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ABSTRACT

Titania is a cheap and nontoxic polymorphic material of current interest for a
variety of technological applications like in gas sensing and photovoltaic cells.
Generally, TiO2, with a band gap of 3.2 eV, can only be excited by a small UV
fraction of solar light, which accounts for only 3-5% of the solar energy. Various
strategies have been pursued including doping with metallic elements (e.g. Fe)
or nonmetallic elements (e.g. N) with the aim of shifting the absorption into the
visible range.

Since the properties and performance of devices, particularly for high-
temperature applications, may be affected by the transformation from one
phase to another, it is of significant interest to understand the conditions that
affect phase transitions. In the present work TiO2 was doped with platinum (Pt),
palladium (Pd), silver (Ag) and gold (Au) at doping levels of 5% weight,
following the standard sol-gel methods. Structural characterization was carried
out using scanning electron microscopy, Raman Spectroscopy and X-ray
diffraction. Optical properties were studied using the Diffused reflectance
Spectroscopy (DRS).

Doping with Pt and Pd resulted in a lower anatase to rutile phase transformation
temperature while doping with Au and Ag did not affect the transformation
temperature. SEM micrographs show that the surface contains irregular shaped
particles which are the aggregation of tiny crystals at lower temperature range,
whereas at higher temperatures (900 °C), spheroids are observe.The
reflectance spectra of the metal loaded TiO2 reveal substantial strong spectral
cut-off starting from roughly 400 nm to the entire visible region (i.e. they show

enhanced absorption).

viii



CHAPTER 1

1.1 GENERAL INTRODUCTION

Chapter 1 of this dissertation introduces the background information on the
three phases of TiO2, their structural importance and a wide range of
applications while chapter 2 gives a basic review on structural aspects, particle
size, impurities and precursor effects on phase transformation, and optical
properties. The focus of this work was on the synthesis of titanium dioxide
doped with precious metals (i.e. silver, gold, palladium and platinum) using the
standard sol-gel method as outlined in chapter three, which also reflect the
basic background on each characterization techniques and also to study the

locations of dopants and their effects on the structural and optical properties.

Considerable interest in semiconductors of nanometer proportions has grown
tremendously due to the quantum size effects that they exhibit [1]-[3]. Nano-
crystalline semiconductors have electronic properties transitional between those
of molecular entities and macro-crystalline solids and are at present the subject
of intense research [4]-[9]. Nano-metric semiconductor particles exhibit
interesting properties due to the large number of surface atoms and the three-

dimension confinement of electrons [10].

Modifying both the size and shape of the particles can alter the degree of
confinement of the electrons, and affects the electronic structure of the solid, in
particular the band boundaries, which are tunable with particle size [10]. Nano-
sized materials have been intensively studied due to their unique physical and
chemical properties as well as their great potential of technological applications
[4]-[8]. Regardless of many studies on the structural property relations of
nanocrystallites using the several characterisation techniques, such an

understanding is still to be acquired.



Therefore, the relationship between the size, phase transformation, metal
dopants and the structure of TiO2 nanocrystallites, which were prepared via a
sol-gel method with titanium iso-propoxide Ti [OCH (CHs)2]4 as the starting
material will be explored. Titania has a wide range of applications in
heterogeneous photocatalysis, including air purification, water treatment, self-
cleaning, antifogging [11]. The material properties of TiO2 nanocrystallites are a
function of the crystal structure, nanocrystallite size, and morphology and,
hence, are strongly dependent on the synthesizing method [11]-[20].

Titanium dioxide exists in three main kinds of crystalline structures namely
anatase, brookite and rutile. The three possess different physical and chemical
properties which direct them to different technological applications. For
example, the anatase phase is suitable for catalysis, while the rutile one can be
used in optical and electronic devices due to its high refractive index and
dielectric constant [11]. The rutile phase is thermodynamically more stable than
the anatase one at ambient temperatures. However, in the form of
nanocrystallites and at low temperatures, the anatase structure is the stable
phase [21].

Recently, nanostructured anatase TiO2 has attracted much attention as a key
material for dye-sensitised solar cells [21] and in gas sensors [22]. The
applications of nanosized anatase TiO2 are primarily determined by its
physiochemical properties such as crystalline structure, particle size, surface

area, porosity and thermal stability.

At very small particle dimensions, the surface energy is an important part of the
total energy and it has been found that the surface energy of anatase is lower
than that of rutile and brookite [23]-[26]. Although many attempts have been
made to control the process of phase transformation in titania, the
transformation occurs over a range of temperatures due to the complexity of the

crystal growth during the sample calcining process.

One other route of inducing the phase transformation is by adding transition
metal dopants which produces crystal defects and surface modifications which

result in the change of transformation activation energy [27], [28]. Metal loaded



TiO2 has been primarily studied to improve the catalytic activity under UV
irradiation [29]. Numerous metal ions have been investigated but there are

conflicting results on their effects on the visible-light photo-activity of TiOx.

In the present work, focus will be on the synthesis of sol-gel derived TiO2 doped
with four different precious metals (Ag, Au, Pd and Pt) and studies of the effects
of these precious metals on the structural and optical properties. The study is
also aimed at establishing the locations of dopants i.e. whether they are in the

TiO2 matrix or on the surface regions.

1.2 STUDY OBJECTIVES

The objectives of the study are as follows:
» Synthesis of titanium dioxide nanostructures doped with Pt, Pd, Au and
Ag using the sol-gel method.
» Characterisation of samples using X-ray diffraction (XRD), Scanning
Electron Microscope (SEM), Raman Spectroscopy (RS) and Diffuse
Reflectance Spectroscopy (DRS).

» Determination of dopant location (i.e. establish whether the metals go
into the TiO2 matrix or not.

» Determination of the effects of dopants on the optical properties of TiOx2.

1.3 DISSERTATION LAYOUT

Chapter 1 details the overall background on TiO2 sol-gel synthesis, doping
effect, the relationship between the size, phase transformation, metal dopants,

the structure of TiO2 nanocrystallites and the focus of this work.

Chapter 2 presents TiO: literature review looking at the particle size effect, the

importance of starting precursor materials and effect of impurities on phase



conversion. It also outline the important application of TiOz in gas sensing,

photovoltaic cells and includes the optical properties.

Chapter 3 informs about the starting precursor solutions used in this work and

the history of each characterization technique employed.

Chapter 4 presents the overall results obtained and all calculations done during
the experimentation including the observational confirmation of each technique

employed during the investigations by one another.

Chapter 5 gives the research summary and conclusion.



CHAPTER 2

LITERATURE REVIEW

2.1 STUCTURAL ASPECTS OF TiO2

Titanium dioxide has three polymorphs: rutile (tetragonal), anatase (tetragonal)
and brookite (orthorhombic). In addition, there are two high pressure phases,
TiO2-11 and TiO2-lll. Only the rutile, anatase and brookite will be described here
as they are the main crystalline structures of TiO2. The basic unit cell structures
of these phases are shown in figure 1 (a), (b) and (c). Both rutile and anatase
have a tetragonal structure, consisting of six and twelve atoms per unit cell,
respectively. In both structures, each Ti atom is coordinated to six O atoms and

each O atom is coordinated to three Ti atoms.

In each case, the TiOs octahedron is slightly distorted, with two Ti-O bonds
slightly greater than the other four, and with some of the O-Ti-O bond angles
deviating from 90°. The distortion is greater in anatase than in rutile. Both
crystal structures are frequently referred to as chains of TiOs octahedra having
common edges [30] with two and four edges shared in rutile and anatase,
respectively. Brookite was first discovered in 1849 in Magnet Cove [31], a site of
large deposits of the mineral. It was originally named ‘arkansite’ for the state it
was discovered in, Arkansas. The brookite structure is more complex and has a
larger cell volume when compared to the other two polymorphs. It is a highly
unstable phase amongst the three phases of TiOz; its unit cell is made of eight
formula units of TiO2 and is formed by edge distribution TiOs octahedra which
are similar to rutile and anatase structures [6]. Brookite is transitional in density
between rutile (densest) and anatase. It is of lower symmetry, orthorhombic,

versus tetragonal for rutile and anatase. TiO2 short-range order is less regular;



in brookite, all six nearest-neighbor Ti—O bond lengths are different and the
values span a larger range than in the tetragonal forms [5]. Studies of
amorphous TiO2 suggest a closer relation to brookite than to anatase and rutile
crystal forms of titania [32].

In the TiO2 lattice structure, two sites (interstitial and substitutional) are
identified, and dopant elements can occupy the sites relative to thermal
treatment of the samples [33]. There seems to be a general agreement in the
literature that the dopants that increase or create a high concentration of
oxygen vacancies in TiO2 will accelerate the anatase to rutile phase transition
whereas dopants that reduce such vacancies will stabilize the anatase phase
[34].

So far, it has not been possible to predict the effect of a given element on this
phase transition based on its position in the periodic table. Whereas copper is
known to accelerate the anatase to rutile phase transition [35, 36], gold has

been reported to retard it [37].



Figure 2.3(c): The crystal structures of brookite titania polymorph



2.1.1 Particle size effect of on phase transformation

Size reduction in nanocrystalline TiO2 leads to various exciting phenomena due
to the enhanced surface to volume ratio and the length scale for both mass and
charge transport since size effect refers to the change in thermodynamic
stability. Previous reports showed that in bulk TiO2 rutile is stable however, in
nano TiO2; the competition between surface energy and the energetic of
polymorphs stabilizes anatase at smaller particle sizes which the result in
thermodynamic stability CROSSOVER between anatase and rutile phases
noted by Wang et al. in (2013) [38].

