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ABSTRACT

Since the discovery of water photolysis on a TiO2 electrode by Fujishima and Honda
in 1972, TiO2 has attracted extensive attention as an ideal photocatalytic material
because of its excellent properties such as high activity, good stability, nontoxicity and
low cost. Hence, it has been widely used in the fields of renewable energy and
ecological environmental protection. However, as a wide band gap oxide
semiconductor (Eg=3.14 eV), brookite TiO2 can only show photocatalytic activity
under UV light irradiation (A <387.5 nm) that accounts for only a small portion of solar
energy (approximately 5 %), in contrast to visible light for a major part of solar energy
(approximately 45 %). Therefore, effectively utilizing sunlight is the most challenging
subject for the extensive application of TiO2 as a photocatalyst. Due to the unique d
electronic configuration and spectral characteristics of transition metals, transition
metal doping is one of the most effective approaches to extend the absorption edge
of TiOz2 to the visible light region. This method of doping either inserts a new band into
the original band gap or modifies either the conduction band or valence band,
improving the photocatalytic activity of TiO2 to some degree. In this work, the
structural, electronic and optical properties of doped and undoped TiO2 (100), (110)
and (210) surfaces were performed using first principle calculations based on DFT
using a plane-wave pseudopotential method. The generalized gradient approximation
was used in the scheme of Perdew-Burke-Ernzerhof to describe the exchange-
correlation functional as implemented in the Cambridge Sequential Total Energy
Package code in the Materials Studio of BIOVIA. The metal dopants shift the
absorption to longer wavelengths and improves optical absorbance in visible and near-
IR region. The un-doped (210) surface showed some activity in the visible and near

IR region.
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CHAPTER 1
1.1 General Introduction

The world energy consumption is increasing rapidly from year to year. In 1998, it was
reported to be 12.7 TW, and is expected to be approximately between 26.4 to 32.9
TW in 2050. This is predicted to increase to between 46.3 to 58.7 TW by 2100 [1]. The
yearly increase in the world energy consumption will result in the increase of demands
towards natural resources such as coal, petroleum, and natural gas. Thus, the world
is facing an energy crisis, which has a great impact on the development of the
economies worldwide [1]. Consequently the need for alternative and renewable

sources of energy, which are environmentally friendly is imperative.

South Africa is a developing country and its economy is derived mainly from
manufacturing and mining, which are mostly energy-intensive industries. Despite the
fact that it has some of the cheapest electricity supplies, South Africa’s use of energy
has not been particularly efficient [2]. South Africa has only one provider of electricity,
a state entity called Eskom. Recently, Eskom has admitted that electricity supply will
be highly constrained for at least the next five years, due to the drastic deterioration of

power stations and the depletion of coal [2].

Solar energy is the most available renewable energy on earth, which is becoming more
widely used to generate electrical power all around the world due to its environmental,
economic and strategic benefits [3]. Photovoltaics (PV) and the solar thermal
generators are the two main technologies which are used to convert solar energy into
electricity [3]. Apart from these, other technologies such as wind power and biogas

have recently been considered to supply energy in some countries [3, 4].

This research is focused on using computer simulation methods to simulate
components for PV systems, i.e., materials for dye-sensitized solar cells (DSSCs),
which were invented in 1991 by M. Gratzel [5]. DSSC are the most promising
inexpensive way towards harvesting sunlight, which can be converted to useable
electricity. Despite the fact that extensive work has been done in DSSC's research,
there are still some factors within the field that are overlooked, for instance bonding
and reaction mechanisms between the dye molecules and TiOz surface. Therefore the

current work focuses on the theoretical study of the brookite TiO2 band gap

1
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engineering by doping of the TiO2 surfaces with different elements. Simulations are
performed using computational modelling methods, in particular, density functional
theory to investigate the effect of doping (with ruthenium and platinum elements) on
various surfaces of brookite TiO2. The low index TiO2 surfaces of brookite are

investigated, whereby structural, electronic and optical properties are calculated.
1.1.1 Solar Cells

Capturing of solar radiation and converting it to electricity or chemical fuels remain a
huge challenge. Photovoltaic devices are the primary solar radiation conversion
systems to harvest the solar radiation as a source of energy. These devices are more
simply known as solar cells, they convert the incident photon energy of the solar
radiation into electrical energy through the generation and subsequent collection of
electron-hole pairs. There are several challenges that need to be looked at in research
and development of solar cell technologies to make it a pragmatic solution to the

energy crisis. The challenges include [4]:

* increasing power conversion efficiency
= reducing the cost
* increasing the stability

= using abundant and biocompatible raw materials.
1.1.2 Photovoltaic Generations

Photovoltaics are categorized into four generations based on their performance and
cost effectiveness. The first generation of solar cells has a relatively higher efficiency
with expensive production cost [5]. They are the classical example of solar cells.
Photogenerated electron-hole pair is separated and collected through the p-n junction
of a doped semiconductor, mainly silicon. The commercial market is dominated by this

generation, due to their high efficiency however compered with high cost.

The second generation of solar cells is the thin film solar cells based on CdTe or
CulnGasSe. These solar cells have a lower efficiency, but are much cheaper to produce
and employ a less extensive fabrication process. Using the thin film technology, the
cell thickness has been reduced from about a millimetre thick down to just a few
microns, making possible a production cost of $0.73 per Watt in 2011 [6]. The

© University of Venda
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drawback for the 15t and 2" generations is that they are limited by the Shockley-

Queisser theoretical limit of ~30 % for a single p-n junction [7].

Third generation solar cells are very different from the first two generations because
innovative semiconductors were used in here. Types of solar cells introduced in this
generation includes (i) nanocrystal solar cells, (ii) photoelectrochemical cells, (iii) dye-
sensitized solar cells, (iv) dye sensitized hybrid solar cells, (v) polymer solar cells.
Nanocrystal solar cells are based on silicon substrate with coating of nano crystals. A
thin film of nano crystals is used along with an Si substrate, which is obtained by a
process called spin coating. Photoelectrochemical cells (PEC) consists of a
semiconducting photoanode, which work best with electrons and can also separate
salacity of semiconductors. DSSCs (Gréetzel cells) use photoelectrons to increase
power efficiently. Dyes are made of metal organic complex and the molecules are hit
by increasing heat. Polymer solar cells were the last invention of this generation and
are characterised as being lightweight, inexpensive, flexible and disposable on any

molecular level. Thus, they have little impact on environment.

