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Summary

Photocatalyst has generated great interest since the discovery of water splitting with
titanium dioxide (TiO,) under UV light illumination. This technology has also been
shown to be applicable in other areas such as antibacterial, indoor air quality
control, water treatment and self-cleaning surface. Among the various
photocatalytic materials, TiO, is the most popular photocatalyst owning to its good
stability and high photocatalytic efficiency. In this thesis, TiO, coatings were
deposited on soda lime glass using atmospheric pressure chemical vapor deposition
(APCVD). The photocatalytic property of TiO, coating was successfully enhanced

through embedding of particles and incorporation of dopants.

The deposition of TiO; films was carried out on an in-house built APCVD system
where a conveyor belt system was used to improve the uniformity of the TiO, films.
The system was capable of depositing uniform coating on a large substrate and can
be scaled-up easily for industrial applications. X-ray diffraction analysis verified
that the as-deposited films consisted of photocatalytic anatase phase. The
photocatalytic effect was analyzed from the degradation of stearic acid where its
degradation rate represented the photocatalytic effect of the films. The deposited

TiO, films have also showed capability in degrading ethyl cellulose.

The second part of the thesis focuses on the effect of different modifications of the
APCVD deposited TiO; films on the photocatalytic property. The first modification
was carried out by annealing the films, under both conventional tube furnace

annealing and rapid thermal annealing, in order to induce a partial phase transition
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from anatase to rutile. A mix phase of anatase and rutile had been reported to have
greater photocatalytic effect compared to pure anatase or rutile phase. In our work,
however, both the annealing process resulted in a decrease of photoactivity because
of the growth of grain size in the TiO, films and the resultant increase of electron-

hole recombination sites.

The second modification was conducted by embedding photocatalytic particles into
the TiO, films to improve the UV and visible light response of the deposited films.
Some photocatalytic sensitive particles, such as anatase, rutile, P25 (commercial
product from Degussa with 70% anatase and 30% rutile content) and SrTi(;x)FexOs,
were dispersed in a solvent and sprayed onto the substrate by incorporating a
modified module within the APCVD system. TiO; films were then coated over the
particles, which act as a photocatalyst and a matrix binding the particles onto the
film. Among these particle embedded TiO, films, P25 particles showed at least a 2
times improvement in the UV light photoactivity over plain TiO, films. While
SrTi1x)FexOs particles was meant to improve the visible light photocatalytic effect,
the formation of recombination sites and loss of oxidation power of the generated
holes lead to a decrease in photoactivity under both UV and visible light

illumination.

Lastly, tin dopants were incorporated into the TiO, films through an aerosol assisted
CVD process in which a bubbler system was properly modified. An ultrasonic
generator was added underneath the bubbler to generate tiny droplets of tin and
titanium precursor mixture in the bubbler. The TiO; films, with 3.8 at.% tin, showed

the greatest improvement to the UV light photocatalytic property. However, with

vi
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further increased in tin dopants, the photocatalytic property of the films declined as
the dopants started to act as recombination centers. TiO,/SnO, bilayer films were
also deposited and tested. The existence of the SnO, layer promoted partial
transformation from anatase to rutile phase in the top TiO, layer forming a
heterojunction semiconductor between anatase and rutile phase. However, a gradual
decrease in photoactivity was observed due to the accumulation of photogenerated

electrons in the SnO, layer.

In summary, the methods of embedding P25 particles and tin doping had led to
successful improvement in photoactivity of the TiO, films. The photoactivity of
other modifications had been hampered by the large grain size and formation of

electron hole recombination sites.
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Chapter 1: Introduction

1.1 Motivation

Since the discovery of water splitting with titanium dioxide (TiO,) electrode under
UV illumination [1], photocatalysts have attracted much attention for their wide
range of potential applications. These applications include hydrogen fuel production
[2], indoor air quality control [3], antibacterial [4], water treatment [4] and self-
cleaning [5]. Among these applications, self-cleaning has been commercialized with
products such as Pilkington Activ self-cleaning glass [6] and Saint Gobain

BIOCLEAN [7].

The photocatalytic effect has been observed for several decades with the chalking
phenomena of titania-based paints. Under strong solar light, titania particles degrade
the organic components in the paint (i.e. binder) leaving white titanium oxide
powder on the paint surface. This degradation effect is caused by the absorption of
photons by the titania particles. The absorbed photons generate electron-hole pairs
which form OH- radicals and O® superoxide anions. These radicals react with

organic compounds and break them down into water and carbon dioxide.

Commercial applications of photocatalyst preferably require the photocatalytic
material to be attached to a substrate as loose particles so as to necessitate its
recollection for repeated uses. Among the various methods of attaching
photocatalytic materials on substrates (i.e. sol-gel and physical vapor deposition),

Atmospheric Pressure Chemical Vapor Deposition (APCVD) is more preferred as it
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can be incorporated into float glass production to produce photocatalytic glasses.
This reduces the cost of production and yet deposits films of good quality.
Commercial product, Pilkington Activ, was deposited using APCVD and is

currently use for conservatories and windows.

For this research, the focus is to enhance the photocatalytic property of TiO, thin
films deposited by APCVD. Various methods were investigated such as anatase-
rutile heterojunction semiconductor effect, embedding SrTi(;.FesO; particles for
visible light photocatalytic effect and doping tin ions into the TiO, films. To
emulate the enhancement effect of mixed phase TiO, material, the anatase TiO,
films were annealed at high temperature to purposely induce a partial phase
transformation from anatase to rutile. Further studies on mixed phase TiO, films are
carried out by embedding different particles into the TiO, films and deposition of
undercoat SnO, layer to induce rutile growth. SrTi( . FesOs3 particles were also
embedded into the TiO, films for visible light photocatalytic effect while Sn*" ions

were doped into the TiO; films to improve its UV light photoactivity.

1.2 Objectives

The objectives of this project include:

1) To deposit photocatalytic TiO; thin films on glass substrate by APCVD.

Photocatalytic TiO, are deposited on soda lime glass using the APCVD coater.
The deposition parameters and films thickness are optimized to produce films

with good photocatalytic property. The inclusion of a SiO, undercoat to reduce
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2)

3)

4)

sodium poisoning from the soda-lime glass is to be investigated. Photocatalytic
property of the deposited films are confirmed through the degradation of 2

contaminants; stearic acid and ethyl cellulose.

To investigate the effect of mixed rutile and anatase phase TiO, thin films

through thermal annealing

TiO; thin films, deposited on quartz, are annealed to initiate a phase transition
from anatase to rutile. Mixed phase TiO,, such as Degussa P25, has been proven
to have better photocatalytic properties [8]. The effects of mixed phase TiO,
films on the photocatalytic property are investigated. The annealing of TiO,
films is to be carried out using conventional tube furnace and rapid thermal

annealing.

To embed particles in TiO, matrix and studied its effects on the photocatalytic

property of the films.

Particles are embedded into the TiO, matrix to investigate its effect on the
photocatalytic property. A spray nozzle is incorporated into the APCVD system
for spraying particle dispersion onto the substrate surface. TiO; films are coated
over the particles to act as a matrix. Different particles such as anatase, rutile,
P25 and SrTi(.xFexOs particles are embedded into the TiO, films. The effects
of embedded these particles on the UV and visible light photoactivity are

investigated.

To investigate the effects of incorporating tin dopants on the photocatalytic

property of the TiO, films.
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Tin dopants are incorporated into TiO, films through Aerosol Assisted
Chemical Vapor Deposition (AACVD). The bubbler of APCVD system is
modified and incorporated with an aerosol generator. Through generation of
tiny droplets, tin-doped TiO, films are deposited. The effect of tin dopants on

the absorption spectrum, surface topography and photocatalytic is investigated.

5) To investigate photocatalytic property of a bilayer TiO,/SnO; films.

Bilayer TiO,/SnO, films are deposited to induce formation of rutile phase in
TiO, films. The effect of SnO, underlayer to the crystallinity and photocatalytic

property of TiO; films are studied.

1.3 Major Contributions

The major contributions of this thesis are as follows:

Thin uniform TiO, films were successfully deposited onto soda-lime glass using
SIMTech in-house built APCVD system. The anatase films showed good
photocatalytic property with the degradation of stearic acid and ethyl cellulose.
Further enhancement of its photoactivity was achieved through a SiO, barrier layer,
which prevents sodium poisoning of the TiO; films. TiO, films deposited on soda
lime glass pre-coated with SiO; barrier layer showed similar photoactivity to those
deposited on sodium free quartz glass. A film thickness of 60 nm is required to

achieve its maximum photoactivity.

The effect of post annealing on the photocatalytic property of TiO, films was

studied and a mechanism was proposed for the observed detrimental effect. The
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annealing treatment of TiO, films led to a decrease in its photoactivity at annealing
temperate of >700 °C. The decrease in photoactivity occurred in 2 stages. The first
stage was caused by an increase in grain size and formation of recombination sites
in the annealed TiO, films (annealing temperature 700 to 800 °C). The second stage
was due to the formation of large rutile grains which showed limited heterojunction

semiconductor effect with the anatase films (annealing temperature 900 °C).

Anatase, Rutile, P25 and SrTi(;xFecO3 were successfully embedded in TiO, films
using a spray and APCVD system. For anatase, rutile and P25, the films show a
particle surface coverage of more than 20% with 4 particle spray cycles. UV light
photocatalytic property was shown to double with the incorporation of P25 particles
in the film. Rutile particles did not show any improvement due to its large particle
size. SrTi(xFecO3 particles, meant to improve the visible light photoactivity of
TiO; film, instead cause a decrease in photoactivity under both UV and visible
light. The decrease is likely to be due to lowered oxidation power and presence of

recombination sites.

APCVD bubbler was modified and an aerosol generator was included to convert the
APCVD system into an AACVD. With the AACVD system, tin was successfully
doped into the TiO; film. The tin-doped TiO, film shows a red-shift in the UV-Vis
absorption spectrum which demonstrates its capability in absorbing lower energy
photons for electron-hole pair generation. At 3.8 at.% tin doping in the TiO, film,
the photocatalytic reaction rate was found to have improved by 10%. Further
increase in doping, however, leads to a reduction in photoactivity caused by

recombination of electrons and holes.
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Bilayer TiO»/SnO, films were deposited through a combination of AACVD and
APCVD. The underlying SnO, layer induces the formation of rutile phase in the
TiO, layer, leading to a mix phase of anatase and rutile in the TiO, films. The
composition of rutile phase formed ranges from 30-50%. While a red shift in the
absorption spectrum was observed, the photocatalytic property of the deposited
films was found to deteriorate. This deterioration is due to trapping of
photogenerated electrons in the sandwich SnO, layer. As the decrease in
photoactivity is less than the amount of rutile phase formation, it suggests possible

heterojunction effect between rutile and anatase.

1.4 Organization of Report

This report is organized as follows:

Chapter 1: Introduction to photocatalytic semiconductor and its potential

applications. Motivation and objective of this research are also presented.

Chapter 2: Literature review on photocatalytic oxidation mechanism, and various
methods to enhance the photocatalytic property of TiO,. This chapter also reviews
on the various methods to achieve visible light photocatalytic effect and the various
deposition methods for TiO, films. The various ways of embedding particles in

APCVD deposited TiO; films are also discussed.

Chapter 3: Discussion on the APCVD system for deposition of TiO, films and
modifications made to the system to deposit embedded particle films and tin-doped

TiO, films. The various characterization tools used are outlined in this chapter.
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Chapter 4: This chapter looks into the various deposition parameters for TiO, films
with the in-house built APCVD coater. The effect of SiO, barrier layer and the TiO,
film thickness is also studied. Repeatability and reproducibility of the stearic acid

test 1s also examined.

Chapter 5: The effects of annealing (convention and rapid thermal annealing) on the
photocatalytic property of TiO, thin films are investigated here. Annealing results in
the phase transformation of anatase to rutile which affects the photocatalytic

behavior of TiO, films.

Chapter 6: This chapter looks into embedding photocatalytic anatase, rutile, P25
and SrTi(.xFe O3 particles into TiO, films. It looks at the effect of various

embedded particles on the photocatalytic property of the films.

Chapter 7: This chapter examines the effect of Sn*" dopants and SnO, layer on the
crystallinity of TiO, films. The addition of Sn could induce formation of rutile
phase in the TiO, films. Here, the effect of rutile and anatase heterojunction on the

photocatalytic properties is examined.

Chapter 8: Conclusion and recommended future works.
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Chapter 2: Literature review

2.1 Introduction

Photocatalysts are semiconductor materials that can degrade organic contamination
under light illumination. These photocatalysts are usually metal oxides or metal
sulfides. Some of the commonly studied photocatalysts include TiO;[9], ZnO [10],
WOs; [11], CdS [12] and ZnS [13]. The photocatalytic reaction initiates with the
absorption of photons by a photocatalyst. The absorbed photons generate electron-
hole pairs by exciting electrons from the valence band to the conduction band of the
semiconductor. While some of electron-hole pairs would recombine to generate
heat, others migrate to the surface and participate in redox reactions to form reactive
radicals [14]. These reactive radicals react with the organic compound and
decompose them into carbon dioxide and water. Figure 2.1 shows a graphical
summary of the photocatalytic reaction. The insert shows the absorption of photons
for generation of electrons and holes. Pathway A shows the recombination of
electrons and holes which may occur within the bulk or on the surface of the
semiconductor. Reactions B and C show the movement of electrons and holes to the

surface where they participate in redox reaction to form reactive radicals.
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Figure 2.1 Overview of photocatalytic reaction; generation and recombination of electron-hole

pair and redox reactions.

Equations 2-1 to 2-7 show the chemical reactions occurring on the photocatalyst
surface with the photogenerated electrons and holes [15]. Holes react with hydroxyl
ions and absorb water molecules to form hydroxyl radicals (equations 2-1 and 2-2).
Electrons, on the other hand, reduce absorbed oxygen molecules and form
superoxide anions, O, (equation 2-3). The superoxide anion reacts with absorbed
hydrogen ions to form HO;e, which undergoes further reaction to form hydrogen
peroxide. Under UV illumination, the hydrogen peroxide splits into two OHe
radicals through photolysis in equation 2-6. With the formation of these reactive
radicals, OHe (equations 2-1, 2-2 and 2-6) and HO,* (equation 2-4), the organic
contamination found on the surface of the photocatalyst, are decomposed into
carbon dioxide and water. The overall reaction for the decomposition of the

contamination is shown in equation 2-7.
h"+Hy0, > OHe+ H' (2-1)

I+ OH,g > OHyge (2-2)
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e +0,20;, (2-3)
O, + H" > HO,* (2-4)
H'+ 0, + HO,* 2 H,0, + 0, (2-5)
H,0; + hv > 20H ¢ (2-6)

Organic material +O; Error! Objects cannot be created from editing field codes.

CO, + H,O + mineral acids (2-7)

The main consideration of a good photocatalyst is its bandgap energy, potential of
conduction and valence band, and its chemical stability [16]. The bandgap energy
determines the energy of the photons that the photocatalyst can absorb for electron-
hole pair generation. For a large bandgap material, only photons with high energy
level are absorbed by the photocatalyst. These high energy photons have small
wavelength and lies in the UV region and beyond. As indoor lightings possess little
or no UV light, these large bandgap photocatalysts have limited application for
indoor. One of the best photocatalyst, anatase TiO, has a large bandgap of 3.2 eV.

As such, it can only absorb photons in the UV region (wavelength < 390nm).

Another important factor is the potential of the conduction and valence band as this
determines the oxidation and reduction potential of the generated electrons and
holes. For photocatalytic reaction to proceed, the valence band has to be more
oxidative than the formation of HO,* while the conduction band is more reductive
than the formation of hydroxyl radicals. Figure 2.2 shows the valence band and

conduction band potential of some of the commonly known photocatalyst and the

10
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oxidation and reduction potential of HO,* and OH* radicals [14]. Among these
photocatalysts, anatase and rutile TiO,, strontium titanium (SrTiOs) and cadmium
sulfide (CdS) fit the oxidation and reduction potential criteria. In addition to the list,

both zinc oxide (ZnO) and cadmium selenium (CdSe) also fit the criteria [17].