There are two main grain size effects on phase transition which are involved
that will be deliberated in this subdivision. The “critical particle theory" is
considered generally as thermodynamic theory which was explained originally
by Garvie in reference to zirconia system in (1978) [39]. This theory was applied
by Kumar in (1995) [40] on the titania system, although the particle size kinetic
energy effect on phase transition from anatase to rutile was suggested by Gribb
and Banfield in (1997) [41]. Zirconia system is comparable to Titania system in
many ways, which has a tetragonal to monoclinic phase transition. Size effect
critical theory was deliberated by Garvie [39]. Free energy of a specific crystal
of ZrOzis as follows:

GT = - mr3GVT + 4mr2yT (2.1.1.1)
With GT = tetragonal phase free energy, GVT = tetragonal phase volume free

energy, r = particle radius, and y = surface energy. Similar expression of

monoclinic phase can be detailed as having a different free energy as below:
AG = 7 mr® AGVT + 4mr?Ay (2.1.1.2)

When tetragonal and monoclinic phases are in equilibrium, AG = 0 hence the

radius is as follows:

— _ 3y
oV (2.1.1.3)
If the free volume energy is defined as:
AGV = AH — TAS (2.1.1.4)



and knowing that AGV=0, at equilibrium the transformation entropy is

expressed as follows:

AS = % (2.1.1.5)
Tb = equilibrium transition temperature
Equations 2.1.1.4 and 2.1.1.5 can be joined to give

AGV = AH — % (2.1.1.6)
From equations 2.1.1.3 and 2.1.1.6, critical particle size is defined as:

re = ﬁ 2.1.1.7)

The patrticle radius that prevents transition of tetragonal to monoclinic phase is
defined as Garvie's critical particle size. Depending upon the fact that
monoclinic phase have a higher surface free energy compared to tetragonal
phase, if not, size effect would not be there [39]. After the suggestion by Garvie,
Srinivasan et al. in (1990) [42] markdown the effect of critical size and ascribe
that to zirconia stabilization due to chemical factors, furthermore it was also
acknowledged that if the minimum particle size are smaller then the theory
becomes more effective and it can be considered.

The rate of transition between tetragonal to monoclinic constantly fast-tracks
due to an increasing particle size hence the phenomena can mostly be
explained using the possibility that, an existing nucleus responsible for
transformation rises with an increase of tetragonal phase volume, which hence
becomes interpreted as greater grain size. A further clarification offered is that
during particle growth, flexible stresses have a tendency of appearing, which
are known to promote this tetragonal to monoclinic phase transformation [42].
The critical size effect as it applies to titanium dioxide is summarized by Kumar
[42], who used it to explain the initiation of the anatase-rutile transformation. He
found that both the grain sizes of rutile and the rutile content increased with
increasing time and calcination temperatures. The total free energy change

upon nucleation or growth processes can be expressed as:



AG = §m‘3gv + 4mrigs + %nr3ge (2.1.1.8)

r = nucleus radius, gv = free energy volume variance/ unit volume, gs = required
energy for new surface/unit area, and ge = free energy for mechanical and
environmental stress effects. The nucleus is considered to be stable under
critical nuclei size effect theory if it reaches the critical size rc. If all is considered
to be uniform, nucleus critical size will only depend on transitional energies
considered, as below:

r, = —28s (2.1.1.9)

- gvt ge

which was used by Kumar to give details about the observed increase in rutile
grain size upon meta stable to stable transformation (i.e anatase to rutile). In a
stress-free environment ge is considered to be less or equals to 0, which is true
because of the decrease in volume during phase transition from anatase to
rutile of 8% which results because of thermodynamic effects as reported by
Gribb and Banfield in (1997) when investigating the kinetic effects of particle
sizes on TiOz [41].

It was found that substantial effect of grain size on anatase to rutile transition
rate in nanocrystalline TiO2 was due to the fact that an increase in rate of
reaction was related to the decrease in grain size [41]. The possible three
special rate limiting factors which point out a dynamic concern relating to the

particle size effect that has a change in reaction rate explained as below:
1) Possible Nucleation sites.

Because of pure geometric special effects, total number of promising nucleation
surface sites/unit volume upturns by a reduction in grain size. As the number of
possible sites per unit volume increases, it will practically mean that if the
amount of surface nuclei raises then the degree of phase transition will

increases as well depending on the elemental reactivity.
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2) Dynamic (Energy) Force.

The dynamic force of phase transition can be considered as a variation in free
energies amongst reactants and products stages. Gribb and Banfield in (1997)
[41] quoted studied the investigations and provided suggestive evidence
indicating that rutile has a higher surface energy than anatase and hence this
suggest that driving (dynamic) force decrease with an increase in particle size
which then reduce the rate of reaction. This is in line with the investigated data
delivered by Gribb and Banfield in (1997) [41] and it was hence considered as

an enhanced clarification.
3) Stored Energy.

The rutile molar volume is between 8-10% which is less than that of anatase
molar volume, which then suggest the possibility of a strain energy linked to the
phase transition. Variation in hydrostatic-like pressure and surface tension on

less crystallites may influence the stored (strain) energy.

The decrease in grain size influences hydrostatic-like pressures and surface
tension to potentially decrease the stored energy hence decreasing one of
transition barriers. Considering the data reported by Gribb and Banfield in
(1997) [41] that incorporated the investigation of both macrocrystalline and

nanocrystalline titania.

2.1.2 The effects of sol-gel precursor on phase transformation

The process of sol-gel can be demarcated as the formation of an oxide through
polycondensation reaction of a molecular precursor in liquid and regarded as a
versatile process in various ceramics [43]. In a typical sol-gel process, a stable
dispersion of colloidal particles in solvent is formed called a sol followed by a
three dimensional continuous network that extends across the entire container

called a gel [44].

After the gel is formed, numerous sol particles and cluster will still co-exist with
the gel in the container hence aging becomes an important stage since the
liquid phase still contains sol particles and agglomerates which will continue

reacting till the gel dries [45]. Dehydrating of the gel normally leads to a
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malformed structure due to capillary forces dragging the walls of the pores
together and dropping the pore size. The growth rate of different TiO:2
nanocrystallites crystal planes with specific absorption of shape controllers to
these planes can be recognized as shape control process under different pH
condition [43].

A lengthy drying period of the as-prepared gel helps in evading the
agglomeration of TiO2 nanocrystallites during the crystallization process.
Calcining the amorphous TiOz2 in air forms a single phase TiO2 nanocrystallites
with an average size ranging from 7 to 50 nm as reported by X. Chen and S. S.
Mao [46] in (2007).

In sol-gel a lot of information regarding various advantages paralleled to the
conventional powder route, such as, low temperature processing, high purity,
level of molecular homogeneity in materials and submicron particle size [47].
The standard sol-gel room temperature process the entrapment of organic
molecules that are associated to optical transparency within the matrices
provide optical properties (i.e. absorbance, reactance, bandgap narrowing etc.)
that are vital [43]. These powders find applications in the ceramic industry when
high performance materials are required. Sintering time and temperature can be
significantly reduced with powders of narrow particle-size distribution. Fine
colloidal particles can be made by a variety of methods from the vapour phase
or the liquid phase [48]. The sol-gel process offers new approaches to the
synthesis of fine powders [49]. Starting from molecular precursors, the oxide

network is obtained by inorganic polymerization reactions [13], [49].

The effects of sulfate and chloride solutions were studied and reported by
Wilska et al. in (1954) [50]. It was found that the initially dried products were
always amorphous. It was also suggested that the first crystalline forms present
are influenced by the preparation method and the precursor of the starting
solution. Further established was that samples prepared from solutions of
sulfate are in most cases found to be in anatase phase, while boiling chloride

solutions mostly gives rutile phase [51].
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Wilska et al. (1954) [50] found in most cases amorphous phase exist prior to the
crystalline phase even during direct rutile formation. There has not been a
proposed mechanism suggested to clarify the various effect of chloride or
sulfate precursors on phase transition. There are different starting solutions that

can be used in the preparation of titanium dioxide nanopowders [50], [52].

Dambourmet et al. in (2010) [52] used titanium oxysulfate-sulfuric acid complex
hydrate (TiO2S04.H20.H2S0O4) as a precursor for the preparation of TiO2
nanopowders under a strong acidic medium of pH 0.1 and found that the
agglomerates of nano-size TiO2 particles were of anatase phase. It was further
suggested that the sulfate species act as a directing agent that favors the
formation of anatase at the expense of the thermodynamically stable phase
(rutile).

A further clarification was that using titanium tetra-isopropoxide, formic acid and
Silver nitrate to prepare Ag-TiO2 nano powders, it was established that the as-
prepared sample was amorphous even after annealing at 300 °C and
suggested that there is a promotion in phase transformation caused by a
decreasing anatase grain size due to an increase in the total boundary energy
of the TiO2 powders [52].

Li and Zeng in (2011) [53] used hydrolysis of TiCls in sulfuric acid as a starting
precursor and found that the presence of certain amount of H2SO4 enhance
anatase formation and phase transformation at about 600 °C. The group
concluded that both calcination temperature and hydrolysis temperature have
important effects on phase transformation and particle size. Bessekhouad et al.
in  (2003) [54] prepared titanium dioxide nano-powders using tetra-
isopropylorthotitanate Ti (OCsH7)s as a starting precursor for the sol-gel
synthesis and concluded that this route lead to only anatase phase being
observed at lower temperatures. It was also reported by Lao et al. in (2005) [55]
that it was possible to prepare almost pure anatase nano-TiO2 from mixed-
solvent-thermal method (MST) using TiCls as the starting material which can
produce almost 10 nm patrticle size at the temperature range of 80 to 100 °C for
drying the reference sample. The conclusion made from this investigation was
that the method helps in the high performance of the DSSCs [55].
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2.1.3 The effects of impurities or dopants on phase transformation

Shannon and Pask in (1965) [56] studied the impurities influence on growth and
nucleation on transformation from anatase to rutile. They concluded that
processes that create oxygen vacancies, such as the addition of acceptor
dopants (ions with a lower valence that Ti*") and use of reducing atmospheres

accelerate the anatase-rutile transformation.

