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ABSTRACT

TiO2 thin film coating has been a scope of mterest for the purpose of photocatalytic
application due to its superior photocatalyst properties. Nowadays, complex formulation or
various techniques are deployed due to the drawbacks of TiO: itself which has large band
gap and low efficiency towards visible region. Thus, in this research, the main objective is
to produce TiO:2 thin film photocatalyst coating via sol-gel dip coating method using green
sol-gel formulation (without solvent). First objective is to investigate the influences of
solvent with ethanol (Ei16 and Eg) and without ethanol (Eo) at five and ten dipping numbers
and heat treatment (500°C and 600°C) on the characteristic of the deposited TiO2 thin film.
The main characteristics such as crystalline phases, crystallites size, phase composition,
and surface morphology of the deposited thin films are reported. Second objective is to
synthesis the hydrolysis ratio, r (16, 10, 8, and 5) between deionized water and TTiP
precursor on the deposited TiO> thin film especially its photocatalytic characteristics
particularly focusing on the green sol-gel route. Third objective is to evaluate the
photocatalytic performance of the deposited TiO:» thn film via green sol-gel route under
UV-light and visible light using photo degradation method of methylene blue.TiO2 thin
film characteristic such as its crystalline phases were analysed using XRD and RAMAN,
while the crystallites size and phases composition were calculated using Scherrer’s
equation and Spurr’s equation respectively. The surface morphologies and films
thicknesses were analysed using SEM. The band gap value was obtained from UV-vis
spectrum and Tauc plot equation. The photocatalytic test was conducted using color
degradation method of methylene blue exposed under irradiation of UV-light and visible
light for five hours. It is found that TiO> thin film fabricated via novel green sol gel route
with the hydrolysis ratio, r=5 (R32:6) showed the best photocatalytic characteristic and
performance which possess an important characteristic of without ethanol (Eo), mixed
crystalline phases of anatase and rutile and consume low heat treatment temperature of
500°C. The crystalltes size produced were large and mn the range of photocatalytic
crystallites size with an average of 17.2 nm to 28.9 nm. It phases composition also showed
the best applicable composition with a mixture of 70% anatase and 30% rutile in addition
with small thickness of 2.9um as well as with small band gap of 2.85 eV which are good in
enhancing photocatalytic ~activity. Further analysis with color degradation method
confirmed that the fabricated TiO2 thin film of green sol gel with » = 5 showed the highest
photodegraded of methylene blue of 97%+ 0.5 under UV-light region and 86%= 1.8 under
visible light region for five hours’ duration. As a conclusion, TiO2 thin film of novel green
sol gel route is successfully fabricated for better photocatalytic performance under both
UV-light region and visible light region.



SINTESIS FILEM NIPIS TITANIUM DIOKSIDA UNTUK AKTIVITI
FOTOBERMANGKIN MELALUI LALUAN SOL-GEL HIJAU

ABSTRAK

Lapisan filem nipis titanium dioksida (TiO2) telah menjadi tarikan utama dalam bidang
fotopemangkinan kerana sifat-sifat fotopemangkinannya yang unggul. Pada masa kini,
pelbagai formulasi yang rumit atau teknik telah dicuba bagi mengatasi kelemahan TiO>
iaitu mempunyai jurang jalur tenaga yang tinggi serta tindakbalas yang rendah terhadap
cahaya nampak. Oleh itu, objektif utama dalam kajian ini ialah menghasilkan lapisan
filem nipis fotopemangkinan TiO: melalui kaedah celupan sol-gel dengan menggunakan
formulasi sol-gel hijau (tanpa pelarut). Objektif pertama adalah untuk membandingkan
pengaruh etanol (Ejs dan Es) dan tanpa etanol (Eo) di dalam pensintesisan sol pada ciri
filem nipis TiO: yang dimendakkan pada setiap lima dan sepuluh celupan serta mengkaji
pengaruh rawatan haba (500°C dan 600°C) terhadap filem nipis TiO2 yang terhasil. Ciri-
ciri utama pada filem yang terbentuk seperti fasa hablur, saiz hablur, komposisi fasa,
morfologi permukaan dan ketebalan filem dilaporkan terutamanya kepada filem nipis TiO>
vang didepositkan tanpa etanol (Eo) sebagai formulasi sol gel hijau. Objektif kedua adalah
mengubah suai formulasi sol-gel hijau dengan mengubah nisbah hidrolisis, r [16 (Rs4: 1),
10 (Rs4: 6), 8 (R32: 4), 5 (R32: 6)] iaitu air dengan TTiP. Ciri filem nipis TiO: seperti fasa
hablur dianalisis dengan menggunakan XRD dan RAMAN, manakala saiz hablur dan
komposisi fasa dihitung menggunakan persamaan Scherrer dan persamaan Spurr.
Morfologi permukaan dan ketebalan filem pula dianalisis dengan menggunakan SEM.
Nilai jurang jalur tenaga diperolehi daripada spektrum UV-Vis dan persamaan Tauc-Plot.
Ujian photocatalytic pula dijalankan dengan menggunakan kaedah degradasi warna biru
metilena yang didedahkan di bawah sinaran UV-cahaya dan cahaya nampak selama lima
jam. Keputusan menunjukkan filem nipis TiO:2 sol gel hijau (Eo)pada nisbah hidrolisis, r =
5 (Rs32: ¢) adalah terunggul serta menunjukkan ciri fotopemangkinan yang terbaik iaitu
menghasilkan campuran fasa anatase dan rutil pada suhu rawatan haba yang rendah iaitu
500 °C. Saiz hablur yang dihasilkan juga adalah dalam lingkungan saiz hablur yang
diperlukan bagi aktiviti fotopemangkinan dengan purata 17.2 nm kepada 28.9 nm.
Komposisi fasanya juga menunjukkan campuran 70% anatase dan 30% rutile selain
ketebalan yang nipis iaitu 2.9um dan juga jurang jalur tenaga yang kecil iaitu 2.85 eV.
Selain itu, analisis kaedah degradasi warna juga menunjukkan fabrikasi filem nipis TiO>
sol gel hijau dengan r = 5 memberi bacaan fotodegrasi metilena biru tertinggi iaitu 97% =+
0.5 di bawah cahaya UV serta 86% + 1.8 di bawah cahaya nampak dalam tempoh lima
jam. Kesimpulannya, filem nipis TiO: sol gel hijau telah berjaya dihasilkan untuk
fotopemangkinan yang lebih baik di bawah sinaran UV dan cahaya tanpa pengaruh etanol
atau bahan pelarut.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

This chapter lays out a brief explanation on mtroduction which comprises a short
background, problem statement, research objectives, research hypothesis, scope of works
and organization of the thesis. Titanum dioxide has been a subject of study to seek an
optimum quality of green TiO2 thn film coating for photocatalytic performance in ultra-
violet (UV) and visble region via green sol-gel route. The overall chronology and the aim

of the research study will be discussed in detail in this chapter.

1.2 Background

Water crisis or water pollution imposes deadly risk to health and environment.
Nowadays, increased i water contaminants and colouring in residual waters from
mdustries have been reported (Fagnern et al. 2012; Castro-beltran et al. 2018; Fu et al
2018). Many measures have been taken to eliminate the colorants in water like adsorption,
flocculation, ozonation and photocatalysis (Khoshnavazi et al. 2016). Photocatalysis is a
promising, efficient and economic method to decompose water contaminant by transform
them to benign substances (Khoshnavazi et al. 2016).

Therefore, introducing titanium dioxide (TiO2) as a photocatalyst, has drawn
attention due to non-toxicity, low cost, simple synthesis, high catalytic activity and high
photo-thermal stability (Sayilkan et al. 2005; Fagnern et al. 2012; Alzamani et al. 2016;

Komaraiah et al 2016). TiO2 exist with three different polymorphs: anatase, rutile and



brookite. All these different polymorphs have their own functioning towards photocatalytic
but mixed TiO2 polymorphs are reported can give a good sign n photodegradation of
methylene blue compared to single polymorphs. Similar finding is affirmed by Fischer et
al. 2017, which were mixed polymorphs of anatase and rutile will reduced the photo-
generated towards the electrons holes thus increased the light absorption activity.
Moreover, mixture polymorphs of rutile and brookite as well as anatase and brookite also
reportedly will generated fast degradation rate in organic molecules (Hanaor et al. 2012;
Fischer et al. 2017; Monai et al. 2017). About 70:30 phase composition ratio of anatase to
rutile, 91:9 phase composition ratio of anatase to brookite and 61:227:12 phase composition
ratio of anatase to rutile to brookite had generated high photocatalytic performance with
more than 39% degradation of methylene blue solution in one (1) hour irradiation imposed
by UV light reactor (Fischer et al. 2017). Furthermore, few researchers had also reported
that mixed polymorphs of anatase and rutile with phase composition ratio of 70:30 were
exhibits more than or equal to 65% of methylene blue solution photodegradation at above
one hour irradiation imposed by UV light reactor (Eshaghi et al. 2011; Segota et al. 2011).
Meanwhile, pure brookite with 100% composition was reported to exhibit good
degradation of methylene blue solution with 92% of photodegradation with four (4) hours
rradiation under visble light reactor compared to mixed phases of TiO2 deposited
(Komaraiah et al. 2016). Thus, all three polymorphs were believed can do act as a catalyst
or reaction agent in photodegradation activity.

Furthermore, crystallne phases, mixed phases, phase compositions, degree of
crystallinity, morphology structure, thickness of the film, crystallites size, band gap value
and surface area of TiO2 thn fim have a substantial influence in determining the
photocatalytic performance (Eshaghi et al. 2011; Segota et al. 2011). For example, high
degree of crystallnity of TiO2 polymorphs and low crystallites size with the large surface
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area were persistently good in photocatalytic performance (Hafizah et al 2012).
Meanwhile, Lopez claimed that, rapid degradation of methyl orange with the fastest
degradation rate was obtaned with the morphologies structure (Lopez et al 2013).
Uniform coating surface of TiO2 thin film with some cracking or patches surface with few
pores structure deposited on the glass substrate also influenced the excitation of the photo
recombmation of TiO2 thin film coating in the light absorption efficiency. Then, the
cracking or patches surface structured are expected to reduce the surface area of the
deposited TiO2 thin film coating and hence increased the photocatalytic performance when
the TiO2 thin film coating have been exposed to UV-light and visible light reactor.
Moreover, it is also reported that smaller crystallites size of TiO2 thin film coating also can
enhance the photocatalytic activity performance. Anatase phase with crystallites size of
~19 nm which was present in the deposited TiO> thin film exhibited good photo
degradation reported by Lopez et al 2013. According to (Zhang and Banfield, 2000),
different polymorphs of anatase, rutile and brookite can achieved thermodynamically and
hence enhanced the photocatalytic activity performance if small crystallites size below 40
nm were formed. Anatase is the highly thermodynamically stable if the crystallite size
produced is less than 11 nm while brookite is highly stable if the crystallite size produced
is between 11 nm and 35 nm and above 35 nm, rutile is extremely stable. Hence,
crystallites size below 40 nm is believed can enhance the photo degradation reaction due to
small surface area exposed in the TiO2 thin film. Energy band value or band gap value
between electron valence and conduction band of TiO2 thin film coating deposited also
plays an important role in the light reactor penetration. Low energy band or band gap value
resulted in good photocatalytic performance in the UV-light and visible light region (Yazd

et al. 2019). The mixtures of anatase and rutile has been reported to hinder the rate of



recombination. The reduction of anatase phase from its pure phases by 40 % leads to the
reduction of the band gap value of 2.82 eV (Castrejon et al. 2014).

Karkare, 2014, had found that the TiO2 nanoparticles prepared via sol-gel route is
highly crystalline, heterogeneous, produces uniform coating and smaller crystallite size as
compared to the one prepared by hydrothermal method. Therefore, TiO2 thin film by sol-
gel dip method is the most convenient method to produce TiO:2 thin film because it offers
low temperature processing, provides high surface homogeneity, easy coating in large
surface area and low cost (Fagnern et al. 2012).

In sol gel, precursor, solvent, water and catalyst are the known basic parameters
which can control the TiO2 properties for photocatalytic activity such as phase content,
phase transfer kinetics, crystallite size distribution, surface area, morphology structure, and
degree of crystallnity of the TiO: thin film. Precursor is used to derive the TiO2
polymorphs and its degree of crystallnity was reported by Hafizah et al 2012. There are
many types of precursor that have been used such as titanum (IV) isopropoxide (TTiP),
titanium tetrachloride, and titanium tetrabutoxide and titanum alkoxides. Besides, TTiP is
relatively a good precursor n producing stable solution at low hydrolysis ratio (Simonsen
and Segaard, 2010). Moreover, solvent (Alzamani et al 2013), catalyst (Sayikan et al
2005) and water (Hanaor et al. 2012) also play a role in hydrolysis and condensation rate
to form a stable TiO2 solution.

The nature of solvent was reported to affect the rate of hydrolysis and condensation.
Higher reaction rates of hydrolysis and condensation will lead to the formation of larger
particles with rough surface films whereas lower reaction rate tend to form columnar
particles with a smooth surface (Hu et al. 1992). In the work of (Edusi et al. 2012), they
used aerosol-assisted CVD technique to deposit TiO2 phases and found that solvents like

ethanol or propanol will lead to anatase phases while rutile phase produced when methanol

4



was used. They concluded that, the use of different solvents can have a direct effect in
controlling the TiO> phases when deposited as a fim. However, Hanaor et al 2012
reported that excessive water led to formation rutile from the deposited of mixed anatase-
brookite if the composition ratio between water and TTiP close to hydrolysis ratio, » =100.
The rutile phase also can be established even when the heating temperature used is below
500°C. At r =6, amorphous type structure occurred and crystallinity of anatase can only
be produced for temperature above 300°C and the transformation of rutile can only be
produced for temperature above 500°C . Thus, it can be concluded that, high content of
water ratio (=100) can be form mixed phases of anatase-brookite-rutile compared to low
water ratio (r=6). Next, concentration of precursors also plays a pivotal role n TiO2
properties. Concentration of precursor helps in determmning TiO: structure, crystallite size,
mixed phases and degree of crystallinity that can enhance photocatalytic performance.
However, simple formulation like basic sol parameters such as precursors, catalyst
and water has been ignored in order to go with the less chemical consumption move by the
5th principles of green chemistry (waste prevention, design of safer, non-persistent,
biodegradable chemicals and iherently safer chemistry for accident prevention).
Therefore, it is important to synthesize the TiO> with three main element (precursors,
catalyst and water) to produce green TiO2 thin film by green sol-gel route without ethanol
as a solvent. First, studying the role of ethanol as a solvent in terms of dipping number and
heat treatment on the deposited TiO> thin film. Then synthesize the hydrolysis ratio,r
between water and precursor in producing green TiO2 sol-gel composition and ideal TiO2
thin film coating properties for photocatalytic activity. Next, the characteristics of thin fim
such as crystalline phases, crystallte size, phase composition, morphology structure,
degree of crystallinity and band gap also need to be characterize due to enhance the
photocatalytic behaviour. Lastly, the TiO2 thin film with green sol-gel wil undergo
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photocatalytic activity via UV-light and visible light irradiation by methylene blue (MB)

degradation.

1.3  Problem statement

Typically TiO2 thin film coating is good for photocatalytic activity that can treat
water pollution which is seriously imposes to health and environment. Therefore, TiO2 thin
film coating must produce some characteristic that can improve photocatalytic activity
such as mixed anatase-rutile phases, small crystallites size (10 nm- 40 nm), optimal
composition of anatase-rutile (70% : 30%), optimal thickness as well as small bandgap
(2.8 eV to 3.1eV). Also fine cracking surface is needed to produce active site surface of
deposited TiO> thin film coating. Besides, sol-gel dip method is used to produce the
deposited TiO2 thin film coating due to easy to coat homogenous coating and low cost as
well as only basic sols parameters are used such as water, precursor, solvent and catalyst.
But nowadays, most of researcher are focusing on complex sols formulation such as
doping element was added to produce above characteristic to achieve high photocatalytic
activity, thus ignoring simple formulation.

