV light irradiation. The absorbance data at 664 nm were converted into 

concentrations to calculate the MB degradation efficiency. Photocatalytic activity was 

assessed by determining the rate constant (k) using the equation ln(C0/Ct) = kt. Figure 

41 depicts ln(C0/Ct) plotted against irradiation time at various heating rates. The rate 

constants were obtained from the slope of the fitted linear curves in ln(C0/Ct) versus 

irradiation time (h), showing a gradual increase with heating rates. The highest rate 

constant at 60 °C/min indicates rapid MB degradation and excellent photocatalytic 

activity.
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Figure 41. Photocatalytic activity of TiO2-Ag nanocomposite films annealed at 600 °C

with a different heating rate. a) plots of ln C0/Ct vs irradiation time and b) rate constants.

Typically, photocatalytic activity is influenced by several parameters, such as 

particle size, crystallite size, and phase content. The possibility for enhanced 

photocatalytic activity at 60 °C/min is the differing thicknesses among the films (Figure 

35). Allowing for increased contact between catalyst particles and the dye, resulting in 

the degradation of more organic compounds. The enhanced photocatalytic activity at 

higher heating rates may also be attributed to the higher crystallinity, as observed 

through HR-TEM analysis. HR-TEM images (Figure 39) at several nanometers 

revealed that a heating rate of 60 °C/min led to higher crystallinity compared to lower 

heating rates. In addition, with the slightly higher ratio of anatase to rutile phase in the 

film at 60 °C/min (Figure 37b), which is a much more active crystal structure of TiO2.

Dikici, et al., [81] compared the photocatalytic activity of TiO2 nanoparticles and 

revealed that the degradation process is optimum at heating rates of 1 °C/min, which is 

due to the high crystallinity of the anatase phase. However, for them the photocatalytic 

activity decreases with increase heating rates because of the lower crystallinity with 
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increase heating rates, in addition to the increase of the residual carbon left. This shows 

the characteristic of TiO2 is influenced by the heating rates and therefore effects the 

effectiveness in photodegradation of organic pollutants under UV light irradiation.

3.5. Conclusions

TiO2 and TiO2-Ag nanoparticulate thin films were successfully produced using a 

one-step PECVD-PVD method. The addition of Ag did not alter the spherical structure 

of TiO2; however, it led to an increase in nanoparticle size after annealing. Ag 

nanoparticles remained stable even after annealing under an N2 atmosphere. Moreover, 

the addition and increase in Ag content widened the light absorption capacity of TiO2

into the visible light spectrum, thereby broadening its potential applications beyond UV 

light irradiation. Photocatalytic testing with R6G under visible light irradiation revealed 

an optimal degradation rate of 0.1191 h−1cm−2 at 0.24 wt. % Ag content.

Furthermore, when the film is annealed at 600 °C with different heating rates (5–

60 °C/min), no significant differences in morphology, phase composition, and crystallite 

size were observed from the SEM and XRD analyses. After annealing, the films 

exhibited a mixture of anatase-rutile phase, with predominantly anatase phase. TEM 

analysis showed that higher heating rates led to higher crystallinity. Additionally, the 

surface area and total pore volume increased with the heating rate. Photocatalytic 

activity tests for MB degradation under UV light revealed enhancement with increasing 

heating rate.
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Chapter 4

Extending Research on Semiconductor-based Photocatalyst Fabricated 

by Alternative Gas-phase Method

Abstract

ZnO and ZnO-Ag nanoparticles were fabricated using a one-step spray pyrolysis 

method. The addition of Ag was done with varying contents of 1, 5, and 10 wt. %. 

Additionally, alterations in the carrier gas ratio (O2:N2) of 1:0, 1:2, 1:1, 2:1, and 0:1 

were also investigated to assess their impact on nanoparticle characteristics such as 

crystallinity, morphology, and surface areas. These characteristics were correlated with 

the photodegradation under UV light irradiation results. The spray pyrolysis method can 

produce crystallized crumpled-shaped ZnO and ZnO-Ag nanoparticles. The highest 

surface area was found at Ag content of 10 wt. % with 0:1 carrier gas ratio. Furthermore, 

ZnO-Ag nanoparticles exhibit better activity compared to ZnO specifically at a carrier 

gas ratio of 0:1, with reaction rate constants of 0.0059 and 0.0025 min−1 for ZnO-Ag

and ZnO, respectively.
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4.1. Introduction

Chapter 2 and 3 have delved into the fabrication of TiO2-based photocatalysts with 

the addition of either CuO or Ag by the one-step PECVD-PVD method. As the Ag-

loaded TiO2 materials have already been clearly established in our laboratory we try to 

investigate the Ag-loaded material with the main ZnO photocatalyst. Such that of TiO2-

based materials, alternative material such as ZnO has also given opportunities in AOPs. 