2 -
AdF
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0,/HO;*
w
% I- ———— 24V
a 1
- 0,H.0
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27ev 22V §
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.
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Ti0, (rutile) TiO, (s ) ? wo,

Figure 2.2 Conduction and valence band position of various photocatalysts. The oxidation

potential of OH* and reduction potential of HO,e is shown on the right [14].

Stability is another important consideration as most photocatalysts tend to suffer
from photocorrosion. Photocorrosion occurs when the generated holes react with
the photocatalyst and results in a decomposition of the photocatalytic material.
Photocatalyst that can photocorrode includes ZnO [18], CdS [19], CdSe [20], Cu,O
[21] and WOs [22]. For CdS and CdSe, the photocorrosion process releases Cd*
ions which are extremely toxic to the environment (Cadmium is banned by
European Union's Restriction on Hazardous Substances). Therefore, while CdS and
CdSe have visible light absorption capabilities, it cannot be used for practical

applications. The photocorrosion process for ZnO is shown in equation 2-8 [23].

11
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ZnO +2h" > Zn*" + 1% 0, (2-8)

Among the various photocatalyst, TiO, is widely preferred as it has shown good
stability with high photocatalytic capabilities. In addition, TiO; is cheap, non-toxic
and has been shown to degrade several organic compounds such as ethanol [24],
stearic acid [25], or phenol [26]. However, its large bandgap allows only UV light

absorption which limits its application.

2.2 TiO, photocatalyst

TiO, crystallizes in three different phases; rutile, anatase and brookite. Among the
three phases, brookite is least studied for it photocatalytic property due to its wide
bandgap (3.29 eV) and difficulties in preparing pure brookite particles. Anatase, on
the other hand, is well-studied as it has the highest photocatalytic property among
the three phases. Its large bandgap of 3.2 eV, however, allows only absorption of
photons with wavelength < 390 nm. This falls beyond the visible light region and in
the UV region. For rutile, it was thermodynamically more stable compared to the
other two phases. It has a smaller bandgap of 3.0 eV and can absorb photons at
higher wavelength (< 410 m,). However, the photocatalytic property of rutile is
much lower compared to anatase. The lower photoactivity is caused by a smaller
density of hydroxyl group on the surface of rutile. This results in poorer adsorption
of oxygen molecules which is necessary for the photocatalytic process (equation 2-
3) [27, 28]. Another explanation is that rutile, being a direct bandgap

semiconductor, has a higher electron-hole recombination rate [29]. Anatase, on the

12
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other hand, is an indirect bandgap semiconductor [30], and, thus, has a higher

photocatalytic property.

Research has shown that mix phase of anatase and rutile (Degussa P25) exhibits
greater photocatalytic property over its respective pure phase [31]. The synergetic
effect of P25 was initially attributed to better electron hole pair separation as
electrons are accumulated in rutile while holes are accumulated in anatase [32]. The
accumulation of electrons in rutile is due to the conduction band position which is
more positive for rutile (Figure 2.2). Hurum et al. [8], however, showed that rutile
plays a more active role in enhancing the photoactivity of P25. Electrons generated
in rutile are transferred to lower energy trapping sites in anatase, which is then
transferred to the surface for photocatalytic reaction. Such transfer of electrons
reduces recombination of photogenerated charges as the generated holes are left
behind in the rutile phase. Furthermore, the presence of rutile allows absorption of
higher wavelength photons. This extends the useful range of photoactivity towards
the visible region, which increases the amount of electrons and holes to be
generated. Thus, with a reduction in recombination effect and an increase in the
amount of generated charges, the photoactivity of a mixed anatase and rutile phase

is better than its pure phase.

2.3 Methods of improving photocatalytic property of TiO,

Several methods have been employed to improve the photocatalytic property of
TiO; (1) increasing the surface area, (2) metal loading, and (3) heterojunction

semiconductor effect. Surface area increases the number of active sites for the

13
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transfer of electrons and holes, while both metal loading and heterojunction
semiconductor effect serve to reduce recombination of electrons and holes and
improve photocatalytic effect. Here the effect of improving the photocatalytic

property of TiO; is discussed.

2.3.1 Effect of surface area on photocatalytic reaction

Surface area plays an important role to the photocatalytic reaction as only electrons
and holes generated near the surface can participate in the photocatalytic reaction.
Due to the short characteristic lifetime of these photogenerated electrons and holes
[33], those generated in the bulk are more probable to have recombined before
reaching to the surface for photocatalytic reaction. Almquist et al. [34] synthesized
anatase nanoparticles of various particle size and showed that a smaller particle size
(30-60 nm)favors a faster photocatalytic reaction (Figure 2.3). This is due to the fact
that small particles have a bigger surface area which allows greater interaction with
the organic contamination. Further decrease in particle size (<30 nm) however has
an adverse effect on photoactivity as there is an increase in bandgap energy due to
quantum effect. Due to the effect of surface area, several methods are used to
increase the surface area of the photocatalyst such as mesoporous TiO, [35],
synthesize of large surface area nanocrystalline TiO, particles [36], or fabricating

titania nanotubes [37].

14
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Figure 2.3 Photo-oxidation rate of phenol for flame synthesized TiO, [34].

2.3.2 Effect of metal loading

Metal loading has the effect of separating electrons and holes through migration of
electrons to the metal while leaving the holes behind in the photocatalyst. This
reduces their recombination and allows more electrons and holes to be available for
photocatalytic reaction [38]. Such enhancement to the photocatalytic reaction had
been observed with several noble metals such as platinum [39-41], silver [39], gold

[40, 41], or palladium [41, 42].

The effect of metal loading is affected by the particle size of the metal attached to
the photocatalyst. The attached metal has an effect of shifting the Fermi energy of
the photocatalyst towards the conduction band of TiO, [43]. A smaller metal

particle size induces a greater shift in the Fermi energy as it is more electronegative
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[44]. This allows a greater amount of electrons to be accumulated in the metal-TiO,

system, thus, improving its photoactivity.

The metal loading effect is, however, limited by the formation of recombination
centers in the metal-TiO, system. Under prolong illumination, photocurrent
generated by the metal-TiO; system is found to decrease. The decrease is caused by
oxidation of the attached metal by the generated hydroxyl radicals [45]. This creates
electron-hole recombination centers and results in the decrease in photoactivity. As
such, while metal loading helped to improve photoactivity through separation of
electrons and holes, the attached metal can also introduced electron hole

recombination centers to the system.

2.3.3 Heterojunction semiconductor effect

Similar to the effects of metal loading, heterojunction semiconductor effect serves
to improve photoactivity through separation of electrons and holes between two
different photocatalysts. The separation of electrons and holes occurs via difference
in the potentials of the conduction and valence band of the two semiconductors.
Figure 2.4 shows the heterojunction system of CdS and TiO,, where electrons

generated in CdS migrate to the TiO, while holes migrate to CdS.
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Figure 2.4 Band diagram of CdS/TiO, heterojunction semiconductor system.

Several heterojunction semiconductor photocatalysts had been reported, WO;/TiO,
[46], SrTiOs/TiO, [47] and Fe,03/TiO, [48]. Among these heterojunction
semiconductors, CdS/TiO, generates greater interest as in addition to the separation
of electrons and holes, CdS photocatalyst also has visible light photocatalytic
property. This gives an added functionality to the heterojunction semiconductor
photocatalyst. However, such heterojunction semiconductor system could not

adequately address the toxicity issue of Cd*" and the photocorrosion of CdS [49].

Another heterojunction semiconductor that has generated great interest is
anatase/rutile heterojunction semiconductor. With the high photocatalytic behavior
of Degussa P25, several researches have looked at fabricating anatase rutile
composite material to enhance the photocatalytic effect under UV illumination. The
synergetic effect between anatase and rutile requires 2 conditions to be fulfilled [8];
small rutile particle size and intimate contact between anatase and rutile. Various
methods has been carried out to fabricate the anatase/rutile composite material, heat
treatment for partial anatase rutile phase transformation [50], homogenized particle

mixture through mechanical grinding [51], or through core-shell structure [52].
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While some methods had shown positive effects to its photocatalytic property,

others had shown a decrease instead due to a decrease in surface area [50].

2.4 Methods of achieving visible light photocatalyst

Most researchers focus on finding a stable photocatalyst with visible light
absorption capabilities. Visible light photocatalyst has a wider application
especially for indoor application where UV light intensity is almost negligible. For
outdoor application, visible light photocatalyst offers a higher efficiency as 40 % of
the solar spectrum falls within the visible light spectrum. This compares favourably
to only 5 % for UV region. Currently, visible light photocatalysts, such as CdS,
suffers from photocorrosion under illumination. Thus, researchers have focused on
narrowing the bandgap of existing photocatalytic materials or finding new novel

materials for visible light applications.

For narrowing of bandgap of existing photocatalyst, some of the widely used
methods include doping with transition metals [53], or non-metal doping [54] and
creating oxygen vacancies [55] in the photocatalyst. These three methods work by
introducing band states in the bandgap of the photocatalyst, thus narrowing its
bandgap. This allows lower energy photons to be absorbed for photocatalytic
reaction to proceed. Here, a review on the visible light photocatalytic effect of

SrTi(1x)FecOs is also carried out.
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2.4.1 Transition metal doping

Transition metal doping narrows the bandgap of TiO, through the introduction of
band states in its bandgap. The band states act as electron or hole traps and allow
the absorbance of visible light for the generation of electron-hole pairs. Figure 2.5
shows the energy level of the metal dopants in rutile TiO, [56]. Various metal
dopants such as Fe*" [57, 58], Cr’" [59], V*" [60], and Sn*" [61], are reported to

have visible light photocatalytic effect when doped into TiO».
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Figure 2.5 Energy levels of impurity ions in rutile [56].

While metal doping is capable of reducing the bandgap of TiO,, at high doping
concentration, the metal dopants form recombination centers which adversely affect
the photoactivity. Such adverse reaction at high doping concentration has been

observed in many metal-doped TiO, photocatalyst [56, 57, 62]. Thus, while the
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metal dopants can reduce the bandgap of TiO,, the amount of metal doping is

limited by the formation of recombination centers.

2.4.2 Non-metal doping

Non-metal doping has gain widespread recognition in 2001 with the visible light
degradation of acetaldehyde and methylene blue by nitrogen doped TiO, [63]. Since
its discovery, numerous reports had surfaced reporting on the visible light
photocatalytic effect of N-doped TiO, [64-66]. Other anion doping, such as carbon
[67] and sulphur [68], are also reported to have similar bandgap narrowing effect

and visible light photoactivity.

The mechanism of non-metal doping is similar to metal doping where band states
were introduced in the bandgap of TiO,. For non-metal doping, band states are
formed above the valence band of TiO, [69, 70], resulting in the bandgap narrowing
effect. This allows absorption of visible light for photocatalytic reaction. However,
similar to metal doping, non-metal doping also introduce recombination centers
which cause a decrease in quantum efficiency as the doping concentration are

increased [69].

2.4.3 Oxygen vacancies

Oxygen vacancies are defect sites in TiO, which introduce defect energy states in
its bandgap. These vacancies can be generated through plasma treatment of TiO; in
a reducing gas ambient [71]. The defect energy states are situated at about 0.75-1.18

eV below the conduction band of TiO, as shown in Figure 2.6 [72]. With these
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oxygen defect states, electrons are promoted to the conduction band through
absorption of visible light. However, these vacancies can re-oxidize under
atmospheric condition, which make its visible light photocatalytic effect non-lasting

[73].
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Figure 2.6 Oxygen vacancy states in TiO, bandgap [72].

2.4.4 Strontium titanium ferrite SrTi;_Fe,0;_;

Strontium titanium ferrite, SrTi;«FexOs, is a continuous solid solution of SrTiO;
and SrFeOs;;5. SrTiOs; is a wide bandgap photocatalyst (3.2 eV) with similar
conduction and valence potential as TiO, (Figure 2.2). It has been shown to have
photocatalytic capabilities with the degradation of methylene blue [74], nitrogen
monoxide [75], Rhodamine B [76] and phenol [77]. Various metal and non-metal
dopants are also carried out on SrTiO; to reduce its large bandgap [78, 79]. SrFeOs.
s, on the other hand, is a small bandgap material (1.9 eV) and is less known for its
photocatalytic property. However, it has shown photocatalytic capabilities with the

degradation of methyl orange [80] and methylene blue [81].
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For a solid solution of SrTiO3; and SrFeOj;_s, the bandgap of SrTi;  Fe,Os.5 can be
tuned according to the amount of Fe ions. Through measurement of the electronic
conductivity, Rothschild et al. [82] calculated and showed that the bandgap of SrTi;.
«Fex0s. 5 decreases with increasing iron content in the material (Figure 2.7). They
also propose that the bandgap varies according to the equation 2-9. The bandgap
narrowing effect arises from the introduction of Fe*'/Fe*" energy states, which lies
at 1 eV above the valence band of SrTiOs. In this research, the visible light effect of

SrTi; <FexOs.5 particles embedded in TiO; films will be investigated.

Bandgap = 3.26 - 1.93x + 0.54x* (eV) (2-9)
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Figure 2.7 Variation of SrTi, ,Fe,O;_; bandgap with iron content [82].

2.5 Various methods of depositing TiO, thin films

Photocatalytic thin films offer better applications than particles as it ensures that the

photocatalytic material are not lost after each application. Various deposition
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methods are used in the deposition of TiO, thin films. Amongst these deposition
techniques, sol-gel [35], chemical vapor deposition (CVD) [9] and physical vapor
deposition (PVD) [83] are the most popular techniques for photocatalytic TiO; thin

films.

Sol-gel offers a relatively cheap method of depositing a thin film. TiO; films may
be applied onto a surface by spray, dip-coat or spin coat the sol-gel solution onto the
substrate. Its biggest advantage is its low cost and ease of deposition on substrate
with complex geometries. Due to its low cost, several researches have focus on
using sol gel for photocatalytic applications [35, 84]. Chemical vapor deposition, on
the other hand, produce films of better quality and adhesion compared to sol-gel.
The CVD system may comprises of simple equipment to highly sophisticated ones
such as atomic layer chemical vapor deposition. One disadvantage of CVD
deposition is the possible release of toxic gas (i.e. HCI) as a by-product. Physical
vapor deposition deposits films with good uniformity and high quality. Due to its
high vacuum system, films deposited with PVD have much lower contamination.
However, PVD systems are usually very sophisticated and costly. It also requires a

long pump down time for its vacuum.

Comparing the photocatalytic efficiency of TiO, films deposited by different
methods, Mills et al. [85] shows that sol-gel deposited films has a higher quantum
yield with 22 x 10 molecules of stearic acid destroyed per photon absorbed. This
compares favorably to APCVD deposited films with only 3.5 x 10™ molecules of
stearic acid destroyed per photon absorbed. Further comparison with magnetron

sputtered TiO, films shows that sol-gel films exhibit the fastest degradation of
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stearic acid followed by PVD sputtered films and CVD deposited films [86]. The
high photoactivity of sol-gel films is ascribed to the greater porosity, allowing
greater interaction with the organic contaminants [87]. However, further studies
have shown that CVD deposited films could similarly achieved high photocatalytic
property. Evans et al. [9] reported that CVD deposited TiO, films could achieve
stearic acid degradation rate of 0.07 cm™'min’ which was higher than that
previously reported for sol-gel films [86]. Recently, Vergohl et al. [88] have
examined the photoactivity of TiO, films deposited by magnetron sputtering,
evaporation, CVD, sol-gel and other deposition methods. High photoactive films
were achieved by CVD, sol-gel and magnetron sputtering with CVD showing the

highest photoactivity.

The deposition of TiO, films via CVD has an added advantage. CVD can be
incorporated into float glass production line which reduces the cost of production
and allows mass production of TiO; coated glass. Also, less toxic precursor may be
used in the deposition of TiO, films, thus, ensuring safety to the operator. As such,

the deposition of TiO, films via CVD deposition is of interest.

2.6 Chemical Vapor Deposition (Theory)

CVD deposits a film through reaction of gaseous precursor on the substrate surface.
The deposition mechanism, shown in Figure 2.8, can be described in the following

sequence.

1) Flow of precursor gases into the deposition chamber
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2) Diffusion of precursor to the substrate surface through the boundary layer
(boundary layer is the region where the flow velocity of gas changes from zero at

the walls to the bulk velocity.)