Introducing ethanol as a solvent into basic sol parameters has been reported to slow
down the rate of hydrolysis and condensation and thus producing specific surface area and
surface state of TiO2 which is good for photocatalytic activity. Ethanol also can produced
anatase crystalline at low temperature (~ 350 °C and 400 °C) but can’t produce mixture of
anatase-rutile. However, it is also reported that the use of ethanol can reduce the anatase
formation and form amorphous structure thus produce large crystallites size. Nevertheless,
ethanol is volatile organic compounds (VOCs) that can harm the environment and human
health (Johari et al. 2019). It were also reported by (Uzma et al. 2008; koteswararao et al

2014) long terms of organic solvents exposure to the air environment can lead to the highly
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risk air pollution thus deleterious effects on thyroid, haematological and respiratory
functioning.

Therefore, 5" principle of green chemistry (waste prevention, design of safer, non-
persistent, biodegradable chemicals and inherently safer chemistry for accident prevention)
are itroduce in this research to minimize the solvent applications during the preparation of
TiO2 sols. Basic sol parameters such as precursors, catalyst and water are the three main
element need to maintain in producing green sol-gel route of TiO2 sols which is less
chemical consumption and save cost. Therefore, synthesis of hyrolysis ratio, r between
TTiP and DI water are believes plays an important role in producing deposited TiO> thin
film coating with mixed anatase-rutile, small crystallites size, fine cracking surface as well

as small band gap due to steric hindrance produced.

1.4  Objectives

The main objective of this study is to investigate the coating properties of the
deposited TiO2 thin film via sol-gel dip coating method without ethanol as a green route
approach in fabricating photocatalytic coating. Thus, three specific objectives have been
set to fulfil this aim which are:

1. To mvestigate the influences of solvent with ethanol (Eis and Es) and without
ethanol (Eo) at five and ten dipping numbers and heat treatment (500°C and 600°C)
on the characteristic of the deposited TiO> thin film.

2. To synthesis the hydrolysis ratio, » (16, 10, 8, and 5) between deionized water and
TTiP precursor on the deposited TiO2 thin film especially its photocatalytic

characteristics particularly focusing on the green sol-gel route.



3.

To evaluate the photocatalytic performance of the deposited TiO2 thin film via
green sol-gel route under UV-light and visible light using photo degradation

method of methylene blue.

1.5  Research questions
Understanding the relationship between coatng qualty and its synthesizing
parameter:

1. What is the role of ethanol, dipping numbers and heat treatment in producing
deposited TiO2 thin film?

2. How the hydrolysis ratio, » (16, 10, 8, and 5) between deionized water and TTiP
precursor affect the deposited TiO2 thin film especially its photocatalytic
characteristics particularly focusing on the green sol-gel route?

3. How the deposited TiO2 thm fim wvia green sol-gel route wil promotes
photocatalytic ~ performance under UV-light and visible light using photo
degradation method of methylene blue?

1.6  Scope of work

This research aims to investigate the implication of ethanol as a solvent on the

deposited TiO2 thin film crystaline phases and crystallte size by varyng the dipping

numbers of five (5) and ten (10) with different heat treatment of 500°C and 600°C. Next,

the relationship between water and TTiP ratio will be studied to seek the optimum quality

of crystallne phases, phase composition, crystallite size, morphology structure, thin film

thickness and band gap value of TiO: thin film coating for green coatng. Therefore, X-ray

diffraction (XRD) analysis is used to analyse the crystalline phases, degree of crystallinity,

phase compositions and crystallite size while RAMAN spectroscopy is used for the
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affirmation of crystalline phases obtained from XRD diffractometer. Scherer’s equation is
used to calculate crystallite size while Spurr’s equation is to obtain phases composition.
The morphology structure study of surface behaviour and thin film thickness can be done
using scanning electron microscopy (SEM) analysis. Furthermore, for band gap value, it is
calculated via Tauc equation and extrapolation of the Tauc plot by deriving the value of
thin film absorbance. The quantitative of the absorbance value of TiO2 thin fim and photo
degradation of methylene blue solution will be obtained from UV-Vis spectrometer. Lastly,
photocatalytic test will be conducted using photo degradation of methylene blue solution

for five-hour irradiation under UV-light and visible light reactor spectrum.

1.7  Thesis layout

The layout of this report is as follows; Chapter 1 presents a brief introduction which
mncludes the background of the study, problem statement, research objectives, scope of
work, research question and thesis layout. Next, in Chapter 2 literature review, past studies
from other researchers that are related to this study were discussed. In this chapter,
literature about function of solvent/ethanol, water/TTiP precursor ratio and photocatalytic
properties will be discussed in depth. In Chapter 3 the method on the experimental setup,
experimental procedures, characterization and testing involved will explained in detail. As
for the Chapter 4, the results and the discussion will be critically discussed reflecting the

research objectives. Finally, conclusion and recommendations are presented in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1  Introduction

This chapter presents a review on TiO2 thin film coating deposition with sol-gel dip
coating method. The factors namely solvent, dipping numbers, heat treatment, hydrolysis
medium and precursor are incorporated to synthesize green TiO2 thin film coating
Furthermore, TiO: thin film coating for photocatalyst properties are briefly described in
terms of crystallne phases, crystallites size, phase compositions, surface morphology, thin
film thickness and band gap values. Besides, the parameters of photocatalytic activity are

also reviewed for photocatalytic test of green TiO2 thin film coating.

2.2 Titanium dioxide (TiO;) thin film

Titanium dioxide (TiO2) is a superior material and first discovered as white pigment
mn 1821. The discovery of titanum dioxide as photo catalysed medium of water
decomposition was proclaimed i 1972 and called as the Honda-Fyjishima Effect
(Fujishima et al.2008; Pelaez et al. 2012). To date, high interest in the subject of titanium
dioxide as photocatalyst material is being shown as it has strong redox ability, long term
stability and environmental benignity (Han et al. 2016; Higashimoto et al. 2017; Lu et al
2017; Fu et al 2018). Nevertheless, electron-hole pairs at valence and conduction band can
be generated by simply placing titanium dioxide thin film under UV light photo excitation.
Hence, strong reducing and oxidizing activities are generated mcurring formation of

reactive oxygen species (ROS) which are hydroxyl radicals (*OH) and superoxide anions
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(O?") reported by (Al-jawad et al. 2017). This ROS contribution will lead to oxidation
process which removes microorganism and organic compounds in water (Sangpour et al
2010; Pelaez et al. 2012).

Furthermore, titanium dioxide has a chemical formula of TiO2 and comes with three
natural minerals crystal structures which are anatase, rutile and brookite. Rutile is the most
stable phase (tetragonal) while anatase (tetragonal) and brookite (orthorhombic) are the
metastable phases (Chaudhary et al. 2011; Lu et al. 2017; Samat et al. 2017). Due to
metastable structure, anatase and brookite are transformed to rutile at higher heat treatment
temperature (Hu et al. 2003; Hanaor et al. 2011). Yet, unique properties of anatase and
rutile assure a robust photocatalytic properties (Rezaee et al. 2011; Hendrix et al. 2015).
Furthermore, usage of pure anatase contributes to major drawbacks such as high band gap
value and fast rate of recombination resulting in low TiO: efficiency as a photocatalytic
material (Ratova et al. 2018). Therefore, mixed anatase and rutile crystalline phases of

titanium dioxide thin film can be an incredible coating material onto substrates.

2.3  TiO; photocatalysis properties

The term photocatalyst can be defined as an acceleration of catalytic reaction linked
to the production of a catalyst by absorption of light (Lazar et al 2012). Therefore,
Titanum dioxide has drawn attention as a photocatalyst material in water treatment
application. Normally, photocatalysis mechanism in the titanum dioxide particles occurs
under UV radiation, whereby TiO2 surface tends to produce reactive oxygen species (ROS)
that can block and eliminate the organic contaminant. Figure 2.1 shows a graphic diagram
on the general TiO2 photocatalysis mechanism under UV radiation. The photocatalysis of
TiO2 occurs when it is illuminated with light source or sunlight. Basically, a pairr of
electrons and holes are generated when photocatalyst of titanium dioxide (TiO2) absorbs
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the Ultraviolet (UV) radiation with the wavelength of lambda, A< 380 nm from sunlight or
illuminated light source (fluorescent lamps). Electron from the valence band (VB) becomes
excited when illuminated by light. The excess energy of this excited electron promotes
electron to the conduction band (CB) of titanuum dioxide leading to the creation of
negative-electron (e’) and positive-hole (h+) pair which is referred to as developing
ionization area (Rao et al 2018). The energy difference between the valence band and the
conduction band is known as the band gap value for photoexcitation. Besides, the positive-
hole of titanium dioxide breaks apart the water molecule (H20) to form hydrogen gas (H>)
and hydroxyl radical (OH") while the negative-electron reacts with oxygen molecule (O2)
to form super oxide anion (Oz7). Hence, elimmnation of the contaminants and harmful
organic substances is achieved due to surface contammant concern and high affiliation

transmission diseases towards nowadays( Musa et al. 2018)

Light
Electron "
- Conduction Band
Organic — /:/‘ A \E— e
Compounds _ 1
05 e
Band Gap
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C0y Hz ) oxidation w Valence Band

Photocatalyst

Figure 2.1: General TiO2 photocatalysis mechanism under UV radiation
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Nowadays, photocatalysis of TiO> wunder visible light is becoming a fascinating
study due to its ability to treat water pollution (Tryba et al. 2016; Zhou et al. 2016;
Momeni et al. 2017). Hence, mixed anatase-rutile is controlled during the synthetizations
of the TiO2 nanoparticles or thin film. It is known that, anatase (3.2 eV) has a higher band
gap compared to rutile (2.98 eV). Due to larger band gap, pure anatase structure only

covers the UV range of solar spectrum (A< 380 nm)(Khan et al. 2014). Additionally,

anatase-rutile phases lower the band gap value of ~2.98 to 2.7 eV of electron excitation and
thus photocatalytic activity is covered in the visible range (A>380 nm) reported by
(Castrejon et al. 2014; Zhou et al. 2016; Chetia et al. 2017). Figure 2.2 shows a graphic
diagram on the synergic effect of mixed anatase-rutile photocatalysis mechanism under
visible radiation. According to (Verma and Samdarshi, 2015; Fu et al, 2018) the reduction
of the TiO2 band gap is due to the presence of oxygen-related defects when the mixed
phases of anatase-rutile attained. Some Ti-O bonds of anatase or rutile rupture and new
Ti-O bonds are formed in the process of oxygen defects created at the interface, which can
increase the non-radiative transition of the charge carriers. This in turn hinders their
recombmation and leads to utilization of visible light. Furthermore, synergetic effect
between anatase and rutile is one of the reasons for the high photocatalytic activity. When
these two phases combine, a staggered band gap forms, and the synergistic effect causes an
efficient charge separation across the phase junctions. The direction of charge migration
across the phase junction shows electrons flowing from rutile to anatase and holes moving
in the opposite direction. Electrons can be transferred from the rutile conduction band to
the anatase conduction band and further transferred to surface sites. Thereafter, hydroxyl
groups and superoxide species capture holes to form OHe and promote Oz adsorption to
trap electrons. Thus, the production of highly reactive hydroxyl radicals rapidly attack the

organic pollutants, preventing the recombination of electrons and holes. Therefore, the
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higher amounts of surface hydroxyl groups result in the promotion of photocatalytic
activity.

Besides, other researcher found that doping with metal and transition element such
as Ag, Zn, Mn, C, Au, Fe, Cu and etc. can enhance the ability of TiO2 photocatalyst which
are to reduce the energy band gap and prevent recombination of electron-hole pair. Table
2.1 displays several doping elements used, and description of the research carried out by
the researcher. Different doping elements have been utilized due to their final band energy

and the method they have been produced.

Target degraded
o
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Figure 2.2: Synergic effect of mixed anatase and rutile photocatalysis mechanism under

visible radiation (Chetia etal. 2017)
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Table 2.1: Doping element used in the research of TiO2 photocatalyst

Doping element

Description

Researchers

M: TiO»
(M:Au, Ag, Cu)
thin films

reactive

thin

Produced by radio frequency
magnetron co-sputtering method. TiO2
films containing noble metal nanoparticles (Au,
Ag and Cu) are deposited on pre-cleaned quartz
substrates. The coated samples are evaluated by
the rate of the degradation reaction of MB. Au:
TiO2 and Cu: TiO2 thin film enhance
photodecomposition of MB resulting in 80 and

90% via UV and visible light irradiation.

(Sangpour et al
2010)

C-TiO2 film

Carbon-doped TiO2 (C-TiO2) produced using
sol gel dip method which results mn highly
reactive TiO2 thin film which narrows the band
gap and enhances the photocatalytic activity

under UV and visible radiation.

(Lu etal 2012)

C/TiO2 film

Carbon-doped TiO2 (C-TiO2) have been
generated through sol gel dip method. Pure
anatase and some elements of carbon are
synthesized and constant band gap of 3.2 eV is
obtained. But, the visible light absorption of C-
TiO2 thin film depends on the carbon species

included.

(Nishizawa et al.
2014)

Ag@TiO2
catalysts with
core-shell

structure

Ag@TiO2 core shell structure produced via sol

gel method. The photocatalytic activity is
conducted by photodegradation of MB solution
under UV light irradiation. Ag@TiO2exists at
high photodegradation due to Ag properties that
can supress the electron-hole recombination.
Moreover, Ag@TiO> can facilitate more holes
transportation to the active surface and enhance

the photocatalytic activity

(Chen and Lee,
2014)
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Table 2.1: Continue

Nitrogen doped
and platinum

nano-islands

(TiO2) bi-phasic

(TiO2) bi-phasic are prepared by sequential
layer  sol-gel deposition technique and
sputtered with Nitrogen doped and platinum
nano-island. The fim is analyzed for
photocatalytic potential using the
photodegradation of Rhodamine B under UV
and visble light iradiation. Anatase mixed
rutile is generated on the prepared fim. Thus,
the fim exhibits high photocatalytic property

due to nitrogen properties (narrowed the band

gap).

(Bear etal. 2015)

T* Self-Doped
Anatase-Rutile
Mixed TiO2

T3+ self-doped TiO2 nanoparticles with mixed
phases of anatase and rutle have been
synthesized via a facile solvothermal method.
Photocatalytic activity is evaluated by photo-
degradation of RhB using visible light source.
High photocatalytic performance is obtained
due to low band gap acquired. The band gap is
narrowed from 3.2 eV to 2.54 eV as the TiCls

increases.

(Zhou et al. 2016)

CN-TiO2

Carbon and nitrogen doped TiO2 (CN-TiO2)
have been systematically synthesized by
thermal condensation of cyanuric acid on the
TiO2 surface. Photocatalytic reaction on Hz is
performed under visible light. Effective charge
separation under photo-excitation of highly
dispersed carbon nitride on the TiO2 surface is

significant in producing H> gas.

(Higashimoto et al
2017)
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Table 2.1: Continue

Nitrogen-doped | Nitrogen-dopedTiO2nanoparticles are | (Katouei et
TiO2 synthesized by sol-gel route. The amorphous | al.2017)
nanoparticles phase is transformed to anatase crystalline

without interference of calcination temperature.
Besides, low band gap of 2.89 eV is acquired
and exhibits high absorption in the visible light

range.

Carbon-doped Carbon-doped titania coating is produced by | (Ratova et al
titania coatings reactive magnetron co-sputtering of Ti and C | 2018)

targets. Besides, it is an assured eflicient
method of photocatalytic property enhancement
by photodegradation of MB solution under
visble light rradiation. The band gap of 27 eV
is obtained with the mixed phase of anatase and

rutile.