Conversely, processes that increase the concentration of titanium interstitials,
such as the addition of donor dopants, inhibit the transformation. Shannon and
Pask hypothesized that an increase in the concentration of oxygen vacancies
reduces the strain energy that must be overcome before the rearrangement of
the Ti-O octahedra can occur, and that cations with a valence less than that of
titania (**ion) will increase the concentration of oxygen vacancies, due to the

necessity for charge balance.

The presence of dopants in the creation of nano-doped-TiOz, have the effect on
phase transformation from anatase to rutile, which is prevented when the
thermal energy is low enough to overcome the nucleation barrier during the
thermal dehydration process, and this occurs more readily with the smaller
crystallite size of nano-doped-TiOz2 [57].

In short, dopants overpower the crystallite growth of nano-TiO2 by inserting
itself or themselves into the lattice structure of the nano-doped-TiO2 octahedral
to modify its physicochemical properties. Some researchers claim that the
presence of dopants do not affect the morphology of nano-doped-TiO2[58, 59].
For example, Nahar et al. in (2009) [58] noted that Fe dopant at dopant level
ranging from 0-10% did not have any change in the phase transformation of
doped TiO2 nano powders prepared by calcination method. Li et al. in (2006)
[59] claimed that cerium ions had no obvious effect on the particle size,

morphology, and crystalline phase of nhano-doped-TiOz2.
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The focus of the present work will be on the structural and optical effects
brought about by precious metal dopants (palladium (Pd), silver (Ag), platinum
(Pt) and gold (Au)) in TiO2. Palladium (Pd) and silver (Ag) have been
investigated by Wu et al. in (2004) [60] to enhance the photocatalytic
performance of nano-doped-TiO2 using the dopant mole ratio of 0.1, 0.2, 0.05
and noted that dopant levels impact on crystallinity, absorption threshold and
the interaction between metal ions with TiO2. Among the transition metals
dopants confirmed, Pd ion had the strongest interaction with nano-TiO2 and
improved its morphology most commendably. In the present study dopant levels

are higher i.e. 5%.

The performance of nano-TiO2 was examined by Sakthivel et al. in (2004) [61]
[who introduced a noble metals such as platinum (Pt), gold (Au) and palladium
(Pd) dopants which acted as an electron trappers during the formation of TiOz;
by decreasing its surface area. The generated free electrons dropped towards
metals which served as temporary electron trappers preventing electron-
energized holes recombination. The increased Pt content also competed with
TiO2 as an electron trap to decrease the effective surface area at last. A further
increase in Pt dopant might lead to the following possibilities:

(1)  Shortening of the charge carrier space distance [61],

(2) Recombination of free electron and energized hole [62],

(3)  Agglomeration of Pt and TiOz [63], and

4) Decrease in the probability of oxygen being photo-adsorbed on TiO2 [63].

2.1.4 Anatase to Rutile transformation

In this work, our goal is to study the anatase-rutile phase transformation after a
series of heat treatment and addition of noble metals into TiO2 matrices
prepared by standard sol-gel process. To accomplish that goal, we employed
physical absorption, X-ray diffraction and Raman spectroscopy techniques. In
archiving the goal successfully, one should understand the factors that control
the phase stability, growth and phase transformation kinetics in nano-TiOz

which is important for quantifying the behaviour of TiO2 material.
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The three polymorphs Titania can be crystallized at low temperatures as
ultrafine particles depending on the preparation conditions. The factors in
consideration will determine how phase composition, microstructure and the
properties of titania-based materials can be manipulated as reported by Zhang
and Banfield in (2000) [64].

Hu and co-workers in (2003) [65] pointed out that the anatase to rutile phase
transformation (ART) in TiOz is an area of both scientific and technological
interest and that is one of most important parameters in determining the
properties of the material such as sensing and photocatalytic properties [65].
The anatase to rutile transformation (ART) is kinetically defined and the reaction
rate is determined by parameters such as particle shape, size and oxygen
defects [65]. According to previous findings as suggested by Grzmil and his
group in (2013) [66] the activation energy for anatase to rutile phase
transformation involves the activation energy of coarsening of anatase particles,
the activation energy of nucleation, and the activation energy for the nuclei
growth. The group further found that an increase in the degree of anatase to
rutile transformation for both temperature and calcination time, depended

mostly on the type of the in-cooperated modifier.

The anatase titania nano-crystals grow and then transform to rutile only when a
critical size and temperature is reached, which is a contribution made by B
Grzmil et al. in (2013) [66]. Rutile is the thermodynamically stable phase, while
anatase and brookite are both metastable; transforming to rutile under heat

treatment at temperatures typically ranging between 600 — 700 °C.

Anatase is widely regarded as the most photocatalytically active of the three
crystalline structures of TiO2 as reported by Masuda and Kato in (2009) [67].
The generally accepted theory of phase transformation is that two Ti—O bonds
break in the anatase structure, allowing rearrangement of the Ti—O octahedra,
which leads to a smaller volume, forming a dense rutile phase as suggested by
Cloudhury and Cloudhury in (2013) [68].
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Breaking these bonds can be affected by a number of factors, including the
dopants addition, synthetic method and thermal treatment [68]. The removal of
oxygen ions, which generate lattice vacancies, accelerates the transformation
by following the first order kinetics as noted by Uberuaga and Bai in (2011) [69].
It was further suggested by the group that the defect kinetics differs in anatase
and rutile, with interstitial species diffusing quickly in rutile while oxygen defects
(i.e interstitial and vacancies) are fast diffusers in anatase.

2.2 TiO2 FOR GAS SENSING DEVICES

A gas sensor is a device that creates an electrical signal in response to a
chemical interaction with vapor or gases. Such a device offer low cost, high
sensitivity, fast response and advantages that would promote use as new
applications emerge, mostly in environmental control as noted by Korotcenkov
in (2008) [70].

It was further established that the working principle of a typical resistive metal
oxide gas sensor is based on a shift of the equilibrium state of the oxygen
surface reaction due to the presence of the target analyte; the effective change
in concentration of chemisorbed oxygen is then recorded as a change in the

resistance of gas-sensing material [70].

In doped semiconducting oxides the sensing parameters such as selectivity,
sensitivity and operating temperature can be improved by addition of metals.
The detection mechanism of systems involves changes in electrical conductivity
in the present of reducing or oxidizing gases due to catalytic oxidation or

reduction at the metal oxide surface.

In these types of sensors, the catalytic reaction depends on their electronic
structure, chemical composition, crystal structure and the morphology of the
surface which is exposed to the gas as reported by Esfandiar et al. in (2012)
[71]. Hoel et al. in (2005) [72] established two imperative groups of sensors
used as detection of individual gases such as (NOx, NHs, O3, CO, CHa4, H2, SOz,

etc.) and generally the monitoring of changes in the environmental atmosphere.
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The group investigated the effect of dopant and annealing temperature on the
sensitivity of undoped and Pd-WOs3 gas sensors [72] and in their deliberation it
was put forward that doping improved the sensing properties of WOs. Single
gas sensors can, for example, be used as fire detectors, leakage detectors,
controllers of ventilation in cars and planes, alarm devices warning of an
increasing threshold concentration value of hazardous gases within work

places.

Hazra and Basu in (2006) [73] experimented by aluminium doped titania thin
films using thermal oxidation and further coated it with palladium. They found
that the improvement in sensitivity with increasing hydrogen concentration is
due to the involvement of more palladium active sites at higher partial pressures

of hydrogen.

The detection of volatile organic compounds (VOCs) or smells generated from
the foodstuffs or household products has also become increasingly important in
food industry and in indoor air quality, and multi-sensor systems (frequently
denoted to as electronic noses) are the modern gas sensing devices intended
to analyse such complex environmental mixtures as indicated by Capone et al.

during the group‘s (2003) [74] research contribution.

Due to a changing environmental safety regulation, the detection of hazardous,
harmful, or toxic gases has become very significant. Significantly, reproducible
gas sensor devices with enhanced features have become a stimulating

research area.

Above and beyond exhibiting, reversible, rapid and reproducible respond, a gas
sensor should meet the following important factors which are continuously

investigated for better performance.

» High sensitivity, which refers to a noticeable signal even in the presence
of a small concentration of a specific target gas at high and low
temperatures.

» High selectivity towards the target gas.

» Stability, both chemical and mechanical, for extended periods, often in

harsh environments such as an automobile exhaust.
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> Durability, which is its utility to last for an elongated period without the
sensor device losing its sensing ability.

» Cost effective to both producers and consumers.

2.3 TiO2 FOR PHOTOVOLTAIC CELLS

Due to an improvement in the world’s economy; the need of energy is
drastically increasing because of inhabitants and industrial growth. The Current
primary energy consumption in the world is close to 4.7 X 102°J per annum and
it is estimated to grow by 2% each year for the next 25 years as projected by
Goncalves et al. in (2008) [75]. Almost 90% of the world energy is sourced from
fossil fuels which are mainly produced from oil, natural gas and coal, however
these natural resources will be depleted in this century given today’s rate of

energy need [75].