3) Adsorption of precursor onto the substrate

4) Chemical reaction on the surface

5) Surface migration of atoms to growth sites
6) Desorption of by-products from surface

7) Diffusion of by-products to main flow region

Main flow of reactant gases
——————— ——— ————

o———=  (aseous by-products

—————————— a ‘lg‘————u—-———'l.—'———-——————
! {
5 |
(a) P e Boundary layer
___________ F—————————------—---
h : (d) Interface (negligible thickness)

Figure 2.8 Sequences of events, (a) to (e), occurring during CVD [89]. (a) Diffusion of

precursor gas through boundary layer. (b) Adsorption of precursor on substrate. (c) Chemical
reaction of precursor. (d) Desorption of by-product. (e) Diffusion of by-product to main flow

region.
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The growth rate of CVD deposited films is limited either by surface reaction
kinetics or mass transport of precursor to the substrate surface. For surface reaction
kinetics, the growth rate is determined by the adsorption of precursor, its chemical
reaction and the surface migration to its binding sites. Surface reaction kinetics
usually dominates when the deposition temperature and pressure are low. This is
due to low precursor reaction rate (low temperature) and fast diffusion rate of

precursor to the substrate surface (thinner boundary layer).

For mass transport limited growth rate, the rate is determined by the diffusion rate
of precursor and by-product across the boundary layer. This occurs at high
deposition temperature and pressure where the fast reaction rate depletes the
reactants on the surface and the thick boundary layer decrease the diffusion rate

through the boundary layer.

Figure 2.9 shows the Arrhenius plot for the deposition of silicon layer [90]. Surface
reaction rate dominates at low temperature where the growth rate increases with
temperature. At high temperature, the growth rate is constant with temperature and

is limited by the mass transport of reactants to the substrate surface.
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Figure 2.9 Arrhenius plot for silicon deposition using various precursors [90].

2.7 Various methods of embedding particles in APCVD deposited

TiO, thin films

Different methods have been employed to embed particles into APCVD deposited
films. Some require simple methods such as depositing the particles via
conventional spray before coating the film over the particles, while others require
more sophisticated method like AACVD or ion implantation onto the deposited
films. Here, we look at the advantages and disadvantages of these methods in

embedding particles in films.

2.7.1 Embedding particles via spray with APCVD

Particles can be embedded in APCVD films through conventional spray and

APCVD [91]. The particles, to be embedded, are first dispersed in a solvent. The
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liquid dispersion is atomized through a spray nozzle and deposits particles onto the
substrate. The substrate is then heated to remove the solvent. A thin film is then
deposited on top of the particles via APCVD. Such deposition method is relatively

simple and provides better control on the particle concentration.

2.7.2 Embedding particles via AACVD

Aerosol assisted chemical uses a one-step deposition method to embed particles in
CVD films [92]. The particles are dispersed in a solvent and ultrasonic agitation is
applied to atomize the particle dispersion into tiny droplets. Such method has been
used in the deposition of gold [93], CeO, [94] and WOs; [95] particles in TiO,, of
which, films embedded with WO; particles had shown improved photoinduced

superhydrophilicity due to its unique microstructure.

2.7.3 Embedding particles via ion implantation on APVCD deposited

films

Ion implantation embeds particles by impinging ions into thin films. The impinged
ions form supersaturated solid solution, which then precipitate out forming
particles. Such deposition method has deposited titanium, chromium, tungsten,
copper, silver and platinum particles into glass substrate [96]. While ion
implantation was found to embed nano-sized metal cluster, the embedded particles
is mostly limited to metal ions. As such, particles such as SrTi; \Fe O35 could not
be embedded through ion implantation. Furthermore, ion implantation is more

costly due to the sophisticated equipment required for the implantation process.
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2.7.4 Summary

Table 2.1 summarizes the advantages and disadvantages of various deposition
methods for embedded particle films. Among the three processes, ion implantation
is more suited for embedded metal particles. AACVD, on the other hand, has a poor
control of particle concentration as particles can be lost in the gas delivery system
or in the deposition head if incorporation into the conveyor belt APCVD system. As

such, in this thesis, spray and APCVD is used for the deposition of particles

embedded TiO, films.
Deposition Cost Particle Control on amount of
method Uniformity embedded particle
Spray with Low Moderate Good
APCVD
AACVD Low Moderate Moderate
Ion High Good Poor
Implantation

Table 2.1 Summary of various deposition methods for embedding particles in CVD deposited

films.
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Chapter 3: Experimental Procedures

This chapter describes the deposition system and characterization methods for TiO,
thin films. TiO; films were deposited using in-house built APCVD system. The
APCVD system uses a conveyor belt system which ensures better uniformity on the
coated TiO, films. Particles were embedded in the TiO, films through a spray
system that was incorporated into the APCVD system. The particles were sprayed
onto the glass substrate before coating a layer of TiO, film over it for binding the
particles onto the substrate. Doping of TiO, films were carried out using AACVD.
The APCVD system was converted into AACVD by changing the bubbler and
adding an ultrasonic disk beneath the bubbler. Through ultrasonic agitation, tiny
liquid droplets were generated in the bubbler. This allowed precursor mixture to be
used for the deposition process. Other equipments used for experiment and

characterization of the deposited films are also described in this chapter.
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3.1 APCVD equipment used for TiO, films deposition

‘Susceptor
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Figure 3.1 Picture of APCVD deposition head and susceptor.
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N
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Figure 3.2 Schematic diagram of APCVD. (MFC: Mass flow controller).
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TiO, films were deposited using in-house built APCVD system. The APCVD
equipment (Figure 3.1 and Figure 3.2) consists of 3 main components: bubbler,
deposition head and a conveyor belt susceptor where substrates are placed. Liquid
precursor titanium tetraisopropoxide (TTIP, 97 % purity, Aldrich) is stored in the
air-tight bubbler which has an inlet and outlet gas pipe. The inlet gas pipe is
submerged in the liquid precursor while the outlet pipe is situated above the
precursor level. N, carrier gas is injected into the bubbler and bubbled through the
liquid precursor. This allows the carrier gas to be saturated with gaseous precursor
before exiting from the bubbler. The saturated precursor mixture is then transported
to the deposition head. Along the way, N, dilution gas is added to the carrier gas
mixture for spreading of precursor gas in the deposition head and to achieve better

film uniformity.

At the deposition head, a series of metal plates are placed horizontally across the
flow path of the gas mixture. The metal plates force the gas to swirl around them,
resulting in horizontal spreading of the gas mixture across the deposition head. The
gas mixture then exits from the deposition head as a horizontal stream of precursor

gas.

The hot susceptor moves through the precursor gas stream in a to and fro manner.
This allows the precursor gas to interact with glass substrates placed on top of the
susceptor. Through adsorption, diffusion and decomposition of precursor on the

substrate, a thin TiO; film is formed on the glass substrate.
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3.2 Embedding particles in TiO, films by particle spray followed by

APCVD deposition

To embed particles in TiO, films, a two-step deposition method was used; particle
spray followed by TiO; film deposition via APCVD. For the particle spray process,
a spray system was incorporated into the APCVD system situated behind the
deposition head but along the path of motion of the susceptor. Figure 3.3 shows the
schematic diagram of the spray nozzle with APCVD system. The particles,
dispersed in a solvent, were sprayed onto the substrate with a layer of TiO, film
coated over the particles for binding of particles onto the substrate. Through the

consistent to and fro motion of the susceptor, repeatability in the spray process is

achieved.
N2 gas MFC
inlet
MEC Particle
} e dispersion

Substrate

i —
Susceptor ~Susceptor
movement

Figure 3.3 Schematic diagram of spray with APCVD.

3.3 AACVD deposition of tin-doped TiO, films

For doping of tin into the TiO; films, AACVD was employed as it allows better

control of the doping concentration through a single-source precursor mixture. For
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the AACVD system, an ultrasonic disk was added beneath the bubbler for
generation of aerosol in the bubbler. The bubbler is made of plastic material so as to
allow ultrasonic waves to propagate through and agitate the precursor inside it.
Figure 3.4 shows the schematic diagram of the AACVD. With ultrasonic agitation,
tiny droplets of liquid precursor were generated inside the bubbler. These droplets
were transported by N, carrier gas to the deposition head and deposited the tin-
doped TiO, coating on the substrate. The precursor used consisted of a mixture of
titanium (TTIP) and tin precursor (tetrabutyl tin, Merck). Prior to film deposition,
aerosol was generated in the bubbler for 15 minutes to ensure sufficient liquid

droplets to be present in the bubbler.

N2 gas MFC
inlet '
MFC i
- Deposition
Substrate head

I

Susceptor Susceptor
movement

Ultrasonic disk

Figure 3.4 Schematic diagram of AACVD. An ultrasonic disk was placed underneath the

bubbler for the generation of aerosol in the bubbler.
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3.4 Synthesize of SrTi(;yFe,O; particles

SrTi1xFexOs particles were synthesized through high temperature solid state
reaction. The starting materials, SrCO;3 (Sigma Aldrich), TiO, (Alfa Aesar) and
Fe,O; (Alfa Aesar), were ground and mixed together in stoichiometric ratio
according to the x value of the particles to be synthesized. The particle mixture was
sintered at 1200 °C for 24 hr, after which, the mixture was ground and sintered
again for another 24 hr at 1200 °C. Using high temperature solid state reaction,

reasonably pure SrTi(;xFecOs particles were achieved.

3.5 Particle size measurement and stability of dispersion

Particle size distribution of dispersion was determined from Malvern Instrument
Zetasizer Nano-ZS using dynamic light scattering technique. This technique uses
fluctuation in scattered light intensity caused by Brownian motion of the particles
and determined its diffusion speed. Together with the Stokes-Einstein (equation 6-
1), the hydrodynamic diameter of particles can be determined. Hydrodynamic

diameter refers to the diameter of a sphere with a similar hydrodynamic drag as the

particle;
kT
T" =
ernD (6-1)

where r is radius of the spherical particle, k is Boltzmann’s constant, T is absolute

temperature, 1 is viscosity and D is the diffusion constant.
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The stability of dispersions was analyzed using a settling test and by measurement
of the zeta potential. Settling test measures the particle size of the dispersion after
leaving the dispersion standstill for a certain period of time. It provides a measure
of how fast particles agglomerate over a period of time. On the other hand, zeta
potential provides an indication of the surface charge or the repulsive force between
the particles. The use of zeta potential for measurement of particle dispersion
stability has been outlined in ASTM standard D 4187-82 (Table 3.1). Particle
dispersion with absolute zeta potential of > 30mV can be considered as stable

dispersion according to the ASTM standard.

Zeta potential (mV) | Stability behavior of the colloid
From 0 to +5, Rapid coagulation or flocculation
From =+ 10 to 30 Incipient instability
From =+ 30 to +40 Moderate stability
From =+ 40 to 60 Good stability
More than £61 Excellent stability

Table 3.1 Assessment of the stability of dispersions from zeta potential measurement.

3.6 Optical bandgap measurement

TiO, film’s bandgap was determined from the transmittance spectrum measured

from UV-Vis spectrophotometer (Shimadzu UV-3101PC). From the transmittance
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spectrum, absorption coefficient (o) was calculated according to Beer-Lambert’s

law as shown below.
a=(InT)/d (6-2)
where T is transmittance and d is thickness of the film.

The absorption coefficient measures the fraction of light absorbed by a material of
unit thickness. With the absorption coefficient, a Tauc plot can be plotted through

the following relation:

(ahv)" = A(hv—E,) (6-3)

From the Tauc plot (ahv vs. energy), the bandgap of the material was determined
by extrapolating the slope of the curve to the photon energy axis. Figure 3.5 shows

an example of the Tauc plot and the measurement of its bandgap.

0.7 -
0.6
0.5

0.4+

12
)

0.3

(chv

0.2 ~

0.1+

3.37eV

0.0

T T T 1
3.0 / 3.5 4.0 4.5 5.0

hv (eV)

Figure 3.5 Bandgap measurement using Tauc plot. The bandgap (3.37 eV) is determined from

the intersection between the x-axis and the extrapolation of the curve.
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3.7 Percentage surface area measurement of TiO, films

Percentage surface area difference shows the percentage increase in surface area
over a perfectly flat plane with the same projected area. As photocatalytic reaction
rate is affected by surface area, it is thus crucial to measure the surface and analyze
its effect on the photoactivity of the films. The percentage surface area difference
was calculated from Atomic force microscope (AFM, Nanoscope Illa, Digital
Instrument) measurement. First, the area scanned by AFM was divided into small
triangles where the coordinates each triangle vertexes were scanned by the AFM.
With the x, y and z coordinates and simple trigonometry equation, the area of each
triangle can be calculated. Through summation of the area of triangles, the film’s
surface area and percentage surface area difference were determined. Such
technique had similarly been used in the calculation of surface area of membrane

[98], pyrite [99], calcite surface [100] and PET surface [101].

3.8 Surface coverage of particles embedded in TiO, films

Surface area coverage of particles in the TiO, films was determined using scanning
electron microscope (SEM, Carl Zeiss Ultra Plus Field-Emission Scanning Electron
Microscope) image and an imaging software. The imaging software used is ImageJ,
which was developed by National Institutes of Health. First, Image] was used to
differentiate the pixels belonging to particle from the substrate pixels. This was
carried out using the threshold function which differentiated the pixels according to
its brightness. Next, using the particle analyze function, the software calculated the

total number of pixels, area fraction occupied by the particles and average diameter
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of the particles. Such analytical method had been used for measuring the particle
size of silicon carbide [102], Fe/Fe oxide particles [103] and the fractional coverage

of gold island on glass [104].

3.9 Photocatalytic test — decomposition of stearic acid

Photocatalytic activity of TiO, films was determined using stearic acid test. The
degradation test was carried out by measuring the decrease in stearic acid remaining
on the sample. First, the sample was radiated overnight under UV illumination
(Hitachi FL15BL-B, intensity 0.5 mW/cm?® at 365 nm). Next, a Fourier Transform
Infrared Spectrometer (FTIR, IRPrestige-21 Shimadzu) baseline measurement was
recorded for the sample. Stearic acid, concentration of 10 mmol in methanol, was
spin-coated onto the sample. The spin speed for stearic acid coating was 1000 rpm
with an acceleration of 1000 rpm” for 1 minute duration. Methanol was removed
from the substrate by heating it on a hot plate at 50 °C for 5 minutes. The FTIR
spectrum of the stearic acid was measured and integrated area under the peak at a
range of 2830-2975 cm™ was recorded. After which, the sample was placed under
UV or visible light illumination to initiate the photocatalytic reaction. The
integrated area under the FTIR spectrum was recorded periodically and was plotted
against its illumination time. The degradation rate of stearic acid was measured by
calculating the rate of decrease in the integrated area. A typical variation of the
FTIR spectrum with illumination time was presented in Figure 3.6. The two
observed peaks are the antisymmetric (2920 cm™) and symmetric (2850 cm™)

stretching vibration of CH, bond. Figure 3.7 shows an example of the decrease in
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integrated area of the FTIR spectrum with illumination time. The degradation rate

of stearic acid is determined from the magnitude of its gradient.
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Figure 3.6 Decrease in C-H peaks with UV illumination time. Interval between each

measurement is 2 minutes.
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Figure 3.7 Decrease in integrated area with UV illumination time. The magnitude of the

gradient shows the degradation rate of stearic acid.
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3.10 Photocatalytic test — decomposition of ethyl cellulose

Ethyl cellulose was the second organic pollutant used to reaffirm the photocatalytic
property of APCVD deposited TiO, films. The experimental procedure for ethyl
cellulose degradation test followed closely to that of stearic acid. The TiO, films
were radiated overnight under UV light illumination. Baseline measurement was
recorded with FTIR and ethyl cellulose, at a concentration of 1.43 g/liter, was spin-
coated onto the TiO; films. The films were periodically illuminated under UV light
for photocatalytic reaction and analyzed with FTIR to determine the amount of
ethyl cellulose remaining on the films. For analysis of FTIR spectrum, the
integrated area was measured at a range of 2830-3010 cm™. Figure 3.8 shows the
typical variation of FTIR spectrum of ethyl cellulose with UV illumination time.
Other than the two CH; peaks, FTIR detected peaks such as CH; peaks (2920 and
2850 cm™), CH peak (2890 cm™), and possibly C-CH; (2872 cm™). The
degradation rate of ethyl cellulose was measured from the decrease in integrated

area with illumination time.
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Figure 3.8 Decrease in ethyl cellulose peaks with UV illumination time. Interval between each

measurement is 2 minutes.