Based on work reported in Table 2.1, it can be deduced that reduction in band gap
ability can be attained by metal, non-metal and transition metal doping through various
means. Some of that methods are identified as complex mnovative modification of TiO2
thin film as photocatalyst yet pertaining to cost proliferation. In that particular, it can be
concluded that most researchers ignore basic parameters in sol-gel (simplest method)
preparations such as: precursors (Anderson and Binions, 2016), hydrolyze medium (Dorian
et al 2012), solvent (Usman et al 2017) and catalyst (Simonsen and Segaard,
2010).Therefore, consumption of doping elements is not needed to promote better
photocatalytic activity of TiO2 thin film but controlling the phases compositions, crystallite

size, thin film thickness and band gap value is a must.
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2.3.1 TiO; phases

Titanum dioxide has become an iteresting element due to its superior
photocatalyst behaviour. The three major elements of titanum dioxide are anatase, rutile
and brookite. Anatase is known as a superior photocatalyst ever since a few decades ago
(Addamo et al 2006; Karami et al. 2010). According to Lm et al. 2010, anatase rarely
exposed with [001] and [101] crystal facets from different raw materials. Crystal facets of
[001] are very reactive compared to [101] facets due to its high surface energy. Moreover,
anatase with crystal facet of [001] shows a well-defined TiO2 single crystal and greater
photocatalytic activities. Nevertheless, it is difficult to exploit anatase with the crystal facet
of [001] due to high hydrolytic reactions rates. Furthermore, anatase exhibits most
photoreactivity among rutile and brookite however it has lower thermal stability and thus
limiting its application towards high temperatures (Periyat et al 2008). Rutile is known as
a stable phase compared to anatase and brookite. Besides, rutile also has higher absorbance
ability of solar light due to its small band gap value of 3.0 eV (J. Zhang et al. 2014).
Moreover, rutile is also reported to be superior than anatase due to high active oxygen
species (-OH, -O2 and H202) evolution (Yusuke et al. 2015). Active oxygen species are the
products generated from TiO2 surface by the redox reactions of water and oxygen in
photocatalytic procedure. According to (Thi and Huyen, 2018), rutile has active facet of
[110] that attracted much attention towards photocatalytic activity. This explanation is
supported by (Jayanthi Kalaivani and Suja, 2016; Nair et al. 2016), they found that rutile
holds large surface area and thus improving the photocatalytic activity with the formation
of three dimensional rutile micro-flower and biopolymer with insulin. Generally, both
anatase and rutile are difficult to produce compared to the formation of other complex
phase structure. Alternatively, mixed anatase-rutile are converged to the improvement of
TiO2 absorbance of solar light. Recombmation of Ti-O bonds is avoided when mixed
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anatase-rutile is produced. In connection to that, staggered band gap is formed and
promotes high photocatalytic activity due to synergic effect (Siah et al. 2016). Besides,
there is another phase of TiO2 called brookite. Brookite is well known as metastable phase
and is rarely reported as photocatalyst due to difficulty in synthesizing and still under
dispute ( Zhang et al 2014). Therefore, in this present work, mixed anatase-rutile is
focused on mpinging high green TiO> thin film photocatalytic activity under visible light.
Details of the photocatalytic activity of mixed anatase-rutile is shown in Table 2.2.

Table 2.2: Photocatalytic activity of mixed anatase-rutile

Phase

compositions

Photocatalytic Activity

Descriptions

Researchers

90:10

Above 90% of methylene
blue degradation is observed
under UV-light reactor. The
changed

deep blue to miky white.

suspension from

Produces Titanium

dioxide Nanotubes
(TNTs) by electroless

deposition.

(Boehme  and
Ensinger,

2011)

80:20

Above 90% of methyl

orange degradation is
observed under UV-visible

reactor.

Produces 3D TiO2

nano-flowers via a

facile hydrothermal.

(He et al. 2013)

60:40

100% of methylene blue

degradaton is  observed

using visible light reactor.

Produces mesoporous

mixed anatase-rutile

via sol-gel. Usage of 1-

butnaol as solvent.

(Oyraz et al

2015)

60:40

About 50% of methylene
blue degradation is observed

under visible light reactor.

Produces mixed anatase-
rutile via sol-gel. Usage
of isopropyl alcohol as

solvent.

(Verma and
Samdarshi,

2015)
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Table 2.2 : Continue

Above 85% and 90% of 2, 4- | Comparison of the | (Siah et al
dichlorophenoxy acetic acid | commercial TiO2 (P25, | 2016)
and 2,4,5trichlorophenoxy | P90, UVv100 and
acetic acid are observed | N100) based of their
under UV-light reactor. photocatalytic  activity.
8020 (P25)
Synergic effect
92:8 (P90)
between anatase and
rutile affects  the
visible light absorption
during  photocatalytic
activity
About 85% of Rhodamine B | Produces mixed | (Ibrahim et al
dye degradation under | anatase-rutile via | 2017)
30:70 visible light reactor. sonochemical method.
Usage of ethanol as a
solvent.
About 90% of Rhodamine B | Produces mixed | (Fu et al. 2018)
75:52 dye degradation using visible | anatase-rutile via facile
light reactor. sol-gel method.

Based on the literatures, most researchers reveal that 6040 mixed anatase-rutile
compositions show high photocatalytic activity followed by 7030 mixed phase
compositions. It is believed that mixed phase will cause higher photodegradation under

visible light based on the synergic effect factor utilization for band gap reduction.
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2.3.2 TiO; crystallites size

Crystallite size of TiO2 is believed to affect the surface area of the TiO2 element. In
TiO2 thin film, surface area of the deposited film is a critical part n producing high
photocatalytic activity and is strongly dependent on the crystallite size. Many researchers
have been reporting that, small crystallte size or particle size will produce large surface
area. According to Valencia, high purity of TiO2 photocatalytic activity is strongly
influenced by crystallite size (Valencia et al. 2013). It has been reported that, molar ratio
water (R2) with TTiP (R2) is influenced by anatase crystallite size. Reduction in Rz, will
lead to formation of high crystallite size estimated ~10.01 nm. This behaviour is due to
combination of greater amount of water and fast hydrolysis. Moreover, based on literatures
by Ronconi, crystallite size also gives an impact on phase stabilization (Ronconi et al
2008). Anatase is stable at 14 nm or below 15 nm while rutile is stable above 15 nm. Yet,
some or researchers have reported that anatase will come with 15nm-50 nm depending on
its synthesization. = According to Arconda, anatase with 40- 45 nm exhibits high
photocatalytic activity with high surface area and desired thickness of three layers
deposited thin film (Arconada et al. 2010). Moreover, rutie is thermodynamically stable
above 35 nm (Zhang et al. 2014). Nevertheless, rutile with 19 nm of spiky nanorods
structure gives an effect on UV-light spectrum with high photocatalytic reaction which is
contrasting with literatures reported by Thi, at which rutile with 90 nm with cmnamic acid
exhbits 98% of photocatalytic activity with nanorods structures (Thi and Huyen, 2018).
Thus, it can be concluded that below 50 nm anatase is accepted for photocatalytic activity
while below 100 nm is for rutile phase. Besides, the crystallite size of TiO2 phases are
mfluenced by solvent effect (Makhdoomi et al. 2015; Usman et al. 2017) , precursor
(Karkare, 2014; Castro et al. 2018) and heat treatment (Myint et al. 2017). It is detailed in
the next subtopic discussion.
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2.4  Sol-gel dip coating method

TiO2 thin film coating can be deposited by two renowned techniques either through
physical or chemical deposition. In physical deposition technique, the supplied material is
physically deposited onto the substrate. A few examples of physical deposition techniques
are hydrothermal, pulsed laser deposition (PLD), frequency magnetron sputtering (RF) and
physical vapour deposition (PVD) (Dominik et al. 2017). However, these method suffer
from limitations such as weak conformity, low throughput, expensive tools, restricted
directional variation, and decreased compositional mechanism. Therefore, deployment of
chemical deposition techniques are suggested to obtain layered material Currently, two
deposition techniques dominate the field namely Chemical Vapor Deposition (CVD) and
Atomic Layer Deposition (ALD) uses a gas phase to transport volatile molecules to the
surface serving as a substrate and Chemical Solution Deposition or Sol-Gel Processing,
uses a liquid phase as the mass transfer media. However, these method CVD and ALD
have some disadvantages such as high cost, complex techniques and also difficult to
control the deposition techniques to growth the crystalline phase of TiO2 (Baryshnikova et
al. 2015; Remnke et al. 2015). Sol-gel is known as wet-chemical method, low processing
temperature, versatility, and economical (Narabe et al. 2017). In addition, to layer the TiO2
coating using sol-gel, three techniques can be used such as spin coating, spraying and dip
coating (Gokilamani et al. 2013). In this present work, sol-gel dip coating technique is
selected to deposit the TiO2 thin film. The advantages of dip coating technique are
homogenous and large surface area can be deposited at various substrates. According to
Barth, stabilized thin coatings are produced by dip coating from the sol-gel suspensions
(Barth et al 2015). Therefore, TiO> thin film thickness, mechanical properties and surface
roughness are easier to produce. Based on findings by Johari et al. 2019, TiO> thin film
coating deposited with dip coating techniques were produced high crystallinity of mixed
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anatase rutile with 500°C of heat treatment compared to spin coating techniques
,amorphous phase structured was formed. Therefore, it was believed that fabricate TiO2
thn film coating with sol-gel process with dip coating technique can provide the best
techniques deposition to produce mixed TiO2 polymorphs of anatase and rutile and

homogenous coating structure.

2.4.1 Heat treatment

Heat treatment or sintering temperature is one of the important factors to fabricate
TiO2 thin film coating. Many researchers have reported that the heat treatment temperature
will affect the crystalline phase, structure, crystallite size and also the energy band or band
gap value of deposited TiO2 thin film coating. According to Mechiakh, TiO2> polymorph of
pure anatase phase structured with small crystallites size of 15 nm was produced when heat
treatment of 350°C to 400°C was applied (Mechiakh et al. 2011). If the heat treatment is
below 300°C, amorphous structure will be identified as deposited onto substrates
(Mechiakh et al. 2011). It is also reported that the energy band or band gap of anatase
phase decreased from 3.9 eV to 3.5¢V when heat treatment is increased. Supported by
Ranjitha, pure anatase phase is produced at 400°C and 500°C of temperatures (Ranjitha et
al. 2013). However, the presence of TiO: crystallinity peaks are not clearly visible. Thus,
the TiO2 polymorph of pure anatase will produced different crystallite size which was of
18-28 nm due to broadening peaks of anatase occurs. Based on Hanaor, crystallinity of the
phases are closely influenced by the sharp and the mtensity peaks produced (Hanaor and
Sorrell, 2011). Crystallnity of anatase phase are stable when more mtensity peaks were
identified at several peaks such as at degree of 25°, 48°, 56° and 63°. Moreover, in this

study mixed anatase-rutile is highly preferred than pure phase. These were because, mixed
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anatase-rutile were reported can produced high photocatalytic activity due to UV-light and
visible light reactor as it can reduced the rate of recombination (Oyraz et al. 2015).

But, according to Ben phase transformation from anatase to rutile only occurs when
the films were annealed at high temperatures of 1000 °C (Ben et al. 2012). Therefore, it is
difficult to produce mixed anatase-rutile below than 800°C. Nevertheless, high heat
treatment of 800°C-1000°C will form large particle size of the TiO2 coating with
uncontrolled and irregular morphologies, broad particle size distribution, lack of
stoichiometry control and long period of annealing (Mohammadi and Fray, 2010).
Although heat treatment at high temperature is necessary for the removal of organic
components or organic solvents and to acquire pure and perfect nanocrystalline TiO2, but it
is not economical to produce mixed anatase-rutile phases with less time and not cost
saving. However, mixture of anatase-rutile can be produce at low temperature of 500°C to
600°C focusing on hydrolysis ratio, r. According to Hanaor, small peaks of rutile located at
27° are present with higher hydrolysis ratio, » = 100 at 500°C of heating temperatures
while small = 6 rutile peaks only produce at 600° C of temperatures. But below than
500°C only pure anatase are formed at both hydrolysis ratio. Figure 2.3 shows the growth

anatase rutile at different hydrolysis ratio and temperatures (800°C pure rutile peaks).
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Figure 2.3: XRD patterns of r =100 (a) and r =6 (b) fired at different temperatures

(Hanaor et al. 2012)

Moreover, mixture of anatase rutile also produce at 500°C without the use of
ethanol as a solvent reported by Johari et al. 2019. Similar to Musa, mixture of anatase-
rutile only produce at 500°C even Degussa P25 was used as a supplied agent of mixed

anatase rutile (Musa et al. 2018). Degusa P25 is a precursor that content mixture of anatase
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rutile. Therefore, low heat treatment temperatures of 500°C to 600°C is chosen due to can

produce mixture of anatase-rutile, save time and also save the cost of fabrication.

2.4.2 Dipping numbers

Dipping numbers is one of the crucial techniques in dipping process to produce thin
film coating or desired thickness. According to Nurhamizah dipping numbers of ten will
produce Ag-TiO> thin film coating with high crystallnity of anatase phase, a good surface
morphology without significant cracks, a homogeneous coating and higher thickness
compared to the 5 and 7 layers of coating with Degussa P25 (Nurhamizah et al. 2016)
shown in Figure 2.4. In contrast, previous researchers have reported that dip coating is the
only technique that yields homogenous TiO: film with one, two and three times of dipping
numbers with approximate ~360 nm of thickness while denser fim (~ 1um) was produced
using P25 Degussa (Euvananont et al. 2008). Therefore, it was assumed that, without
Degussa P25, 10 dipping numbers can produced ~ 1 um of TiO2 thickness without any
addictive or dopant. However, the denser film or thickness also influenced by the
concentration of starting precursor and viscosity of titanium dioxide solution. Furthermore,
as dipping numbers techniques cannot give actual thickness of deposited TiO2 due to
different properties or formulation sol-gel techniques are produced varied thickness, it can
be used as a study work to obtamned desired thickness of TiO> thin film coating for
photocatalytic performance. The optimal thickness of TiO2 thn fim coating for
photocatalytic activity had not been reported since nowadays. But, based on Lorena, TiO2
thin film coating deposited on glass with ~2.9 pm will produced higher photocatalytic
activity with 100% degradation of methyl orange for 2 hours (Lopez et al 2013).
Otherwise, thickness of the TiO: thin film are also depending on the concentration of

precursors used (Wu et al. 2013). Despite, the formulation of titanium dioxide is still under
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consideration, and lackage of work on dipping numbers are reported, the number of
dipping numbers is assumed to be optimal depending on the viscosity of titanum dioxide
and crystalline structure exhibited. Therefore, number of five and ten dipping numbers are
chosen and continued from the research study for this research work to produce TiO2 thin
film coating on the substrate deposited, desired thickness approximate to ~1 yum to 3um for
photocatalytic activity, homogenous coating and also produce deposition of high

crystallinity of TiO> mixed anatase-rutile phases.