ZnO (band gap energy = 3.37 eV) is characterized by its affordability, environmental 

friendliness, and robust physical and chemical stability [5,87,88]. Moreover, it boasts a 

high surface area and excellent photosensitivity [39]. However, the rapid recombination 

of excited electrons–holes attributed to its wide band gap energy considerably limits the 

efficient utilization of ZnO [39].

As explored in Chapter 1 the fabrication in the gas-phase method can also be done 

by using SP method which also gives its own distinct morphology. This method offers a 

single-step fabrication process, leading to improved dispersion of the resulting 

nanomaterial, thus enhancing its activity [54]. Table 7 shows several examples of 

fabricated materials by SP and their applications. This method is a versatile process in 

the fabrication of nanomaterials either in the form of powder or film. The SP method

involves the generation of droplets by a nebulizer, subsequent solvent evaporation, 

precursor chemical reaction, and densification of the formed particles [89,90]. This

study investigates the fabrication of Ag-loaded ZnO nanoparticles by the one-step SP

method and its photocatalytic activity.

Parameters such as the precursor concentration, type of gas, and furnace temperature 

are known to affect the characteristics of the produced materials. In this chapter the ratio 

of O2:N2 carrier gas used will be investigated. Different carrier gases yield diverse 
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nanocomposite structures and properties. Studies on materials like ZnO/Mn reveal that 

carrier gas types impact magnetic properties, especially at lower temperatures [91].

Similarly, as reported variations in carrier gases influence the crystallinity and film 

quality of α-Ga2O3 [92]. These differences can arise from the reaction conditions created 

by the carrier gases; for example, air and oxygen create oxidizing atmospheres, while 

gases like Ar or N2 provide inert conditions, leading to varied nanoparticle 

characteristics [90].

Table 7. Previous studies on nanomaterials fabrication via spray pyrolysis

Materials Precursor Parameter Morphology Application Ref.

ZnO/Ag 

powder

Zinc Nitrate 
Hexahydrate 

Silver nitrate

Furnace T=700–
900 °C Photocatalyst [54]

TiO2/Ag

powder

Titanium(IV) 
isopropoxide

Silver acetate

Furnace T=800–
1000 °C Photocatalyst [37]

ZnO/Al

film

Zinc acetate 
dihydrate

Aluminium 
chloride

Substrate 
T=400 °C Gas sensor [93]

TiO2

film

Titanium (IV) 
isopropoxide

Substrate T=250–
450 °C Photocatalyst [94]

In this chapter, ZnO and ZnO-Ag particles were fabricated via a one-step gas-phase 

SP method by varying the O2:N2 carrier gas ratios (1:0, 1:2, 1:1, 2:1, and 0:1). The 

photocatalytic activity was assessed for actual textile dye wastewaters. 
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4.2. Materials and experimental setup

Nanoparticles were fabricated using a one-step SP method as illustrated in Figure 

42. Zinc acetate dehydrate crystals (Zn(CH3COO)2·2H2O, 99.5%, E. Merck) served as 

the precursor for distilled water as the solvent. The solution with a final concentration of 

0.1 M was ultrasonicated for 30 min to ensure uniform dissolution of zinc acetate. 

Subsequently, the aqueous solution was supplied to the nebulizer using a peristaltic 

pump (Omron, NE-U17) continuously. The precursor underwent aerosolization, and the 

resulting droplets were carried to the tubular furnace by gas at 2 L/min. Various O2:N2

ratios (1:0, 1:2, 1:1, 2:1, and 0:1) were employed. The tubular furnace was maintained 

at a temperature of 400 °C, to ensure evaporation of the solvent and decomposition of

the precursor. The produced nanoparticle powder was collected in the electrostatic 

precipitator at an applied voltage of 40 kV and a temperature of 120 °C to prevent 

condensation. ZnO-Ag nanocomposites were fabricated by adding silver nitrate (AgNO3,

99.5%, E. Merck) at concentrations of 1, 5, and 10 wt. % to the zinc acetate solution.

Figure 42. Schematic of SP experimental setup.
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4.3. Powder characterization

The nanoparticle morphology was observed using SEM (FlexSEM1000, Hitachi 

High Technologies), and further observation of the morphology and elemental analysis 

was conducted by TEM-EDS (JEM-2010, JEOL). The crystallinity and phase 

composition of the nanoparticles were determined by XRD (Philip XPERT MPD, 

Philips) operated at 40 kV and 30 mA. The XRD patterns were obtained within a 2θ 

range of 20–80°. Furthermore, the surface area of the nanoparticles was determined by a 

nitrogen gas adsorption device (Quantachrome Instruments).