3.11 Photocatalytic test for particles — decomposition of methylene

blue

The photocatalytic property of particles (SrTi;xFexO;5) was determined using
methylene blue. 1.56 mmols of particles was ground in 50 ml of distill water using
mortar and pestle. 10.8 ppm of methylene was added to the particle dispersion and
the dispersion was ultrasound for 30 minutes. The concentration of methylene blue
in the dispersion was analyzed using UV-VIS spectrophotometer. Florescent light
(intensity 2500 lux) was used as the light source with an UV filter (cut-off
wavelength at 435 nm) placed between the light source and the dispersion. The
dispersion was sampled every hour to determine the amount of methylene left in the

dispersion.
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3.12 Other equipments

Other equipment used for this thesis includes Lindberg Blue M tube furnace and
Jipelec JETfirst rapid thermal annealing for thermal annealing process. For
characterization, Malvern Instrument Zetasizer Nano-ZS was used for particle size
and zeta potential measurement of dispersion, X-ray diffractormeter (XRD, D8
Bruker Discover) was used to analyze crystal structure of the synthesized particles
and films, Ellipsometry (HS-190 J.A.Wollam) was used to measure the film
thickness, and X-ray photoelectron spectroscopy (XPS, Kratos-Axis spectrometer)
was used for determining the chemical state and elemental composition of the

deposited films.
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Chapter 4: Deposition and characterization of TiO,

films by APCVD system

The deposition of TiO, films was carried out using an in-house built APCVD
system. The APCVD system (as described in Chapter 3), is capable of depositing
thin uniform film and can be incorporated into a float glass production line. In this
chapter, the deposition of photocatalytic TiO, films with APCVD equipment was
described. The deposition parameters were varied one at a time to determine its
individual effect on the growth rate of TiO, films. XRD and AFM were used to
determine crystallinity and surface morphology of the deposited TiO, films.
Photocatalytic property of TiO, films was determined using stearic acid as the
organic contaminant. The effect of a SiO, diffusion barrier layer and TiO, film
thickness on the photodegradation rate of stearic acid was also studied. Further test
were carried out to ensure repeatability and reproducibility of the stearic acid test.
Lastly, the photocatalytic property of deposited TiO, films was reaffirmed through

the degradation of a second organic pollutant, ethyl cellulose.

4.1 Studies on APCVD deposition parameters

The effect of deposition parameters on the TiO film’s deposition rate was studied
by varying one parameter at a time. The parameters studied included susceptor
temperature, precursor temperature, bubbler gas flow rate and N, dilution flow rate.

Other parameters such as the speed of the susceptor and gas line temperatures were
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kept constant. Table 4.1 shows the initial value of the various parameters used for

the TiO; film deposition.

APCVD deposition Parameters Value
Susceptor temperature 575°C
Precursor temperature 65 °C
Bubbler gas flow rate 0.78 slm
N, dilution flow rate 5 slm
Gas line temperature 65-80 °C

Susceptor speed 0.225 m/min

Table 4.1 Initial deposition parameters for TiO, film deposition.

Figure 4.1 presents the variation of susceptor temperature on the growth of TiO,
film per deposition cycle. Each deposition cycle is represented by a to-and-fro
motion of the susceptor or a total of 2 passes underneath the deposition head. At
temperature below 400 °C, a low deposition rate was observed as there was
insufficient heat energy from the susceptor to initiate the decomposition reaction of
the TTIP precursor. At susceptor temperature between 400 and 575 °C, the
deposition rate showed an increase with increasing susceptor temperature. At this
temperature range, the film deposition is in surface reaction kinetics limited regime
and is limited by the surface reaction of TTIP precursor. Film deposition at this

temperature range is less desirable as the deposition rate is affected by the susceptor
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temperature. Any variation in susceptor temperature would cause a change in the

TiO, film thickness.
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Figure 4.1 Deposition rate of APCVD with respect to the susceptor temperature.

At susceptor temperature above 575 °C, the deposition rate remained fairly
constant. This temperature range represents the mass transport limited regime,
where the reaction rate is limited by the amount of reactants carried onto the
substrate surface. This temperature range is more suitable for film deposition as less
variation in film thickness is expected. At 625 °C, a slight dip in deposition rate was
observed. This dip is caused by parasitic effects such as gas phase nucleation or
TiO, film deposition on the walls of deposition head [105]. Further increase in
temperature would enhance the parasitic effect and lead to further decrease in TiO,

film deposition rate.

From this study, a susceptor temperature between 575 - 625 °C was found to be

suitable for TiO, film deposition. The deposition rate at this temperature range was
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unaffected by fluctuation in the susceptor temperature and yet achieved a high
deposition rate. Thus, the susceptor temperature of 575 °C was initially chosen for
TiO, film deposition. However, it was later found that at this susceptor temperature,
slight bowing of glass substrate can be observed. The bowing effect was caused by
thermal stress within the glass substrate due to temperature difference between the
top side (expose to air) and bottom sides (in contact with heated susceptor) of the
glass. This bowing effect was more apparent during the deposition of embedded
particle films where evaporation marks were observed on the glass substrate. Such
evaporation marks caused the films to lose its uniformity. Due to the bowing effect,
the susceptor temperature was lowered to 500 °C where the bowing effect was less

apparent.

Next, the variation of the liquid precursor temperature on the film’s deposition rate
was studied. Liquid precursor, stored within the bubbler, was heated up to promote
the evaporation of precursor into gaseous phase. This ensured that sufficient
gaseous precursors were present in the bubbler for transportation into the deposition
chamber. Figure 4.2 shows the change in deposition rate with varying precursor
temperature. An increase in deposition rate was observed with increasing precursor
temperature. However, at precursor temperature of 75 and 85 °C, non-uniformity in
the TiO, films was observed. This non-uniformity was caused by the huge amount
of precursor gas transported into the deposition chamber, which was not effectively
spread across the deposition head. As such, a precursor temperature of 65 °C was

preferred.
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Figure 4.2 Deposition rate of APCVD with respect to the precursor temperature.

The effect of N, carrier gas flow rate on the TiO, deposition rate is presented in
Figure 4.3. With an increase in N, gas flow into bubbler, more precursor gas was
carried into the deposition chamber which increased the film deposition rate. Figure
4.3 shows a linear relation between carrier gas flow rates with TiO; film deposition
rate. A linear regression line was plotted which has a coefficient of determination of
0.9964 and a linear equation of y = 38.1 x. The linear relation allowed easier control
on the TiO; film deposition rate. A mid-range value of 0.48 slm was chosen for the
N, flow rate as it provided more leeway for future adjustment on the deposition

rate.
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Figure 4.3 Deposition rate of APCVD with respect to flow rate of carrier gas.

Precursor saturated N, carrier gas was diluted by subsequent addition of N, gas into
the distribution pipes to facilitate the spreading of precursor within the deposition
head. The introduction of extra N, gas also had the effect of reducing the precursor
concentration in the gas mixture, which inadvertently resulted in lower deposition
rate. Figure 4.4 shows the effect of dilution of the N, flow rate on the deposition
rate of TiO,. The graph shows an inverse linear relationship between dilution flow
rate and the film deposition rate. The linear regression line has a coefficient of
determination of 0.9857 with an equation of y = -2.77x + 40.7. At a gas flow rate of
2 slm, non-uniformity of TiO; coating was observed due to insufficient carrier gas
to spread the precursor gas uniformly. A gas flow rate of 5 slm was preferred as it
has been used as the default settings for the film deposition and could yet achieve a

high film deposition rate.
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Figure 4.4 Deposition rate of APCVD with respect to the N, dilution flow rate.

From the APCVD deposition parameters studies, based purely on coating
characteristic, the parameters recommended for TiO, deposition were, susceptor
temperature 500 °C, precursor temperature 65 °C, carrier gas flow 0.48 slm, dilution

gas flow rate 5 slm. Table 4.2 shows the parameters use for TiO; film deposition.

APCVD deposition Parameters Value
Susceptor temperature 500 °C
Precursor temperature 65 °C

Carrier gas flow rate 0.48 slm
Dilution gas flow rate (N;) 5 slm

Table 4.2 Parameters used to coat TiO, films.
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4.2 XRD characterization for APCVD coated TiO, films

The crystallographic phase of APCVD deposited TiO, films were characterized
with glazing angle XRD. The XRD analysis (Figure 4.5) confirmed that the
APCVD deposited TiO, films comprised of photocatalytic anatase phase with peaks
observed at 20 value of 25.4°, 48.1°, 55.1°, 62.7°. These peaks corresponded to
(101), (200), (211) and (204) planes for TiO, anatase phase. The (101) plane, being
the dominant plane, provided the oxidative sites for photocatalytic reaction [106]. It
was more easily formed on the coated surface due to its low surface formation

energy [107].

Intensity

(200)

(004)
@) 204) (220)

10 20 30 40 50 60 70 80
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Figure 4.5 XRD analysis of APCVD-deposited TiO, films. Only anatase phase was detected by
the XRD analysis. The broad peak at 2 theta =15-35° is caused by background noise from the

soda lime glass substrate.
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4.3 Growth mode of TiO, films deposited on soda lime glass

The growth of TiO, films on soda lime glass may proceed via two growth modes;
Volmer Weber (island growth) and Stranski-Krastanov (layer plus island growth).
Volmer Weber growth occurs when the cohesive energy between the atoms in the
film is greater than that between the atoms and substrate surface. This results in the
formation of islands on the film surface. For Stranski-Krastanov, the growth occurs
with the layer by layer deposition followed by the formation of islands on the
surface as the cohesive energy between the atoms in the film and substrate surface

decreases with increase in film thickness

To elucidate the growth mode of TiO; films, its surface morphology was analyzed
using AFM. Figure 4.6 shows that the surface of TiO, films consisted of several
small grains having a diameter of 40-60 nm. The surface roughness of the film
increased from plain glass substrate of 0.54 nm to 3.92 nm for TiO, films. This
showed that the TiO, films grow via island growth. With the high deposition
temperature, the growth was more likely to be Volmer Weber as the TiO, molecules
readily diffused on the substrate surface forming clusters around nucleation sites.
These clusters grew vertically up forming the islands as observed in the AFM
images (Figure 4.6). Literature reports had similarly attributed TiO, films growth

via Volmer Weber mechanism [108, 109].
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Figure 4.6 AFM analysis of APCVD-deposited TiO, films.

4.4 SiO, barrier layer

Photocatalytic property of TiO, thin films was adversely affected by sodium ion
impurities, which can be found in soda lime glass substrate. The sodium impurities
diffused into active TiO, layer, resulting in the following effects: formation of
recombination centers for photogenerated electron hole pairs [110], and formation
of inactive compounds such as NaTiO; [111]. Such detrimental effect is termed as
“sodium poisoning” [112]. While sodium free glass (i.e. quartz) is available, these
glasses are considerably more expensive and less commonly available than soda
lime glass. To mitigate the effects of sodium ions, barrier layers such as SiNy [112],
or SiO, [113] can be coated to prevent the diffusion of sodium ions into the TiO,
layer. In this research, SiO, films were used as the barrier layer, as it can be coated

easily by dip-coating of the glass substrate in a SiO, sol-gel precursor. The effect of
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SiO; layer thickness on the photocatalytic properties of TiO, films was studied to

determine the appropriate thickness to prevent Na ions diffusion into TiO, layer.

The SiO; sol-gel precursor was prepared by mixing tetraethyl orthosilicate (TEOS,
98 % purity, Sigma-Aldrich) with ethanol and water in a molar ratio of 1:6:4. The
pH of the mixture was adjusted to 3 using acetic acid and stirred overnight. Prior to
the dip-coating process, the glass substrate was cleaned through ultrasonic action in
ethanol for 15 minutes. The glass substrate was then dip-coated into the pre-mixed
sol-gel solution using MTS Synergie 200 system. The deposited film thickness was
varied by changing the withdrawal speed of the dip coater system. After deposition,

the substrate was cured at 400 °C for 1 hour to form the SiO, layer.

The deposited SiO, thickness can be approximated using the following Landau-

Levich equation.

2/3

h=094_ ()"
1/6 1/2

Y (P2)

(4-1)

where h = coating thickness

1M = viscosity

v = withdrawal speed of substrate

yLv = liquid-vapor surface tension

p = density
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g = gravity

For the same sol-gel solution composition and glass substrate, the Landau-Levich

2/3

equation may be approximated to / oc (v)~'°, where a faster withdrawal speed of the

glass substrate leads to a thicker deposited films. Table 4.3 presents the thickness of
Si0, layer with varying withdrawal speed of the glass substrate. The deposited layer
thickness was measured from an average thickness of 3 coated samples for each

withdrawal speed using Ellipsometry.

Withdrawal Speed
5.08 7.62 10.16 | 12.70 | 15.24 | 17.78 | 20.32
(cm/min)

Average thickness
1502 | 174+3 | 218+3 | 240+4 | 258+3 | 284+4 | 3074
of SiO; (nm)

Table 4.3 Variation of thickness of SiO, deposited by dip coating with substrate withdrawal

rate.

To determine the required thickness for the SiO, barrier layer, TiO, films were
deposited on top of the barrier layer and photocatalytic test was carried out on the
films. The test was initially carried out for TiO, films deposited at susceptor
temperature of 575 °C as it was first used as the optimum parameter for deposition
of TiO, films. This was later repeated on films deposited at susceptor temperature

of 500 °C.
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Figure 4.7 Effect of SiO, barrier layer on photocatalytic reaction of TiO, films deposited at 575

°C.

The photocatalytic test carried out on films deposited at 575 °C was conducted at an
UV intensity of 1.5 mW/cm® Figure 4.7 shows variation of the stearic acid
degradation rate with SiO, barrier layer thickness. Initially, with increasing SiO;
barrier thickness, there was an increased in degradation rate of stearic acid. The
degradation rate reached a plateau at a barrier thickness of around 240 nm, which
was obtained at a withdrawal speed of 12.7 cm/min. Thus, for films deposited at
susceptor temperature of 575 °C, a SiO, barrier layer of 240 nm was required to

prevent sodium diffusion.

Further test was carried out for films coated at susceptor temperature of 500 °C at
UV illumination of 0.5 mW/cm® (Table 4.4). A lower UV intensity was used to
slow down the degradation of the stearic acid on the films. With a lowered

susceptor temperature, a barrier layer thickness of 150 nm was found to be

56



NANYANG

@ﬂrmmcm Deposition and characterization of TiO; film by APCVD system

UNIVERSITY

sufficient to prevent the diffusion of sodium ions into the TiO, layer. This was
lower than the 240 nm thickness required for in the previous test since the lower
susceptor temperature reduced the sodium diffusion rate into the TiO, films. Stearic
acid test carried out on TiO; films deposited on quartz glass also showed similar
degradation rate. As such, this showed that a barrier layer of 150 nm thickness was
effective in hindering sodium diffusion for films deposited at susceptor temperature

of 500 °C.

From the SiO, barrier layer test, SiO, barrier layer thickness of 240 nm was
effective in preventing sodium contamination in TiO, films deposited under both
susceptor temperature of 500 and 575 °C. Thus, 240 nm SiO, layer was used as the

barrier layer to prevent sodium diffusion into APCVD deposited TiO; films.

Soda lime glass Quartz

Average thickness | 150£2 174+£3 218+3 240+4 258+3 -

of SiO, (nm)

Average thickness | 6242 6042 60=1 601 61=+1 61+0.8

of TiO, (nm)

Stearic acid 42+0.5 | 4.2+0.1 | 3.840.1 | 4.3+0.2 | 3.9+0.2 | 4.0+0.2
degradation rate (x

102cm ' min™)

Table 4.4 Thickness of SiO, deposited with different dip coating withdrawal speed.
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4.5 Effect of TiO, thickness on stearic acid degradation rate

Figure 4.8 shows the effect of TiO, film thickness on stearic acid degradation rate.
The degradation rate was observed to increase with increasing film thickness at
thickness below 60 nm. This increase in degradation rate was due to an increase in
the concentration of photogenerated electron-hole pairs generated by the thicker
TiO, films. Similar increase was also observed for sol-gel films [114] and CVD

films coated using TiCly as precursor [85].