Lavers Cross Section Thickness Surface morphology
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e e .
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385 um

Ceramic substraie
s <~

Figure 2.4: SEM images of Ag-TiO2 coating with Degussa P25 at different layers

(Nurhamizah et al. 2016)

2.5  Sol-gel parameter
Sol-gel method consists of hydrolysis and condensation reaction of an alkoxide

material to form a titanum dioxide colloidal suspension called “titanum dioxide sol”.
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Titanum dioxide in the form of sol is a stable suspension in liquid phases. Besides, there
are four basics parameter that are important in producing mixed phases of anatase-rutile
with high crystalline phases, optimum crystallites size, covered thin film deposited and low
band gap. The four basics parameters are metal alkoxide precursors, deionized water as
hydrolyzed medium, solvent and catalysts. In this study, acid catalyst is used as a constant
variable. Hydrochloric acid (HCI) is chosen as a catalyst to help the formation of titanium
dioxide sol. As reported by Sayilkan, HCI plays an important role to form high crystalline
anatase in low temperatures (Sayilkan and Asilturk, 2005). Furthermore, HCI is important
in forming homogenous and less cracked TiO: thin film (Musa et al. 2016). Similarly, the
best photocatalytic activity with 60% of MB degradation is obtained when the thin films
synthesized with HCI annealed at 500 °C. Thereby, a display of mesoporous structure with
large uneven pores, granular growth and a dense structure in the cross-sectional image is
seen (Mayén et al. 2015). Similarly, according to Lopez island morphology with cracks

can enhance photocatalytic activity (Lopez et al. 2013) shown in Figure 2.5.

Island-flakes

Figure 2.5: SEM micrographs of double layer TiO> films deposited on acid frosted soda-
lime glass with SiO2 barrier layer: (a) 1000x magnification; (b) 8000 magnification

(Lopez et al. 2013)
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Consequently, in this research or findings, the focus is to minimize the content of
ethanol and focus on hydrolysis ratio between precursors and hydrolyzed medium as
manipulated variables. Based on these three parameters, it is believed that TiO2 thin fim
with green sol-gel and high photocatalytic activity is produced due to the reduction of

ethanol in the formulation.

2.5.1 Ethanol (solvent)

Solvent is used in many sol-gel process due to its ability in slowing down the rate
of hydrolysis and condensation during titanum dioxide sol formation (Loryuenyong et al
2012:Imran et al. 2015:Huang et al. 2015). Therefore, it affects the formation of TiO2
crystalline phases, crystallite size and also film structure. In this study ethanol is used as
alcoholic solvent. Ethanol is an organic solvent, colourless, flammable and low boiling and
melting pont. It is also can lead on nano-particles and spherical shaped of TiO> thin films
(Wiranwetchayan et al. 2017). Reported by Wasylka ethanol or methanol is co-solvent and
always used as organic modifier (Wasylka et al 2017). According to Wang mixed
anatase-rutile is formed at exothermic condition when absolute ethanol of 99% purity is
used (Wang et al. 2016). Supported by Huang mixed phases of anatase-rutile with the
average particle sizes about 5-53 nm are employed using absolute ethanol 98% purity
(Huang et al. 2015). Moreover, ethanol also affects the morphology of the TiO2 thin film
structure. Ethanol is used to replace water to hinder the particles agglomeration and thus
increasing the surface area and pore diameter for photocatalytic activity (Gupta and
Tripathi, 2012). Moreover, smooth and homogenous surface coating of TiO2 thin films are
deposited with the presence of solvent also reported by (Wiranwetchayan et al 2017).
However, uneven/uncovered surface TiO:2 thin film deposited with island flakes of white

precipitation occurs as ethanol has low carbon elementary due to its functional group, and
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thus leading to low viscosity of the TiO2 solution that can cause a solvent trapped at
annealing temperature of 500°C (Mahyar and Amani-Ghadim,2011).

In contrary to Alzamani, amorphous structure of the deposited TiO2 thin film
coating are formed when high amount of ethanol used (Alzamani et al. 2013). Too much
of ethanol can vigorously lower the hydrolysis and condensation rate and thus, preventing
the formation of crystalline phases of TiO> thin film coating. Thereby, large particle
aggregates leads to high crystallite size deposition thus slow down the performance of
photocatalytic activity. Furthermore, it also flagged by (Gupta and Tripathi, 2012; Huang
et al 2015) the solubility of ethanol as an organic solvent is low when an alkoxide
precursor is used. As a result, it can hinder the development of important TiO> phases and
even lead to agglomeration during deposition (Tryba et al. 2016). Although, ethanol acts as
organic modifier, it obviously decreases the “greenness” (Wasylka et al. 2017). Based on a
few researchers (Uzma et al. 2008; koteswararao et al. 2014), ethanol is one of organic
solvent can harmful the health of human by air pollution. By continuing the use of high
amount of organic solvent, affiliation of transmission disease can be raised in risk.
Therefore, water can be used as green solvent due to its hydrogen-bonded structure, high
boiling point temperature and polarity which is close to dielectric constant of ethanol at
room temperature (Puyana etal. 2017).

Thus, in this study the technique of minimizing the influence of ethanol and
without ethanol are introduced to obtain the green TiO> thin film coatng for good
photocatalytic activity such as produce mixture of anatase-rutile, small crystallites size and

homogenous coating with cracks.
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2.5.2 Deionized water (green solvent)

Water is known as a hydrolyze medium and green solvent in sol-gel preparation.
There are two types of water normally used n TiO2 sol-gel preparation. The common types
of water are distilled water and deionized water (DI). Deionized water also known as
ultrapure or deeply demineralized and has been widely used in manufacturing manner.
Therefore, deionized water is used throughout this research as a hydrolyze medium and
green solvent (Castro et al. 2017).

Worked by, transformation of anatase-brookite to rutile in powder application
occurs when excessive water is used (Hanaor et al 2012). Based on their findings, near-
complete hydrolysis is obtained with high ratio of hydrolysis (#: 100). In contrast,
extremely low amount of water with low ratio (r: 6) partial hydrolysis is exhibited and
thus, leading to highly porous and amorphous structure. Moreover, in terms of crystallites
size, it only increases with the influence of temperature heat treatment. Increase the heat
treatment temperature will increase the crystallite size of TiO2 crystalline polymorphs.
Based on Karkare, different amount of water does not affect the TiO> crystallite size but
homogenous spherical morphology of TiO> powder is exhibited (Karkare, 2014). Besides,
Agartan also reported that increasing water content decreases the viscosity of the TiO2 sol
resulting in higher atomic mobility and accumulation of the nucleation rate that allows
easier development of crystalline structures in the system (Agartan et al. 2015). It also
reported that high ratio of »: 50 can produce mixed anatase and rutile with better
crystallinity. Increasing water content, increases the percentages of crystallinity of phases
composition of anatase 70% while rutile 30% obtained at heat treatment of 500°C when
high content of water r: 50 is used. Furthermore, ~28 nm of anatase and 25 nm of rutile
with smaller band gap of 3.08eV are exhibited when high water content is used. Smooth

and less cracks are produced with the water ratio of r: 50 reported by Agartan. It is also
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reported that high degradation of methylene blue solution occurs due to an enhanced
recombination rate via the decreased distance for charge carriers to reach the surface
without recombimation (Chetia et al. 2017). In contrast, the presence of high amount of
water, the hydrolysis and condensation reactions generally occur very fast and control over
the size, shape, and dispersibility of the particles is thus poor (Cargnello et al. 2014).
Hence the crystallinity of the anatase or rutile phases is mpeded. Furthermore, all works
that have been reported by literatures use alcohol as a solvent even though the effect of
water content is discussed. Therefore, the influenced of water content as green solvent (free
ethanol) is synthesized in this research to produce optimum green TiO2 thin film properties

for photocatalytic activity.

2.5.3 Titanium (IV) isopropoxide (precursor)

There are many types of metal alkoxides precursors such as ttanum (IV)
isopropoxide, titanum (IV) chlorides, titanum butoxide. In this research, titanum (IV)
isopropoxide (TTiP) is selected as precursor. As mentioned by Karkare film like structure
of titanum dioxide is produced during preparation of titanum dioxide nanoparticles
samples when titanum (IV) isopropoxide is used (Karkare, 2014). Meanwhile, samples
prepared from titanium butoxide is prone to yield spherical granules. Therefore, titanum
(IV) isopropoxide as titanum dioxide precursor imposes an advantage in the formation of
TiO2 thin film. Moreover, with titanum (IV) isopropoxide it is easier to form titanum
dioxide particles when reacts with water or acid catalysts as it has hydrogen ion compared
to titanium butoxide.

In term of crystalline phases, anatase or rutile can be produced when titanium (IV)
isopropoxide is used in sol-gel method (Hanaor et al 2012; Cargnello et al. 2014).
Moreover, crystallnity of anatase structure increases as the concentration of precursor
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increases (Fagnern et al. 2012; Hafizah et al. 2012; Karkare, 2014). The crystallinity also
depends on crystalline peaks which occur with high intensity. More crystalline peaks of
anatase rutile produce, higher crystallinity of TiO2 thin film obtained. It was also reported
by Patil the crystallinity of anatase structure is depends on film thickness and crystallites
size behaviour (Patil et al. 2013). It was reported that titantum chloride as precursor affects
the thickness of the film by varying its concentration from 0.01 M to 0.03 M. As the
precursor concentration increases, the crystallites also increase from ~9 nm to 29 nm.
Similar work by Karkare and Fagnern, crystalltes size of anatase increases when
concentration of precursor increases (Fagnern et al 2012; Karkare, 2014). Besides, by
increasing the concentration of precursors, the viscosity of the titanum dioxide solution
also increases (Castro et al 2018). However, only pure anatase is literally discussed.
Furthermore, a review by Cargnello, mixed anatase-rutile with sphere structure is produced
when high ratio of precursors is used at 2.0 M (Cargnello et al. 2014). It is also reported
that, if high acidic catalyst, uniformity of the crystalline phases imposed due to the
function of acidic medium which can slow down the rate of hydrolysis and condensation.
Similarly, in the case of effect of water, alcoholic solvent still under consumption to
control hydrolysis and condensation.

Moreover, concentration of titanum (IV) isopropoxide also impacts on the thin
film morphology structure. Titanium (IV) isopropoxide as precursor can allows deposition
of high quality layers at relatively low heat treatment temperatures (Baryshnikova et al
2015). Smooth surface film with homogenous coating is exhibited when 1 mol of titanium
(IV) isopropoxide is used, while as the concentration is increased to 3 mol, small cracked

surface is observed as shown in Figure 2.6.
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Figure 2.6: FE-SEM images of thin films obtained from various amount of TTiP sols

(Fagnern etal 2012)

Based on Lopez deposited titanum dioxide on glass substrate exhibits a uniform and
conformable morphology with a number of cracks of approximately 2.9 pm thickness
using titanium (IV) isopropoxide with sol-gel method (Lopez et al. 2013) as shown in
Figure 2.7. The cracked morphology is expected to reduce the surface area exposed to light
and followed by the photocatalytic activity. Since the effect of concentration precursor is
not clearly reported, thus it is important study to synthesize green TiO2 thin film for

photocatalytic activity.

- =
Y: 2918 pm
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Figure 2.7: Cross-sectional SEM micrographs of TiO: films deposited on: (a) glass

(Lopez et al. 2013)
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2.6  Summary

As conclusion based on the literature review, to synthesis of titanium dioxide thin
film for photocatalytic activity via green sol-gel route, minimize or solventless of sol-gel
formulation it is important. Ethanol as a solvent will produce single anatase and turn to
amorphous structure of TiO2 phases if the large amount of ethanol was used even though it
was claimed to slowdown the rate of hydrolysis and condensation. Also, ethanol was
claimed can produce smooth and homogenous surface coating. But, uneven coating are
produce due to carbon elementary effect by its functional groups. Besides, ethanol also
harm to the health and environment in long term usage. Thus, green sol-gel route cannot be
achieved. Therefore, hydrolysis ratio, r between DI and TTiP in sol-gel formulation are
believed can produce TiO: thin film via green sol-gel route without ethanol and achieve the
properties needed for photocatalytic behavior. The properties are produce mixed anatase-
rutile, composition ratio between anatase-rutile is 70:30, small crystallites size about ~ 40
nm, homogenous coating with crack, thickness about ~1-3 pum and small band gap. As the
mixture of anatase-rutile produced, the synergic effect will reduce then tend to produce
small band gap which is good during photocatalytic process. Small crystallites size will
produce high TiO> thin film surface area while cracks is believed can reduced the surface
active site during photocatalytic. Moreover, dipping number of 5 and 10 are selected to
observed the TiO2 thin film coatng on the substrates and also believe can produce
minimum  thickness of 1um without any additives or dopant. Furthermore, heat treatment
of 500°C and 600°C were believed can produce mixture of anatase-rutile at low heat
treatment temperature as well as can save time and cost.
Therefore, solventless and synthesis of hydrolysis ratio, r is believed can produce TiO> thin
film coating for photocatalytic via green sol-gel route with selected dipping numbers and
heat treatment temperatures.

35



CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter contans a detailed explanation on the experimental works carried out
to achieve the aims of the study. This chapter is initiated with the descriptions of the raw
materials and experimental procedures adopted to prepare TiO: thin film coating via green
sol-gel route method. Detailled explanation on the dip coating process are also
incorporated. Additionally, this chapter also lays out a detailed description on the analysis
mvolved n TiO2 thin film coatings characterization (crystallne phase, phase compositions,
degree of crystallnity, surface morphology, thin film thickness and band gap analysis) and
photocatalytic test. Figure 3.1 shows the flow chart of the overall TiO2 thn film coating

preparation and analyses conducted throughout this study.
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TiO, Solutions Preparation

*  With solvent (Ethanol)
e Without solvent
e DITTP ratio

A
Deposition of TiO, Thin Film Coating

* (lass substrate cleaning
* Dip coating of glass substrate n TiO,

solution

Heat Treatment

¢ Furnace heat treatment

Characterizations
* Crystal phase (XRD, RAMAN)
* Surface morphology (SEM)
* Coating thickness (SEM)

* Band gap (UV-Vis)

Photocatalytic Test
* Methylene blue degradation (UV-Vis)

Figure 3.1: Process flow of the overall TiO2 thin film coating preparation and analyses

conducted i this research
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3.2 Materials and apparatus

Table 3.1 denotes the details of materials and appropriate chemicals used i this
work to fabricate the TiO: thin film coating for photocatalytic activity via green sol-gel
route. TiO2 thin film coating was synthesized using sol-gel technique based on the
hydrolysis of metal alkoxide precursor which was titanum tetraisopropoxide, TTiP at
room temperature. Table 3.2 gives the composition details of different TiO2 solution (with,
without solvent and DI: TTiP ratio) deposited onto glass substrate. TiO> solution based on
DI: TTiP ratio composition was formulated as a role of water and precursor considering the

obtamnable results from with and without solvent compositions as a role of solvent.

Table 3.1: Materials and chemicals used for TiO> coating preparation and photocatalytic

Materials/Chemicals = Company Purpose
Titanium (IV) isopropoxide (97%), TTiP | Sigma-Aldrich Precursor
Ethanol (95%), EtOH Sigma-Aldrich Solvent
Hydrochloric acid (37%), HCI Merck Schuchardt Catalyst
Deionized water, DI Sigma- Aldrich Green solvent
Methylene blue (1.0 v/v) Comak Photocatalytic test
Acetone Polyscientific Cleaning agent for

glass substrate
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Table 3.2: Different composition of TiO2 solutions deposited onto glass substrate with

0.4 ml HCI
Chemical mixture (ml)
. . Formulation
TiO2 composition DI wator TP EOH
Eis 16
With solvent 32 2
Esg 8
Without solvent Eo 32 2
Re4:4 4
64
Reé4:6 6
TTiP/DI ratio
R32:4 4
32
R32:6 6
*Ex (x: EtOH)

Ry: z(y: DI water, z: TTiP)

3.3  Preparation of TiO; thin film coating

Preparation of TiO2 thin film coating comprised two (2) stages which were the
preparation of TiO2 solution by sol-gel technique and deposition of TiO2 thin film coating,
Firstly, the preparations of TiO2 solution with different composition, with and without
solvent were carried out showed i Table 3.2. The composition between the used of
ethanol as solvent and without the use of ethanol was to determine the role of solvent in
producing a good quality of TiO2 thin film coating for photocatalytic activity performance.
The solvent used in the preparation was ethanol and also known as organic solvent.
Formulation of Ei¢ was attained from previous researcher of our team (Nurhamizah et al

2016). Furthermore, the amount of ethanol used was then gradually reduced to the
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formulations of Es and Eo (without ethanol) n gamning green technology TiO2 thin film
coating with better photocatalytic performance. Thereafter, dip coating was carried out by
dipping the substrate mto the prepared solutions. In the subsequent step, two (2) stages of
preparation of TiO2 thin film coating were repeated by manipulating the TiO2 solution
composition by DI: TTiP ratios formulations (Table 3.2) to acquire optimum quality of
TiO2 thin film coating for good performance of photocatalytic activity thus produce green

TiO2 thin film via green sol-gel route approach which is solvent free approached.