4.4. Evaluation of photocatalytic activity

The photocatalytic activity of the nanoparticles was evaluated for the degradation 

of organic dye pollutants. In this study, textile wastewater obtained from UD, ATBM 

Jufri Hartono, Gresik, East Java, was used. Initially, the wastewater was diluted tenfold 

using distilled water. Subsequently, 30 mL of the diluted pollutant solution was mixed 

with 10 mg nanoparticle powder inside a glass beaker and stirred continuously during 

the photocatalytic test. To establish adsorption-desorption equilibrium between the

photocatalyst and pollutants, the sample was kept in a dark chamber for 30 min. The 

photocatalytic test lasted for 90 min, with absorbance measurements taken at 30 min

intervals. After each measurement, the sample was centrifuged at 5000 rpm to separate 

the powder catalyst from the liquid pollutant. The absorbance of the resulting 

supernatant was then measured using the UV-Vis spectrophotometer. The concentration 

of the dye was determined based on the measured absorbance intensity where they are 

proportional. The reaction rate constant was calculated from the slope of the equation 

ln(Ct/C0) = kt, where k, t, Ct, and C0 represent the reaction rate constant, reaction time, 
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final concentration, and initial concentration, respectively.

4.5. Results and discussions

Figure 43 illustrates the morphology of ZnO and ZnO-Ag nanoparticles fabricated

via SP method. Crumpled-shaped secondary submicron particles are observed, with no 

significant morphological change at different Ag contents and carrier gas ratios. 

The size of the secondary submicron particles was measured, where comparison 

based on the carrier gas ratio and Ag content can be found in Figure 44. The increase in 

Ag content does not affect the size distribution; however, the diameters of the secondary 

particles slightly increase with the increase in the N2 carrier gas ratio. The formation of 

these nanoparticles occurred during the evaporation of the solvent droplets in the 

aerosolized precursor followed by compression and decomposition of the precursor in 

the tubular furnace [55].

Figure 43. SEM images of a) ZnO and ZnO-Ag with Ag concentrations of b) 1 wt. %, 

c) 5 wt. %, and d) 10 wt. % fabricated at an O2:N2 ratio of 0:1. ZnO‐Ag with Ag content 

of 10 wt. % fabricated at an O2:N2 ratio of e) 1:2, f) 1:1, g) 2:1, h) 1:0.
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Figure 44. Cumulative size distribution ZnO and ZnO-Ag nanoparticles based on a) 

carrier gas ratios and b) Ag contents.

These morphological results align well with previous studies [54,95], indicating 

that the formation of the nanoparticles and the obtained morphology are influenced by 

parameters such as the evaporation rate of the solvent and concentration of the precursor. 

Such as the illustration in Figure 42, in the evaporation process the confinement force, 

which compresses the droplets within the pathway inside the furnace can affect the

morphology and size of the nanoparticles. The confinement force is proportional to the 

evaporation rate. A furnace temperature of 400 °C is sufficiently high to cause a 

significant water solvent evaporation rate to form the crumpled-shaped spherical 

structure. 

The TEM images Figure 45 revealed crumpled-shaped spheres consist of smaller 

primary nanoparticles. The corresponding EDS indicates the presence of Zn, O, and Ag. 

In pristine ZnO, peaks such as Zn Lα, Zn Kα, Zn Kβ, and O Kα confirm the presence of 

ZnO. The Ag Lα peak confirms the presence of Ag nanoparticles. It's worth noting that 

peaks such as Cu Kα and Cu Kβ correspond to the TEM grid used, no impurities are 

observed in the samples.
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Figure 45. TEM images of a) ZnO and b) ZnO-Ag nanoparticles with 10 wt. % Ag 

content. Corresponding EDS spectra of c) ZnO and d) ZnO-Ag nanoparticles (bulk) and 

e) highlighted in red circle.

Hexagonal ZnO was identified by the XRD peaks (Figure 46) at 2θ = 31.5°, 33.9°, 

35.8°, and 56.5°, corresponding to the (100), (002), (101), and (110) crystal planes, 

respectively [96]. High N2 ratios result in the observation of Zn peaks (Figure 46a). The 

use of zinc acetate dihydrate as the precursor leads to Zn formation at 400 °C. ZnO can 

form at sufficient amount of O2 [97]. The reaction that occurs in the decomposition of 

zinc acetate dihydrate follows eq. 13–15.