Degradation rate / 10° cm™min”™

——
20 30 40 50 60 70 80 90
TiO2 thickness / nm

Figure 4.8 Effect of TiO, film thicknesses on photocatalytic reaction rate.

Beyond film thickness of 60 nm, the degradation rate was found to have plateau. 2
reasons could explain for the plateau in degradation rate: recombination of electron-
hole pairs generated deep beneath the film’s surface and lack of UV light absorbed
by TiO, atoms underneath its surface. Using a model for diffusion of
photogenerated electrons and holes, Tada et al. [114] showed that only electrons

and holes generated within 100 nm from the film’s surface could diffuse to the
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surface for photocatalytic reaction. Mills et al. [85], on the other hand, found that
most of the UV light were absorbed by TiO; films near to the surface. As such, little
UV light reaches the TiO, films beneath the surface, leading to a saturation of
photocatalytic reaction rate. The variation of stearic acid degradation in Figure 4.8

showed that the optimum thickness for the deposited TiO, film was 60 nm.

4.6 Reproducibility and repeatability studies of TiO, films and its

photodegradation capabilities

Reproducibility tests were carried out on the TiO; films (with barrier layer) to study
the reproducibility of APCVD coated films and their stearic acid photocatalytic test.
3 batches of TiO, films were prepared separately with 3 samples for each batch. UV
light stearic acid test was carried out on these samples to determine the

photocatalytic reaction rate.

Table 4.5 shows the stearic acid degradation rate of the three batches of TiO, films
tested. The result showed good reproducibility of the stearic acid test with a
degradation rate of 4.0 x 10 cm™'min™. A standard error of 2.5 % was recorded. To
minimize the errors in the degradation rate, stearic acid test should be carried over 3

different samples.
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Batch 1 Batch 2 Batch 3
Average TiO; film thickness (nm) 62.3+0.3 59+1.5 62.7+0.7
Average stearic acid degradation rate
4.0£0.1 3.9+0.1 4.1+0.1
(x 102 cm™'min™)
Overall average stearic acid degradation rate (x 10%cm™'min™) 4.0+0.1

Table 4.5 Stearic acid reproducibility test on TiO, films.

Repeatability test was carried out on the same TiO, films to ensure that its
photocatalytic property was not lost after the photodegradation process. The test
was carried out on three TiO; films and repeated for three times on each sample.
Table 4.6 shows the average stearic acid degradation rate of the TiO, films with
each repeated test. The degradation rate for the three repeated test showed similarity
to the average stearic degradation rate determined in Table 4.5. This showed that
the photocatalytic property of the TiO, films was preserved and not lost after the
photodegradation process. Further repeatability test was carried out on TiO, films
with a storage period of 6 months in a box. Table 4.6 shows that the TiO, films
remained photoactive despite a long storage period. XRD analysis (Figure 4.9)
carried out on TiO; films after the stearic acid degradation process showed no
change in the crystallinity of the TiO, films. Thus, this showed that the
photocatalytic reaction process did not result in any detrimental effects to TiO;

films.
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Average stearic acid degradation | 4.0 £0.1

rate (x 107 cm™'min™)

1% test 2™ test 3™ test After 6
months
4.1 £0.2 4.2 +0.1 4.1 £0.1

Table 4.6 Repeatability study of TiO, films — repeated measurement on the same sample.

From the repeatability test, it can be observed that the photoactivity and crystallinity

of the TiO, films was not affected through repeated use for degrading organic

contaminations on the film surface. This demonstrated the robust nature of APCVD

deposited TiO, films.

Intensity

10 20 30 40 50 80
2 theta

70 80

Figure 4.9 XRD analysis of TiO, films after stearic acid degradation.
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4.7 Photocatalytic degradation of ethyl cellulose with TiO, films

The photocatalytic property of APCVD deposited TiO, films was reaffirmed using
ethyl cellulose as a second organic pollutant. The experimental procedure for ethyl
cellulose degradation test followed that of stearic acid test. Figure 4.10 shows the
decrease in integrated area of ethyl cellulose peaks with UV illumination time. A
blank piece of microscope slide was used as a control sample which showed little
effect to the degradation of ethyl cellulose under UV illumination. On the other
hand, a steady decrease in integrated area was observed for ethyl cellulose
deposited on TiO, films. The average degradation rate of ethyl cellulose was
calculated to be 5.3 + 0.1 x 10~ cm™'min™. With the degradation of ethyl cellulose
and stearic acid, the photocatalytic property of APCVD deposited TiO, films was

assured.

¥ Blank Microscop slide
A TiO, sample 1
0144 ® T?O2 sample 2
| : B B TiO, sample 3
~ 0.12 vy
S
&
© 0.10 1
4]
—
@©
E 0.08
&
>
Qo 0.06
£
0.04
T T T T T T T T T T T T T
0 2 4 6 8 10 12
time (min)

Figure 4.10 Degradation of ethyl cellulose on TiO, films under UV light illumination.
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4.8 Conclusion

The effect of various deposition parameters on the growth rate of TiO, films was
studied and optimized. The deposited films showed only anatase phase and grew via
Volmer Weber mode. 240 nm SiO, barrier layer was pre-coated onto the soda lime
glass to prevent sodium poisoning of TiO, films. Stearic acid test showed that the
photocatalytic reaction rate reached a plateau with 60 nm of TiO; film. The TiO,
films showed good repeatability and reproducibility of the stearic acid test.
Photocatalytic test carried on TiO, films using ethyl cellulose reaffirmed the

photocatalytic property of TiO, films.
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Chapter 5: Effect of thermal annealing on

photocatalytic effect of TiO, films

Anatase TiO, experiences a phase transformation to rutile phase with annealing
under high temperature. Research had shown that a mix phase of anatase and rutile,
such as Degussa P25, exhibited enhanced photocatalytic property compared to the
respective pure phase [115]. The higher photoactivity is ascribed to the improved
charge separation of electrons and holes, which reduced the recombination of the
electron-hole pairs [8]. In this chapter, the effect of post-annealing on the
microstructure and photocatalytic properties of the APCVD deposited TiO, films
was investigated. The TiO, films were annealed with both conventional tube
furnace and rapid thermal annealing process. Crystallinity and surface morphology
were characterized using XRD and AFM. Optical bandgap of the TiO, films was
calculated through the UV-Vis measurements. XPS was used to determine the
chemical state of the annealed films and stearic acid test was used to characterize

the photocatalytic property of the films.

5.1 Conventional tube furnace

60 nm of TiO, film were deposited on quartz glass through the APCVD system as
described in Chapter 4. The films were annealed under simulated air ambient, at N,
to O, ratio of 4:1, using Lindberg Blue M tube furnace. The annealing was carried

out at preset temperatures (600-900 °C) for 1 hour at a ramp rate of 5 °C/min.
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5.1.1 XRD analysis of annealed TiO, films

The X-ray diffraction (XRD) patterns of the annealed TiO, films are presented in
Figure 5.1. For all the annealed TiO, films, anatase peaks were observed and was
the dominant phase. Rutile peaks were only observed for films annealed at 900 °C

where a small rutile peak at 2 theta = 27° ((100) plane) could be observed.

A(101)
A: Anatase
R: Rutile
) R(110)
L&
> 04)
@ : 900°C
. : X
E 5 ! 800°C
: ] : 700°C
> ; et 600°C
i : ! ; - . As deposited
'l . ) M : L) M : ) v L) : M L]
20 30 40 50 60 70

Figure 5.1 XRD spectra of the TiO, films after annealed at different temperatures.

The annealing temperature for the anatase to rutile phase transformation process has
been reported at a wide range of temperature. It has been reported from a low
annealing temperature of 500 °C [116] to as high as 1000 °C [117]. This phase
transformation temperature is dependent on the experimental parameters such as

deposition methods, deposition temperature and the type of substrate used [118,
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119]. For the APCVD deposited TiO, films, phase transformation process was only

observed at annealing temperature of 900 °C.

Anatase crystallite sizes, calculated from XRD pattern using Scherrer’s equation,
are presented in Table 5.1. A small increase in crystallite size from 19.4 nm to 21.0
nm was observed with annealing temperature of 900 °C. This showed that thermal

treatment of TiO, films has only a marginal effect on the crystal size of anatase.

Anatase crystallites Surface
Samples
size (nm) roughness (rms)
As-deposited 19.4 4.92
600 °C 19.2 4.98
700 °C 20.4 5.47
800 °C 21.7 6.41
900 °C 21.0 6.08

Table 5.1 Crystallite size of anatase and rutile phase, surface roughness and optical bandgap of

the TiO, films after annealed at different temperatures.
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5.1.2 Optical bandgap measurement of annealed TiO, thin films
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Figure 5.2 UV-Vis absorbance of annealed TiO, films at different annealing temperature.

Figure 5.2 presents the bandgap of the respective annealed TiO, films. The as-
deposited films showed a bandgap of 3.37eV, which was higher than the bulk TiO,
(3.2 eV). This was due to quantum effect from nanocrystalline TiO; thin films [97].
With annealing, the bandgap remained constant up to an annealing temperature of
800 °C. At 900 °C, a decrease in bandgap was observed. This was attributed to the
presence of rutile phase within the films. This result reaffirmed that the phase
transformation from anatase to rutile occurred only at annealing temperature of 900

°C.
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5.1.3 Surface topography of the annealed TiO, films

Surface morphology of the annealed TiO, films was observed via AFM (Figure
5.3). The as-deposited films showed Volmer-Weber growth with an average grain
size of 40 nm. The grains remained unchanged for films annealed at 600 °C but
were observed to grow at annealing temperature of 700 °C. Further increase in grain
size was observed with films annealed at 800 and 900 °C reaching an average

diameter of more than 100 nm.

68



@%ﬁ%ﬁ Effect of thermal annealing on photocatalytic effect of TiO, film

—1.00 -1.00
-0 -
1.00 pm 1.00 pm

(A) B)

© (D)

(E)

Figure 5.3 AFM images of the as-deposited films (A), and films after annealing at different

temperature: 600°C (B), 700°C (C), 800°C (D), and 900°C (E).
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Table 5.1 presents the surface roughness of the annealed TiO, calculated from the
AFM images. Surface roughness remained relatively unchanged with annealing at
600 °C. However, as the annealing temperature increased to 700 °C, an increase in
surface roughness was observed. This increase was due to growth of anatase grains.
The surface roughness reached a maximum at annealing temperature of 800 °C

before decreasing at 900 °C as rutile grains were formed.

SEM image (Figure 5.4) over a larger region captured the presence of large grains
which was only observed for films annealed at 900 °C. These grains were likely to
be rutile phase as it coincided with the appearance of rutile peaks detected by XRD

(Figure 5.1)

(A) (B)
Figure 5.4 SEM image of TiO, films annealed at 800 °C (A), and 900 °C (B). Films annealed at

900 °C shows large grains which are likely to be rutile grains (circle).

5.1.4 XPS analysis of annealed TiO, films

Detailed Ti 2p and O 1s XPS spectra of the as-deposited TiO; films and the films
after annealed at 900 °C are shown in Figure 5.5 and Figure 5.6. Peaks were

observed at 458.6 and 464.3 eV for the as-deposited films, which corresponded to
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Ti 2ps; and 2pi» [17]. No additional peaks or peaks shift was observed for the
annealed samples. This showed that Ti’" ions were not produced during the thermal

treatment.
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Figure 5.5 High resolution Ti 2p XPS spectra of the as-deposited TiO, films (top) and the films

after annealed at 900°C (bottom), respectively. CPS: counts per second.
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Figure 5.6 High resolutions O 1s XPS spectra of the as-deposited TiO; films and the films after

annealed at 900 °C, respectively. CPS: counts per second.

Two sets of experiments were carried out for the O 1s spectra (Figure 5.6). The Ols
spectra can be deconvoluted into three peaks, with binding energy at 529.6 eV,
530.7 eV and 531.8 eV respectively. According to Dupin et al. [120], the peak at
529.6 eV was assigned to TiO; lattice oxygen, O*, while the other two minor peaks
were assigned to hydroxyl ions (530.7 eV) and O subsurface defects (531.8 eV).
Both sets of experiments (Figure 5.6) shows that the high temperature annealing of
TiO, films result in an increase of O subsurface defects in the TiO, film. This is
observed from the increase in the Olsc peaks relative to the lattice O* peaks

(Olsa).

The percentage atomic concentration of the respective oxygen species were

presented in Table 5.2. From the as-deposited sample to the sample annealed at 600
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°C, a decrease in the OH™ concentration was observed. This decrease was due to the
removal of hydroxyl groups from the film’s surface [121]. Little change was
observed with annealing temperature of 700 °C. However, at 800 and 900 °C, a
decrease in O concentration was observed. This decrease was due to an increased

concentration of OH and O’ ions in the annealed T10, films.

Samples Olsa Olsb Olsc
As-deposited 80.7 11.4 7.9
600 °C 84.5 7.4 8.0
700 °C 83.9 7.8 8.3
800 °C 70.0 15.4 14.6
900 °C 77.3 10.3 12.4

Table 5.2 Atomic concentration (%) of Olsa (0O*), Olsb (OH) and Olsc (O).

The increase in O ions in the annealed TiO, films was caused by two phenomena
occurring: 1) thermal generation of electron-hole pairs [122] and 2) diffusion of Ti*"
ions to the films surface forming new TiO, layers. During annealing, electrons and
holes generated thermally reacted with lattice oxygen and titanium to form O™ and

Ti*" ions (equations 5-1 and 5-2) [123].

O +h" >0 (5-1)

Ti*" +e > Ti*" (5-2)
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While the process is reversible upon cooling, however, during the high annealing
process, Ti*" ions could diffuse through the TiO, films. Oxygen ions, on the other
hand, remain relatively immobile in its lattice position [124]. The diffused Ti’" jons
react with oxygen from the atmosphere and form new TiO; layers on its surface.
Such formation of new TiO, layers was first observed in rutile as single crystal
rutile was more readily available [125]. With similar oxidation of Ti*" to Ti**
observed for anatase, the same mechanism for new TiO, layers formation has been
proposed for anatase [126]. As a result of Ti*" diffusion and formation of new TiO,
layers, an increase in O™ ions was detected by XPS while Ti’" ions remained

undetected.

The increase in O subsurface defects also promotes the formation of OH" ions.
Through incorporation of protons, O defects situated near to the surface are
stabilized, and form hydroxyl ions [127]. This increase in OH ions was similarly
observed by XPS (Table 5.2) for films annealed at 800 and 900 °C. Thus, the XPS
analysis showed that thermal treatment of TiO; films has led to defect formation (O

and OH") within the films.

5.1.5 Photocatalytic reaction of annealed TiO, films

The degradation rates of stearic acid by the TiO, films annealed at different
temperature are presented in Figure 5.7. The error bars in Figure 5.7 and other
figures in this thesis represent the standard error of the sampling distribution and are
obtained from 3 repeated measurements. Three samples were prepared and tested
for each annealing temperature. The stearic acid degradation rate showed similar

photoactivity for the as-deposited films and films annealed at 600 °C. A decrease in
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photoactivity was observed as the annealing temperature increased to 700, 800 and
900 °C. This decrease in photoactivity occurred despite the fact that rutile phase was

not observed in films annealed at 700 and 800 °C.

Degradation rate
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Figure 5.7 Stearic acid degradation rates as a function of annealing temperature.

From the photocatalytic test, the decrease in photoactivity for the annealed TiO,
films occurred in two stages. The first stage occurred before the anatase to rutile
phase transformation at annealing temperature of 700 and 800 °C. The second stage
occurred with the formation of rutile phase, which further reduced the photoactivity
of the films. For the second stage, the reduction of photoactivity was caused by the
formation of large rutile grains (diameter > 200 nm) in the anatase films. The large
rutile grains limited the transfer of electrons and holes between anatase and rutile

[8], which led to a decrease in photoactivity.

For the first stage, two factors could be related to the decrease in photoactivity;

increase in grain size and defects formation. For grain size effect, the increase in
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grain size was observed at annealing temperature of 700 °C, which coincided with
the decrease in photoactivity. As the deposited films had an island structure, grain
growth would reduce the surface area of the islands which adversely affected the
photoactivity of the films. However, with the grain size increased to twice its
original size, it could not account for the 75 % decrease in photoactivity experience
by films annealed at 800 °C. As such, it was not the sole cause of decline in

photoactivity.