3.3.1 Preparation of TiO; solution
3.3.1.1 TiO; solution with ethanol

Figure 3.2 shows the process flow for the preparation of TiO2 solution with ethanol
as a solvent (Ei¢ and Es). The titanum (IV) isopropoxide, ethanol, hydrochloric acid and
deionized water were used as titanum precursor, solvent, catalyst and hydrolyze medum
respectively. Ei¢ and Es were assigned with different amount of ethanol such 16 ml and 8
ml used in TiO2 solution composition. Firstly, two (2) types of solution were prepared
separately namely Sol A and Sol B. Amount of ethanol was divided equally among Sol A
and Sol B. For Sol A preparation, ethanol was poured into deionized water and stirred
about 30 minutes. Simultaneously, TTiP and ethanol were also stired vigorously for 30
minutes to generate Sol B. Subsequently, HCI was dripped nto the Sol A. “Sol A” and
“Sol B” were then mixed together for 3 hours until they resulted in a semi-transparent
solution under constant stirring at room temperature. Finally, the prepared TiO:» solution
with pH value of 1.2 was aged at room temperature for 48 hours before used for deposition
techniques. The acidic solution between pH values 1 to 3 is required to produce crystalline

phase of TiO> thin film.
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Figure 3.2: Process flow for the preparation of TiO2 solution with solvent (Ei6 and Eg)

Sol B

Semi-transparent  Sol

A\ 4

Aged for 48 hours

3.3.1.2 TiO;, solution without solvent

In this work, ethanol Eo was not used to minimize the chemical usage on the
fabrication TiO2 thin film coating thus produce green route approaches. The preparation of
producing solution without ethanol is completely different from the procedure taken to
produce solution with ethanol. Firstly, TTiP was dripped into deionized water under
constant stirring and left for 30 minutes. Then, HCI was added. The prepared solution with

a pH value of 1.5 then left for 3 hours under constant stirring at room temperature. Finally,

the TiO2 solution was left for aging at room temperature for 48 hours.
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3.3.1.3TiO; solution with different TTiP: DI ratio

Preparation of TiO2 solutions with different DI: TTiP ratio were done after the non-
achievement results obtaned from the TiO2 solution composition with and without ethanol.
The preparation procedure of producing solution with different DI: TTiP ratios are
basically the same as the procedure taken to produce solution without ethanol mentioned.
However, the ratios of DI: TTiP were adjusted based on the role of water and titanium

precursors in order to obtain mixed phases of TiO2 with high crystallinity.

3.3.2 Deposition of TiO; thin film coating

The process flow of TiO2 thin film coating deposition involves several stages which
are substrate cleaning, dip coating process of glass substrate in TiO2 solution and heat
treatment of TiO thin film coating.

Glass substrates in the form of cuboidal samples (30 mm X 10 mm X 1 mm) were
prepared prior to the deposition of TiO2 thin film coating. The substrates were washed with
acetone, ethanol and distilled water using ultrasonic bath about 10 minutes. Then, the clean
substrates were dried at 110°C for 2 hours. Substrate cleaning is the breaking of bonds
between substrates and contaminants without damaging the substrates. During TiO: thin
film deposition process, substrate cleaning process is a significant factor to obtain
reproducible films as it affects the adherence, uniformity, porosity and smoothness of the

thin films.

Then, deposition of TiO2 thin film coating was carried out using TiO2 solution
formulation with and without ethanol also hydrolysis ratio, r between DLTTiP as a project.
The deposition method was carried out using dip coater machine as shown in Figure 3.4.

During the deposition, the dipping numbers of five (5) and ten (10) was considered to
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obtain a desired thickness for the TiO2 thin film quality as shown in figure 3.3. First, glass

substrates were immersed into the solution with a withdrawn speed of 0.5 mm/second and

dwelling time of 90 seconds to achieve mmimum coating deposition as have been studied

and confirmed from previous project study. Next, the samples were dried at room

temperature for 30 minutes followed by drying in oven at a temperature of 110°C for 30

minutes to complete single dipping number. Then, all the prepared samples will undergo

heat treatment at 500°C and 600°C with a heating rate of 5°C/min and soaking time was set

at 1 hour with cooling furnace.

With Ethanol
* Eis
* E8

TiO: solution

Without
Ethanol

Eo

Dipping
Numbers

TTiP: DI ratio
* Re44
* Reas
® R32:4
* R32:6
\A4
10

A 4

Heat treatment

TiO2 thin film

coating

Figure 3.3: Overall process flow for deposition TiO2 thin film coating with different TiO2

solution (with, without ethanol and DI: TTiP ratios)
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Substrate holder |_

Substrate +
TiO2 solution

Figure 3.4: Dip Coater machine

34 Characterization of TiO; thin film coating

TiO2 thin film coating was analyzed using several characterization techniques. The
mnformation acquired from the characterization is essential in determining the persistence
of solvent, dipping numbers, heat treatment, TTiP: DI ratios as well as photocatalytic
performance. In this research, the crystalline phases, crystallites size, phases content,
morphological surface, thin film thickness, band gap and photocatalytic performance with
green technology were mvestigated by XRD, RAMAN, SEM, UV-Vis spectrometer and

photocatalytic test respectively.

3.4.1 X-ray Diffraction (XRD)
X-ray Diffraction (XRD) is a rapid analytical technique primarilty used for phase
identification of a crystaline material or crystallographic phases present in coating

structure and can provide information on unit cell dimensions. It is also a non-destructive
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testing which can analyse the structural properties such as phase content, crystal size and
degree of crystallinity. Therefore, analysis on crystallne structure was performed by XRD
using PANalytical X'PERT PRO MPD Model PW 3060/60 with wavelength of Cu Koc=~
1.54060A° and generator settings of 30 mA and 40 kV. The pattern of the x-ray radiation
was setup at 20 with a range of 10° — 90°.

Next, phase content of TiO> thin film was calculated from the integrated intensities
of the anatase (101), rutile (110) and brookite (121) diffraction peaks by Spurr equation

shown in equation (1.1), (1.2) and (1.3):

Wr=Ar/ (0.884AA+AR) (1.1)
Wa=(0.886A4)/ (0.886AA+AR) (1.2)
Wp=(2.721AB)/(0.886Aa+Ar+2.721Ag) (1.3)

Whereby Wr, Wa, Wa, Ar, Aa and Ap represent the mass fraction and integrated intensity
for the rutile, anatase and brookite respectively. Finally, the average of crystallites size, D
was calculated at strongest XRD line [(101) at 25°], [(110) at 27°)] and [(121 at 30°)] by
Scherrer’s equation (2.1) below:

D= KM\ (B cosB) (2.1

Where D is the mean size of the crystalline with K acting as a constant with a value of 0.94
and A is the wavelength of X-rays. 0 is the Bragg angle while B is the line broadening at

half the maximum mtensity (FWHM).

3.4.2 RAMAN spectroscopy
RAMAN spectroscopy is the one of vibrational spectroscopic techniques used to

provide mformation on molecular vibrations, low-frequency modes and crystal structures.
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It is also used in chemistry study, chemical bonding and detecting phase content. Raman
shifts are typically reported i wavenumbers, which have units of mverse length, as this
value is directly related to energy. In this research work, RAMAN spectroscopy was used
as the confirmation method from the XRD analysis which was used to identify the crystal
phase present n TiO2 thin film coating. Therefore, to affirm the crystal structure, RAMAN
Spectrometer UnIRAM-3500 model with wavelength excitation of 532 nm is used to match

the results obtained from XRD diffractometer.

3.4.3 SEM analysis

Scanning Electron Microscopy (SEM), is a non-destructive technique used in
microanalysis and failure analysis of solid inorganic materials. It functions at high
magnifications, generates high-resolution images of the sample by electron beam focused
across the surface and detecting secondary or backscattered electron signal and precisely
measures very small features and objects. Therefore, sample's surface topography and
composition can be obtained. In this research work, SEM analysis was used to analyze the
surface morphology structure and the cross section of TiO2 thin film coating in search of
film surface pattern and thickness. Carl Zeiss EVO 50 model was used with an accelerating
voltage of 20 kV. Prior to analysis the TiO2 thin film coating samples were coated with
gold as a conducting material to prevent charging electron beam which will result n non-

clear image.

3.5 Photocatalytic test
In this present research work, photocatalytic test is conducted for water treatment
application by photoreaction toward UV-light and visible light reactor shown in Figure 3.5.

Coloring dyes of MB solution was used as the test method because it is simple, low cost
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and quick access. In this case, TiO» thn film coating acted as the catalyst for the
photocatalysis of MB solution. Firstly, MB solution was prepared at 10 ppm of 500 ml by
the following equation (3.1) below before carrying out the testing.

Clvi=C2r2 (3.1)

Where C1 is the MB solution of 500ppm while V1 is the volume required to
prepare the 10 ppm of 500 ml MB solution respectively. Then, photocatalytic activity was
conducted by degradation of MB solution. For UV-light region, TiO2 thin film coating of
Eo, Re4:4, Rea:6, R32:4 and R32:6 were chosen as the testing catalysts due to the their properties
in terms of crystal phase, mixed phases, phase composition, crystallites size, degree of
crystallinity and band gap value. Prepared sample of Eo was set as a benchmarking
assessment for this photocatalytic activity. Next, for the visible light region Res:6 was
selected due to the presence of brookite phase by-product in the mixed phases of anatase
and rutile while R32:6 was selected due to high degree of crystallinity of mixed phases
anatase and rutile. Brookite phase is a trusted source of good absorption in the visible light
region due to its properties. Therefore, high content of brookite phase obtainable from Rea:
¢ was selected instead of Re4:4. Moreover, all photocatalytic activity was evaluated using
Philips (58 Watt) model as UV-light reactor while OSRAM (200W) model as visible light
reactor at 5-hour irradiation due to mmimum wradiation for mixed phases of anatase and

rutile which completely degraded the MB solution.
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TiO2 thin film
coating

Figure 3.5: Schematic diagram of custom-made photocatalytic test apparatus

3.5.1 UV-Vis spectrometer

Ultraviolet—visible  spectroscopy (UV-Vis)  refers  toabsorb  or  reflectance
spectroscopy in the ultraviolet-visible spectral region. This means it uses light n the visible
and adjacent ranges. The absorption or reflectance in the visible range directly affects the
perceived color of the chemicals involved. Furthermore, UV-Vis is used to identify the
absorbance or the coloring chemical. The Beer-Lambert law states that the absorbance of a
solution is directly proportional to the concentration of the absorbing species. Therefore, it
is necessary to know how quickly the absorbance changes with concentration and more
accurately determined by calibration curve.

In this research work, UV-Vis spectrometer was used for two purposes which are to
determine the absorbance of TiO2 thin film sample for band gap analysis and identify the
changes of absorbance with the degradation of colouring agent methylene blue, MB
solution for photocatalytic activity. The degradation test was conducted for three times to
confirm the degradation value with standard error exerted. Figure 3.6 shows decoloring of
MB solution after degradation of 5-hours. Firstly, the value of direct TiO2 thin film
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absorbance was taken from UV-Vis analysis and used n Tauc equation to acquire the band
gap value of the thin film. The Tauc equation (4.1) shown as below:

(ahv)2 = A (hv - Eg) 4.1)

Where A, is the absorbance value of the TiO2 thin film coating, a is the absorption
coeflicient by a = 2.303A/d (d is the thickness of the film) and Eg value represents the
TiO2 thin film band gap. The band gap value is obtained by extrapolation of the Tauc
plotted. Lamda 35 UV-Vis spectrometer, Perkin Elmer with 200-1100 nm wavelength was
used to analyze the absorbance of the TiO2 thin film coating.

Next, the degradation of MB obtained by residual absorbance was analyzed by
SHIMADZU UV-1700 UV-Vis spectrometer at 664nm of wavelength. The decrease in
absorbance indicates the degradation of MB solution. The percentage of MB degradation
was calculated by the equation (5.1) below.

% MB Degradation= (Co-C)/C x100 = (Ao-A)/Ao x 100 (5.1

Where Co represents the iitial concentration after the equilibrium adsorption, C
represents the reaction concentration of MB solution, Ao represents the initial absorbance,

and A represents the changed absorbance of the MB solution.
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Figure 3.6: Decoloring of methylene blue (MB) solution after degradation for 5-hours
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CHAPTER 4

RESULT AND DISCUSSION

4.1 Introduction

This chapter illustrates and discusses the results obtained from the deposited TiO2
thin film coating via green sol-gel dip method. The properties of TiO2 thin film coating
with and without ethanol are reported in term of crystallne phases and crystallite size
along with the number dipping numbers used. Also, formulation without ethanol (Eo) is
chosen to analyse the effect of heat treatment on the phase transformation, crystallinity and
crystallite size. Moreover, water and TTiP ratio are studied to form homogenous surface
coating, mixed crystalline phase, high degree of crystallinity, optimum crystallite size and
low band gap of TiO: thin film coating. All the elements of characterizations are conducted
on the TiO2 thin film coating to optimize the coating deposited on the glass substrate with
less chemical consumptions (green coating) whereby the performance of photocatalytic
activity in the UV-light and visible light region of the optimized green TiO2 thin film

coating is then reported.

4.2  Effect of ethanol on the characteristic of the deposited TiO, thin film
4.2.1 Growth of TiO; crystalline phases

Figure 4.1 shows the X-ray diffraction (XRD) pattern of deposited TiO2 thin film
coating with ethanol solvent at two different number of dipping numbers (5 and 10). As
shown in Figure 4.1, two different amounts of ethanol formulation used are represented as

Eis and Es which is referred to the used of ethanol 16 ml and 8 ml respectively. At five
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number of dipping, sharp peak of single anatase clearly observed at angle 20 of 25° as
shown in Figure 4.1(a). While, decreasing the amount of ethanol at Es two crystalline
phases of anatase and brookite are formed while brookite is detected with the broadening
peak of XRD pattern.The phases were dominated at angle 20 of 25° and 30.8° for anatase
and brookite respectively.

Meanwhile, at ten number of dipping numbers shown in Figure 4.1(b), two
crystalline peaks of anatase are identified at angle 26 of 25° and 48° declared as Eis
formulation. The anatase crystalline peak of 25° indicates its intensifications with 10
dipping numbers compared to 5 dipping numbers. At formulation of Eg, sharp peak of
crystalline anatase seen at angle 20 of 25° in contrary to broadening peak obtained with 5
dipping numbers. Two anatase crystalline peaks and single peak of brookite are identified
at angle 20 of 25° and 48° assigned to anatase phase while 30.8° assigned to brookite phase
respectively. The peak of brookite phase is still not intensified in the XRD pattern with the
assumption that by-product is acquired. Therefore, it can be deduced that, minimal usage
of ethanol can result n a mixed crystalline phase while, stable mtensification of crystalline

peaks can take place with the increment of number of dipping numbers to ten (10).
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Figure 4.1: XRD pattern of TiO2 thin film coating with the role of ethanol at two different

number of dipping numbers (a) five (b) ten
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4.2.2 Crystallites size and phases composition of TiO; thin film coating

Table 4.1 shows crystallites size and phase compositions of TiO2 thin film coating
with ethanol solvent at 5 and 10 number of dipping numbers. The crystallites size and
phase composition of anatase and brookite phases are calculated at the plane of 101
(anatase) and 121 (brookite) by Scherer’s equation and Spurr’s Myers equation
respectively. After five dipping numbers, crystallites size of anatase crystalline phase is
formed at 9.6 nm and 3.6 nm which referred to Eis and Eg formulation respectively.
Crystallites size of 2.1 nm is subjected to brookite crystalline phase which is imposed on
the Es formulation. On the other hand, for phases composition, 100% of pure anatase
crystalline phase is acquired from Ei¢ formulation while 67% of anatase crystalline phase
and 33% of brookite crystalline phase result from Eg formulation.