Fourth generation of solar cells, are the most successful types of solar cells for
mankind and those are hybrid nanocrystal cells. For this generation polymers and
nano particles are mixed to make a layer from which electrons and protons are able

to move produce better voltage and good quality direct current.
1.1.3 Classical p-n Junction Solar Cells

The 15t and 2" generation photovoltaic devices consist of a p-doped and an n-doped
semiconductor placed in contact to form a junction. A schematic representation of a
p-n junction solar cell is shown in Figure 1.1. Without the presence of an external
applied bias, an electric field is formed at the junction (depletion region) due to the
inter-diffusion of majority charges [7]. Photon absorption from sunlight at the depletion
region generates electron-hole pair which gets separated by the built-in electric field.
As long as the separated charges come out of the depletion region, they become the
majority carrier and can be collected at the positive and negative contacts giving rise

to the cell current [7, 8].
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Figure 1. 1 Schematic representation of charge separation in a p-n junction [7]

1.2 TiO2 Polymorphs
1.2.1 Background

TiO2 is a versatile material, which is widely used in our daily lives due to its numerous
strengths, such as brightness, stability, and high refractive index. The traditional
applications of TiOz include paint and coating (enamels), plastics, paper, inks, fibbers,
food, pharmaceuticals, toothpaste, and cosmetics. Recently, TiO2 has received
considerable attention for its promising applications in the environment, energy,
information fields; such as photocatalysis, photovoltaics and batteries and data
storage respectively [9, 10]. For these applications, especially photocatalysis and
photovoltaics, widely used TiOz2 particles have limitations, such as large band gap (3.2
eV) and slow carrier transport. Large band gap implies inefficiency in utilization of solar
light, which slow carrier transport increases the chance of recombination. Effects of
doping, morphology control, and surface treatment are being investigated. Recent
studies have shown that modified TiO2 structures could be used more efficiently in
applications such as photocatalysis, solar cells (especially in dye sensitized solar cells)
[11].
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1.2.2 TiO2 Properties

There are three common polymorphs of TiO2 namely; (i) rutile phase with a tetragonal,
space group of P42/mnm and Eg ~ 3.05 eV, (ii) anatase phase with a tetragonal space
group of 141/amd and Eg ~ 3.23 eV and (iii) brookite phase with orthorhombic, Pbca,
Eg ~ 3.26 eV) [4, 6]. Crystal parameters are a = 4.594 A, ¢ = 2.959 A for rutile, a =
3.785 A, ¢ =9.514 A for anatase and a =5.456 A, b =9.182 A, ¢ = 5.143 A for brookite.
Their representative unit cells are illustrated in Figure 1.2. Rutile is the most
thermodynamically stable phase with an energy of approximately 1.2-2.8 kcal/mol
more than the other phases [4]. Anatase is a metastable phase, and it shows superior
photocatalysis performance because of fast carrier transport and less recombination.
The metastable anatase transforms to rutile phase irreversibly at the temperature
between 700 °C and 1000 °C, which is determined by several factors including

crystallite size and impurity levels.

Figure 1. 2 The schematic representation of conventional cells for (a) anatase, (b)
brookite and (c) rutile TiO2 systems. The grey spheres represent Ti atoms while red

spheres represent O atoms.

The crystal structures of TiO2 polymorphs are described as an octahedron frame of
oxygen, composed of one titanium cation located at the center and six oxygen anions

occupying the corners. Each oxygen corner is shared by three octahedral resulting in
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1:2 (Ti:O) stoichiometric configuration [11]. There are multiple methods with satisfying
stoichiometric requirement since sharing could be corner, edge, and/or face. Each
octahedron in the rutile TiOz2 is surrounded by ten neighbouring octahedra (two sharing
the edge of the octahedron and eight sharing the corner of the octahedron. In the
anatase structure, each octarhedron is in contact with eight octahedra (four sharing
the edge and four sharing the corner). The brookite structure is composed of
octahedra, each with a titanium atom at its center and oxygen atoms at its corners.
The octahedra share edges and corners with each other to such an extent as to give
the crystal the correct chemical composition. The octahedra are distorted and present
the oxygen atoms in two different positions [4]. The bond lengths between the titanium
and oxygen atoms are different. Octahedra arrangement produces a crystalline
structure with tunnels along the c-axis, in which small cations such as hydrogen or

lithium can be incorporated.
1.3 Applications of TiO2

The most important application areas for TiO2 are in paints and varnishes as well as
paper and plastics, which account for approximately 80 % of the world's titanium
dioxide consumption. Other pigment applications such as printing inks, fibers, rubber,
cosmetic products and foodstuffs account for the other 8 % [5]. The rest is used in
other applications, for instance the production of technical pure titanium, glass and
glass ceramics, electrical ceramics, catalysts, electric conductors and chemical

intermediates. It is also used in most red-coloured candy.

Photocatalytic behaviour of TiO2 has been extensively explored since it was
discovered in the 1970s [5]. When TiOz2 is exposed to Ultra-Violet (UV) light, the light
is absorbed and electron/hole pairs are generated in the conduction and valence
bands. Holes in the valence band will oxide/mineralize pollutant target directly or
indirectly (via mediator hydroxyl radical). If the adsorbed molecule is Oz, it will react
with an electron from the conduction band to generate a hydroxyl radical as described
in the second set of reactions [9].

The photocatalytic reaction is schematically explained in Figure 1.3. Since this redox
reaction based mineralization has power to decompose toxic pollutants such as 4-

chlorophenol, benzene, it has been widely used in water treatment and surface self-
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cleaning. Due to its nature using solar light, the photocatalysis based system can be
installed both in rural and urban areas without an external power source [10]. For
example, noxer block is a cement mortar block with a TiOz surface layer which treats
pollutants in the air. This converts nitrogen oxides (NOx) to harmless nitrate ions by
using the sunlight. Tens of towns in Japan and England have placed the noxer blocks

in street paving [10].
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Figure 1. 3 Simplified diagram of heterogeneous photocatalytic process [10].

Another application of photocatalysis is water splitting and CO:2 reduction, both of
which utilize the electrons that are optically excited to the conduction band [10, 11].
Photocatalytic splitting of water by TiO2 has received a considerable amount of
attention. For hydrogen production, the conduction band and valence band edges
should be well matched with the redox potentials of water, as shown in Figure 1.4. The
conduction level should be higher than hydrogen production level (EH2/H20) while the
valence band should be lower than water oxidation level (EO2/H20). Electrons and
holes will be generated on the semiconductor site, and holes generate O: at
semiconductor site, while electrons will migrate to counter electrode to execute
reduction forming Hz. In addition to that, materials should be chemically stable to resist
photo-corrosion and have long lifetime of electron/hole pairs [8]. TiO2 is a suitable

material from the viewpoint of band arrangement and chemical stability requirement.
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Figure 1. 4 Mechanism of TiO2 photocatalystic water splitting for hydrogen production
[12].

One kind of photoelectrochemical cells that is applied to water splitting is schematically
illustrated in the left plot of Figure 1.4. An interesting development is the deployment
of particulate and colloidal semiconductor [9-12]. Particulate semiconductor consists
of a wide band gap semiconductor (such as TiO2) powder or colloid and a noble metal
(such as Pt) which is fused to semiconductor to work as co-catalyst. The system is a
miniature of photoelectrochemical cell, and mixed Hz and Oz are formed at same
place. The roles of co-catalyst are to lower the electrochemical over-potentials
associated with the multi-electron water oxidation and reduction reaction and provide
an interface to enhance electron-hole separation. RuO2 and IrO2 are best known
catalysts for water oxidation, whereas noble metals (Pt, Pd, and Ni) are commonly
used as water reduction elements. In this particulate paradigm, photocatalysis can
take place in the homogeneous phase without the requirement of expensive

transparent electrodes and without the need for directional illumination.