For defects formation, 3 types of defects could be formed during the annealing
process; O subsurface defects, OH ions and Ti vacancies. Both O defects and Ti
vacancies are recombination sites which results in recombination of electrons and
holes. O anion is a hole trapping site where holes are trapped by low coordinated
lattice O* [128, 129]. This leads to recombination with photogenerated electrons
causing a decrease in photoactivity. Such reduction in photoactivity was observed in
the degradation of trichloroethylene using nanostructure TiO, particles [130]. Ti
vacancies, on the other hand, introduced acceptor defect state in the TiO, bandgap,
at 1.15 eV above the valence band [131]. It also caused electrons and holes to
recombine and a decrease in photoactivity [132, 133]. As a result of O defects and
Ti vacancies, recombination centers were introduced to the annealed TiO, films,

which reduced the degradation rate of stearic acid.

Thus the effect of annealing resulted in grain growth and defects formation in the
APCVD deposited TiO, films. This adversely affected the photocatalytic property
of the annealed films. Further annealing at higher temperature would result in the

formation of large rutile grains, which further decreased its photoactivity.
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5.2 Rapid thermal annealing

With the increase in grain size and defects formation caused by conventional tube
furnace, rapid thermal annealing (RTA) was used to initiate the phase transition
process in TiO, films. RTA uses fast ramp rate and short annealing time to reduce
the diffusion of atoms during the annealing process. This could prevent the growth
of TiO, grains and formation of O defects. As such, the effect of rapid thermal

annealing on the photocatalytic property of TiO; films was investigated.

5.2.1 Effect of annealing temperature on anatase to rutile phase

transformation

To analyze the effects of annealing temperature on the anatase to rutile phase
transformation, the TiO, films were annealed at a ramp rate of 15 °C/sec for 60 sec
at different annealing temperature (800-1000 °C). Figure 5.8 shows the XRD

analysis of the annealed TiO; films.
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Figure 5.8 XRD analyses of TiO, films annealed at various temperatures using rapid thermal

annealing.

In agreement with thermal annealing with conventional tube furnace, phase
transformation of anatase to rutile was only observed at annealing temperature of
900 °C. At 800 °C, the films remained as pure anatase films. Rutile peaks were
observed with annealing temperature at 900 °C and complete transformation into
rutile was observed at annealing temperature of 1000 °C. For films annealed at 900
°C, the formation of rutile phase appeared to be more rapid with rapid thermal
anneal than with conventional furnace. This was despite the short annealing time

and could be due to the fast ramp rate used in rapid thermal annealing.

5.2.2 Effect of annealing time on anatase to rutile phase transformation

With the appearance of rutile phase at annealing temperature of 900 °C, the effect

of annealing time on the phase transformation of TiO, films was investigated. The
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TiO, films were annealed at 900 °C at a ramp rate of 15 °C/sec for 10 to 60
seconds. Figure 5.9 shows the XRD analysis of the annealed TiO; films while Table
5.3 shows the weight fraction of anatase in the TiO, films. Weight fraction of

anatase were calculate based on equation 5-3 [134].

X —— 1 (5-3)

a 1
1+ 1.265(1—’)

a

where X a is the weight fraction of anatase, and /, and /. are the XRD intensity of

anatase (101) and rutile (110) peaks.
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Figure 5.9 XRD analyses of TiO, films annealed at 900 °C for 10-60 seconds using rapid

thermal annealing.
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Annealing time (s) | Weight fraction of anatase (%)
10 100
20 94.6
30 95.2
40 53.7
50 58.4
60 39.9

Table 5.3 Weight fraction of Anatase in TiO, films annealed using rapid thermal annealing.

With 10 seconds of annealing time, phase transformation was not observed as only
anatase was detected by the XRD. At 20 and 30 seconds of annealing time, a small
rutile peak can be observed. This corresponded to 4-5 % rutile in the TiO, films. At
40 seconds of annealing time, a drastic increase in the rutile peaks was observed
with almost 50 % of the anatase phase converted into rutile. Further annealing
showed a smaller increase in rutile phase with 60 % anatase converted after 60
seconds of annealing. From the XRD analysis, the formation of rutile phase
proceeded at a slow pace initially before experiencing a rapid transforming into
rutile phase. After the fast transformation, the phase transformation rate again

proceeded at a slower pace.

The rutile phase transformation process was also observed from UV-Vis spectrum.

Red-shifted in the UV-Vis spectrum was observed and a decrease in optical
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bandgap was found. Figure 5.10 shows the decrease in bandgap determined from
the UV-Vis spectrum with annealing time of the TiO; films. The decrease in optical
bandgap confirmed the presence of rutile phase as rutile has a lower bulk bandgap

of 3 eV compared to anatase 3.2 eV.
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Figure 5.10 Decrease in TiO; bandgap with increasing annealing time.

5.2.3 Surface topography of annealed TiO, films (RTP)

Figure 5.11 shows the AFM images of the annealed TiO, films. Despite the short
annealing time and fast ramp up time, growth of TiO, grains was still observed.
With 10 seconds of annealing time, the size of TiO, anatase grains was comparable
to films annealed by conventional tube furnace at 700 °C. With increase in
annealing time, further increase in the anatase grains was observed. This showed
that even with rapid thermal annealing, the growth of TiO, grains could not be
suppressed. Furthermore, rutile grains produced with rapid thermal annealing were

large and comparable to those annealed with conventional tube furnace. With the
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large rutile grains produced, it should be expected that the annealed films would not

exhibit enhanced photoactivity through heterojunction semiconductor effect.

(A) (B)

© (D)

Figure 5.11 AFM images of the as-deposited films (A), and films after annealing with rapid

thermal annealing at different annealing timer: 10 s (B), 30 s (C), and 60s (D).

5.2.4 Photocatalytic reaction of annealed TiO, films (RTP)

With the growth of anatase grains, a decrease in stearic acid degradation rate was
observed (Figure 5.12). This reduction in degradation rate was observed even with
only 10 second of annealing time, where rutile phase were yet to be formed. Such

observation was similar to that for TiO, films annealed in tube furnace. Thus, this
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showed that annealing TiO, under rapid thermal annealing produced similar effects
as conventional tube furnace which resulted in deterioration of photocatalytic

property of the films.
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Figure 5.12 Stearic acid degradation rates for films annealed with rapid thermal annealing.

5.3 Conclusion

Thermal annealing of TiO, films had shown a decrease in photocatalytic reaction
rate. The decrease in reaction rate occurred in 2 stages; 1) grain growth and
formation of subsurface defects followed by 2) formation of large rutile grains. The
formation of subsurface defects was due to the diffusion of Ti*" ions, which formed
new TiO, layers with atmospheric oxygen. This led to the formation of O
subsurface defects and OH™ ions which act as recombination centers for photo-
induced electrons and holes. Coupled with grain growth, they resulted in a decrease

in photocatalytic reaction rate. Further decrease in photoactivity was due to
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formation of large rutile grains with limited heterojunction semiconductor effect
with anatase phase. Grain growth and formation of large rutile grains were similarly
observed with rapid thermal annealing, which showed similar deterioration of

photocatalytic degradation of stearic acid.
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Chapter 6: Embedding particles in TiO, coating for

enhanced photocatalytic effect

Embedding particles in TiO, films has the effect of enhancing the photocatalytic
property of the films or provide additional functionality such as visible light
photocatalytic property. In this chapter, the photocatalytic properties of TiO, films
embedded with anatase, rutile, P25 and SrTi; xFe<Os.5 particles were investigated.
The TiO, films were embedded with particles through spraying of particle
dispersion on the substrate followed by TiO, film deposition via APCVD. Anatase,
rutile and P25 particles were embedded in TiO, films to investigate the effects on
UV light photocatalytic property while a novel material, SrTi;.<FexOs.5, was tested
for its visible light photocatalytic capabilities. The particle dispersions were
characterized for their particle size and zeta potential while the films embedded
with particles were characterized for its surface area and surface coverage of its
particles. Photocatalytic property of the embedded particle films was analyzed with

stearic acid under either UV or visible light illumination.

6.1 Anatase, Rutile and P25 embedded TiO, films

Rutile, Anatase and P25 particles were embedded in TiO, films to improve the UV
photocatalytic property of TiO, films. While the rutile particles formed
heterojunction semiconductor with the TiO, the anatase particles increased the
surface area of the TiO; films. P25, on the other hand, had a higher photocatalytic

property than anatase or rutile particles [135]. As such, embedding P25 could
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improve the photocatalytic property of TiO, films. Here, the effect of embedding
anatase, rutile and P25 on the UV light photocatalytic effect of TiO, films was

investigated.

6.1.1 Particle size distribution and stability for Anatase, Rutile and P25

To embed particles in the TiO, films via spray with APCVD, the particles were first
dispersed in a solvent. However, particles tend to agglomerate when dispersed in a
solvent. This is caused by constant collision between particles (Brownian motion)
and attractive forces, such as Van der Waals forces, which binds the particles
together. Large particles have a lower photocatalytic effect due to the reduced
surface area for the transfer of photogenerated electrons and holes. To prevent the
agglomeration of particles, repulsive forces, such as electrostatic charges, may be
introduced to the particle surface to keep the particles apart. This can be carried out

by adjusting the pH of the solution.

Anatase (Aldrich), rutile (Aldrich) and P25 (Degussa) particles were dispersed in
various solvent (water, ethanol, iso-propanol and methanol) at a concentration of
0.1 g/liter. The pH of the dispersion was adjusted using acetic acid or ammonia
which modified the charge on the particle surfaces. Ultrasonic agitation (Fisher
Scientific sonic dismembrator model 500) was applied to the dispersion for 3
minutes to reduce the particle size in the dispersion. Particle size of dispersions was

measured using the Malvern Instrument Zetasizer Nano-ZS.

Figure 6.1 shows the average particle sizes of anatase dispersed in various solvents

under different pH conditions. Under the right pH condition, the various anatase
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dispersions were able to achieve a particle size of = 150 nm. For organic solvents
(methanol, ethanol and IPA), the dispersion showed good stability in the acidic
region but agglomerated at neutral to alkaline region. For water, the dispersion
showed small particle size under the conditions of extreme acidic or alkaline pH.
The particle size increased at neutral and slightly acidic region. The smallest

particle size achieved was 150 nm.
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Figure 6.1 Average anatase particle size dispersed in different solvent under different pH

condition.

For rutile dispersions (Figure 6.2), particles remained relatively large, at 260 nm, as
compared to anatase particles. Particles were reduced in size in the alkaline region
when dispersed in methanol. For ethanol, effective size reduction was achieved at
both high acidic and alkaline pHs. In water, the particles remained small at neutral
to alkaline region while particle size remained significantly large when dispersed in

IPA.
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Figure 6.2 Average rutile particle sizes dispersed in different solvent under different pH

condition.

P25 particles comprise a majority of anatase phase with some rutile phase. As such,
its particle size would be expected to show similar trends to those of anatase.
Zetasizer measurement (Figure 6.3) shows that P25 dispersed well in ethanol at
neutral and acidic region and at both extreme acidic and alkaline region for water.

Its average particle size reached a minimum of 200 nm.
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Figure 6.3 Average P25 particle size dispersed in different solvent under different pH

condition.

To ensure that the particles do not agglomerate over time, a settling test was carried
out for particles dispersed in water at pH 3 for anatase and P25, and at pH 10 for
rutile. Dispersions were left undisturbed for a period of time before testing their
particle size. Table 6.1 shows the particle size after settling. The results showed that
the particle dispersions were stable and remained relatively unchanged over a
period of 5 days. Rutile and P25 dispersions showed a slight decrease in the particle

size probably due to large particles settling to the bottom of the container.

Zeta potential measurements also showed good dispersion stability in the various
dispersions (Table 6.1). All dispersions had a zeta potential value of > 40 mV which

represented good to excellent stability under the ASTM standard D 4187-82.
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Particle size (nm) Zeta Potential at

day 0 (mV)
Dispersion Oday | 1day | 2day | 5day

Anatase 164 173 160 170 40
Rutile 261 268 248 221 -54
P25 233 221 218 202 53

Table 6.1 Particle size after settling test and zeta potential measurement of anatase, rutile and

P25 dispersions.

From the particle size analysis, the smallest particle size achieved for anatase, rutile
and P25 were 150, 260 and 200 nm respectively. For anatase and P25, the particles
were dispersed in water at pH 3 with 3 minutes of ultrasonic agitation. For rutile,

the particles were dispersed in water at pH 10 with 3 minutes ultrasonic agitation.

6.1.2 Embedding Anatase, Rutile and P25 particles in TiO, films through

spray and APCVD

Using the various particle dispersions, particles (anatase, rutile and P25) were
embedded in TiO; films through spray and APCVD deposition. The dispersions
were sprayed onto the substrate for 1, 2 and 4 cycles. 2 cycles of TiO; films (35 nm)
were deposited on top of the particles to act as matrix binding onto the particles. 35
nm of TiO; films was used so as to avoid the photocatalytic saturation limit of TiO,
films and allowed electrons and holes generated in the particles to participate in the

photocatalytic reaction.
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6.1.3 XRD analysis of embedded particle films

Figure 6.4 shows the XRD analysis of TiO, films embedded with 4 cycles of
particle spray. For films embedded with anatase particles, only anatase phase was
observed. For P25 particles, a small rutile peak at 2 theta = 27.4 © was observed
while for films embedded with rutile particles, both anatase and rutile phase were

observed from the XRD analysis.
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Figure 6.4 XRD analysis of TiO, films embedded with 4 cycles of anatase, rutile and P25.

6.1.4 Surface area of particle embedded TiO, films

With addition of particles in the TiO, films, the film’s surface became rougher
which could improve its photocatalytic property due to greater sites for transfer of

electrons and holes to the organic contamination on the surface. Figure 6.5 shows
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the AFM images of the particle embedded TiO; films. Films embedded with P25
particles showed a larger concentration of particles as compared to anatase and
rutile. This might be related to its small particle size (average size of 238 nm) and
dense particles [136] which allowed the particles to stay onto the substrate during
the spray process. The AFM images also showed P25 particles having a greater
amount of aggregation of the particles with some forming larger particles. Rutile, on
the other hand, has a larger particle size with average particle size of 297 nm. This
is related to its poor particle dispersion. Anatase shows a better separation of
particles as it has the smallest particle size of 193 nm. The particle sizes measured
from AFM are slightly larger those measured from zetasizer (Table 6.1) due to

artifacts arising from the curvature of the AFM tip.

Surface area of TiO, films embedded with particles was determined from AFM
measurement. Table 6.2 shows the % surface area difference for films embedded
with particles as compared to plain TiO, films. The % surface area is defined as the
increase in surface area over a flat surface. With an increase in the number of spray
cycles, the % surface area difference was observed to increase for the 3 different
particles. The increase in % surface area difference was generally proportional to
the number of spray cycles except for TiO, films with 4 cycles of P25 particles,
which shows a smaller increase (14.1% increase) compared to 2 cycles (32.5%
increase). This was due to aggregation of particles deposited on the substrate
leading to smaller increase in surface area. Films embedded with rutile and anatase
generally showed a smaller increase in surface area compared to P25 particles. This
was due to the larger amount of particles deposited with P25 dispersion as can be

observed from the AFM images. This increase in % surface area difference can
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contribute to an increase in photocatalytic property with greater number of sites for

transfer of electrons and holes to the organic contamination.

Figure 6.5 AFM images of TiO, films embedded with (A) anatase, (B) rutile and (C) P25

particles.

6.1.5 Surface coverage of particle embedded TiO, films

Particle surface coverage was determined from the SEM images using Imagel]
software. The method of analyzing the surface coverage was detailed in Chapter 3.
Table 6.2 shows the average surface coverage of TiO, films embedded with

particles. The average surface coverage was calculated from the surface coverage of
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10 SEM images. Similar to the % surface area difference, with more spray cycles,
an increase in the particle surface coverage was observed. Also, films embedded
with P25 particles showed greater amount of surface coverage as more particles
were sprayed on the substrate. Generally, surface coverage as analyzed by SEM

images showed a lower value compared to % surface area difference.