Besides, by increasing the number of dipping numbers to ten, the crystallite size of
anatase crystallne phase also increases to 17.2 nm for both formulation. Meanwhile, the
crystallite size of brookite crystallne phase declined to 1.8 nm as shown in Eg formulation.
Another anatase crystalline peak as mentioned in Figure 4.1(b) is obtamnable from the
lower brookite crystallite size Furthermore, the phase composition of anatase has increased
to 76% while the phase composition of brookite has dropped to 24% due to higher anatase

crystalline peak imposed on the XRD pattern.
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Table 4.1: Crystallites size and phase compositions of TiO> thin film coating with the role
of ethanol at 5 and 10 numbers of dipping

Dipping . D (nm) Phase composition (%)
Formulation - -
Numbers Anatase | Rutile | Brookite | Anatase | Rutile | Brookite

Eis 9.6

5
Es 3.6
Eis 17.2

10
Es 17.2

4.3  Characteristics of the green TiO; thin film coating produced without ethanol
4.3.1 Growth of TiO; crystalline phases

Figure 4.2 shows the X-ray diffraction (XRD) pattern of green TiO2 thin film
coating at two different number of dipping numbers (5 and 10) by using normal XRD. The
formulation of green TiO2 thin film coating was indicated as Eo implying no ethanol was
used during TiO2 solution preparation. Figure 4.2(a) shows the deposited green TiO:2 thin
film coatng at five dipping numbers. Mixed crystalline phases of anatase and brookite
occurred with the deposition of Eo formulation. The sharp crystalline peak of anatase is
located at angle 20 of 25° while broadening crystalline peak of brookite is found at 26 of
30.8°.

Furthermore, Figure 4.2(b) shows the green TiO: thin film coating deposited with
ten dipping numbers. Surprisingly, mixed crystalline phases of anatase and rutile are
dominated at angle 20 of 25° and 48° for anatase phases while 27° of angle 20 assigned to
rutile phase. Mixed crystalline phases of anatase and rutile exhibit good behaviour on the

rate of recombination for photocatalytic performance. Besides, brookite crystalline phase
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diminished due to its transformation to rutile phase. Moreover, intensity of anatase peak

located at 25° rises gradually when number of dipping numbers is increased to ten.
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Figure 4.2: XRD pattern of green TiO2 thin film coating at two different numbers of
dipping (a) five (b) ten
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4.3.2 Crystallite size and phases composition of green TiO; thin film coating

Table 4.2 shows the crystallites size and phase compositions of green TiO> thin fim
coating at 5 and 10 dipping numbers. The crystallites size and phases composition are
calculated at the crystalline plane of 101 (anatase), 121 (brookite) and 110 (rutile) by using
Scherer’s equation and Spurr’s equation respectively. At five (5) numbers of dipping,
crystallite size of anatase crystalline phase acquired is 10.8 nm while 2.1 nm obtained from
brookite crystallite phase. Furthermore, the phases composition established are 72% of
anatase crystalline phase and 28% of brookite crystalline phase.

Besides, the transformation of mixed phases appeared after ten dipping numbers.
The obtainable mixed crystaline phases are anatase and rutie transformation. The
crystallite size of anatase is increased to 12.3 nm with 60% of phase composition whereas,

crystallite size of crystalline rutile phase is 21.6 nm with 40% of the phase composition.

Table 4.2: Crystallites size and phase compositions of green TiO> thin film coating at 5 and
10 numbers of dipping

D (nm) Phase composition (%)
Dipping
Numbers ]
Anatase Rutile Brookite | Anatase Brookite
5 10.8 2.1 72
10 123
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The functions of ethanol as a solvent and the effect of number of dipping numbers
on the deposited TiO> thin film coating are accomplished through studies on the crystalline
phases, crystallites size, phase compositions and coatings structure. It is learnt that
formation of the mixed phases of anatase-brookite and anatase-rutile is achievable without
the influence of ethanol after five and ten dipping numbers respectively as shown in Figure
4.3. Besides, mixed phases of anatase-brookite (Hanaor et al. 2011; Reli et al. 2017),
anatase-rutile (Ibrahim et al 2017; Krysiak et al. 2018) and anatase-brookite-rutile
(Mutuma et al. 2015; Fischer et al. 2017) pose high potential for a good photocatalytic
activity. Furthermore, dipping numbers of ten gave a stable anatase and rutile phases due to
stable structure developed from the layer-by-layer dipping numbers (Barhoum et al. 2011;
Malengreaux et al. 2012; Kim et al. 2013; Nurhamizah et al. 2016). Thus as increased the
dipping numbers, the crystallites size also increased.

Figure 4.3 denotes the XRD pattern on the TiO2 thin film coating with (E16 and Es)
and without ethanol (Eo) at two different number of dipping numbers (five and ten) for
comparison. At five number of dipping numbers, anatase phase shows its dominant
behaviour at angle 20 of 25° for TiO2 thin film coating deposited with and without ethanol.
Moreover, only pure anatase acquired when high amount of ethanol used, Eis compared to
mixed anatase with brookite by-product when the amount of ethanol dropped to 8 ml (Es)
and 0 ml (Eo). Thus, it can be concluded that reducing the amount of ethanol as solvent will
form mixed crystalline phase. On the other hand, Makhdoomi reported that increase in the
organic solvent molar ratio will not give a rising variations in the XRD peak but lessen the
crystallite size instead (Makhdoomi et al. 2015). This is also supported by Usman whereby
low solvent concentrations forms unstable crystal structure, and thus the transformation of
crystalline phase occurs even at same heat treatment temperature (Usman et al. 2017) .

Also, sharp anatase peaks are visible at E1¢ and Eo but broadening peak is shown with Eg
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formulation. The broadening peak signifies that the crystalline phase almost transforms to
amorphous structure due to the incomplete anatase and brookite formation (Yu et al 2002).
Correspondingly, this behaviour is caused by the stearic hindrance imposed by the ethanol
when it is adsorbed on the surface of TiO2 particles, thereby hindering the hydrolysis of the
alkoxide and further crystallization (Porras et al 2015). Additionally, Alzamani have
restricted the use of ethanol which can hinder anatase phase nucleation, so that the nucleus
existing in this sample can grow up and become stable with critical particle size (Alzamani
et al. 2016). On the other hand, two mixed phases of anatase and brookite obtained with
only the presence of water. Also with the increase in the number of dipping numbers to ten,
sharp and clear crystalline peaks of anatase and rutile are observed at Els, Es and Eo.
Moreover, the crystallinity of the anatase also increases with the presence of an extra
anatase peak at angle 20 of 48.0°. These results are obtained due to the stable crystalline
structure resulted from the desired thin film coating deposited at ten number of dipping
numbers. However, brookite peak at Es formulation does not mtensify with the addition of
numbers of dipping. It is assumed that, brookite is formed along with by-products due to
its properties which is extremely difficult to analyse (Sahdan et al. 2015). Surprisingly,
brookite phase transforms to rutile phase with no consumption of ethanol, (Eo) formulation.
Kandiel reported that direct transformation of anatase and brookite to rutile occurs
depending on heat treatment while mixture of anatase-brookite transforms to brookite
mitially and in the later stage to rutile due to dependence on crystallite size, surface area,
and phase composition (Kandiel et al. 2013). Dissimilar to Eo formulation, brookite
transforms to rutile due to the increase of dipping numbers and the presence of water and

precursors only (Yu et al. 2002).
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Figure 4.3: XRD pattern of TiO> thin film coating with and without ethanol at two different

number of dipping numbers (a) five (b) ten
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Furthermore, crystallites size of TiO2 thin film coating correspondingly affected by
the persistence of ethanol as a solvent and dipping number. Figure 4.4 shows the
crystallites size of TiO2 thin film coating with (E16 and Es) and without ethanol (Eo) at two
different dipping numbers of five and ten. At five dipping numbers, crystallites size of
anatase is irregular due to different size is obtained with different formulation Ei6, Es and
Eo. While, same crystallite size of brookite is observed with and without ethanol referred as
Es and Eo respectively at five dipping numbers. According to the effect of ethanol, the
crystallites size of anatase is smaller at Ei¢ compared to Eo. Mahyar reported that, larger
crystallite size can be produced with different types of solvent used (Mahyar et al. 2013).
As the akkyl group of the solvent increases, dimmer polarity and higher viscosity of solvent
are obtained which then slowing down the hydrolysis and diffusion towards alkoxide
precursor. Hence, small crystallites size of 9.6 nm anatase is produced at Eis formulation.
Therefore, it has been assumed that without ethanol (Eo), easier ligand exchange takes
place between the positive charges of alkoxide precursor (TTiP) and the OH- radical of
deionized water and thus making hydrolysis faster and forming large crystallites size of
10.8 nm. In agreement with Wiranwetchayan, the crystallites size of TiO2 thin film relies
on the viscosity of the alcohol solvent (Wiranwetchayan et al. 2017). Higher viscosity of
the alcohol solvents leads to smaller crystallite size formation.

Also, by increasing the number of dipping numbers to ten, the crystallites size of
anatase increases. At Ei¢ formulation, drastic increase of anatase crystallite size of 9.6 nm
to 17.2 nm occurs which is similar to Eg formulation with size of 3.6 nm to 17.2 nm.
Meanwhile, slight increase of anatase crystallite size from 10.8 nm to 12.3 nm without
ethanol (EO) takes place. The increase of anatase crystallites size is due to the stable
crystalline structure deposited at ten number of dipping numbers. Musa reported that TiO2
thin film coating distributes consistent yield of anatase, rutile and brookite crystalline
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structure when the desired thickness is obtained at ten number of dipping numbers (Musa
et al. 2017). Therefore, it has been deduced that number of dipping numbers slightly effect
the crystalltes size and formed a stable crystaline phases. As the dipping numbers
increased, higher crystallites size will obtained thus produced higher intensity peaks of
crystallne phases as referred to stable phases are observed. Moreover, increased the
ethanol concentrations will lead to smaller crystallites size (Makhdoomi et al. 2015; Usman
et al. 2017). In contrast, the small crystallites size of anatase were employed during these
study without the using of ethanol as a solvent. Since rutile is transformed from brookite
by-product, it hinders the development of the anatase nanocrystal due to rapid rutilation
which occurs during hydrolysis and condensation and hence producing a small anatase

crystal size (Hanaor et al. 2012).

25
21.6
20 17.2 17.2
= 15
€ 12.3
< 10.8
[a) 9.6
10
5 3.6
2.1 2.1 1.8
0 - -
E16 E8 EO E1l6 E8 EO
5 layers 10 layers
M Anatase M Rutile 0O Brookite

Figure 4.4: Crystallites size comparison of the deposited TiO2 thin film coating with and

without ethanol at two different number of dipping numbers (5 and 10)
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Besides, the phases composition obtained is due to the crystalline phase imposed
and its mtensity. High intensity of the crystallne peak is dedicated to dommant the phase
formation or stronger phase deposited with higher crystallites size obtained (Hanaor et al
2011). Based on the Table 4.3 Eis has 100% anatase due to pure anatase acquired at five
and ten dipping numbers. For Es and Eo formulations, the phase compositions exerted were
due to the stable coating deposition of ten number of dipping numbers. Furthermore,
without ethanol (Eo), anatase content drops to 60% from 72% acquired at five dipping
numbers. The drop in anatase content is due to visible peak of rutile phase and thus, 40%

of composition belongs to rutile.

Table 4.3: Comparison of TiO> thin film coating phases composition with and without
solvent at two different number of dipping numbers (5 and 10)

Dipping Phase composition (%)
Numbers Formulation Anatase
Ei6 100
5 Es 67
Eo 72
Ei6 100
10 Es 76
Eo 60

On the other hand, the presence of ethanol would also mnfluence the surface
topographic of TiO2 thin film coating structure. Figure 4.5 shows surface image structure
of TiO2 thin film coating with and without solvent at ten dipping numbers. These images
are captured based on selected dipping numbers of ten from the previewed result by XRD,

crystallite size and phases composition. With the presence of ethanol at Eis and Es, non-
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uniform coating structure and flakes TiO2 coating are deposited which is below the end of
glass substrate. In comparison to TiO> thin film deposited without ethanol (Eo), the coating
structure has almost covered half of the glass substrate by 80% compared to Eis and Es.
The below end of the substrates shows the uniform coating but at the other half TiO2 flakes
coating are deposited. According to Kayani the uniform TiO: coating deposited at the
bottom of the glass substrate are due to gravitational force working on the gel layer that
pulls the colloidal particles downwards away from the substrate (Kayani et al. 2016).
Moreover, smooth and homogenous surface coating of TiO2 thin films are deposited with
the presence of solvent reported by (Wiranwetchayan et al. 2017). This is in contrary to
this research outcome. However, the island flakes or non-uniform TiO> coating are
predicted to have been caused by the high annealing temperature of 500°C and low
viscosity of the TiO2 solution. Based on Mahyar , ethanol has low carbon elementary due
to its functional group, thus leading to low viscosity of the TiO:> solution that can cause a
solvent trapped at annealing temperature of 500°C which produces an aggregate of island
flakes of TiO2 (Mahyar et al. 2013). However as for the Eo formulation, without ethanol the
TiO2 solution has less viscosity due to no carbon elementary, but OH- ions increase with
the excessive water leading to fast formation of stable anatase and rutile. Therefore, almost
covered TiO2 coating is deposited without the persistence of ethanol Nevertheless,
Alzamani and Eghdam 2016; Tryba et al. 2016, found that the solubility of ethanol as an
organic solvent is low when an alkoxide precursor is used. As a result, it can hinder the
development of important TiO2 phases.

As a conclusion, TiO2 thn film coating without ethanol is encouraging the green
TiO2 thin film coating at ten number of dipping numbers. Due to mixed phases of anatase
and rutile presented with an optimum crystallite size of 12.3 nm and 21.6 nm obtamned

respectively, green TiO> thn film coating (Eo) promises a better photocatalytic activity.
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Therefore, further researches are being conducted in producing ethanol-free TiO2 thin film
coating by keeping Eo formulation as the benchmark. In order to overcome non-uniformed
thn film coating, the heat treatment is synthesized to increase the mixed phases
crystallinity and produce uniform and homogeneous thin film for enhancement of the TiO»

thin film photocatalytic properties.

Island flakes

Figure 4.5: Image structure of TiO2 thin film coating with and without ethanol at ten

dipping numbers

4.4 Green TiO; thin film coating (E¢) heat treated at 500°C and 600°C

4.4.1 Formation of TiO; crystalline phases

Figure 4.6 shows X-ray diffraction (XRD) of green TiO: thin film coating heat
treated at 500°C and 600°C of temperature by using normal XRD. The crystallinity of
crystalline phases of anatase and rutile are constant at both heat treatment temperature even
though it is expected to rise with treatment temperature of heat treatment. The crystalline

peak of anatase acquired at angle of 25° and 48° while 27° of angle 20 is assigned to rutile
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phase. By increasing the heat treatment temperature from 500°C to 600°C the crystalline

peak region was intensified due to increase in crystallite size.
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Figure 4.6: XRD pattern of green TiO2 thin film coating heat treated at 500°C and 600°C

4.4.2 Crystallites size and phase compositions

Table 4.4 shows the crystallites size and phases composition of green TiO2 thin film

coating heat treated at 500°C and 600°C. At 500°C, anatase and rutile crystallites size are
predicted at 12.3 nm and 21.6 nm respectively. Thereafter, crystallites size increases to

17.2 nm and 28.9 nm for anatase and rutile crystalline phase respectively.