Zn(CH3COO)22H2O → Zn(CH3COO)2 + 2H2O↑ (13)

Zn(CH3COO)2 → Zn + 2CH3COO (14)

Zn + O2 → ZnO (15)

The Ag peak is only observed at high Ag contents, regardless of O2 or N2-rich ratios, 

with the FCC peak of Ag observed at 2θ = 37.82° for the (111) crystal plane. These 

XRD peaks confirm the successful formation of crystallized ZnO and Ag nanoparticles 

from the decomposition of zinc acetate dihydrate and silver nitrate by SP under both N2-
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and O2-rich conditions.

Figure 46. Crystalline phase of ZnO and ZnO‐Ag fabricated at a carrier gas (O2:N2)

ratio of a) 0:1 and b) 1:0.

The surface area of the nanoparticles was determined using a nitrogen adsorption

BET method. Typically, a tightly packed nanoparticle structure results in a higher 

surface area and better contact between active sites and pollutants, optimizing organic 

compound degradation. However, except for samples with 5 wt. % Ag content, the 

surface area decreases with increasing O2 ratio (Figure 47). The highest surface area

was observed at 10 wt. % Ag content using pure N2 as the carrier gas. Interestingly, 

despite the increase in secondary nanoparticle size, the surface area did not decrease as 

expected. This difference may be attributed to the unique crumpled-shaped of the 

nanoparticles developed in this study. Furthermore, because of 5-point BET 

measurement used there are some limitations with these results. However, it can still 

represent the surface area of the samples.
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Figure 47. The comparison of surface areas at various Ag contents and carrier gas ratios 

for the fabricated ZnO and ZnO-Ag nanoparticles.

The photocatalytic activity of ZnO and ZnO-Ag nanoparticles was investigated for 

the degradation of textile wastewater under UV light irradiation. Figure 48 shows the 

impact of Ag content and carrier gas ratios on the degradation reaction rate constant. At

different Ag contents (0–10 wt. %) and carrier gas ratios, similar trends in rate constants 

were observed, with N2-rich carrier gas demonstrating the highest photocatalytic 

activity in all samples. As discussed previously, the choice of carrier gas can influence 

various characteristics of the nanoparticles produced. An increase in the nitrogen ratio 

resulted in higher nanoparticle surface area, which can enhance photocatalytic activity. 

Additionally, Zn metal was detected in nanoparticles produced in higher N2 ratios. The 

presence of Zn improved separation of electrons–holes [98,99]. When exposed to light, 

electrons generated in ZnO migrate to zinc, leaving holes in the VB, which react with 

water or hydroxyl ions to form •OH. Electrons on the surface of Zn further react with 

dissolved oxygen, yielding superoxide radicals.
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At 10 wt. % Ag content, the influence of carrier gases on photocatalytic activity 

was more pronounced compared to lower Ag contents. However, the exact reason for 

this phenomenon remains unclear. Both Ag content and carrier gas type significantly 

impact the photocatalytic activity of the developed nanoparticles.

Figure 48. Reaction rate constant of ZnO and ZnO‐Ag at different Ag contents and 

carrier gas ratios

The absorbance spectra of the fabricated samples with different carrier gases ratios 

and Ag contents were measured such seen in Figure 49. Absorbance measurements 

provided insights for response to shorter wavelengths of light, indicating better 

performance under UV light irradiation. Additionally, the presence of Ag metal 

nanoparticles was confirmed from the absorbance spectra, with peaks observed at 

wavelengths of 350–400 nm, attributed to the LSPR of Ag metal nanoparticles.
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Figure 49. Absorbance spectra of ZnO-Ag nanoparticles with different Ag content and 

O2:N2 carrier gas ratios.

Despite achieving a higher surface area and the higher light absorption at a 10 

wt. % Ag content, the optimal photocatalytic activity is observed at a 5 wt. % Ag 

content. This difference may be attributed to the excessive amount of Ag at 10 wt. %, 

which serves as charge recombination centers. The negatively charged Ag facilitates the 

capturing of holes, leading to reduced electron–hole separation and consequently 

decreasing the degradation of organic compounds [54,100]. Moreover, the increase in 

foreign material can reduce the photocatalytic activity under UV light irradiation due to 

the shielding effect on the active sites of the photocatalyst [101]. Several parameters, 

including surface area [5], crystallinity [102], and crystallite size [96], as well as the 

concentration of Ag [5], collectively influence the photocatalytic degradation process.
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4.6. Conclusions