Embedded No of spray % surface area Average particle
Particles cycles difference surface coverage

(o)

Anatase 1 9.7 6.4

2 15.8 12.5

4 33.7 32.7

Rutile 1 8.7 5.1

2 16.9 12.5

4 28.7 20.2

P25 1 28.9 21.9

2 61.2 38.9

4 75.3 46.9

TiO; film - 2.0 -

Table 6.2 % surface area difference of TiO, films embedded with anatase, rutile and P25

particles.
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6.1.6 Photocatalytic degradation of stearic acid by TiO, films embedded

with anatase, rutile and P25 particles

Figure 6.6 shows the photocatalytic reaction rate of TiO, films embedded with
anatase, rutile and P25 particles. Films embedded with P25 particles showed the
greatest improvement to the photocatalytic degradation of stearic acid. The increase
in photocatalytic reaction rate was 2 times higher compared to 60 nm of TiO; film,
which was the highest photocatalytic reaction for plain TiO, films. This
improvement with embedded P25 particles was due to the high photocatalytic effect
of P25 particles itself. Anatase too showed improvement in stearic acid degradation
rate with increased particle loading in TiO, films. However, the highest
photocatalytic reaction rate achieved was 4 x10? cm™min™, similar to 60 nm of
plain TiO; film. Thus, unlike P25 particles, embedded anatase particles could not
achieve a higher photocatalytic reaction than 60 nm TiO, film. Films embedded
with rutile particles showed no effect to the photocatalytic reaction rate of TiO,
films. The reaction rate remained constant with increase particle loading and was

similar to TiO, films without any embedded particles (35 nm TiO5).
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Figure 6.6 Stearic acid degradation by TiO, films embedded with anatase, rutile and P25. The
two horizontal lines are the degradation rate by 35 nm and 60nm of TiO, film (without

embedded particles).

From the photocatalytic test, an increase in surface area played a less crucial role to
increase in photocatalytic reaction rate compared to the type of particles embedded
in TiO; films. For films embedded with rutile particles, while an increase in surface
area was observed with more embedded particles, the photocatalytic reaction rate
remained relatively constant. This was due to the fact that all the electrons and holes
generated from the 35 nm of deposited TiO, film were participating in the
photocatalytic reaction. Thus, the increase in surface area did not result in more
electrons and holes engaging in the photocatalytic reaction. For films embedded
with 2 and 4 cycles of P25 particles, the degradation rate remained constant which

suggested the photocatalytic limit of embedded P25 particle films.
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6.2 SrTi;.yFe,O; particles embedded in TiO, films for visible light

photocatalytic reaction

SrTi1x)FexOs particles were embedded in TiO, films with the intention of adding
visible light capabilities to the TiO, films. SrTi;.«FecOs is a solid solution of
SrTiOs and SrFeOj;.5. The bandgap of SrTi(;.FeO; ranges from 1.9 eV (SrFeOs.5)
to 3.2 eV (SrTiO3) depending on the x value for SrTi(;«FecOs. With the decrease of
bandgap for photocatalytic SrTi(.xFexOs3, visible light absorption capabilities could
be achieved. The synthesized of SrTi(.xFexO3; was described in Chapter 3. Here,
the particles were named according to their iron content where STF02 represents an

x value of 0.2.

6.2.1 XRD analysis of SrTi(;.xFe,O; particles synthesized by high

temperature solid state reaction

SrTi(;x)FexOs particles were synthesized using high temperature solid state reaction.
The XRD analysis of the synthesized SrTi(;x)Fe<Os particles are shown in Figure
6.7. Only perovskite phase can be observed from the XRD analysis. Peaks for its
starting material were not detected. This showed that reasonable pure SrTi(j.nFe<O;3

particles were synthesized from the high temperature solid state reaction.
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Figure 6.7 XRD analyses of SrTi(;.,Fe,O; particles showing single perovskite phase.

6.2.2 Visible light Methylene Blue photocatalytic test

Methylene blue was used as the organic contaminant to test the visible light
photocatalytic property of SrTi(.\FexOj3 particles. Here, methylene blue was used
as it can dissolve in water and can be easily detected using UV-Vis
spectrophotometer. The decrease of methylene blue concentration with STFO08
particles under visible light illumination was shown in Figure 6.8. With 7 hours of
visible light illumination, only 40 % of the original methylene blue was left. In
comparison, the control sample (without particles) showed only a slight decrease in
concentration which was due to photolysis reaction. From the methylene blue test, it
suggested the possibilities of visible light photocatalytic capabilities of SrTig.

wFexOs particles.
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Figure 6.8 Visible light photodegradation of methylene blue with STF08 particles.

6.2.3 Dispersion of SrTi;_,Fe,O; particles

SrTi(1x)FexOs dispersion were prepared in a different method compared to anatase,
rutile or P25. As SrTixFexO3; decomposed into SrCO3 in water, the particles were
dispersed in ethanol using high energy ball milling to reduce the particle size. The
balls and bowls used for high energy ball milling were made of yttrium-stabilized-

zirconium.

For the dispersion process, 1 g of SrTi(;xFexOs particles was dispersed in 100 ml of
ethanol. The dispersion was milled at a milling speed of 350 rpm for 16 milling
cycles. Each milling cycle consisted of 10 minute milling with a 5 minute interval
for cooling down. After milling, the dispersion was diluted to 1 g/l before used for

the spray process.
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Table 6.3 shows the average particle size for the different SrTi(;.xFexO3 dispersions.
The dispersions showed an average particle size of between 180 to 300 nm. This
was comparable to the anatase, rutile and P25 dispersion in section 6.1.1. Also, the
zeta potential values showed good stability of the dispersions. Using the

dispersions, SrTi.xFesO3 were embedded in TiO, films using the spray and

APCVD method.
Particles Average particle Zeta potential
size (nm) (mW)
STO 2943 42.5
STF02 233.2 50.8
STF04 290.9 36.4
STF06 256 44.7
STFO8 210 50.9
SFO 188.4 52.6

Table 6.3 Average particle sizes and zeta potential of SrTi.,Fe,O; particles in ethanol.

6.2.4 XRD analysis of SrTi(;.yFe,O; particles embedded in TiO, films

Figure 6.9 presents the XRD analysis of SrTi(;.«)FecOs particles embedded in TiO,
films. Other than the anatase phase detected for TiO, films, XRD analysis also

showed SrTi(;x)FecOs perovskite phase. Peaks such as SrCO; were not observed.
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This showed that the crystallographic phase of SrTi.FecOs; particles was
preserved with no decomposition of particles occurring during the deposition

process.

P(110)

SFO
STFO08

STFO6

Intensity(a.u.)

STF04
STF02

STO

2 theta

Figure 6.9 XRD analysis of SrTi;.Fe,O; particles embedded in TiO, films. A: anatase, P:

perovskite.

6.2.5 UV-Vis analysis of SrTi;Fe,O; particles embedded in TiO, films

Figure 6.10 shows the absorbance spectrum of the TiO, films embedded with SrTi;.
oFexOs3 particles. With increasing iron content in the SrTi(.«)Fe\Os particles, the
absorbance spectrum showed an increase at higher wavelength (340-440 nm). Films
embedded with SFO particles showed a red shift in the absorbance spectrum. While
the absorbance spectrum could not confirm the visible light photoactivity of SrTi;.
oFexOs particles, it indicated that the particle could absorb longer wavelength light

and could be capable of visible light photocatalytic reaction.
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Figure 6.10 Absorption spectra of TiO, films embedded with SrTi;_,Fe,O; particles.

6.2.6 UV light photocatalytic reaction of SrTi.,Fe,O; particles

embedded in TiO, films

Figure 6.11 gives the results of UV light stearic acid tests carried out on embedded
particle films. Results were compared to those of plain TiO, films. It was observed
that SrTi(;x)FexO3; embedded particle films showed poorer stearic acid degradation
as compared to TiO; films. This was despite the fact that all the films have 35 nm of
TiO, film deposited on the substrate. Films embedded with STO particle films were
observed to have similar degradation rate as TiO, films. With an increase in the iron
content in embedded SrTi( . Fe O3 particle, the degradation rate was found to
decrease with embedded STF08 and SFO particles showing a degradation rate of
0.2 x10? cm'min”. Furthermore, the decrease in degradation rate was also

observed when there was an increase in the number of spray cycles.
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Figure 6.11 Stearic acid degradation under UV illumination by TiO, films embedded with

SrTi(l _x)FexO3 .

Such reduction in photoactivity of SrTixFecOs particle embedded TiO, films
bored similarity to the Fe,O3/TiO, couple semiconductor. For Fe,05/TiO,
semiconductor, several reasons had been proposed to explain the reduction in
photocatalytic properties: 1) loss of oxidation power for photogenerated holes
[137], 2) recombination centers caused by Fe*" ions [82], and 3) optical screening
effect of Fe,O5 particles [82]. Optical screening was unlikely to cause any decrease
in photoactivity for SrTi;xFecOs particle films as the particles were located
underneath the TiO, layer. Thus it could not cause any screening effect to TiO;
films. For the loss in oxidation power, the valence band position of Fe,O3; which
was at a lower potential than that of TiO,. Thus, as photogenerated holes migrated
to the valence band of Fe,0s3, it suffered from a reduction in oxidation power which
inadvertently caused the reduction in photoactivity. Similar valence band position

for SrTi(;x)FexO3 had been predicted by Rothschild et al. [82], as such, similar loss
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of oxidation power would be expected. In addition to the loss of oxidation power,
electron hole pair recombination had been reported to occur at the Fe*" sites. The
case of transfer of electrons to Fe*" ions and the lower bandgap of Fe,O; facilitated
the electron hole recombination effect [138]. Similar condition was found in SrTi;.
oFexOs particles where its small bandgap and continuous hopping of electrons at
Fe*" sites resulted in its recombination effect. Thus, the lower oxidation power of
holes and recombination centers in Fe'" ions resulted in the decrease in

photoactivity of SrTi(;xFe O3 particle embedded TiO, films.

6.2.7 Visible light photocatalytic reaction of SrTi.,Fe,O; particles

embedded in TiO, films

Degradation of stearic acid under visible light is presented in Figure 6.12. Despite
the long illumination time (7 hr) and the high lamp intensity (10 klux), all the TiO;
films could not fully decomposed the stearic acid. TiO, films embedded with SrTig;.
»Fex0s particle did not showed obvious visible light photocatalytic effect. This was
despite the visible light respond observed with methylene blue and absorption
capabilities from the absorbance spectrum. This lack of visible light photocatalytic
effect was likely to be cause by lower oxidation power and presence of
recombination sites as encountered with the photocatalytic test under UV

illumination.
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Figure 6.12 Stearic acid degradation under visible light (10k lux) by TiO, films embedded with

Sl'Ti(l _X)FexOQ,.

6.3 Conclusion

Four different particles have been embedded in TiO, to enhance the photocatalytic
effect of the films. Among them, P25 showed the greatest improvement with a 2
times increase in the UV light photoactivity compared to 60 nm of bare TiO, film.
Anatase showed improvement in photoactivity but the photoactivity did not exceed
that of 60 nm TiO, film. Rutile, on the other hand, did not show any improvement
to its photoactivity. SrTi(;.x)FexOs particles have the purpose of providing visible
light photoactivity to the films, however, caused a decrease in photoactivity under
UV illumination. The decrease was caused by a lowered oxidation power and the
presence of Fe*" recombination centers. This similarly affected the visible light

performance of SrTi(.xFexOj3 particle embedded TiO, films.
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Chapter 7: Enhancing photoactivity of TiO, films

via tin doping

Transition metal doping in TiO, has been demonstrated effective for enhancing the
photocatalytic property. Among the various metal dopants, tin doping has shown
great promise as it helped to suppress recombination of photogenerated electrons
and holes. Sn*" dopants introduced an energy state in the bandgap of TiO,, at 0.4 eV
below its conduction band [138]. Furthermore, the incorporation of Sn*" ions
promoted the crystallization of rutile phase as cassiterite SnO, crystallized in the
same tetragonal crystal structure as rutile TiO, [139, 140]. The crystallization of
rutile phase formed anatase-rutile mixed phase TiO; films [97], which could
enhance the photoactivity of the films as had been observed in P25 particles. In this
chapter, tin was doped into TiO; films using AACVD. In addition, TiO, films
coated on top of tin dioxide film to form the dual TiO,/SnO; layer. The dual layer
induced the formation of rutile phase in the TiO, layer and improved the
photocatalytic property through heterojunction semiconductor effect. The films
were tested for their UV light photocatalytic properties. UV-Vis spectroscopy was
also carried out to investigate the effects of Sn*" dopants on the absorbance
spectrum of the tin-doped TiO, films. The amount of Sn** dopants was determined

using XPS while AFM was used to analyze the grain size of the films.
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7.1 Tin-doped TiO, films deposited via AACVD

Tin-doped TiO, films were deposited on soda lime glass pre-coated with SiO,
barrier layer using AACVD. The precursor used was a mixture of titanium
tetraisopropoxide and tetrabutyl tin. The tin-doped TiO, films were deposited from
a precursor mixture containing 0-10 % by volume of tin precursor. The deposited
films were labeled according to the tin precursor concentration used with 1 %

precursor concentration named as Sn01TiO; and 2 % as Sn02TiO..

7.1.1. XPS analysis of tin-doped TiO, films

Figure 7.1 shows the detailed XPS spectra of Ti 2p peaks. The Ti 2ps;, and 2pi.
peaks were located at 458.7 and 464.4 eV, which was in agreement with reported
work [141]. The intensity of these peaks decreased with the increase of tin precursor
concentration used for the deposition indicating that a greater amount of Ti*" ions
were substituted by the Sn*" ions. In addition, a slight shift to higher binding energy
of the Ti 2p XPS spectrum was observed with increasing Sn precursor concentration
used. In addition, a slight shift to higher binding energy of the Ti 2p XPS spectrum
was observed with increasing Sn precursor. As Sn*" ions is more electronegative
than Ti*" ions, the incorporation of Sn*" ions was believed to be responsible for this

shift in the binding energy [142].
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Figure 7.1 High resolution Ti 2p XPS spectra of the tin-doped TiO, films.

Figure 7.2 shows the Sn 3d XPS spectra of the deposited films, where Sn 3ds, and
3d;;, peaks were located at around 486.5 and 495.3 eV respectively. With increase
Sn precursor concentration used for the deposition, a gradual increase of the Sn 3d
peaks intensity was observed. This indicated an increased in the Sn content in the
deposited films. Figure 7.3 shows the percentage tin concentration of Sn*" ions in
the TiO, films. The percentage tin concentration was determined from the atomic
concentration of Sn*" and Ti*" ions, which was generated from the XPS analysis.
This increase in Sn*" ions was expected given that more tetrabutyl tin precursor was

available during the deposition process.
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Figure 7.2 High resolution Sn 3d XPS spectra of the tin-doped TiO, films.
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Figure 7.3 Percentage tin dopants in TiO, films
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7.1.2 XRD analysis of tin-doped TiO, films

Figure 7.4 shows the XRD pattern of the deposited tin-doped TiO, films. It was
found that all the films comprise of only anatase phase. The diffraction peaks
observed at 28 value of 25.9° 48.9° and 56.0° can be assigned to (101), (200) and
(211) planes of anatase TiO,. No rutile TiO; and SnO; peaks were detected from the
XRD patterns. Generally, with an increase of tin precursor concentration used for
film deposition, all the XRD peaks shifted to a lower angle side. This shift in peak
position was the result of the substitution of Ti*" ions (ionic radius of 0.68 A) by the
larger Sn*" ions (ionic radius of 0.71 A), which led to the increase in crystal cell
volume and the shift in XRD pattern. The Sn*" ions were more likely to be doped
into TiO; via substitution mode due to similarity in electronegativity and ionic

radius of Sn*" and Ti*" ions [143].
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Figure 7.4 XRD analyses of tin-doped TiO, films.
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7.1.3 Absorption spectrum analysis of tin-doped TiO, films
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Figure 7.5 Absorbance spectrum of tin-doped TiO, films.