Furthermore, the phase compositions of 500°C heat treated shows 60% of anatase

composition while 40% of the composition belongs to the rutile phase. Besides, the phase

composition of anatase heat treated at 600°C decreases by 5% from 60% to 55%.
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Table 4.4: Crystallites size and phases composition of green TiO> thin film coating heat
treated at 500°C and 600°C

e o

Heat Treatment D (nm) Phase composition (%)
O Anatase Rutile Anatase Rutile
500 12.3 21.6 60 40
600 17.2 289 55 45

As the temperature of heat treatment increases to 600°C, high intensity of anatase
peaks at (1 0 1) and (2 1 1) also increases along with rutile peak located at (110). There is
no other crystallnity of anatase and rutile detected. Supported by Porras the high intensity
of phases indicates the increase of primary crystallites size of anatase (Porras et al. 2015) .
Moreover, insignificant effect on the growth of peaks of crystallinity is due to unstable

formulation of Eo. Based on Table 4.4, the heat treatment temperature increases to 600°C,

the anatase and rutile crystallites size also increases. This findings is supported by previous
work by Nadzrah , crystallite size growth and nucleation of rutile phases increase when
the annealing temperature growth is increased from 400°C to 600°C (Nadzrah et al. 2015).
Furthermore, increase in crystallite size and peak mtensity increases with the phases
composition (Alzamani et al. 2013). From the current results the phase compositions of
rutile increases to 45%. This is due to increase in the crystallte size of rutile and its
mtensity. However, anatase is still the dominant phase as the mtensity peak is much higher
than rutile. Moreover, due to unchanged crystallinity peaks, the formation of crystalline
phases is confirmed by RAMAN spectrum. Figure 4.7 shows the RAMAN band of green

TiO2 thin film coating heat treated at 500°C and 600°C. RAMAN band of anatase active
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modes are identified at a strong peak signal of 143 c¢cm! followed by the low intensity
peaks of 193 cmr!, 394 cmr!, 514 cm! and 636 cnr!. Apart from that, rutile active mode is
identified at 442 cm! (Rezaee et al 2011). Based on the RAMAN band, intensity of

anatase and rutile peaks increases at heat treatment of 600°C. Furthermore, the RAMAN

band between 500°C and 600°C explains the existence of mixed phases with its crystallites

size and compositions.
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Figure 4.7: RAMAN band of green TiO> thin film coating heat treated at 500°C and 600°C

However, by increasing the heat treatment temperature it will further densify the
thn film morphology structure due to elimmation of mtercrystallite pores (Jm Kim et al
2002). As shown in Figure 4.8, the image coated with TiO> thin film at heat treatment of
600°C is densified, but non-uniform coating forms with large island flakes formation

compared to treatment at 500°C. Moreover to produce uniform coating, the use of solution

must achieved desired stability throughout the coating process (Wang et al. 2013). The Eo
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formulation is not stable as mentioned, due to mnsignificant change in crystalline phases
and its crystallnity which results in non-uniform TiO2 thin film. Even though, mixed
phases of anatase and rutile are absent, but non-uniform coating and low crystallnity are
produced.

Hence, it has been concluded that the heat treatment temperature at 500°C should
be maitained since there is no further grown on anatase and rutile crystallinity along with
non-uniform coating found. Therefore, due to this drawback other objectives (role of water
and precursors) have been taken into consideration in obtaining more crystallinity of the
mixed phases, uniform coating and optimum crystallte size of green TiO2 thin film

coating.

Non-uniformed

TiO2 coating
with island
flakes

Figure 4.8: Images of the green TiO2 thin film coating heat treated at 500°C and 600°C
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4.5  Green TiO; thin film coating with different DI and TTiP ratio heat treated at

500°C
4.5.1 Growth of TiO; crystalline phases

Figure 4.9 shows X-ray diffraction (XRD) pattern of green TiO2 thin film coating
with different Deionized water, DI and TTiP ratio using normal XRD. DI and TTiP ratio
are utilized based on the role of hydrolyze medium and precursor. DI is set as a hydrolyze
medium while TTiP as a precursor. The DI and TTiP ratio formulation are mitiated from
the previous formulation of Eo. Firstly, Res:4 formulation is derived to function as a
hydrolyze medium. , Re4:6 comes with the persistence of the precursors proposed. For R32:4
and R32:6 formulation, it is encouraged to seek the valuable characteristic of the deposited
green TiO2 thin film coating based on the increasing amount of TTiP precursor. For Re4:4
formulation, mixed phases of anatase and brookite are observed with five crystalline peaks
detected at angle 20 of 25°, 48°, 55° and 63° which are dedicated to anatase phases while
angle 20 of 30.8° (subjected to brookite phase. In contrast, all the crystalline phases of
titanium dioxide are visible at Res:6 formulation. There are six crystallne peaks detected at
angle 20 of 25°, 48°, 55° which belong to anatase crystalline phase, 27° belongs to rutile
crystalline phase while 30.8° belongs to brookite crystalline phase. Broadening brookite
peaks are detected with the XRD spectrum as it appears as by-product phase. The effect of
TTiP precursor drastically increases the degree of crystallinity of the crystalline phases.
However, only mixture of anatase and rutile phases are attained without brookite by-
product. At R32:4 formulation, eight crystalline peaks are detected with an angle 20 of 25°,
48°, 55° and 63° which belong to anatase crystalline phases while angle 20 of 27°, 35°,
56°and 69° subjected to rutile crystalline phases. The anatase and rutile crystallne peaks

located at h k 1 (101) and (110) show densified intensity compared to Res:s. At R3z2:6
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formulation, ten crystalline peaks are detected at angle 20 of 25°, 37°,48°, 55°, 63° and 83°
which are dedicated to anatase crystallne phases while angle 26 of 27°, 56°,69° and 75°

inclined to rutile crystalline phases. Meanwhile, anatase crystallne peak intensity at h k 1
(101) increases while rutile crystalline peak mtensity at h k 1 (110) decreases. Hence, sharp

crystalline peaks are observed by the increase in the amount of TTiP precursor.
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Figure 4.9: XRD pattern of green TiO> thin film coating with different DI and TTiP ratio

4.5.2 Crystallite size and phase compositions

Figure 4.10 shows crystallites size of green TiO2 thin film coating with different DI
and TTiP ratio. At formulation Res.4, crystallte size of anatase grows to 12.3 nm while
brookite by-product growth is very small which is 2.7nm, less than Snm. Crystallite size of
anatase increases to 21.5 nm with the increase in the amount of TTiP precursor ratio at

Re4:6 while crystallite size of brookite is constant. Crystallite size of rutile growth is 34.2

71



nm at these formulations. Furthermore, in the mterest of TTiP precursor, DI and TTiP ratio
are modified as Ri3z4 and Riszi¢ while the amount of DI water remains constant as Eo
formulation. The crystallites size of anatase and rutile drops to 15.7 nm and 28.6 nm
respectively at R32:4 formulation. At formulation R 32:6 the crystallites size of anatase and
rutile increases to 17.2 nm and 28.9 nm respectively which is similar to crystallites size
obtained at Eo formulation with heat treatment of 600°C.

Furthermore, Table 4.5 shows the phase compositions of green TiO2 thin film
coating with different DI and TTiP ratio. The phases composition is calculate by Spurr’s
equation at relative intensity of dominant peaks of anatase at (101), rutile at (110) and
brookite at  (121) respectively. At Re4:4 formulation, phase compositions of mixed
crystalline phases of anatase and brookite are affirmed by 70% and 30% respectively. At
Re4:6  formulation, 50% of phase composition belongs to anatase, 40% of phase
composition belongs to rutile while another 10% of phase composition belongs to brookite.
Moreover, 60% of phase composition is subjected to anatase phase while another 40% of
the composition belongs to rutile at formulation R324. For Rs32 formulation, phase
compositions of anatase increases to 70% while phase composition of rutile drops to 30%.
The variation n the phase compositions is due to the relative mtensity imposed by XRD

spectrum.

72



40.0
34.2

30.0 28.6 28.9
—_ 21.5
£
£ 200 159 17.2
Q .

12.3
10.0
2.7 2.7
0.0
R64:4 R64:6 R 32:4 R 32:6
M Anatase H Rutile O brookite

Figure 4.10: Crystallites size of green TiO> thin film coating with different DI and TTiP

ratio

Table 4.5: Phase compositions of green TiO> thin film coatng with different DI and TTiP

ratio
Phase composition (%)
Formulation Ratio (1)
Anatase Rutile Brookite

R 644 16 70 _ 30

R 64:6 10 50 40 10

R 324 8 60 40

R 32 5 70 30 ‘

4.5.3 RAMAN analysis
Figure 4.11 shows the RAMAN band of green TiO2 thin film coating with different
DI and TTIP ratio. It is widely known that RAMAN band of anatase phases have six active

modes, rutile phases have four active modes (Castrejon-Sanchez et al. 2014) and brookite

73



phase have thirty six active modes (Rezaee, Mousavi Khoie and Li, 2011; Shuhadah et al
2018). From the Figure 4.10 RAMAN band of anatase active modes are identified at a
strong peak signal of 143 c¢cm'! followed by the low intensity peaks of 193 cm!, 394 cm!,
514 cmr! and 636 cmy!. However, rutile active mode is identified at 442 cnr!. In the case of
brookite active modes, RAMAN bands appear at very low intensity peaks located at 248
cnr! and 322 cmr!. At Res:4 formulation, anatase peaks show a strong signal at 143cm’!,
394 cm!, 514 cm! and 636 cmr! . The RAMAN band of brookite is of low intensity due to
by-product phase. However, at Res:¢ formulation, rutile active mode at 442 cm!' appears
and lowers the anatase active modes. For the R32:4 formulation, the anatase active modes
and rutile active modes will increase their intensity peaks respectively. While increasing
the amount of TTiP precursor at formulation of R32:, the active anatase modes defeat the
strong signal peaks and lower the rutile active mode at 442 cm!. All the corresponding
RAMAN actives modes depend on the phase composition imposed. Thus, the RAMAN

band that occur affirms the crystalline peaks dommating the XRD spectrum.
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Figure 4.11: RAMAN band of green TiO: thin film coating with different DI and TTiP

ratio

4.5.4 SEM surface and cross-section analysis

Figure 4.12 shows the SEM surface morphology of green TiO: thin film coating
with different DI and TTiP ratio. At Rea4:4 formulation, green TiO> thin film coating exhibits
a homogeneous and fully covered smooth surface. Also, some fine cracks are seen. At
Re4:6 formulation, a fully covered of the rough surface were deposited. A densified
structure with cracks boundary is observed. As for R32:4 formulation, a homogeneous and
fully covered rough surface structure with coarsened cracks boundary can be observed.
Meanwhile, at R32:¢ formulation homogeneous surface with cracked coating are seen due to

higher concentration of TTiP used. Higher concentration will lead to crack surface due to
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high viscosity used (Lopez et al. 2013). Therefore, crack surface deposited upon heating

due to more alkoxide chain of TTiP produced.
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Figure 4.12: SEM surface morphology of green TiO2 thin film coating with different DI

and TTiP ratio

Figure 4.13 shows the SEM cross-section of green TiO2 thin film coating with
different DI and TTiP ratio. The SEM cross-section are conducted to analyze the thickness

of the green TiO> thin film coating. At Res:4 the thickness deposited is 1.5 pum while with
the increase of the TTiP precursor of Re4:6 the thickness obtamed is 1.8 um. Moreover, at
R32:4 formulation, the thickness deposited is 2.3 pm followed by 2.9 um of the thickness

deposited at formulation R32:6.
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Figure 4.13: SEM cross-section of green TiO2 thin film coating with different DI and TTiP

ratio

4.5.5 Band gap analysis

Figure 4.14 shows the UV-vis diffusion reflectance spectra (displayed in
absorbance) while Figure 4.15 shows the corresponding band gap of the green TiO:2 thin
film coating deposited with different DI and TTiP ratio. Figure 4.12 shows the absorption
edge lies on the wavelength region. The absorption edge is determined by the extrapolation
curve. At Resa4 formulation, the absorption edge observed is approximately at around 360
nm corresponding to the band gap at 3.44 eV as shown in Figure 4.13. At, Re4:6 formulation
the absorption edge obtained is about 380 nm which corresponds to the bandgap at 3.26
eV. Moreover, the absorption edge of R32:4 lies on 425 nm corresponds to band gap at 2.92

eV while the absorption edge of R32;6 formulation lies on 435 nm corresponding to 2.85 eV.
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Based on the wavelength region, it is noted that formulations of R32:4 and R32:6 can undergo
photoreaction at the visible light region which is the electromagnetic irradiation of the

visible light spectrum located at above 380 nm.
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Figure 4.14: The UV-vis diffuse reflectance spectra (displayed in absorbance) of green

TiO2 thin film coating deposited with different DI and TTiP ratio

78



5.0x107°

4.0x107° — —R_,,

N 3.0x10° —

ahv

2.0x107° —

1.0x10° <

1.0 15 20 25 30 35 40
Eg (eV)
Figure 4.15: Band gap of green TiO2 thin film coating deposited with different DI and

TTiP ratio

Water is known as a hydrolyze medium in sol-gel preparation. Some of researchers
use distilled water while others use deionized water. Deionized water also known as
ultrapure or deeply demineralized and have been used in the manufacturing manner.
Therefore, deionized water has been used throughout this research as a hydrolyze medium
and acts as a green solvent (Castro et al, 2017). Therefore, it is good to consider
substituting hazardous organic solvents with water, which is one of the greenest solvents,
assuring that we can reduce the environmental and health toxicity. Due to dissatisfied
results of TiO2 thin film coating with persistence of ethanol and heat treatment, ratio of
deionized water to titanum(IV) isopropoxide (DITTiP) is modified. At first, the amount
of DI and TTiP are increased to r= 16 (Re44) ratio. Based on the results, increasing the
hydrolysis medium generates mixed phases of anatase and brookite. Moreover, the
crystallnity peak increases to five peaks compared to three peaks obtained from the
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benchmarking formulation (Eo). Further intensified peak of anatase at angle 20 of 25° is
visible. Supported by (Hanaor et al. 2012) mixed phases are transformed from single phase
of anatase when amount of water is increased. At high ratio of r = 100 (H20: TTiP), mixed
phases of anatase and brookite are obtained and start to transform to rutile phase when the
heat temperature is above 500°C. In addition, at lower ratio of » = 6, brookite transforms to
rutile even at 500°C. Hence, it is proven that without interference of solvent, mixed phases
with more crystallinity peaks can be accelerated with the hydrolysis ratio. Besides, it is
reported that increasing water content will decrease viscosity which will result in a higher
atomic mobility and accumulated nucleation rate that allow easier development of
crystalline structures in the system (Agartan et al. 2015). It also reported that high ratio of r
=50 can produce mixed anatase and rutile with better crystallinity. All the reported
outcomes produce TiO> powder and still use solvent in controlling the hydrolysis and
condensation rate which is in contrary to this research’ results whereby solvent-free is a
compulsory technique to be adopted to produce TiO:2 thin film. But, based on literature,
mixed phases containing rutile phase has a promising performance of photocatalytic
activity due to its synergic effect (Chetia et al. 2017). Hence, the formulation is modified to
reduce the ratio hydrolysis of » = 10 by increasing the amount of TTiP by 6 ml (Reais).
Surprisingly, three mixed phases of anatase, brookite and rutie are present. By reducing
the ratio of hydrolysis, more crystallinity which is six can be is obtained. But, only anatase
phase shows that it has more crystallinity peaks compared to Res:4. Thus, the formulation is
drastically modified by lowering the amount of water content and experimenting with the
effect of TTiP concentration. Based on the research by (Hafizah et al. 2012), increasing
the concentration of precursors will lead to higher viscosity of the TiO: dioxide element
and will increase the crystallinity of the crystalline peaks. Therefore, amount of DI water is

decreased to 32 ml with two different amounts of TTiP (4 ml and 6 ml) with different ratio
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of DITTIP r= 8 and r = 5 respectively. At R32:4 formulation, hydrolysis ratio is decreased
to = 8 and designated to increase the concentration of precursor exhibited in the solution.
From the XRD spectrum, mixed phases of anatase and rutile occur while brookite has been
diminished. Also, peaks of crystallinity increase by eight peaks. Four crystalline peaks are
subjected to anatase and rutile respectively. Yet, the peak mtensity of rutile increased at

dommant peak exerted at angle 20 of 27°. Moreover, by increasing the amount of TTiP by