Dye-sensitized solar cells (DSSCs) are considered to be promising candidates for low-
cost harvest of solar energy using sustainable and environmentally friendly
materials [4]. In general, DSSCs consist of three parts: the dye-sensitized
TiO2 nanocrystalline porous film photoanode on a transparent conducting glass, an

electrolyte solution penetrating throughout the TiO2 anode film, and the platinized

8
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transparent conducting oxide (TCO) glass as the counter electrode [5,6]. Among the
abovementioned three parts, the TiO2 nanoparticles based photoanode is considered
to be the main limiting factor against achieving the theoretically predicted high
efficiency (31 %) because of the presence of large number of grain boundaries (more
electron recombination losses) and poor utilization of near infrared light [7]. Hence the
importance of understanding reaction mechanisms between molecules and TiO:2

surfaces.
1.3.1 Dye Sensitized Solar Cells

A dye-sensitized solar cell is another class of photoelectrochemical cells, which
converts solar light to electric energy by using inorganic semiconductors and
sensitizers [13]. DSSCs offer moderate conversion efficiency with other advantages,
such as low production cost, easy scale-up, good performance under weak/diffuse
light, and compatibility with building window glass and flexible substrates. Therefore,
DSSCs are regarded as one of promising alternatives to bulk silicon-based solar cells,

which is currently dominant in the market.

The history of the dye sensitizer is very long. However, the energy conversion
efficiency of the devices stayed as low as 1 % until Gratzel et al. carried out a milestone
research and invented a current structure of DSSCs in early 1990s [13-15]. The
breakthrough made in Gratzel's cell is the introduction of TiO2 nanoparticle based
photoanode with extremely high surface area [16]. A thin layer of dye is coated on the
surface of TiO2 porous film that preferentially collects the photogenerated electrons

from the dyes. The energy conversion efficiency of the first Gratzel’s cell was 7.1 %

[5]

For the last two decades, DSSCs have been extensively studied, which covers the
areas of fundamental physics, device operating mechanism, material innovation, and
novel structure design [13]. This leads to the significant increase on the performance
of the solar cells and the reduced manufacturing cost [12, 17-19]. Currently, the
efficiency of DSSCs manufactured by Sharp reaches upto 10.4 % and the efficiency
of the submodule produced by Sony goes up to 9.2 % [20]. In the lab scale, the best
efficiency of DSSCs has already surpassed 11 % [20-22].
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Major differences of DSSCs from other semiconductor solar cells are that the solar
light is not mainly absorbed by the semiconductor (TiO2) and that the electron-hole
pair is not separated by the built-in-potential of a p-n junction [8]. A visible component
of the solar light generates electron-hole pairs in the dye sensitizer which is anchored
on the photoanode of wide bandgap semiconductor nanoparticles. When the electron-
hole pairs are formed in the dye molecules, they are quickly separated at a picosecond
scale due to the difference in energy levels. Electrons are injected from the dye to the
conduction band of the photoanode, and are transferred to the transparent conducting
oxide (TCO) film that is coated on the glass. Holes in the dye molecules are delivered
to the electrolyte through a redox reaction [22]. In these types of solar cells, the
maximum output voltage is the difference between Fermi energy of the semiconductor
film and redox potential of the electrolyte. The operating principle of DSSCs and the
potential source for a back-electron transfer is schematically summarized in Figure
1.5.

electron , (LUMO)

“_R3A R4 " Rs
C

R2 YO >

hole mediator
(or HTM HOMO)

o SIST
dye sensitizer

Iy
mass transport

alalalala
hopping

Pt coated
TCO

External load

Figure 1. 5 Schematic representation of dye-sensitized solar cell [23].

The photoanode acts as electron transport path, light path, and dye anchoring scaffold.
It is one of the most important components in DSSCs. Carrier injection, transport,
trapping, and recombination are closely related to material, morphology and phase of
photoanode. A dye sensitizer is a major component to absorb incoming solar light

generating electron/hole pairs. The role of a sensitizer requires its well matched

10

© University of Venda



)
o

&5 ) university of Venda
C

energy level to facilitate efficient electron injection and dye regeneration, strong
physical anchoring to the photoanode, sufficient absorption of solar light, and stable
operation for a long period. Metal-complex, metal-free organic dye, natural dye, and
guantum dot have been used as sensitizing materials [23]. Electrolytes perform a
mediator function to deliver hole through redox reaction or direct hole transport. It can
be divided into organic solvent liquid, solvent free liquid, quasi-solid, and solid
electrolytes. The highest efficiency DSSCs are made of organic solvent liquid
electrolyte due to its fast ion diffusion and ease of infiltration [24]. The commonly
employed redox couple is I-/13- pairs. Transparent conducting oxide plays a pivotal
role in optoelectrical devices, fulfilling the function of light transmittance and
conducting electrode simultaneously. In DSSCs, TCO is additionally required to be
chemically stable, endure corrosive electrolyte and high temperatures due to the

partial sintering process of TiO2 photoanode [23-25].
1.4 Purpose of the Study
1.4.1 Aim

The aim of the study was to use first principle density functional theory to investigate
the adsorption of ruthenium and platinum on brookite TiO2 surfaces for application in

dye-sensitized solar cells.
1.4.2 Objectives

The objectives of the study were to:

e determine the convergence parameters (energy cut-off and k-points) for bulk
TiO2 brookite polymorphs

e optimize the bulk structure of TiO2 brookite polymorph

e cleave (1 00), (210) and (110) surfaces from TiOz2 bulk structure

e optimize the cleaved surfaces and calculate their electronic properties
e dope TiO2 optimized surfaces with ruthenium and platinum separately

e calculate structural and electronic properties of Ru and Pt-doped TiOz surfaces.

11
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CHAPTER 2
2.1 Literature Review
2.1.1 Brookite TiO2 Structure

Brookite is the orthorhombic variant of titanium dioxide, which occurs in four natural
polymorphic forms (minerals with the same composition but different structure). The
International Mineralogical Association (IMA) recognizes these four forms; the others
are akaogiite (monoclinic), anatase (tetragonal) and rutile (tetragonal). Brookite is rare
compared to anatase and rutile and, like these forms, it exhibits photocatalytic activity
[4]. It has a larger cell volume than either anatase or rutile, with 8 TiO2 groups per unit
cell, compared with 4 for anatase and 2 for rutile [6]. Iron Fe, tantalum Ta and niobium

Nb are common impurities found in brookite TiOz [4].

Figure 2. 1 Crystal structure of TiO2 brookite from Baluchistan [4].