The research further pointed out that in addition to the demand of energy, there
are other problems such as pollution and climate change which associates to
the burning of fossil fuels and regulatory precautions should be implemented.
Therefore energy subject is and will continue to be the focal point of discussion

in research and green economy.

The development of renewable and clean energies sourced from wind, solar,
and water is required. It is of strategic importance in the environmental
sustainability. Among these renewable energy sources, photovoltaics have
been used commercially for more than half a century and is still one of the
hottest topics in today’s research and development. Photovoltaic devices
convert solar irradiation directly to electricity with zero emission of hazardous
gases and it has the potential to supply the whole world’s energy demand as
noted by Kelvin et al. in (2012) [76].

To address the problem of the production of solar cells at high temperature and
fabrication cost the current research focuses on a new technology called Dye-
sensitized solar cells (DSSCs). The dye-sensitized solar cell (DSSCs) are third

generation photovoltaic devices that holds major promise for the economic
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conversion of solar energy to electrical energy, because of the use of

inexpensive materials and a relatively simple fabrication process.

In DSSCs according to Huang et al. in their (1997) [77] experimentation report,
the dye molecules absorb visible light, and inject electrons from the excited
state into the metal oxide conduction band. The injected electrons travel
through the nanostructured semiconductor to the current collector, and the dye

is regenerated by an electron donor in the electrolyte solution.

The DSSCs are fully regenerative, and the electron donor is again obtained by
electron transfer to the electron acceptor at the counter electrode [77]. The

group pointed out that the photocurrent density (/,,) observed is given by the

eqguation below:
]ph =]inj —Jr 241

where J;,,; is the electron injection current resulting from the dye sensitization
and J, is the surface recombination current. The Jinj is related to the incident

photon flux I, (cm2s™) by the expression:
]inj = CIAIO 2.4.2

where q is the electronic charge and A is the ratio of absorbed photo flux to I
The recombination current depends on the rate constant of back electron

transfer k., the concentration of the oxidized half redox couple C,x and the

difference between the electron population in the semiconductor present in the
dark ny, and in light n so that J,. can be given by:

Ir = qketh% (nua - ng“) 2.4.3

where the order of the rate of reaction is expressed as the exponents m for the
oxidized redox species and u for electrons; a is the electron-transfer coefficient.

Electron population (n) is related to the photo-voltage V by the equation below:

n=ny exp[Z—Z] 244

where qV = E; — Ef; Ef and Eg are the respective Fermi levels of TiO2z in the

light and in the dark.

20



A schematic presentation of the operating principles of the DSSCs is given in
Figure 2.4 a) and b).

Otakwa et al. in (2012) [78] investigated the effect of air mass on the TiO2
DSSC performance and found that the fill factor (FF) and solar — to - electricity
conversion efficiency (n) increased with air mass (AM) while open circuit voltage
Voc and Jg. decreased. It was further noted by the group that for a maximum
energy collection, solar collectors need to be tilted to an optimum tilt angle for
capturing maximum radiation since photo-current density (/,,) is influenced by
air mass at a particular place. The air mass (AM) refers to the transverse path
length by the direct solar radiation as a transverse path ratio to a point at sea
level when the sun is directly above which helps in the determination of

atmospheric refraction.
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Figure 2.4: (a) A schematic diagram of the DSSC configuration using nano- or
porous TiO2 and (b) solar cell configured using non-porous TiO; and hole
conductors [79].
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Based on literature, Daghrir et al. in (2013) [80] reported that TiO2 can be
activate under UV irradiation having a wavelength lower than 387 nm due to its
large band gap range of 3.0-3.2 eV which accounts 5% of solar energy while
the visible light contributes 50%, hence that become a limiting factor. To
overcome this limiting factor there is a need in shifting the absorbance by
modifying the nano-crystalline TiO2 through metal-doping as is considered to
maximize the photocatalytic efficiency because of increased electron traps and
decreased TiO2 band gap by Ni et al. in (2007) [81].

Zaleska in (2008) [82] reported the importance of platinum group metals
doping TiO2 in enhancing the photocatalytic effect by improving trapping of
electrons to inhibit electron-hole recombination during irradiation and that the
major role of the metal dopants on TiOz: is attributed to accelerating superoxide
radical anion 0;° formation and also decreasing the effect of scavernging the
electrons in the conduction band. The metal dopants localizes energy levels in
the band gap of TiO2z into which valence band electrons of TiO2 are excited at

wavelength longer than 400 nm.

2.4 OPTICAL PROPERTIES

The semiconductors optical properties have been studied extensively for their
relevant application in solar cells, light emitting diodes, lasers and sensors. To
understand these properties it worth considering the main mechanism of light
absorption in pure semiconductors which can be defined as the direct interband
electron transitions as suggested by Chen and Mao in (2007) [7] chemical

review.

It was further established by the group that the absorption is small in indirect
semiconductors such as TiO2, where the direct electron transitions between the
band centers are prohibited by the crystal symmetry. Braginsky and Shklover
(2000) [83] have shown the heightening of light absorption in small TiO:2
crystallites due to the indirect electron transitions with non-conservation of

momentum at the interface.
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According to the group the absorption value and frequency depend mostly on
the interface electron level not on its closeness to the band edge [83] and
concluded that the effect increases at a rough interface when the share of the
interface atoms is larger. The indirect transitions are allowed due to an outsized
dipole matrix element and a large density of states for the electron in the

valence band.

Substantial improvement of the absorption is expected in small TiO2
nanocrystals, as well as in porous and microcrystalline semiconductors, when
the portion of the interface atoms is sufficiently large. A quick increase in the
absorption takes place at low (hv < Eg + Wc¢) photon energies, where W¢ is the
width of the conduction band [7]. Electron alterations to any point in the
conduction band become possible when hv = Eq + Wc. Further enhancement of
the absorption occurs due to an increase of the electron density of states in the

valence band.

The interface absorption becomes the main mechanism of light absorption for
the crystallites that are smaller than 20 nm noted by Brangisky and Shklover in
(1999) [25]. Sato et al. in (2003) [84] showed through first-principles
calculations and measurements within density functional theory (DFT) that the
band gap of TiO2 nanosheets was larger than the band gap of bulk TiO2, due to

lower dimensionality, i.e., 3D to 2D transition.

From the measurement, it was found that the lower edge of the conduction
band for the TiO2 nanosheet was approximately 0.1 V higher, while the upper

edge of the valence band was 0.5 V lower than that of anatase TiO2 [84].
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 PREPARATION OF PRECURSOR SOLUTIONS

The specific chemicals that were used in the study include: titanium tetra-
isopropoxide (Ti[OCH(CHs)z2]a, TTIP, Aldrich, 97%), ethanol (CHsCH20H,
95.96%), propanol (CHsCH2CH20H, 96.97%), methanol (CH3OH, 95%) and
nitric acid (HNOs, 32%). The metal ion salts that were used in the preparations
include: AgNOs, PtCls, AuCl2, and PdCl.

These metal ion salts were first dissolved in a minimum amount of water (H20)
to form solutions before the additions of either of the alcohol solvents. Standard
sol-gel methods were used to prepare the metal loaded TiO2 nanocrystallites.
Briefly, about 35 ml of TTIP was dissolved in 50 ml of ethal-1-ol. The required
amount of metal precursor was then added and the mixture magnetically stirred
for 10 min and then 5ml HCI solution was dissolved in 30 ml of butan-1-ol and

mixed for 10 min.

The second solution was then added to the first and the whole was stirred for a
further 60 min. These gels were then dried at 80 -100 °C for overnight. The dried
sampless were ground to fine powders and divided into four potions, placed in
quartz crucibles and calcined for 1 hour at different temperatures ranging from
300 - 900 °C.
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3.2 CHARACTERISATION TECHNIQUES
3.2.1 X-ray Diffraction (XRD)

XRD is one of the primary techniques used to characterize solid-state materials.
It can provide valuable information about the crystalline phase and average
crystallite size. When X-rays strike the sample, several processes take place
like absorption, photo emission, florescence, as well as the emission of X-rays
of high wavelength. Coherent and incoherent scattering from a crystal lattice
can be observed from diffracted beams when the energy of the source X-rays is
lower (1 keV-100 keV). The structure of a crystal is analyzed by the X-ray
diffraction patterns. Bragg's law is the basis for X-ray diffraction (XRD), because
it is related to the coherent and incoherent scattering. The Bragg's equation is

as follows:

2dSin® = nA (3.2.1.1)
where,
n =Order of a reflection (n =1, 2, 3 ....).
A = wavelength.
d = Distance between parallel lattice planes.
B = Angle between the incident beam and a lattice plane, known as the Bragg

angle.

The d spacing can be expressed through cell parameters and the Miller index

by the following equation:

= = a_+ =+ c_ (3212)

where, d is the d-spacing; a, b, c are sides of the unit cell; and h, k, and | are the
Miller indices, which are used to describe the lattice planes and directions in a
crystal. XRD was performed utilizing conventional laboratory diffractometer, a

Phillips PW1720, using a Cu Ka tube which can be expressed as follows:
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CuKe; + Ka, = 1.5424 (3.2.1.3)

having a radiation with a power of 35 kV - 20 mA for the crystalline analysis.
The broad-scan analysis was typically conducted within the 26 range of 10 -
80°. The strongest peak for the anatase (101) and the rutile (110) phases of
TiO2 were used to estimate the average size of the metal oxide nano-crystallites

using Scherer’s equation [85]:

0.94
Dcrys = Bcoso ’ (3.2.1.4)

where D,y is the average nanocrystallite size (nm), 1 - is the X-ray wavelength

(1.542 A), B is the full-width at half-maximum (FWHM) intensity (in radians), and
0- is the half of the diffraction peak angle.
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Figure 3.2: Geometry behind Bragg scattering. [85]
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3.2.2 Raman spectroscopy (RS

Raman spectroscopy is used in condensed matter physics and chemistry to
study vibrational, rotational, and other low-frequency modes in a system. It
relies on inelastic scattering, or Raman scattering of monochromatic light,
commonly from a laser. The laser light interacts with phonons or other
excitations in the system, resulting in the energy of the laser photons being
shifted up or down. The shift in energy gives evidence about the phonon modes
in the system. The energy level diagram for Raman scattering is shown in figure
3.3 [86].