6 ml at formulation R32:6, stronger anatase mtensity will be observed compared to rutile due
to visible crystallinity of anatase peaks. The crystallinity peaks also increase to ten peaks as
the viscosity of precursor increases. Nevertheless, by increasing the precursors
concentration, only pure anatase obtained with high crystallnity (Fagnern et al. 2012;
Hafizah et al. 2012; Castro et al. 2018). Thus, it is believed that solvent-free will cause
rapid formation of rutile phase due to fast hydrolysis and condensation rate with stable
solution. The stable solution is obtainable by modifying the DI and TTiP ratio which will
generate more crystallinity of anatase and rutile peaks

Also, effect of hydrolyze medium and amount of TTiP precursor also affect the
crystallites size, phases compositions, surface morphology, thickness and band gap value.
As reported by (Hanaor et al. 2012), crystallite size decreases when hydrolysis ratio is
higher while low hydrolysis ratio promotes small crystallites size of anatase and rutile.
Based on the result calculated, wrregular pattern of crystallte size formation is obtained
whether in anatase phase or rutile phase. Therefore, the effect of hydrolysis and effect of
precursor are insignificant. However, the small crystalltes size is obtained for
enhancement of TiO2 photocatalyst behaviour in thin film. Small crystallites size lead to
better photocatalytic performance due to optimum surface area deposited (Fischer et al
2017). The phases composition is obtamed from the XRD pattern due to the intensity of the

crystallite phase, crystallinity peak and crystallite size. Higher crystallte size leads to
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higher intensity and thus the percent of phase compositions is increased. As the result is
obtained from the effect of precursor, crystallite size of anatase increases from 15.7 nm to
17. 2 nm and thus increased its composition at 60% deposited at R32:4 and 70% deposited at
R32:6. These are due to high viscosity of TTiP was used at low heat treatment temperature
of 500°C. High viscosity of TTiP easier to produce crystallne anatase at low temperature
due to more alkoxide group produced (Hafizah et al 2012).Furthermore, phases
composition between anatase and rutile of 61% to 39% exhibit complete degradation of
methylene blue (Oyraz et al 2015) while composition with brookite and pure brookite
phase exhibit 90% degradation of low concentration of methylene blue were reported by
(Hanaor et al. 2012; Komaraiah et al. 2016).

On the other hand, apart from the mixed phases of anatase-rutile, anatase-brookite,
and anatase-rutile-brookite, optimum crystallte size, phases composition, morphology
structure and thickness of the green TiO:2 thin film are also important. Nowadays, porous
and mesoporous structure of the thin film are agreeing to enhance the photocatalytic
performance. Reported by (Lopez et al. 2013; Oyraz et al. 2015; Fu et al. 2018) non-porous
nature results in low efficiency in visible light region. Also, Lopez claimed that TiO:2
deposited on glass substrates with a cracked surface incurs complete degradation of methyl
orange (Lopez et al 2013). Based on the results, all the TiO2 thin film coating forms
homogenous coating. As the TiO2 solution increases its viscosity by lowering the
hydrolysis ratio from r = 16 to r = 5, the porous structure and visible cracks are obtained.
This crack formation is due to high amount of TTiP existence. Fagnern stated that cracking
is observed due to mternal stress and film shrinkage produced during thermal firing
(Fagnern et al. 2012). Moreover, macro-porous functions to increase the active surface site
of TiO2 thin film as photocatalyst with the influence of ZnO as claimed by (Pérez et al
2015). Due to that, all TiO2 thin film coating are believed to be functioning as an active site
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either n UV region or visible region. Furthermore, as the hydrolysis ratio decreases, the
thickness increases from 1.5 pm to 2.9um and round shape of TiO: particles are clearly
observed at the surface cross-section. The round shape formation is reported due to the
mncrease in the amount of TTIP precursors (Castro et al. 2018). Moreover, the thickness of
the film deposited at R32:6 with hydrolysis ratio of r =5 increases owing to high crystallinity
of the mixed phase of anatase and rutile.

Meanwhile, based on the phase analysis and structural of the green TiO2 thin film
coating, it is believed that low band gap is acquired. For Res:4 formulation, the diffusion
reflectance of deposited film shows the absorption edge at 360 nm and thus the band gap
value of 3.44 eV is identified from the extrapolation graph. This is due to the formation of
mixed anatase and brookite micro strains increment (Rao et al 2018). Next, R64:6 shows
absorption edge at 380 nm 3.26 eV. Moreover, at R34 and Ri32:¢ formulation with the
effect of TTiP precursor, the adsorption edge lies on 425 nm and 435 nm respectively.
Thereafter low band gap is observed at value of 2.92 eV and 2.85 eV respectively. Low
band gap augments which is due to the low rate and recombiation which occur via high
crystallinity of the mixed phases of anatase and rutile.

In a nutshell, the green TiO2 thin film coating is successfully deposited with the
effect of hydrolyze medium and TTiP precursor with the ratio of hydrolysis. Mixed phases
of anatase-brookite, anatase-brookite-rutile and anatase-rutile are deposited at R ¢4:4, Rea:s,
R32:4 and R 326 respectively. Moreover, small average crystallites size of anatase ~21.6 nm
and ~28.9 nm of rutle are attained with high crystallinity peak. Further, porous
homogenous and fine cracks of thin film have been deposited which are believed to
increase the active surface site promoting photocatalytic property. As cracks produced,
surface active site of TiO:; thin film coating was increased therefore light penetration

during photocatalytic it easier to attack the pollution. Thus, from its own properties
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imposed, all the formulation are chosen to undergo photocatalytic test via UV-light region
and two selected formulation of Re4:c and Rs2:6 are chosen under reaction of visible region

to the mixed phases acquired.

4.6  Photocatalytic performance

Photocatalytic performance is conducted via UV-light and visible light region. The
green TiO2 thin film coating is deposited with different ratio of DI and TTIiP ratio. During
the photocatalytic test, the green TiO2 thin film acts as catalyst to remove the colorant of
methylene blue solution. The photocatalytic testing is carried out thrice to obtain the
standard deviation value and thus conforming to the properties of green TiO2 thin fim

coating.

4.6.1 UV-light region

Figure 4.16 shows the colorant of methylene blue (MB) solution before and after
degradation via UV-light region. Ten (10) parts per milion of Methylene blue (MB)
solution is used to conduct the photocatalytic testing. The blue color of MB solution is
observed before it degrades after five hours irradiation. The blue color becomes bright after
degradation under UV-light reactor. The color intensity lessens with the formulations from
Reé4:4, Rea:6, R32:4t0 R32:6. The most decolorized MB is clearly observed in R32:6 formulation.

Furthermore, the decolorization of MB solution is analyzed using UV-vis spectrum
to obtain the percentage of the degradation. Figure 4.17 shows a detailed curved of UV-Vis
absorption spectra of methylene blue solution catalyzed at room temperature in the
presence of TiO: thin film coating with different DI and TTiP ratio. In this mvestigation,
the normalized methylene blue solution with an initial of 10 ppm exhibits the highest
absorbance mtensity of 0.74. The strongest absorption peak is detected at 664 nm. As
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shown in the Figure 4.17 the absorbance intensity decreases obviously under UV-light
rrradiation, which indicates that MB has been photodegraded. At Re4:4 formulation, the
absorbance intensity is detected at 0.15 while 0.08 is noted at Res:6. Besides, with regard to
the consequences of TTIP precursor, the absorbance intensity is much lower which are
0.05 and 0.02 for R32:4 and Ri2:6 respectively. Figure 4.18 shows the bar graph of the varied
percentage of MB degradation of green TiO2 thin film coating with different DI and TTiP

ratio. R32:6 shows the highest photodegradation of MB by 97%=0.5 followed by 93%x*1.4,

89%:+2.5 and 80%=2.6 of R32:4, Re4:6 and Re4:4 formulations respectively.

Before After degradation
degradation

Figure 4.16: The colorant of methylene blue (MB) solution before and after degradation

via UV-light region
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Figure 4.17: UV-Vis absorption spectra of methylene blue solution catalyzed at room

temperature in the presence of TiO2 thin film coating with different DI and TTiP ratio
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Figure 4.18: Bar graph of the percentage of MB degradation with variations green TiO2

thin film coating with different DI and TTiP ratio
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4.6.2 Visible light region

Photocatalytic testing with visible light region is conducted based on Re4:6 and Riz:6
formulations. The formulations have been chosen due to the formation of mixed crystalline
phases and phase compositions. Figure 4.19 shows the colorant of methylene blue (MB)
solution before and after degradation via visible-light region at Res:6 and R32:6. At R3o6
formulation more decolorization of methylene blue solution is observed compared to Reas:s.
Therefore, to approve the photodegradation of MB solution, UV-vis spectrum is conducted
as shown in Figure 4.20. The low absorbance intensity of 0.09 is noted at R3z:¢ formulation
while high absorbance intensity of 0.24 is noted at Re4:6. Besides, Figure 4.21 shows a bar
graph of the percentage of MB degradation with green TiO2 thin film coating at Res:c and
R32:6. Formulation of Ri3z¢ exhibits higher photodegradation of MB which is 86%z% 1.8

followed by 67%=2.3 at Re4.6 formulation.

Before degradation After degradation

Figure 4.19: The colorant of methylene blue (MB) solution before and after degradation

via visible-light region at Re4:6and R32:6
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Figure 4.20: UV-Vis absorption spectra of methylene blue solution catalyzed at room

temperature in the presence of TiO2 thin film coating at Re4.c and R32:6
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Figure 4.21: Bar graph of the percentage of MB degradation with variations green TiO2

thin film coating at Re4:6and R32:6
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Photocatalytic performance of deposited TiO> thin film coating onto glass substrate
were conducted via UV-light radiation and visible light radiation at five hour irradiation.
Furthermore, at UV-light region, the r =5(R32:6) ratio formulation showed almost complete
decolorization in methylene blue solution. It is backed by absorption spectra value. The
percentage of degradation which is 97%= 0.5 implies that the highest photodegradation of
MB solution has taken place compared to others formulation of ¥ = [16 (Re4:4), 10 (Rea:6), 8
(R32:4)]. Thus, it is proven, mixed phases of high crystallinity anatase and rutile give
synergic effect in lessening the energy band gap (Chetia et al. 2017). Therefore, production
of highly reactive hydroxyl radicals rapidly attack the organic pollutants, preventing the

recombination of electrons and holes to promote photocatalytic performance.

Additionally, Re4:6 formulation shows high photodegradation at visible light region
which is, 86%= 1.8 compared to Res:s formulation. Thus, basic formulation of sol-gel is
successfully generated without solvent to replace the complex formulation of introduction
of a dopant and stabilizers. Moreover, role of hydrolyze medium (Hanaor et al 2012) and
precursor (Hafizah et al 2012) play a pivotal role in the green TiO2 thin film coating
although it is less reported. By modifying the hydrolyze medium and precursor,
homogenous surface with pores and fine cracked fim are obtained to be deposited on the
substrate which coherently improve the excitation of active site species that can rapidly
degrade the colorant of MB solution at visible region. film thickness of 2.9 um also
contributes to photocatalytic performance due to high crystallinity of the mixed phases

(Fagnern etal. 2012).

As a conclusion, with solvent free TiO:2 thin film coating, mixed phases of anatase and

rutile generate better photocatalytic performance in UV-light and visible light region.
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CHAPTER 5§

CONCLUSION AND RECOMMENDATIONS

5.1  Conclusion

As a general conclusion, we have successfully produced a TiO2 photocatalytic thin

film via sol-gel dip coating method without ethanol as a novel green route approach.

e In the first objectives, the aimed was to investigate the influences of solvent with
ethanol (Ei1s and Es) and without ethanol (Eo) at five and ten dipping numbers
and heat treatment (500°C and 600°C) on the characteristic of the deposited TiO2
thin film. Based on the results, ten number of dipping numbers with ethanol (Eo)
showed a better XRD patterned of mixture anatase and rutile phases at the
position of 25° and 27° respectively as compared to with ethanol (E16 and Esg) at
five number of dipping numbers. Moreover, the crystallite size of anatase and
rutile produced for the ten dipping numbers is 12.3 nm and 21.6 nm respectively
which were good for photocatalytic behaviour as compared to the five number of
dippng numbers. Also, non-homogenous TiO2 coating are produced. Then,
increased in the heat treatment from 500°C to 600°C only intensified the anatase
and rutile peaks from broadening peaks located at 20 25° and 27° respectively
and slightly increased its crystallite size from 12.3 nm to 17.2 nm and from 21.6
nm to 28.9 nm respectively due to heat treatment temperature. The increased in
the heat treatment also does not increase the numbers of crystallinity for both the
anatase and the rutile and also does not significantly affect the coating films

quality due to non-homogenous coating are produced.
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For the second objectives, synthesis of the hydrolysis ratio, r, the r = 5 (R32:6)
showed the best characteristic of TiO2 thin films coating with high crystallinity
of anatase-rutile mixture. The average crystallite sizes of the anatase and the
rutile obtained were also within the range of the photocatalytic crystallite size
which is 17.2 nm and 28.9 nm. The phases composition for the » = 5 is also
showed the best applicable composition with a mixture of 70% anatase and 30%
rutile. Moreover, the small thickness obtained of 2.9um as well as with small
band gap of 2.85 eV are good in enhancing photocatalytic activity. Furthermore,
homogenous coating with cracked TiO2 surface are produced which was good
for active site surface durmg photocatalytic activity. Therefore, the
photocatalytic test was then conducted to verify the TiO: thin film characteristic
for photocatalyst application.

Based on the photocatalytic test conducted for all of the thin film coatings with
varied hydrolysis ratio, it is confirmed that the TiO2 thin film coating with » = 5
showed the highest photodegraded of methylene blue with 97%+ 0.5 via UV-
light region and 86%* 1.8 at visible light region for five hours duration. Thus, it
can be concluded the best deposited TiO> thin film coating without ethanol as
green sol-gel formulation is with the hydrolysis ratio of » = 5 under both UV-

light region or visible light region.
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5.2 Recommendations

With reference to the conclusion, several recommendations for these findings as

are as follows:

e The work can be further explore to confirm the mixed anatase-rutile crystalline
phase by characterize the TiO2 thin film coating using TEM. Crystalline phase
of anatase and rutile can be determine lattice fringe, SAED and also the shape
of crystalline structure. Moreover, crystallite size also can be determine using
SAED calculation by TEM.

e This work also can be continue with adhesion test to determine the adhesion
between TiO2 thin film coatings with substrate. Then, it was suggested to dip
the TiO2 thin film coating using green sol-gel formulation of ratio r=5 at
various type of substrate to study its characteristic such as crystalline phases,
crystallite size, thickness, band gap and photocatalyst application. This work
also can further contmue with photo efliciency test towards illumination light
to further verify the deposited TiO> thin film coating for photocatalytic activity
performance. Also, this work can further study with other testing on different
degradation solution such as methyl orange, naphthalene, Rhadomine B and

others.
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