The brookite structure is built up of distorted octahedra with a titanium ion at the center
and oxygen ions at each of the six vertices. Each octahedron shares three edges with

adjoining octahedra, forming an orthorhombic structure.
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Crystals are typically tabular, elongated and striated parallel to their length. They may
also be pyramidal, pseudo-hexagonal or prismatic. Brookite and rutile may grow
together in an epitaxial relationship [4]. Brookite is usually brown in colour, or
sometimes yellowish or reddish brown, or even black. Beautiful, deep red crystals
(seen in Figure 2.1) similar to pyrope and almandite garnet are also known. Brookite
displays a submetallic luster. It is opaque to translucent, transparent in thin fragments

and yellowish brown to dark brown in transmitted light [6].
2.1.2 Preparation of Brookite

Brookite is not just the rarest of the four natural TiO2 polymorphs, it is also the most
difficult phase to prepare in the laboratory. The first synthesis of brookite dates back
to the late 1950s. Classically, brookite was synthesized from titanium (IV) compounds
in aqueous or organic media by hydrothermal methods at high temperatures and
pressures. Mixtures of anatase and brookite were prepared by thermal treatment of
the amorphous TiO2 powders obtained by hydrolysis of titanium (1V) tetraethoxide [26-
27]. With the aim of synthesizing a pure brookite, Yamaguchi found that a film of
brookite was obtained on the surface of a Ti foil by anodization in a solution of H2SO4
(50 % by weight) [28].

Kominami et al. [29] produced microcrystalline brookite titania of ~ 50 nm size by
thermal treatment of oxobis (2, 4-pentanedionato-O, Q') titanium in ethylene glycol in
the presence of sodium laurate and a small amount of water in an autoclave at 300
°C. The study showed that sodium salts, water and the organic titanium complex as
the titanium source were indispensable for the formation of brookite crystals. Ethylene
glycol as the reaction medium was essential to minimize the formation of other phases
of titania. This brookite TiO2 began to directly transform to rutile phase on calcination
at around 700 °C and completely converted at 900 °C. Lee and Yang [30] reported on
synthesis of mixture of brookite and rutile titania by hydrolysis of TiCls in HCI. The
proportion of the two phases was dependant on the acidity and the aging time. Their
findings showed that the maximum of 80 % yield of brookite phase with 20 % being

anatase.

Pure brookite was first synthesized by Keesmann in 1966 [31], using hydrothermal

treatment of amorphous TiO2 obtained by hydrolysis of titanium tetraisopropoxide or
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alkaline titanates, in the presence of a solution of NaOH containing 3—25 atomic % of
Na with respect to (Ti* Na). Na* ions were considered to stabilize the lattice of brookite.
Later, Schwarzmann and Ognibeni [31] obtained well crystallized brookite by
hydrothermal treatment of TiO2-xH20 between 100 °C and 300 °C in the absence of

Na* ions.

As solution-processable and low-cost semiconductors, organ lead halide perovskites
are attracting enormous attention for application as promising photovoltaic absorbers
capable of high-power conversion efficiency over 20 %. Kogo et al. [32] reported a
mesoporous layer of titanium oxide, which requires sintering at high temperature (400—
500 °C) and serves as an efficient electron collector as well as a scaffold for crystal
nucleation. To enable the rapid low-cost manufacture and construction of lightweight
flexible solar cells built on plastic films, a sinter-free electron collection layer
(mesoporous and compact layer) is required. Kogo et al. [32] synthesized a highly
crystalline layer of brookite (orthorhombic TiO2z), which was prepared by a sinter-free
solution process as an efficient mesoporous electron collector. Strong inter-particle
necking of the brookite nanoparticles by a dehydration—condensation reaction enabled
the formation of a highly uniform mesoporous layer at low temperature (130-150 °C).
In comparison with an anatase TiO2 mesostructure prepared by high temperature (500
°C) sintering, the brookite electron collector exhibits a photovoltaic performance with
a greater fill factor and 100 mV-higher open-circuit voltages is shown in Figure 2.2
below [32].
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Figure 2. 2 lllustrates the doping of brookite (left) and its comparison of the photovoltaic
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performance to that anatase (right).
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2.1.3 Electronic Structure of Brookite

The knowledge of the electronic band structure of the TiO2 polymorphs is useful to
understand the photocatalytic behaviour of the pure phases and of their mixtures. The
highest and lowest energy levels of a band are referred to as the band edges. As with
molecular orbitals, the energy bands of interest are the highest occupied (called the
valence band) and the lowest unoccupied (called the conduction). It is the energy gap
(the band gap) between these bands (i.e., the difference in energy between the upper
edge of the valence band and the lower edge of the conduction band) that determines
the properties of the semiconductor. Theoretical and experimental work reported band

gap values for brookite to be either smaller or larger than that of anatase [33].

In 1985, Gratzel and Rotzinger [33] were the first to estimate the band gap value, Eg
for brookite TiOz as 3.14 eV by extended Hiickel molecular orbital calculations. The Eg
was intermediate between those of anatase (3.23 eV) and rutile (3.02 eV). Mo and
Ching [33] studied the electronic structure and the optical properties of anatase,
brookite and rutile using the self-consistent orthogonalized linear combination of
atomic orbitals method. According to their calculations, brookite had a direct band gap
of 2.20 eV, which is larger than that of anatase and rutile (1.78 eV for rutile and 2.04
eV for anatase, respectively). These results, as reported by the same authors, were

an underestimation of the effective band gap values [33].

Zallen and Moret [34] reported the optical absorption edge of brookite TiO2 which was
measured at room temperature, using natural crystals. The measurements extend up
to 3.54 eV in photon energy and 2000 cm™ in absorption coefficient. The observed
absorption edge is broad and extends throughout the visible spectrum, quite different
from the steep edges of rutile and anatase. No evidence of a direct gap is seen in the
range measured. The spectral dependence of the absorption strongly suggests that
the brookite form of TiOz is an indirect-gap semiconductor with a bandgap of about 1.9
eV [34].

The flat band potential, (Ers), of a semiconductor is a fundamental property for the
thermodynamics of the interfacial electron transfer steps. For an n-type semiconductor
such as TiOz, it can be assumed that the positions of the flat band potential and the

quasi-Fermi level (Er) are the same and very close to the lower edge of the conduction
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band [35]. At potentials negative of the flat band potential for an n-type semiconductor,
there is now an excess of the majority charge carrier (electrons) in the space charge

region, which is referred to as an accumulation region.

Kandiel et al. [36] calculated the flat-band potentials of anatase and brookite by
impedance spectroscopy using electrodes obtained by spreading the corresponding
suspensions on conductive fluorine-tin oxide glasses. The quasi-Fermi levels (Er)
were, furthermore, obtained under UV illumination by the slurry method. The Ers
values estimated at pH 7 versus NHE were -0.35 eV for anatase and —0.54 eV for
brookite whereas the corresponding E: values were -0.68 eV and -0.77 eV
respectively. The differences between these values were attributed to the independent
methods performed under dark and illuminated conditions. The conduction band
edges of anatase and brookite were calculated as the mean value of Ers and Ey, i.e.,
-0.51 eV for anatase and —0.65 eV for brookite.