Crumpled-shaped ZnO and ZnO-Ag submicron secondary particles were produced 

by a one-step gas-phase SP method. The submicron particles consist of smaller primary 

spherical nanoparticles. These nanoparticles were fabricated at varying Ag 

concentrations and O2:N2 carrier gas ratios. The existence of Ag can be observed at 

higher content (> 5 wt. %). The change of Ag content showed no effects towards the 

crumpled-shaped morphology and size. The carrier gas ratio gave minimal impact on 

the morphology and primary size of the nanoparticles; however, it did affect the surface 

area and secondary nanoparticles size. In addition, with N2-rich carrier gas ratio, Zn was 

formed, confirmed from the XRD patterns. The nanoparticles demonstrated promising 

performance, with optimal activity observed for ZnO-Ag with 5 wt. % Ag content,

fabricated under N2-rich conditions.
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Chapter 5

Summary

5.1. Conclusions

The fabrication of semiconductor-based materials can be achieved in several 

methods. The gas-phase methos is advantageous, owing to its simple steps in the 

fabrication process, which can fabricate nanomaterials in a one-step manner.

Furthermore, it allows for precise control over the characteristics of the produced 

nanomaterials (size, crystallinity, purity, and uniformity) while minimizing 

environmental impact. Therefore, it is suitable for large-scale production. The gas-phase 

method includes the PECVD, PVD, and spray pyrolysis methods.

In this dissertation photocatalyst of TiO2 nanoparticulate thin film with loaded

materials such as CuO and Ag were successfully fabricated by means of a one-step 

PECVD and evaporation-condensation PVD. Furthermore, in extending the one-step 

gas-phase method and semiconductor-based materials, ZnO and Ag-loaded ZnO

nanoparticles were fabricated by means of SP method.

TiO2 and TiO2-CuO nanoparticulate thin films were successfully fabricated through

a one-step PECVD-PVD method. The annealing temperature changed the size and 

crystalline phase of TiO2 nanoparticles, with CuO loading enhancing the photocatalytic 

activity, particularly in rutile TiO2. Additionally, investigations into the photocatalytic 

activity of anatase- TiO2 with the change of pH and addition of H2O2 revealed the 

highest photocatalytic activity was achieved at pH 13 for anatase- TiO2-CuO/H2O2.

Similarly, TiO2 and TiO2-Ag nanoparticulate thin films, produced via the one-step 

PECVD-PVD method, demonstrated increased light absorption with Ag addition, 
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extending their application potential into visible light. Photocatalytic testing confirmed 

enhanced degradation rates, especially with 0.24 wt. % Ag content. Further 

investigation for the annealing parameter revealed that higher heating rates led to higher 

crystallinity. Additionally, the surface area and total pore volume increased with the 

heating rate. Photocatalytic activity test for MB degradation under UV light revealed 

enhancement with increasing heating rate.

Furthermore, crumpled-shaped ZnO and ZnO-Ag particles fabricated via SP 

method exhibited promising results in the degradation textile wastewater, with optimal 

activity observed in Ag-loaded ZnO nanoparticles containing 5 wt. % Ag, fabricated 

under N2-rich conditions. 

These findings highlight the versatility of the gas-phase method and effectiveness

in tailoring nanoparticle properties for photocatalysis.

5.2. Suggestions for future studies

The current investigation centered on the one-step gas-phase fabrication of 

semiconductor- based nanomaterials comprising of the PECVD, PVD, and SP method.

Semiconductor-based loaded with either semiconductor or metal nanomaterials have 

been successfully fabricated, with materials of TiO2-CuO, TiO2-Ag and ZnO-Ag. These 

materials are used for photocatalytic degradation of organic liquid pollutants. However, 

there are opportunities to further optimize the experimental parameters and expand the 

range of applications.

1. The concentration could be adjusted by modifying PVD system parameters, such as 

the carrier gas flow rate or heating temperature. Additionally, alternative setups, 

such as using quenching gas instead of the cooling water system, could be explored 
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for rapid cooling. 

2. Additional research in photocatalytic applications could focus on a comprehensive 

assessment of the active species involved and the reaction pathways. Furthermore, 

monitoring in the overall change of the degraded organic pollutant throughout 

photocatalysis could provide valuable insights.

3. The one-step gas-phase method involving PECVD, PVD, and SP systems can be 

utilized to explore the fabrication of other materials, which can further broaden their 

application scope.

4. Owing to the characteristics of the fabricated materials, such as the morphology, 

light absorption capabilities, and high surface area. Furthermore, the known

potential of TiO2 and ZnO, gas sensing applications could be an intriguing subject 

for future studies.
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