Infrared spectroscopy yields similar information, but complementary evidence.
For a molecule to exhibit a Raman Effect, an alteration in polarizability or the
amount of deformation of the electron cloud with respect to the vibrational
coordinate, is necessary. The amount of the polarizability change will regulate
the Raman scattering intensity [87], nevertheless the Raman shift is equal to the
vibrational level that is involved. Raman spectroscopy is normally used in
chemistry, since vibrational information is very specific for the chemical bonds in

molecules [88].

In solid state physics, Raman spectroscopy is used to, amongst other things,
characterize materials and find the crystallographic orientation of a sample [89].
In this study the samples were analyzed using a Jobin Yvon T64000 Raman
spectrometer equipped with a liquid nitrogen cooled CCD detector. Signal was
excited in a backscattering geometry using the 514.5 nm argon ion laser line.
The sample was mounted in a room temperature cell used in conjunction with a
Raman microscope. The power at the sample varied between 0.2 and 0.5 mW
with the beam focused to an area of approximately 5-10 microns in diameter. All
the Spectra were recorded at room temperature (295K). The experimental set-

up is shown in figure: 3.4.
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3.2.3 Scanning Electron Microscope (SEM) and SEM Energy Dispersive X-
ray (EDX) Spectroscopy

Scanning electron microscope (SEM) is a microscope that uses a beam of
electrons to illuminate a specimen and create an enlarged image, which
provides the surface and internal information on a nanometer scale. Electron
microscopes have much greater resolving power than light microscopes, and

can obtain much higher magnifications [91].

The electron microscope is extensively used for inspection, quality assurance
and failure analysis applications in industry, particularly for microelectronic
device fabrication. SEM has made crucial contributions to science and
engineering, and made them essential tools in nanotechnology for analyzing
nanostructures.

Schematic interactions of a specimen with incident electrons are illustrated in
figure 3.5 [92].

Manfred von Ardenne pioneered the Scanning Electron Microscope (SEM) and
built his universal electron microscope in the 1930s. In the SEM, a very fine
beam of electrons with energies up to several tens KeV is focused on the
surface of a specimen, and is scanned across it in a parallel pattern. The
intensity of emission of secondary and backscattered electrons is very sensitive

to the angle at which the electron beam strikes the surface of the sample.

The emitted electron current is collected and amplified. The magnification
produced by the SEM is the ratio between the dimension of the final image
displayed and the scanning field on the specimen [93]. Usually, the
magnification range of the SEM is between 10 to 222,000 times, and the

resolution is between 4 - 10 nm.

Generally, the Transmission Electron Microscopy (TEM) resolution is about an
order of magnitude greater than the SEM resolution, however, because the

SEM image relies on surface processes rather than transmission, it is able to
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image bulk samples and has a much greater depth of view, and so can produce
images that are a good representation of the overall 3D structure of the sample.
SEM images of semiconductors materials are usually conductive or semi-
conductive that could be as a result of external disturbances such as a stray
magnetic field, mechanical vibrations, etc [94]. Often disturbances in SEM

images are caused by structural or installation conditions such as:

» Leakage: Magnet field from distribution board High-tension line located
too close to the instrument
» Low floor strength

» Improper grounding.

A common preparation technique is to coat the sample with a several-
nanometer layer of conductive material, such as carbon from a sputtering
machine. However during coating process a slight damage on the samples can
result. It should also be pointed out that the specimen might be damaged by the

electron-beam focused for a long time on a small spot.

SEM measurements were conducted to define the size and morphology of
synthesized doped and undoped TiO2 nanomaterials using a SmartSEM40®
V05.03XB operating software for NEON® and 15xx crossBeam® FIB workstation
with Gemin® FESEM column. The elemental composition was estimated using
Energy Dispersive spectrometer (EDS) which was carried out using a JEOL-
JEM 1200EXII which has an EDAX detector. The samples were tilted 45 °C in

situ in the microscope to perform the analysis.

34



incident

backscattered electron X-rays
electrons beam _EDXS
secondary
Auger 3 electrons
electrons
specimen

elastically direct inelastically
scattered beam scattered
electrons electrons

Figure 3.5: Scheme of electron-matter interactions arising from the impact of an
electron beam onto a specimen. A signal below the specimen is only observable

if the thickness is small enough to allow some electrons to pass through. [95]
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3.2.4 Diffuse Reflectance Spectroscopy (DRS)

Many molecules absorb ultraviolet (UV) or visible light. The absorption of UV or
visible radiation is caused by the excitation of outer electrons, from their ground
state to an excited state. The Bouguer-Lambert-Beer law forms the
mathematical and physical basis for the light absorption measurements on
gasses and in solutions [97]. According to this law, absorbance is directly
proportional to the path length, |, and the concentration of the absorbing
substance, c, and can be expressed as:

A =c¢lc (3.2.4.1)

where € is a constant of proportionality, called the absorptivity. In addition,
absorption strongly depends on the types of samples, and the environment of
the sample. For instance, molecules absorb radiation of various wavelengths
depending on the structural groups present within the molecules, and show a
number of absorption bands in the absorption spectrum. The solvent in which
the absorbing species is dissolved also has an effect on the spectrum of the
species [98].

Additionally, the size of the particle is also essential. If the size of the particle
d»A, light interacts with the samples instead of absorption, with parts of the light
scattered and reflected. When we are dealing with solid samples (Figure 3.7),
light penetrates into the sample; undergoes numerous reflections, refractions,
diffraction and emerges finally diffusely at the surface.

The Bouguer-Lambert-Beer law cannot handle solid samples, which is based on
the assumption that the light intensity is not lost by scattering and reflection
processes [99]. The diagram shown in figure 3.7 illustrates the schematic view
of DRS accessories and two components of reflection as the incoming light

interact with the sample.
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Diffuse reflectance measurements are commonly analyzed based on the

Kubelka-Munk equation:

F(Ro) =5 =15 (3.2.4.2)

where k and s are absorption and scattering coefficients respectively, and R is
the reflectance at the front face. F (R«) is termed the Kubelka-Munk function
and is proportional to the concentration of the adsorbate molecules. From the
onset of the plot of Kubelka-Munk function vs wavelength or photoenergy, the
band gap energy of a semiconductor can be easily calculated [100]. However,
to measure a diffuse reflectance spectrum, the diffusely reflected light must be
collected with an incorporated sphere, avoiding secularly reflected light and
using a reference standard such a white standard.
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Figure 3.7: A schematic view of the external DRS. [101]

39




Incoming light Specular

reflectance

Diffuse reflectance

21 =0z

Figure 3.8: The two components of reflection: specular and diffuse reflection; represents

the surface normal, an imaginary line at 90° to the sample surface. [101]
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter the x-ray powder diffraction (XRD), Raman spectroscopy (RS),
Scanning Electron Microscopy (SEM) and Diffuse Reflectance Spectroscopy
(DRS) results will be presented. For XRD the focus will be on phase
identification, phase transformations, grain size estimations from Scherer's
equation and lattice parameters calculations using Brag laws. The effects of
metal dopants on the structural and optical properties studied using the
techniques mentioned above as well as the locations of metals will also be

presented and discussed.

4.1 XRD RESULTS
4.1.1 Pure-TiO2

It is now well established that for pure TiO2 the X-ray spectra display the most
intense anatase peaks at 20 = 25.28° and 37.7° corresponding to (101) and
(004) planes respectively; for the rutile phase around at 26 = 27.7°, 37.3° and
55.1° corresponding to (110), (101) and (211) planes, respectively [102, 103]
and for brookite at 20 = 25.34° and 25.69° corresponding respectively to the
planes (120) and (111) as outlined by Di Paola et al. in (2008) [102]. Further
confirmation of these observations was by Moret et al. (2000) [104], who
reported that the brookite diffractogram reflects distinctive peaks at 206 = 25.3°,
25,7°, 30.8° and 36.2°.

Figure 4.1 shows the X-ray diffraction (XRD) spectra of the four samples
annealed at different temperatures in the 2-theta range from 10 to 90°. In this
range, for the pure TiOz as prepared sample, no anatase or rutile peaks were
observed and this indicates that the sample is mostly amorphous. For the

sample preheated at 300 °C, peaks associated with the anatase phase are
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observed which indicates that with standard sol-gel method, the initial TiO2

phase is anatase.