2.2 Crystal Structures and Doping with Transition Metals in TiO2
2.2.1 Density Functional Theory Studies on TiO2 Doping

In recent years, nano-sized TiO2 powders have been used as a working electrode for
dye-sensitized solar cells due to a higher efficiency than any other metal oxide
semiconductor. However, it has been reported that the best TiO2 solar cell efficiency
could hardly reach 10.5 % [37]. First-principles computer simulations contribute to a
deeper understanding of the dye/semiconductor interface lying at the heart of DSSCs.
The study presented the results of simulation of dye adsorption onto rutile/anatase
TiO2 surfaces, and of their implications for the functioning of the corresponding solar
cells [37].

In 2005 Park et al. [39] investigated the structure related to photocatalytic properties
of TiO2 and reported the band structures and the densities of states at the Fermi
energy for rutile, anatase and brookite phases along with the structure-photocatalytic
relationship using the first principle method based on DFT method. It was found that
the band structures are less dispersive in anatase phase than in rutile phase, and they
are almost flat in brookite phase. As a result, the density of states (DOS) value near
the Fermi energy for brookite is highest among the three types of TiOz2, implying the

number of electrons near the Fermi energy are largest in brookite. The calculations
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that brookite phase may exhibit highest photocatalytic efficiency among other phases
of TiO2 [39].

In 2012 Hanaor et al. [40] investigated the phase stability of doped TiO2 using the ab-
initio density functional theory calculations of the relative stability of anatase and rutile
polymorphs of TiOz2, carried out using all-electron atomic orbitals methods within local
density approximation (LDA). They reported that the rutile phase exhibited a moderate
margin of stability of ~ 3 meV relative to the anatase phase in the pristine material.
Computational analysis of the formation energies of Si, Al, Fe and F dopants of various
charge states across different Fermi level energies in anatase and rutile, showed that
the cationic dopants are most stable in Ti substitutional lattice positions while formation
energy is minimised for F doping in interstitial positions [40]. All dopants were found
to considerably stabilize anatase relative to the rutile phase, suggesting the anatase
to rutile phase transformation is inhibited in such systems with the dopants ranking
F>Si>Fe>Al in the order of anatase stabilization strength. Al and Fe dopants were
found to act as shallow acceptors with charge compensation achieved through the

formation of mobile carriers rather than the formation of anion vacancies [40].

In 2013 Feng et al. [46] designed a series of metal-free donor-1r-bridge molecules
(denoted VB0-VB4) based on a new donor group—Ulla zine donor—as sensitizers for
dye-sensitized solar cell applications. With the use of the first principles, density
functional theory and time-dependent DFT calculations; it was revealed that the
physical properties of dyes, including spectral response, light harvesting efficiency,
and electron injection rate, are systematically improved by combining Ulla zine donor
to a series of length changing 11 bridges. Dye VB2 was found to be the best candidate
because of its outstanding performance on key parameters and achieving a balance
between competing factors. Compared to two other series of molecules—L and M
dyes, which differ from VB dyes by only the donor group—VB dyes have the largest
light harvesting efficiency and the largest number of electrons injected to the
conduction band of TiO2. These results suggest that the Ulla zine group can serve as

an excellent donor for future DSSCs applications [46].

Over the years there have been numerous investigations reported on the effective
method to add group VIII metals to TiO2-based photocatalytic systems to enhance the

photocatalytic reaction rate [42-45]. In previous studies, one of the most active metals
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for photocatalytic enhancement was platinum (Pt), which produced the highest
Schottky barrier among the metals that facilitate electron capture [44]. The capture of
electrons by Pt is postulated to produce a longer electron—hole pair separation lifetime,
and therefore hinder the recombination of electron—-hole pairs and enhance the
transfer of holes and possibly electrons to Oz adsorbed on the TiO2 surface.
Afterwards, excited electrons migrate to the metal, where they become trapped and
the electron—hole pair recombination is suppressed. Therefore, many investigations
have reported the enhancement of photo activities in both liquid and gas phase’s

results from depositing Pt, although some recorded reverse effects [45].

There is limited literature on the effect of Pt deposition on the surface of TiO2by means
of photo reduction on optical absorption capability. The photoactivity enhancement of
Pt-modified TiO2 cannot simply be attributed to the capture of electrons by Pt and the
Schottky barrier in the Pt facilitating the electron capture. Some research focused on
the interaction of Pt with TiO2 surface, and the effect of Pt on chemical state of Ti,

energy level, and interfacial charge transfer [42, 43].
2.3 Brookite TiO2 Surfaces

The difficulty in preparing brookite that has both high purity and large surface area is
probably one of the reasons for the limited work on its photocatalytic properties. In
2008 Li et al. [41] investigated different reactivities of TiO2 polymorphs using density
functional theory calculations, comparing water and formic acid adsorption on anatase
and brookite TiOz surfaces. The study illustrated that the brookite TiO2 (210) has the
same structural building block as anatase TiO2 (101), but interatomic distances are
slightly shorter and the blocks are arranged in a different way. Their calculations
showed that these differences significantly change the reactivity toward adsorption of
various molecules, and most importantly, generate highly active sites at the junction
between different structural units on brookite TiO2 (210). It further suggested that
brookite TiO2 (210) surface exhibits distinct activity, which may be useful in catalytic

and photocatalytic applications.

In 2007 Finazzi et al. [47] investigated the incorporation of nitrogen impurities onto
anatase TiO2 (101) surface by first principles DFT calculations. The study considered

several substitutional, interstitial configurations and different concentrations of
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nitrogen impurities on the surface and subsurface layers, as well as their interactions
with oxygen vacancies in the TiO: lattice. Also, the stability of the various systems on
the basis of their formation energy as a function of the oxygen chemical potential were
compared, which determined whether the system is in an oxidizing or reducing
environment. The findings showed that under oxygen-rich conditions, N bound to a
surface O is preferred, whereas, under oxygen-poor conditions, substitutional N
together with oxygen vacancies is favoured, as previously found for bulk TiO2. The
cost of formation of a surface oxygen vacancy is almost cancelled in the presence of
N impurities in subsurface layers. The incorporation of nitrogen in the lattice modifies
the electronic structure by introducing localized states in the bandgap, consistent with
experimentally observed surface absorption of N-doped anatase samples in the visible
region. Also, these N impurity states are excellent traps for the Ti®* electrons derived

from surface oxygens vacancies [47].

In 2009 Chen et al. [48] used the DFT plane-wave pseudopotential method to
investigate TiO2 anatase (101) surfacess doped with oxygen vacancies and nitrogen
atoms. The results demonstrated that the nitrogen doping is likely to reduce the
bridging oxygen vacancy formation energy also the cost of substitution of the oxygen
atoms with nitrogen atoms is reduced in the presence of oxygen vacancies. Moreover,
the nitrogen doping has little effect on the defective surface restructuring. The results
confirmed that the mixing of N dopants induced states with original Ti 3d and O 2p

valence band attributed to the band gap narrowing [48].

Yang et al. [49] reported the investigation on TiO2 (101) surface using the plane-wave
ultrasoft pseudopotential method based on the density functional theory, with
emphasis on the surface energy, band structure, density of states, and charge
population. The anatase TiO2 (101) crystal surface structure, whose outermost and
second layers were terminated by two-fold coordinated oxygen atoms and five-fold
coordinated titanium atoms, was found to be much more stable. The surface energy
of the 18-layer atoms model was 0.580 J/m?. The surface electronic structure was
similar to that of the bulk with no surface state. Compared with the bulk structure, the
band gap increased by 0.36 eV from 2.80 eV, the Tisc-O2c bond lengths reduced to
0.171 A after relaxation, and the charges of the surface were transferred to the body.