UV-Vis absorption spectra of plain soda lime glass, pure TiO, coating and tin-
doped TiO; films are presented in Figure 7.5. Plain soda lime glass showed
absorption in the UV region at wavelength below 330 nm. After deposition with
TiO; films, the absorption edge was shifted to higher wavelength to 350 nm. Bulk
anatase TiO, has a bandgap of 3.2 eV which allowed the absorption of photons with
wavelength below 387 nm. Here, the absorption occurred at a lower wavelength due
to quantum effect on nanocrystalline TiO, films [97]. With increasing tin content in
the coatings, the absorption edge was observed to gradually shift to higher
wavelength. This shift in absorption edge was caused by Sn** dopants, which has an
energy level at 0.4 eV below the conduction band of TiO, [138]. This suggested that

with tin doping, photons with lower energy could be absorbed by TiO; films for
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photocatalytic reaction. However, the shift in absorption spectrum was insufficient

for the absorption of visible light.

7.1.4. Surface topography of tin-doped TiO, films

Figure 7.6 shows the surface morphology of the deposited tin-doped TiO, films.
The grain size of pure TiO; films was about 40 nm. With tin doping of up to about
3.8 at.%, grain size remained unchanged. But with further of Sn-doping, grain size
increased evidently. The grain size in the Sn03TiO, was about 50 nm. For

Sn10TiO; coating sample, some of its grains reached a size of more than 80 nm.

The increase in grain size would have a detrimental effect to the photocatalytic
property of the films as it reduced the specific surface area of the films. With a
decrease in surface area, less active sited were available for the transfer of
photogenerated electrons and holes to initiate the degradation process on the

organic contamination.
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Figure 7.6 AFM images of the tin-doped TiO, films. (A) TiO,, (B) Sn02TiO,, (C) Sn03TiO, and

(D) Sn10TiO,.

7.1.5. Photocatalytic properties of tin-doped TiO, films

Degradation rates of stearic acid by tin-doped TiO, films are presented in Figure
7.7. At low tin doping concentration, a gradual increase in photoactivity was
observed with increasing tin doping concentration. The increase in photoactivity
reached a maximum with Sn02TiO,, and this corresponded to 3.8 at.% tin doping in

the TiO, films. Further increase in tin doping had an adverse effect in the
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photoactivity with Sn10TiO, sample having a photoactivity of only 30 % of the

original degradation rate with TiO, films.
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Figure 7.7 Stearic acid degradation rates by various tin-doped TiO, films.

The initial increase in photoactivity was the results of Sn*" dopants, which
introduced additional band states into the bandgap of TiO,. The band states were
located at 0.4 eV below the conduction band of TiO,. This allowed photogenerated
electrons to be trapped in the Sn band states, thus, resulting in a separation of
electrons and holes. With the separation of electrons and holes, its recombination
rate decreased. As a result, a greater amount of electrons and holes were available
for the photocatalytic reaction process. Thus, a faster stearic acid degradation rate

was observed.

At tin-doping concentration of above 5 at.%, the photoactivity of the TiO; films

decreased. This decrease was the result of both an increase in grain size of the TiO;
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films and the introduction of recombination sites by the Sn* dopants. The increase
in grain size was first observed for Sn03TiO, sample (Figure 7.6C), which
coincided with the decrease in photoactivity. As such, grain size played a major role
in determining the photoactivity of the TiO, films. In addition to the increase in
grain size, the increase in tin dopants led to a decrease in the average distance
between the electron trapping sites. As the distance between the trapping sites
decreased, the tin dopants act as recombination sites leading to the decrease in
photoactivity [144]. Such decrease in photoactivity due to excessive doping in TiO,
was also reported for other metal ions such as Fe*" [145], Co®" [146], V' [147] and
Mn®* [148]. Choi et al. had compared several metal doped TiO, colloids (Fe*, V**,
V¥, Re, Mo, Ru3+, Mn**, Co’ ° Rh3+) and found similar decrease in
photoactivity with doping concentration of more than 1 at.%. Thus, with the
increase in grain size and recombination sites, the photoactivity of TiO, films

decreased at tin doping levels of more than 5 at.%.

7.2 TiO,/Sn0O, bilayer films

To induce the formation of rutile phase in TiO, films, the TiO, films were deposited
on top of SnO; layer. Due to the similar crystal structure of cassiterite SnO, and
rutile TiO,, the SnO, layer served as nucleation sites for formation of rutile TiO,.
This led to the presence of mixed anatase and rutile phase in the TiO, layer.
Through heterojunction semiconductor effect, the photocatalytic property of TiO,
layer could be enhanced. Here, the deposition and photocatalytic property of

Ti0,/SnO; bilayer were investigated.
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7.2.1 Deposition of TiO, on SnO,

SnO, layer was deposited via AACVD system using only tetrabutyl tin as the
precursor while TiO, films was deposited using APCVD as described in chapter 4.
For deposition of SnO, layer, oxygen gas was used as the carrier gas instead of N,
while other parameters remained unchanged. Ellipsometer measurement had
showed that 22 nm of SnO, were deposited with 10 cycles of APCVD. As such,
each deposition cycle deposited 2.2 nm of SnO, layer. The TiO, films (60 nm) were
deposited on 1-4 cycles of SnO, layer. The synthesized samples were named
according to the number of SnO; cycles with TiO2-1SnO2 for 1 cycle of SnO;

coating and etc.

7.2.2 XRD analysis of SnO, and TiO, on SnO, layer
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3 cycles SnO2
2 cycles Sn0O2
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Figure 7.8 XRD analyses of SnO, films.
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XRD analysis of SnO; films (Figure 7.8) showed two small peak at 2 theta = 26.7°
and 52.4° which corresponded to (110) and (211) plane of cassiterite SnO, phase.
The two peaks decreases with lesser number of deposition cycles. For 1 deposition
cycle, the two SnO, peaks could not be detected by XRD. The low XRD intensity
of SnO, films showed that the deposited films were very thin. This agreed with
ellipsometer measurement where the deposited films were estimated to be <10 nm

in thickness.

Despite the thin SnO; layers, TiO, films deposited on top of SnO, layers showed a
changed in crystallographic structure. Figure 7.9 shows the XRD analysis of the
TiO,/SnO, bilayer films. Previously without any deposited SnO, layers, only
anatase phase had been detected. Here, both anatase and rutile phase were observed
in TiO; films. The rutile peak increased in intensity with increased number of SnO,
deposition cycles. However, at 4 cycles of SnO; layers, a decrease in rutile peaks
was observed. This decrease was likely to be due to greater interaction between

rutile and SnO; leading to a broadening and peak shift in the rutile peaks.
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Figure 7.9 XRD analysis of TiO, deposited on SnO, films.

Table 7.3 presents the weight fraction of anatase and rutile phase for the respective
Ti0,/SnO; bilayer films. The weight fraction of rutile increased with increasing
SnQO; layer but showed a drop with 4 cycles of SnO,. The decrease in rutile weight
fraction could be caused by the close proximity between of rutile and SnO; peaks in

the XRD pattern.
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samples % anatase phase | % rutile phase
Ti02-1Sn02 71 29
Ti02-2Sn02 60 40
Ti02-3Sn02 52 48
Ti02-4Sn02 63 37

Table 7.1 Percentage composition of anatase and rutile phase in TiO, films deposited on top of

SHOZ.

7.2.3 Absorbance spectrum of TiO, on SnO; layers

Absorbance spectrum of Ti0O,/SnO; bilayer films are presented in Figure 7.10. The
absorbance spectrum of all bilayer films showed a red shift compared to TiO; films.
The red shift was caused by the presence of rutile phase in the TiO; films. The
absorbance spectrum showed that all the TiO, layers on SnO; films were capable of
absorbing light with a higher wavelength for photocatalytic reaction and possibly

emulating the high photocatalytic property of P25.
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Figure 7.10 UV-Vis absorbance spectrum of TiO, films deposited on SnO, layers.

7.2.4 Surface topography of TiO,/SnO, films

Surface topography of the various TiO,/SnO; films is shown in Figure 7.11.
Compared to the TiO, films deposited on glass, the films showed an elongated
shape. The grain size was also larger at about 60 nm. For films deposited on 1 to 3
cycles of SnO, layers, the films showed similar surface topography with a grain size
of about 60 nm in diameter. An increase in grain size was observed for TiO2-
4Sn02 which reached to about 90 nm in size. Furthermore, the grains appeared to
be round rather than elongated compared to the other films. Such increase in grain

size would have a negative impact on the photoactivity.
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© (D)

Figure 7.11 AFM images of TiO, deposited on SnO, layers. (A) Ti02-1Sn0O2, (B) TiO2-2Sn02,

(C) Ti02-3Sn02 and (D) TiO2-4Sn02.
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7.2.5 Photocatalytic property of TiO,/SnO, films
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Figure 7.12 Stearic acid degradation rates of TiO,/SnQ, films.
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Stearic acid degradation rate (Figure 7.12) showed that with increasing SnO, layer,
a gradual decrease in the photocatalytic reaction rate was observed. The decrease
was related to the migration of electrons and holes between TiO, and SnO, layers.
Figure 7.13 shows the bandgap diagram of TiO, and SnO, layer. In the
Ti0,/SnOy/glass layer, holes were accumulated in the TiO, layer and could
participate in the photocatalytic reaction process [149]. On the other hand, electrons
were accumulated and trapped in the SnO; layer. As the SnO, layer was sandwiched
between TiO, and glass, the accumulated electrons were unable to react with
absorbed oxygen for photocatalytic reaction [150]. Furthermore, increase in grain
size would have caused further decrease in photoactivity of the films. As a result,

films deposited on SnO; layer suffer from a loss in its photocatalytic property.
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Figure 7.13 Band diagram of TiO,/SnO, films.

Due to the trapping of electrons in the SnO, layer, the effect of rutile formation on
the photoactivity was less clear. From the XRD analysis, 30-50% of the anatase had
been converted into rutile phase. In the previous chapter, Figure 6.6 shows that
embedded rutile particles did not enhance the photoactivity of the TiO, films. Thus,
with a 30-50% conversion of anatase to rutile phase, the photoactivity of the films
was expected to decrease by an equal amount. However, Figure 7.12 shows that the
decrease in photoactivity was more gradual at 10-26%. This suggested that rutile
had a positive effect to the photoactivity. With the effect of trapped electrons in
SnO; and grain size, the positive heterojunction effect was, however, overshadowed

and a net gradual decrease in photoactivity was observed.

7.3 Conclusion

Tin-doped TiO, and TiO,/SnO, bilayer films had been deposited. Tin-doped TiO,

showed an improvement to the photoactivity of TiO, at low level of tin doping. The
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enhancement was due to the introduction of Sn*" band states in the bandgap of
TiO,, which facilitates the separation of electron hole pairs. On the other hand,
TiO,/SnO; showed a mixed phase of anatase and rutile in the TiO, films. The
heterojunction effect of anatase and rutile was overshadowed by the trapping of
electrons in the SnO; layer and increase in grain size. Thus, an overall net decrease

in photoactivity was observed.
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Chapter 8: Conclusion and Recommendations

8.1 Conclusion

In this thesis, the enhancement of photocatalytic property of APCVD deposited

TiO, films has been reported. The contributions of this research can be summarized

as follows.

Deposition of thin uniform TiO, films by APCVD coater. The deposited
films showed UV light photocatalytic capability through degradation of
stearic acid and ethyl cellulose. An underlying SiO, barrier layer was coated
which improved the film’s photocatalytic property by reducing sodium
poisoning. Stearic acid test carried out on 25-90 nm thick TiO, films showed
saturation of the degradation rate at a film thickness of 60 nm. The deposited
TiO, films showed good integrity with its photocatalytic effect remaining
intact after a 6 months storage period.

Deteriorative effect of thermal annealing on TiO; films. TiO, films
deposited on quartz glass undergo thermal annealing to initiate a partial
phase transformation and achieved a mixed anatase and rutile phase for an
expected enhanced photocatalytic effect. The annealing effect, however,
resulted in an increase in grain size in the TiO; films. Furthermore defects
sites, such as OH and O were formed in the TiO, films as Ti ions diffused
to the surface and formed new TiO, layers. This resulted in a 2 stage

decrease in photoactivity of the annealed films where the first stage was
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cause by grain growth and defects formation. The second stage was due to
the formation of large rutile grains which had limited heterojunction
semiconductor effect with anatase films.

¢ Embedding particles (Anatase, Rutile, P25 and SrTi(;«FexO3) into TiO; thin
films. Particles were embedded into TiO; films through particle dispersion
spray and APCVD thin film deposition. Among Anatase, Rutile and P25,
P25 particles showed the greatest enhancement to the UV light
photocatalytic property with 2 times increase in stearic acid degradation rate
compared to 60 nm TiO, film. Rutile particles showed no improvement in
photoactivity due to the large rutile particle size which had limited
heterojunction effect with anatase films. Anatase particles, while showing
improvement in photoactivity, could not exceed the photoactivity achieved
by 60 nm TiO, film. SrTi(.xFexO3 particles meant to improve the visible
light photocatalytic property, however, caused a deterioration of UV
photocatalytic effect. The deterioration was due to loss of oxidation power
of the generated holes and recombination centers caused by Fe ions. The
deterioration in UV light photoactivity also adversely impacted the visible
light photoactivity of the films.

e Incorporation of tin into TiO, films. Tin was incorporated into TiO, through
AACVD. The tin dopants did not result in formation of rutile phase but
show an improvement in the photoactivity of the films with 3.8 at.% tin
dopants. The improvement was due to electron traps which helped to reduce
electron hole recombination. Further doping resulted in the formation of

recombination centers leading to a decrease in photoactivity.
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Deposition of SnO,/TiO, bilayer photocatalyst. The SnO, layer underneath
the TiO, films induced the formation of rutile phase, leading to the
heterojunction semiconductor in the TiO, films. However, due to the
trapping of electrons in the sandwiched SnO, layer, the films showed an

overall decrease in the photocatalytic property.

8.2 Recommendations for future studies

The following recommendations are made to extend the research on nanostructure

photocatalytic TiO, films.

Patterned bilayer semiconductor thin films. Bilayer heterojunction
semiconductor (i.e. TiO,/SnO;) led to the trapping of holes or electrons in
the sandwich layer between the substrate and the layer exposed to air.
Instead, the top TiO, layer may be patterned with photolithography to
expose the underlying SnO, layer as shown in Figure 8.1. This would allow
photogenerated charges trapped in underlying layers to participate in the
photocatalytic reaction process and achieve higher photocatalytic reaction
rate. Tada et al. [149] had reported high photoactivity of patterned
TiO,/SnO; bilayer photocatalyst for both gas and liquid phase reaction.
While Tada et al. [149] had deposited anatase TiO, films on the bilayer
semiconductor, further works could be carried out by depositing mixed
phase TiO; films on the SnO, layer. This could be achieved by depositing

the TiO; films through the APCVD coater as mentioned in Chapter 7.

127



NYANG

@ %9%23% Conclusion and Recommendations

Substrate

Figure 8.1 Bilayer TiO,/SnO, with exposed regions in the TiO, layer.

Doping of metal ions to reduce the grain size of TiO,. Metal ions, such as
tungsten [151] and aluminum [152], are reported to reduce the grain size of
TiO; particles. By doping these ions into TiO; films, the grain size of TiO,
films could be preserved or even reduced. Furthermore, through thermal
annealing or through co-doping with Sn*" ions, the grain size of anatase
could be preserved while that of rutile may be reduced. As such, this would
enhance the photocatalytic property of the films through anatase/rutile
heterojunction effect or through the addition of Sn*" band states in TiO,
bandgap.

Visible light photocatalyst. Most research focuses on fabricating visible light
photocatalysts as there were many applications to be exploited. However,
while metal and non-metal doping of TiO, were used to narrow its bandgap,
its photocatalytic efficiency and visible light absorption capability was
limited. Further research should concentrate on novel photocatalyst such as
BiVOy4 [153] or WOs [154].

Deposition on other substrate. TiO, films may be deposit with APCVD on

substrate such as stainless steel [155]. The TiO, coated metal substrate can
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be used for in many applications such as self-cleaning/sterilizing hospital
equipment, antimicrobial coatings for inclusion in air-conditioning.

e Further photocatalytic test can be conducted on various contaminations such
as E.Coli [156] or on volatile organic compounds [157]. This allows the
TiO, films to be used for applications such as antibacterial coating and

indoor air quality control.
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