These peaks intensify as the calcination temperature is increased to 600 °C
suggesting that there is a growth in the particle size of TiO2. At this temperature,
the anatase peaks are still the only peaks observed, which is an indication that
transformation temperature has not yet been reached. At 900 °C, all the
anatase peaks have disappeared and only the rutile peaks are observed. This
indicates that the sample has completely transformed from anatase to rutile
between 600 and 900 °C. This work agrees very well with previous report by
Francisco et al. in (2002) [105] that anatase to rutile transformation occurs
around 700 °C.
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Figure 4.1: X-ray diffraction spectra of the pure- TiO, powder before and after
annealing at different temperatures. A and R represents anatase and rutile

phases, respectively.
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4.1.2 5% Au-TiO2

Figure 4.2 shows the XRD spectra of 5% Au-TiO2 which was prepared at room
temperature then annealed at various temperatures afterwards. The as-
prepared sample of Au-TiO2 was found to be of amorphous phase. The
interesting feature in this XRD profile is that the reflections at 26 = 38°, 44°, 65°
and 78° associated with Au metal are also observed. Similar Au metal peaks
were also observed by Cheng et al. in (2010) [106] who also found peaks at
38.1°, 44.4°, 64.6°, and 77.5° associated with the (111), (200), (220), and (311)
reflections of the Au core. In all samples, the spectra exhibited similar Au peaks,
indicating that no phase change occurred for Au during annealing processes.

At 300 °C, peaks associated with anatase phase start to appear with the most
intense one observed at 26 = 25°. The intensities of both the anatase and Au
peaks increase considerably as the temperature increases as can be seen for
the profiles of samples annealed at 600 and 900 °C. At 600 °C, there are no
peaks associated with rutile phase whereas at 900 °C anatase disappeared
completely and only the rutile peaks are present. This indicates that Au does
not affect the anatase to rutile transformation temperature. The fact that Au
peaks are observed at all temperatures indicates that gold does not enter the
TiO2 matrix hence is probably on the surface of the material.

Debeila et al. in (2005) [107] studied the unit cell volume of Au-TiO2 complex for
both anatase and rutile and found out that they were similar to those of pure
TiO2 and from this observation it was suggested that gold has no effect on TiO2
matrix which is consistent with what is found in this study. It was also noted by
Debeila et al. (2005) that the phase transformation of Au-TiO2 occurs around
700 °C which agrees with the present work. The phase transformation

temperature was also confirmed by Uddin et al. in (2008) [108].
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Figure 4.2: X-ray diffraction spectra of the Au- TiO, powder before and after
annealing at different temperatures. A and R represents anatase and rutile

phases, respectively
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4.1.3 5% Pd-TiO2

Figure 4.3 shows the XRD spectra of nano-sized 5% Pd-TiO2 samples annealed
at different temperatures. Unlike the Au doped TiOz2, the as-prepared Pd doped
sample exhibited the characteristic peaks of the anatase titania at 26 = 25°
(major), 37°, 48°, 55°, 56° and 62°. The XRD spectra of the sample heated at
300 °C is similar to the as prepared except that a small peak associated with
PdO starts to appear. At 600 °C, the XRD profile shows a combination of
anatase and rutile phases which indicates that transformation has already

started to occur.

At 900 °C, only the rutile titanium oxide phase is observed. This results show
that Pd affects the transformation temperature by reducing it. It is worth noting
that at 300 °C, peaks associated with PdO are observed at 26 = 30.3°. As the
temperature is raised to 600 °C another PdO peak and Pd peak start to appear
at about 34.1° and 68’ respectively. This agrees very well with the experimental
observation by Datye et al. in (2000) [109] during the group’s investigation of
AlO3 doped with (5%Pd) where they found peaks associated with PdO and Pd
around 20 = 34.1° and 40.4°, respectively.

This indicates that the effectiveness of Pd as an oxidation catalyst depends
more on its complex interactions with oxygen gas molecules (O2) to form
surface PdO which reacts in a Mars—van Krevelan redox mechanism during
catalytic oxidation at temperatures below 600 °C. For the sample heated at
900 °C, PdO peaks disappear completely while new peaks start to appear at 40,
47.1 and 68.1 degrees 206 which can be attributed to the presence of metallic
palladium which was also noted by Chen et al. (2005) [110] during their
palladium (Pd) optical properties study.

This shows that PdO reduces to metallic Pd at high temperatures as suggested
by Suhonen et al. in (2001) [111]. Datye et al. in (2000) [109] reported that PdO
experiences complete reduction and reduces to metallic Pd at temperatures
above 700 -C under normal atmospheric pressures. This is in good agreement
with the present work. The results show that Pd is initially present as an oxide

(PdO) and converts to metallic Pd at higher temperatures.
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Figure 4.3: X-ray diffraction spectra of the 5% Pd- TiO, nano-powder before and
after annealing at different temperatures. A and R represents anatase and rutile

phases, respectively.
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4.1.4 5% Ag-TiO2

Figure 4.4 shows the X-ray spectra of 5% Ag-doped TiO2 nano-powders
calcined at 300, 600, 900 °C and as-prepared. The as-prepared and 300 °C
samples consist of a single, less intense anatase peak at 20 = 25°; which
suggest that the material is mostly amorphous at low temperature. As the
annealing temperature rises, the material shows a high degree of crystallinity
and existence of fully intensive anatase phase which is indicated by peaks at 20
=25.9, 36.4, 48.2, 53.9, 62.5 and 74.9° similar to those reported by Hung et al.
in (2008) [112].

Traces of AgO are observed at about 26 = 32.2° and 82.9°, especially at 600
0C. At 900 °C rutile peaks at 26 = 39.2°, 69.3° and 70.5 9° are evident and are
in good agreement with the work reported by Raju et al. in (2009) [113]. At the
same temperature, the profile shows silver peaks and no silver oxide peaks,
which indicates that AgO at high temperatures reduces to metallic silver and
suggest a homogeneous distribution of metallic Ag on the surface of the titania
matrix since it can be detected with XRD. This observation suggests that at low
temperatures silver is initially present as an oxide and converts to a metal at
higher temperatures and this was also noted by Sen et al. in (2005) [114] and
Feng et al. in (2011) [115].

It was also observed that the diffraction peaks corresponding to the rutile phase
of TiO2 are dominant with no traces of the anatase phase peaks observed for
900°C calcined sample indicating that TiO2 has fully transformed into rutile
[115]. However, because of a large difference in their ionic radii (Ti**= 74.5 pm
and Ag* = 129 pm in octahedral coordination), the Ag* ions introduced by the
sol-gel process are unable to enter the TiO2 lattice to form a stable solid
solution, rather they are dispersed between the anatase/rutile grains as
suggested also by Mohamed and Al-Sharif in (2012) [116].
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Figure 4.4: X-ray diffractograms for Ag-doped TiO gel nano-powders annealed at
different temperatures. A and R represents anatase and rutile phases,

respectively.
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4.1.5 5% Pt-TiO2

The X-ray diffraction spectra for Pt/TiO2 nano-particles prepared by a standard
sol-gel route with a Pt dopant of 5% weight percentage are presented in figure
4.5, with samples heated at different temperatures of 300, 600 and 900 °C. At
300 °C, peaks associated with anatase phase start to appear. The XRD spectra
of Pt-TiO2 nano-sample heated at 300°C shows few less intensified peaks
associated to anatase phase, with the main peak at 26 = 25°. At 600 °C a peak
at 20 = 40° associated with metallic Pt is observed. At this temperature, one can
also see the development of rutile peaks near 206 = 27°, 54°, 64° and 69°. More
peaks associated with Pt metals i.e. at 26 = 40°, 45.7° and 62.6° are observed
at 900 °C and are similar to those observed by Guo and Li in (2006) [117].

This work compares very well with the findings by Rosario and Pereira in (2014)
[118] who reported that pure TiO2 sample is composed only by anatase phase
but in the presence of Pt, a small amount of rutile phase can be detected from
the 600 °C annealed sample. This is also shown in table 4.1 of the present
work. The work also agrees with the observations of Choi et al. in 2009 [119].
All these suggest that platinum doping has effect on phase transformation
temperatures. It is worth noting that the peak at 26 = 40.1° cannot be observed
on the 300 and 600 °C annealed samples, due to overlap from an anatase peak
[120]. As seen from table 4.1, the presence of platinum has an effect on the
anatase-to-rutile phase transition temperature. The transformation occurs
earlier than 600°C, although it was not complete until 900 °C. Platinum has an
effect on TiO2 phase transformation although it does not restrict the growth of

the nanocrystalline TiOz particles as detailed in table 4.1.
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Figure 4.5: X-ray diffraction spectra of the Pt- TiO, nano-powder before and after

annealing at different temperatures. A and R represents anatase and rutile

phases, respectively.
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4.1.6 Lattice Parameter Determination

The experimental lattice parameters of anatase and rutile with their respective cell
volumes of metal loaded TiO;, along with the lattice parameters of pure TiO, are shown
in table 4.1. The X-ray diffraction peaks of crystal plane [101] at 26 = 25° and [200] at
20 = 48° for the anatase and [101] at 26 = 36° and [200] at 26 = 39° for the rutile were
used to determine the lattice parameters of metal doped TiO.. All lattice parameters

calculated here were obtained using the following equations:

1 h? | kP
==+t 3 (4.1.6.1)

2
dnik a?

where a = b # ¢; which are the lattice parameters

and the Bragg's equation:
2dSin® = nA (4.1.6.2)

The anatase and the rutile crystal phases for all metal loaded TiO2, have almost
the same lattice parameters as that of the pure TiO2 and also well comparable
with literature. This also indicates that the metals prefer the surface regions and
not getting into the matrix.

Table 4.2 illustrates, the average particle sizes for metal loaded TiO2 samples
annealed at different temperatures (i.e As-prepared (100 °C), 300, 600 and 900
9C) along with the pure TiO2 for comparison. Calculation of particle sizes were
calculated using the Scherrer equation presented below:

KA
- Bcos6

(4.1.6.3)

With K being the dimensionless constant, 8 being the Bragg angle, being the

radiation wavelength and g being the full width at half-maximum.