Their analysis of the optical properties of the TiO2 (101) anatase surface showed that
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the system did not absorb in the low-energy region and an absorption edge in the

ultraviolet region corresponding to the energy of 3.06 eV [49].

Kogo et al. [50] investigated a systematic representation of the adsorption behaviour
of the highly efficient Ru (Il) sensitizer (N3) on the anatase TiO2 (001) surface based
on density functional theory and found that three preferable configurations can be
formed by exploiting two or three carboxylic groups attached to the TiO2 surface, with
their adsorption energies differing slightly. The interplay of N3 with the (001) surface
is considerably stronger than that of N3 with the (101) surface, resulting in a larger dye
coverage on the (001) surface. The energy gap of the N3 sensitizer determining the
absorption spectrum, decreased by about 0.12 eV upon adsorption, suggesting an
even larger range of the absorption spectrum than for the isolated N3 molecule.
Moreover, the higher conduction band minimum of the TiO2 (001) surface with N3
adsorption, compared with that of the (101) surface, indicates the higher open circuit
potential. These results provide a clue on understanding the high solar light-to-
electricity conversion efficiency of dye-sensitized solar cells with TiO2 nanocrystals
exposing a high percentage of (001) faces [50]

The recently, standard density functional theory calculations showed that brookite and
rutile had direct band gaps of 1.86 eV and 1.88 eV, respectively, whereas an indirect
band gap of 1.94 eV was observed for anatase [51]. Through the implementation of
more modern approximation, the band gap underestimation was corrected and the Eg
values of brookite, rutile and anatase were increased to 3.30 eV, 3.39 eV and 3.60 eV,
respectively [51]. However, there is not much research on the optical properties of
brookite TiO2 (100), (010) and (210) surfaces. The study provide the fundamental
theoretical data on structural, electronic and optical properties of the brookite TiO2
(100), (010) and (210) surfaces doped with Ru and Pt using first-principle calculations.
In particular, analyses of geometrical structure (bond lengths, bond angles, lattice
parameters, etc.), surface properties, electronic properties (band gap, nature of
bonding, electronic populations, etc.) and optical properties are presented.
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CHAPTER 3
3.1 Methodology
3.1.1 Density Functional Theory

Density functional theory (DFT) is a computational quantum mechanical modelling
method used in physics, chemistry and materials science to investigate the electronic
structure (principally the ground state) of many-body systems, in particular atoms,
molecules, and the condensed phases. It also derives properties of the molecule
based on a determination of the electron of the molecule. DFT is based on the idea

that all the ground state properties of the system of interacting particles can be derived

from the ground state electron density n, (r) of the system. The theory is based on the

concepts proposed by Thomas in 1927 [52] and Fermi in 1927 [53]. The original
Thomas-Fermi method approximated the kinetic energy of the system as an explicit
functional of the density, simplified as non-interacting electrons inhomogeneous gas.
This homogenous electron gas is supposed to have a density equal to the local density
at any given point. In this approximation, the exchange and correlation among the
electrons were neglected, but this was later implemented by Dirac. The functional for

energy in the case of electrons in an external potential V,, (r)is given as [52, 53]

E[n]= —3(:17; )3 J'd3rn(r)~2+jd3rvext(r)n(r)4{%(%T}jd%n(r)g
1 3 3 /n(r)n(r/)
+E~[d rd°r W

(3.1)

In equation 3.1 the first term is the local approximation of the kinetic energy. The

ground state of the system can be found by minimizing the E[n] or all n(r). This original

Thomas-Fermi method is a fine example of how the DFT works, but it is far too

inaccurate for present day electronic structure calculations [52, 53].

The modern DFT is based on the theorems of Hohenberg and Kohn [54]. These
theorems formulate DFT as an exact theory of many-body systems and are stated as:
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e Theorem 1: For a system of interacting particles in an external potential, the

external potential V,

ext

(r) is uniquely determined by the ground state density E[n]

[51].

e Theorem 2: For any external potential V,, (r) , the universal functional for energy

E[n]can be determine in terms of density n(r), and the global minimum for E[n]

as a function of n(r), which represents the exact ground state and the ground state
density of the system [51].

Based on these two theorems, the energy functional can be formulated as:

E. =T[n]+E,

int

[n]+ [d°rV,, (r)n(r)+E,. (3.2)

In equation 3.2, T[n] is the internal kinetic energy of the system, Eint[n] is the internal

potential energy, and Ei represents the interaction energy of the nuclei.

The reason for DFT to be the most used method for electronic structure calculations
today is the Kohn-Sham ansatz introduced in 1965. Kohn and Sham stated that, the
complicated many-body problem can be replaced with an auxiliary independent-
particle problem, which can be solved far more easily. The Kohn-Sham method is self-

consistent, dealing with independent particles and interacting density.
The famous Kohn-Sham ansatz is based on two assumptions:

e The exact ground state of the system can be represented by the ground state

of the auxiliary system of non-interacting particles.

e The auxiliary Hamiltonian can be selected so, that it has a usual kinetic energy

operator and an effective local potential V. (r), which acts on the electron in

the point r, having a spin off o [54].
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3.1.2 Local Density Approximation

The local density approximation (LDA) is known to be the simplest method of
describing the exchange correlation energy of an electronic system, which is widely
used in total-energy pseudopotential calculations. LDA gives the correct sum rule for
the exchange correlation hole. In the LDA it is assumed that the exchange-correlation
energy depends only on the local electron density around each volume element dr.
Using this approximation the exchange-correlation energy at point r for a density n(r)
is equal to the exchange correlation energy per electron in a homogenous gas that

has the same density as the electron gas and is given by [55-60]:
LDA
E_ = j n(r) e_ (n)dr (3.3)

where € (n) is the exchange-correlation energy per particle of uniform electron gas

of density n. The extension of density functionals to spin-polarized systems is straight
forward for exchange, where the exact spin-scaling is known, but for correlation further
approximations must be employed. A spin polarized system in DFT employs two spin-

densities,n, and n,. The form of the local-spin-density approximation (LSDA) is

given by:
LSDA
E = j dm(e_(n .n) (3.4)

Despite the remarkable success associated with the LDA, it has some limitations. For
systems where the density varies slowly, the LDA tends to perform well, and chemical
trends are well reproduced. However, two systematic trends have been found in LDA,
that is; the weak bonds are too short and the calculated binding energies are typically
too large [57, 60].

3.2 Generalized Gradient Approximation

Beyond the LDA the exchange and correlation in an inhomogeneous system is non-
local with respect to electrons it surrounds, and this is referred to as gradient
correction. The terms in the exchange-correlation expression depend on the gradient
of the electron density and not only on the value at each point in space. Generalized

gradient approximation (GGA) was introduced by Perdew and Wang [60-63].