For the 900 °C heated sample we observe that the presence of gold does not
restrict the growth of the nanocrystalline TiO2 particles although there is a slight
reduction in grain growth for the samples heated at 100 and 300 °C. The

presence of silver does restrict the growth of the nano crystalline TiO2 particles
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after heating at 600 °C. According to the calculated particle sizes detailed in
table 4.2, the presence of platinum has an effect on the reduction of the
crystalline growth after annealing at 600°C which indicates that it also has an

effect on the anatase-to-rutile transformation temperature.

The 900°C platinum doped has a particle size reduction of 1.68%. As presented
in table 4.2, palladium noticeably restricts the growth of the crystalline TiO:2
particles slightly for the as-prepared and 300°C samples for as much as 17.01%
and 10.98% both in anatase phase. For the sample heated at 600°C it becomes
clear for one to notice that we have both anatase and rutile, which is clear
indication of the fact the phase transition happened at early temperatures.
Heating to 900°C we observe total transformation to a rutile phase with a
restriction in the grain size of 1.65%. Therefore we can conclude that platinum
and palladium dopants do affect the anatase to rutile phase transformation.
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Table 4.1: Lattice parameters of pure and metal loaded TiO

Sample Calcination Crystal Lattice Parameters
Temperature | Phase
a(A) b (A) c (A) Unit cell
Volume (A3)

Anatase [121] Anatase | 3.784 3.784 9.515 136.238
Rutile [121] Rutile 4.593 4.593 2.959 62.422

300°C Anatase 3.7828 3.7828 9.4395 135.0718

Undoped TIO 600 °C Anatase 3.7828 3.7828 9.5275 136.3306
900 °C Rutile 4.5837 4.5837 2.9666 62.3280

300 °C Anatase | 3.7807 | 3.7807 | 9.7383 139.1952

TiO, (5% Au) 600 °C Anatase 3.7719 3.7719 9.8924 140.7419
900 °C Rutile 4.5720 4.5720 2.9706 62.9639

300°C Anatase 3.7781 3.7781 9.4566 134.9864

TiO, (5% Ag) 600 °C Anatase | 3.7812 | 3.7812 | 9.5064 | 135.9149
900 °C Rutile 4.5888 4.5888 2.9588 62.3033

100 °C Anatase 3.7847 3.7847 9.2844 132.9910

300°C Anatase 3.7754 3.7754 9.7170 138.5005

600 °C Anatase 3.7754 3.7754 9.7170 138.5005
TiO; (5% Pd) 600 °C Rutile 4.5968 4.5968 2.9363 62.0457
900 °C Rutile 4.5968 4.5968 2.9480 62.2922

300°C Anatase | 3.7803 | 3.7803 | 9.2402 132.0510

TiO, (5% Pt)

600 °C Anatase | 3.7695 | 3.7695 | 9.9960 | 142.0315
Rutile 4.6741 4.6741 2.9647 64.7699
900 °C Rutile 4.5907 4.5907 2.9651 62.4863
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Table 4.2: Average particle sizes for pure TiO, and Noble metals doped TiO, after

heating for 1 hour at different temperatures.

TEMPERATURE PURE TiOz 5% Au-TiOz 5% Ag-TiO»
°C)
Size (nm) Phase Size (nm) Phase Size (nm) Phase
As-Prepared 5.981619671 Anatase | 5.405621521 Anatase | 5.101815487 Anatase
(100 °C)
300 °C 7.800688774 Anatase | 7.583333046 Anatase | 5.646436446 Anatase
600 °C 28.88303779 Anatase | 16.91313801 Anatase | 20.49734501 Anatase
900 °C 68.61039248 Rutile 71.13067384 Rutile 95.05011318 Rutile
TEMPERATURE PURE TiOz 5% Pt-TiO> 5% Pd-TiO>
(°C)
Size (nm) Phase Size (nm) Phase Size (nm) Phase
As-Prepared 5.981619671 Anatase | 5.86027375 Anatase | 4.964274875 | Anatase
(100 °C)
300 °C 7.800688774 Anatase | 6.944063099 | Anatase | 4.934496567 | Anatase
600 °C 28.88303779 Anatase | 23.60165323 Anatase | 11.34992068 Anatase
31.40731709 Rutile 23.45086794 Rutile
900 °C 68.61039248 Rutile 67.47942952 | Rutile 57.3052622 Rutile
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4.2 RAMAN RESULTS

In this section, the results of the Raman studies, carried out to confirm the
phase transformation, crystallinity and possible defects, are presented. Focus
will be on the Raman spectra of anatase and rutile phases since brookite phase
is highly unstable. The investigation of how each individual dopant will affect the

Raman bands and phase transformation is illustrated within this section.

4.2.1 Raman results of undoped-TiO2

According to group theory analysis, anatase has six Raman active modes (Alg
+ 2B1g + 3EQ). The Raman spectrum of an anatase single crystal has been
investigated by T. Ohsaka in (1980) [122] and showed that the six allowed
modes appear at 144 cm-1 (Eg), 197 cm-1 (Eg), 399 cm-1 (B1g), 513 cm-1
(Alg), 519 cm-1 (B1g), and 639 cm-1 (Eg) . The Raman spectra of rutile single
crystal were investigated by Porto et al (1967) and detected the four Raman
active modes at 143 (B1g), 447 (EQ), 612 (Alg) and 826 (B29).

The Raman spectra of the undoped and annealed nanophase TiO2 are shown
in Figure 4.6. The samples annealed at 300 and 600 °C display a well resolved
Raman peak at 153 cm™ and three broader features in the high frequency
region located at 399, 518 and 636 cm associated with the anatase phase
except that for the as-prepared sample the spectrum shows that the sample is
mostly amorphous. The variations of the Raman peak positions of single and
nanocrystalline samples are due to the effect of smaller particle size on the
force constants [123].

For the sample calcined at 900 °C, three vibration peaks associated with the
rutile phase around 612, 448 and 144 cm-1 (weak) are observed. No anatase
peaks were observed at this temperature. In addition to the rutile peaks, a
strong broad band at 238 cm-1 is observed. This band cannot be assigned to
the fundamental modes allowed by symmetry in the rutile phase. Balachandran
and Eror [124] explained its origin in terms of second-order scattering caused

by a multiphonon process. This Raman result compliments very well the XRD
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result for the undoped nanophase TiO: in that transformation occurs between
600 and 900 °C.
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Figure 4.6: Raman Spectra of undoped-TiO; annealed at 300, 600, and 900 °C

temperatures.
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4.2.2 Raman Scattering Results of metal loaded-TiO2

The Raman spectra of 5% Au-TiO2 (similar for Ag doped) and 5% Pt-TiO2
(similar for Pd doped) are shown in figures 4.7 and 4.8, respectively. The
zoomed high frequency Raman spectra are shown in figures 4.9 and 4.10,
respectively. The sharpness of the Raman peaks and the intensity signifies that
the sample is highly crystalline. The low frequency Raman modes show a well
resolved peak at around 153 cm?, and three broader features in the high
frequency region located at around 399, 518 and 636 cm™ associated with the

Eg, B1g, A1g and Eq vibrational modes of the anatase phase, respectively.

The rutile phase is evident in samples annealed at 900 °C with peaks observed
at 143 (weak), 446 and 610 cm™ as expected [125] . Like with the undoped
sample, the strong broad band at 238 cmis also observed here along with the

rutile peaks which cannot be associated with the rutile phase.

The rutile peaks are also observable for samples annealed at 600 °C 5% Pt and
5% Pd doped samples indicating that transformation starts earlier in these
samples.The results agree well with the XRD results in that Ag and Au do not
affect the transformation temperature whereas Pd and Pt do affect the anatase

to rutile phase transformation.
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Figure 4.7: Raman Spectra of 5% Au-TiO; annealed at 300, 600, and 900 °C

temperatures. A denotes anatase and R denotes rutile phase.
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Figure 4.8: Raman spectra of 5% Pt-TiO, annealed at 300, 600, and 900 °C

temperatures. A denotes anatase and R denotes rutile phase.
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Figure 4.9: High frequency Raman spectra of 5% Au-TiO..
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Figure 4.10: High frequency Raman spectra of nanophase 5% Pt-TiO,.
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4.3 SCANNING ELECTRON MICROSCOPY (SEM) RESULTS

The set of SEM micrographs for pure, 5% Au-doped, 5% Ag-doped and 5% Pt-
doped samples (similar to 5% Pd-doped) are shown in figures 4.11, 4.12, 4.13
and 4.14, respectively. The figures typify what was observed for the sample
species at the anatase and rutile phases; and that all samples have a porous
network arrangement formed by enormous number of small spheres. The
images show agglomeration of fairly spherically-shaped particular crystalline
structure for all samples at 600 and 900 °C annealing temperatures although
experienced a lot of charging in certain images. This SEM disorder can be
caused by the following factors or conditions below:

» If the material is unable to effectively conduct the beam energy imparted
to it then large portion of the current probe remains in the specimen as
the electron bean loses all of their initial energy and they remain
captured by the specimen [126].

» The charge flows to ground in a conductive specimen but if the ground
pathway is broken, conductive specimen quickly accumulates charge
and its surface potential rises [126].

» If certain electron holes moves outwards through drift and diffusion

along radial direction during transitory charging process [127].