23

© University of Venda


https://en.wikipedia.org/wiki/Spin_polarization
https://en.wikipedia.org/wiki/Local-density_approximation
https://en.wikipedia.org/wiki/Local-density_approximation

)
o

&5 ) university of Venda
C

Generalized gradient approximations are still local but also take into account the
gradient of the density at the same coordinate as the new variable. The GGA exchange

energy is given by [63]:
ES c(n) = [drn(r) €[ n(n), [V n(n)] (3.5)

where e _is the exchange correlation energy and n(r) is the gradient term. GGAs tend

to improve total energies, atomization energies, energy barriers and structural energy
differences. It also expands and soften bonds, an effect that sometimes corrects and
sometimes overcorrects the local spin density approximation. The GGA functional are
most commonly used in physics.

3.3 Plane-Wave Pseudopotential Method

The plane-wave pseudopotential method has become a powerful and reliable tool to
study the properties of a broad class of materials. The emphasis on the total energy
and the related properties makes plane-wave pseudopotential a technique suitable for
structural studies based on a quantum-mechanical treatment of the electronic
subsystems. The main idea of the method is to simplify the DFT problem by
considering only valence electrons. Core electrons are excluded under the assumption
that their charge density is not affected by the changes in the chemical environment.
This approximation is well understood and gives a number of computational

advantages such that [64]:

e The pseudopotential is much weaker in the core region than the true Coulomb
potential of the nucleus, and it does not have a singularity at the position of the

nucleus.

e The resulting pseudo-wave functions are smooth and nodeless in the core

region.
e There are fewer electronic states in the solid-state calculations.

e Both pseudopotentials and pseudo-wave functions can be efficiently

represented using a plane wave basis set.
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The plane wave pseudopotential method is applicable to large systems that are

subjected to 3D periodic boundary conditions.
3.2.1 Plane-Wave Basis

As yet there has been no mention of how to handle the infinite number of interacting
electrons moving in the static field of an infinite number of ions. Essentially, there are
two difficulties to overcome: a wave function has to be calculated for each of the infinite
number of electrons, which will extend over the entire space of the solid and the basis
set in which the wave function expressed will be infinite. Bloch's theorem uses the
periodicity of a crystal to reduce the infinite number of one-electron wave functions to
be calculated and to simply the number of electrons in the unit cell of the crystal (or
half that number if the electronic orbitals are assumed to be doubly occupied - that is,
spin degenerate). The wave function is written as the product of a cell periodic part

and a wavelike part [63]:
¥, (r)=exp[ik.r] f;(r) (3.6)

The first term is the wavelike part which will be discussed below. The second term is
the cell periodic part of the wave function. This can be expressed by expanding it into
a finite number of plane waves whose wave vectors are reciprocal lattice vectors of

the crystal, given by [63]:

fi(l’)=;Gi,GeXp[iG'r] (3.7)

where G represents reciprocal lattice vectors given by G.I=2zm for | , where | is a
lattice of the crystal and m is an integer. Thus, each electronic wave function can be

written as a sum of plane waves such that:

P (r) = ZGi,k+G [i(k+G).|’]
G (3.8)

where G,,,;, the coefficients for the plane are waves that need to be solved and
. e e h? 2
depend entirely on the specific kinetic energy, om |k +G| :
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The convergence of this expansion is controlled by the choice of the kinetic energy
cut-off, since the plane waves with a smaller kinetic energy typically have a more
important role than those with a very high kinetic energy. The introduction of a plane
wave energy cut-off reduces the basis set to a finite size. This kinetic energy cut-off
will lead to an error in the total energy of the system but in principle it is possible to
make this error arbitrarily small by increasing the size of the basis set by allowing a
larger energy cut-off. The cut-off that is used in practice depends on the system under

investigation.

The plane-waves are used as a basis set for the electronic wave functions, and

substitution of equation 3.6 into equation 3.8 leads to:
hZ
{%VZ +V (r)}(/’i (N=c ¢ (3.8)

the integration over r gives the following secular equation:

G’

h2
Z[%“( * G|2 Soe +Vin (G=G) +Vyy (G—G')}Ci,me’ =&Ci.0
(3.9

It is noted that the first contribution, the kinetic energy, is diagonal whereas the various
potential contributions are given by their Fourier transforms. This may be written in

terms of the Hamiltonian matrix elements H,,; ., as:
Z HyokieCisio = &Cikie- (3.10)
T

The solutions of the Kohn-Sham equation are obtained by diagonalizing the

Hamiltonian matrix elements H . The size of these matrix elements is determined

k+G,k+G'
2
by the choice of energy cut-off (zh—mJ|k + G|2 , and will be large for systems that contain

both valence and core electrons.

Although Bloch’s theorem states that the electronic wave functions can be expanded
using a discrete set of plane waves, a plane wave basis set is usually very poorly

suited to expanding electronic wave functions because a very large number of plane
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waves are needed to expand the tightly bound core orbitals and to follow the rapid
oscillation of the wave functions of the valence electrons in the core region. An
extremely large plane wave basis set would be required to perform all electron
calculations, and a vast amount of computational time would be required to calculate
the electronic wave functions. This problem can be overcome by the use of

pseudopotential approximation [63-66].
3.2.2 Pseudopotential Method

Pseudopotential or effective potential in physics is used as an approximation for the
simplified description of complex systems. Applications include atomic physics and
neutron scattering. The pseudopotential approximation was first introduced by Hans
Hellmann in 1933 [67]. The pseudopotential is an attempt to replace the complicated
effects of the motion of the core (i.e. non-valence) electrons of an atom and its
nucleus with an effective potential, or pseudopotential, so that the Schrddinger
equation contains a  modified effective  potential term  instead  of

the Coulombic potential term for core electrons normally found in the Schrodinger

equation. Figure 3.1 illustrates the ionic potential(%), the valence wave function

(v, ), the corresponding pseudopotential (Vpseudo)

, and pseudo-wave function (y .. )
respectively [65]. The pseudopotential is an effective potential constructed to replace
the atomic all-electron potential (full-potential) such that core states are eliminated and
the valence electrons are described by pseudowave functions with significantly fewer
nodes. This allows the pseudowave functions to be described with far fewer Fourier
modes, thus making plane-wave basis sets practical to use. In this approach usually
only the chemically active valence electrons are dealt with explicitly, while the core
electrons are ‘frozen’, being considered together with the nuclei as rigid non-
polarizable ion cores. Itis possible to self-consistently update the pseudopotential with
the chemical environment that it is embedded in, having the effect of relaxing the
frozen core approximation, although this is rarely done. First-
principles pseudopotentials are derived from an atomic reference state, requiring that
the pseudo- and all-electron valence eigenstates have the same energies and
amplitude (and thus density) outside a chosen core cut-off radius r . Pseudopotentials

with larger cut-off radius are said to be softer, that is more rapidly convergent, but at
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the same time less transferable, that is less accurate to reproduce realistic features in
different environments. Without any doubt the pseudopotential approximation is the
most widely used method in electronic structure theory dealing with heavy atoms
where relativistic effects need to be considered. Pseudopotential calculations are less
accurate than all-electron calculations, but they simulate the results of the latter often

surprisingly well, for substantially smaller expenses.