As a result, calculating the crystallite sizes from the Scherrer's equation was
considered appropriate for comparative purposes. Irregular clustering of the
particles (with large voids between aggregates and mesopores within) was
apparent at 600 °C annealed samples (anatase phase). However, for 900 °C
annealed samples which consist only of rutile phase, the aggregation completed
hence it can be observed that there exist tiny shiny spheroids that are lying on
the surface of TiO2 with clearly defined domain boundaries which grew with an

increase in temperature.
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Figure 4.11: SEM images of Au-TiO;
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Figure 4.12: SEM images of Au-TiO>
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Figure 4.13: SEM images of Au-TiO;
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Figure 4.14: SEM images of Au-TiO;
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Figure 4.15: SEM images of undoped TiO,
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The estimations of the elemental composition of the various samples was
carried out using SEM incorporated EDS and are shown in figure 4.15 (for
undoped TiO2) and 4.16 — 4.19 (for metal loaded samples) at 900 °C. As can be
seen in figures 4.16 - 4.19, the strong Ti and O peaks are observed through all
the figures on a predicted 1:2 atomic ratio indicating that TiO2z is formed [128].
The EDS spectra of metal loaded TiO2 clearly showed traces of metallic
elemental dopants, which indicates that the dopant metals are not integrated in
the TiO2 matrix but are located near the surface regions. The lower intensities of
Pd, Ag, Au and Pt signals as compared to those of O and Ti are due to the
small amounts of palladium, silver, gold and platinum present in the samples
[129]. It can also be observed that there are traces of Cu and Cl peaks
attributed to the copper grid and the chlorine ions from the organic compounds

used in the preparations. The results agree with the XRD results [129].
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Figure 4.16: EDS spectrum of undoped nanophase TiOx.
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Figure 4.17: EDS spectrum of Pt - TiOo.
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Figure 4.18: EDS spectrum of Ag-TiOo2.
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Figure 4.19: EDS spectrum of Pd-TiOx.
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Figure 4.20: EDS spectrum of Au - TiO2.
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4.4 DIFFUSE REFLECTANCE SPECTROSCOPY (DRS) RESULTS

Focus here was on two samples i.e. Au and Pd loaded samples due to
erroneous DRS data of Ag and Pt hence they cannot be included in DRS report
as time restricts the allowance of another data collection. The UV-VIS DRS
spectra of udoped TiOzand metal (Au and Pd) loaded TiO2 are shown in figure
4.20. It is now well established that anatase TiO2 sample shows intense UV
absorption band which is due to the charge-transfer absorption from the oxide
anions 2p orbital valence band to the conduction band of 3d orbital of Ti*
cations is below 400 nm which compares well with the findings by Wu et al.
[130]. As can be seen from the figure, anatase TiO2 shows almost zero

absorption in the visible region.

However, the Pd loaded sample caused a significant increase of the absorption
to the visible region because of the surface plasmon absorption of palladium
particles [131, 132] . A broad absorption peak between 450-500 nm is
observed on the spectrum of Pd-TiO2. This peak is assigned to the surface
plasmon resonance peak of Pd particles indicating that plasmonic palladium
nanocrystallites are formed on the surface of TiO2. This clearly shows the
contribution of metallic Pd nanocrystallites. The results are similar to those
obtained by Leong et al. [131] on their surface deposited Pd-TiOo.

The Au-loaded sample also shows a significant increase in absorption in the
visible region. The spectrum of Au-loaded TiO2 shows an absorption peak
between 550 and 600 nm typically assigned as the surface plasmon resonance
peak of metallic Au particles and this indicates the formation of plasmonic gold
nanocrystallites onto TiO2 surface. The finding agrees very well with the work by
Rayalua et al. [133] , who found similar results on their surface doped
(deposited) Au-TiO2. This further confirms that gold metals prefer surface
regions which is consistent with what was found in the XRD and SEM/EDX

studies.

At low wavelength below roughly 350 nm it can be observed that there is a
similarity in the decline of the three spectrum and absorbance above 400nm to
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the entire visible region display that spectra of Au- and Pd-loaded TiO2 have an
effect on absorbance of TiOz that can be observed and the results show a red
shifted in the absorption edge agreeing well with the report by Lee et al. in
(2012) [134]. For the metal loaded samples the considerably large absorption
tail in the visible region could be due to oxygen vacancies indicates that various
platinum group metals affect the optical properties of light absorption of TiO2
significantly and agreeing well with observations by Pan and Xu reported in
(2013) [135]. This could be due to metals giving rise to localised energy levels
in the band gap of TiO2 into which valence band electrons are excited at

wavelengths longer than 400 nm.

The major role of doped metals on TiO2 is to accelerate the formation of
superoxide radical anion Oz and also to decrease the recombination of electron
and hole by scavenging the electrons in the conduction band [6]. Li and Li in
(2002) [67] suggested that visible light photosensitivity is due to absorption of
light by loaded metals.
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Figure 4.21: UV-VIS DRS spectra of undoped, Au and Pd doped TiO; heated at 300 °C.
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The optical bandgap (Eg) of the samples was calculated using the Tauc

equation [136]

Eq = h*c/A = 1239.8/A,

where Eg is the bandgap energy (eV), h is the Planck constant, ¢ is a speed of
light and A(nm) = cut off wavelength. The cut off wavelength is determined by
extrapolating the straight line portion of the UV-VIS plot to intercept the
wavelength axes as shown in figure 4.20. These cut-off wavelengths are
associated with the absorption edges. The absorption edges and the associated

optical bandgaps are shown in table 4.3

Table 4.3: Calculated energy band gaps of pure TiO, and metal doped TiOa.

Sample Wavelength Energy band gap (eV)
(nm) (+ 0.03)d
Undoped nano TiO2z [137] - (3.2)
Undoped nano TiO2 411 3.02
Au-doped TiO: 528 2.30
Pd-doped TiO> 534 2.22

An alternative method of determining the bandgaps is by using the Kubelka-
Munk relation. In this method, the reflectance is converted into the Kubelka-

Munk function (equivalent to the absorption coefficient) F(R), using the relation:

(1-R)?

a=F(R) = R
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where R is the reflectance of the sample with respect to a reference at each
wavelength and the bandgap energies are estimated from the variation of the

Kubelka-Munk function with photon energy.

Anand et al. [138] ‘s procedure of calculating the bandgaps was followed and

these researchers used the equation a = A(hv — E;)"/hv, where a is the

absorption coefficient, A is a constant hv is the energy of light and n is a
constant depending on the nature of the electron transition in their calculations.
The band energy can be obtained from the plots of [F(R,)hv]"™ vs hv as the
intercept at the [F(R.)hv]™ axis, which is the extrapolated linear part of the
plots. Figure 4.22 shows how the bandgaps obtained using this procedure were

determined.

For the Au doped TiO2, the bandgap was found to be 2.30 eV whereas for the
Pd-doped was 2.22 eV supported Khan et al. report of (2007) were the band
gaps were estimated to be 2.82 and 2.32 eV by the same procedure of dropping
the line from the maximum slop to the x-axis and very well comparable [139] in
addition to those obtained using the Tauc approach [136]; suggesting that the
direct and not the indirect transition, is decidedly appropriate in anatase TiO2
nanocrystallites since their calculated band energy should always be very much
less than the anatase bandgap energy as reported by Reddy et al. in (2002)
[140].
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CHAPTER 5

5.1 SUMMARY AND CONCLUSIONS

The metal doped TiO2 samples were prepared using the standard sol-gel
method with TiO2 and the metal salts being the starting raw materials. The work
aimed in investigating structural morphology, location of dopants, optical
properties of Au, Pt, Pd, and Ag doped TiO2. The gelation time was well
monitored and dopants concentration was kept constant throughout in all
samples with a drying temperature of 100 °C. The reactivity order followed the
electronegativity and electron affinity order of the doping metal elements. The
characterisation of the prepared catalysts revealed the formation of nano
crystallites with controlled sizes. The XRD results indicated that all as-prepared
and the 300 °C annealed samples presented an amorphous phase with very

weak anatase phase peak.

The effects of dopants on the phase transformation from anatase to rutile were
investigated and fully discussed and the study shows that the presence of gold
does not affect the anatase to rutile phase transformation temperature, nor does
it restrict the grain growth. Silver does restrict the grain growth but does not
affect the phase transformation temperature. Platinum reduces the
transformation temperature but does not restrict the grain growth. Palladium

reduces the transformation temperature and also restricts the grain growth.

The band gap for the single-phase anatase powders of undoped TiO2 was
found to be 3.02 eV. That of the gold and palladium doped (anatase-only)
sample, showed a red-shift towards a lower energy gaps of 2.22 and 2.30 eV,

respectively. This shows that dopants improve the photo absorptions of titania.

The locations of metal dopants (i.e. Au, Pt, Ag, and Pd) were also studied. XRD
profiles show that gold and platinum are present as metals while silver and
palladium are initially present in the form of oxides and after annealing at 900
°C convert to metals. The SEM-EDS studies corroborated this by showing that
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the metals have not entered into the TiO2 matrix. DRS studies also showed that
in the sol-gel prepared metal loaded samples, metals are on the surface

regions.

The major conclusion that can be drawn is that the metals have not entered into
the TiO2 lattice. The atomic radii of these metal ions, in their coordination
number 6 (as for Ti4* in TiO2), are larger than that of Ti*", which means that
substitution of Ti** ion by these ions or metals is highly unlikely. These dopants
are most likely found on the surfaces of TiO2 as metals. From this work, it is
concluded that Au, Ag, Pt and Pd doped nano TiO2 catalysts could be better
dopants amongst others for manipulating TiO2 properties such as
transformation, controlling crystallites sizes, narrowing its bandgap and other

TiO2 research applications.
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