~V

/ rc

Vp seudo

Figure 3. 1 Comparison of a wave function in the Coulomb potential of the nucleus
(blue) to the one in the pseudopotential (red). The real and the pseudo wave functions
and potentials match above a certain cut-off radius rc [68].

The advantage of using the pseudopotential approximation is that it allows the
electronic wave function to be expanded using a much smaller number of plane wave
basis states, so that a smaller amount of computational time would be required for

convergence of the energies. The pseudopotential takes the form:
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V= %\m)vl (Im|, a1

where |Im> is the spherical harmonics and V, is the pseudopotential for angular

momentum |. The majority of the pseudopotential currently used in the electronic

structure is generated from all electron atomic calculations.

A pseudopotential that uses the same potential for all the angular momentum
components of the wave function is called a local pseudopotential. A local
pseudopotential is a function that only depends on the distance dependence of the
potential. The norm-conserving pseudopotential (NCP) by Kleinmann and Bylander
[69] is an example of a non-local pseudopotential, using a different potential for each
angular momentum component of the wave function. Recently, the ultrasoft
pseudopotential (USP) put forward by Vanderbilt [67] has been implemented in plane-
wave calculations. In this scheme, the pseudo wave functions can be as soft as
possible within the core region. They cover a wide range of atoms, including the
transition metals. In this dissertation, ultrasoft pseudopotential by Vanderbilt [67] within
the Cambridge Serial Total Energy Package (CASTEP) code [68, 69] for total energy
calculations were used since they give accurate results for the system under

investigation.
3.4 Cambridge Serial Total Energy Package

CASTEP is premier density functional theory quantum mechanical code used to
simulate the properties of solids, interfaces, and the surfaces for a wide range of
materials classes including ceramics, semiconductors and metals [72]. CASTEP
employs plane-wave techniques to deal with materials with weak pseudopotentials.
First principle calculations allow researchers to investigate the nature and the origin of
the electronic, optical and structural properties of a system without the need for any
experimental input, with the exception of the atomic number of mass of the constituent

atoms.

CASTERP is well suited to research problems in solid state physics, materials science,
chemistry and chemical engineering. In these fields, researchers can employ

computer simulations to perform virtual experiments, which can lead to tremendous
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results. This method can calculate forces acting on atoms and stress on the unit cell.

CASTEP relies on a plane wave basis, pseudopotentials and the use of density

functional theory to describe the valence electrons in a model. Other ingredients

include fast Fourier transforms and minimization of the total energy rather than matrix

diagonalization. In this study CASTEP code was used to perform all the calculations.

The schematic representation in Figure 3.6 shows a summary of SCF methods for

geometry optimization calculations DFT.

unitcell:a, b, ¢, a, B, v
space group

Structure optimization

—

DFT Kohn-Sham

iteration 7

S
C
F

V(p) = V+V, Poisson, DFT

Ett force

Minimize E, force—0

properties

/ k € IBZ (irred.Brillouin zone)

Kohn Sham

S
[_EV- +V (P = Ei

k
Y = chnq)kn
k)l
£ 9<E> — ()
Variational method 5Ck,, i

Generalized eigenvalue problem

oC=F5C)
EE YA

Er<Ef

Figure 3. 2 Schematic representation of SCF and geometry optimization methods used

in DFT [71].
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3.5 Convergence Tests

The tag KSPACING determines the number of k-points if the KPOINTS file is not
present. KSPACING is the smallest allowed spacing between k-points in units of A1,
The number of k-points increases when the spacing is decreased. In the reciprocal
mode, the k-points are given by:

k=xb +xb, +xbs 312)

where Bu the three-reciprocal basis are vectors, and x _, are the supplied values.

In the Cartesian input format, the k-points are given by:

27
(xl, X, xg)

k=22
a (3.13)

The unit cell of a face-centred cubic lattice is spanned by the following basis vectors:

0 a/2 a/2
A=a/2 0 a/2
aj2 a/2 0 (3.14)
And the reciprocal lattice is defined as the matrix
-1 -1 1
27zB=| 1 -1 1
1A (3.15)

Before any geometry optimization could be performed it is important to calculate the
energy cut-off for system that will give expansion of the plane wave functions and total
energy within the plane-wave pseudopotential. The importance of calculating energy
cut-off and k-mesh is to get the good convergence of the total energy, however the
number of k-points depend on the system. In this work, the Monkhorst and Pack
scheme was used to determine suitable cut-off energy using the default k-points and
varying the cut-off energy from 260 eV to 800 eV. Then the identified energy cut-off

was used to determine suitable k-points for bulk brookite TiOz2.
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3.6 Computational Details

The structural, electronic and optical properties of doped and un-doped TiO2 (100),
(110) and (210) surfaces were performed using first principles calculations based on
DFT plane-wave pseudopotential method. The generalized gradient approximation in
the scheme of Perdew-Burke-Ernzerhof (PBE) was used to describe the exchange-
correlation functional. All calculations were carried out using CASTEP code in
Materials Studio of BIOVIA Inc. The Brillouin zone k-point sampling was performed
using a Monkhorst—Pack mesh, and the cut-off kinetic energy of plane waves was set
to 650 eV. The convergence criteria for structural optimization were set to be medium
guality with the tolerance for self-consistent field (SCF), energy, maximum force, and
maximum displacement of 2.0106 eV/atom, 2.0105 eV/atom, 0.05 eV/A and 2.0103
eV/A, respectively. The surfaces were doped by replacing one Ti atom with Ru/Pt atom

(substitutional doping).
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CHAPTER 4
4 Results and Discussions

In this chapter results obtained from quantum-mechanical calculations as defined in
density functional theory in the previous chapter are presented. Thus, theoretical study
of structural, electronic and optical properties of undoped and Ru or Pt doped brookite
TiO2 surfaces are presented. Plane wave pseudopotential method as implemented in

CASTEP code was used to perform all the calculations.
4.1 Convergence Tests

There are two parameters that affect the accuracy of density functional theory
calculations, namely kinetic energy cut-off that determines the number of plane waves
in the expansion and the k-points that are used for Brillouin zone integration.
Therefore, it is inessential to ensure that the appropriate energy cut-off and k-points
are used. To find convergence parameters for brookite TiO2 system, the energy cut-
off and k-points were varied as a function of total energy. The graphs of total energy

against energy cut-off and k-points are shown in Figures 4.1 and 4.2 respectively.

-19830

-19835

-19840 ~

-198435

TOTAL ENERGY

-19850

."Kl—l\
[ ]
TE—m— m m—m
-19855

T I T I T I T I T I T I
200 300 400 500 600 700 800
CUT-OFF ENERGY
Figure 4. 1 Total energy against cut-off energy for bulk brookite TiO2.
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Figure 4. 2 Graph of final energy of formation vs the number of k-points for brookite
TiO2.

The kinetic energy cut-off is an important parameter in first principle calculations.
Calculations of total energy versus energy cut-off were performed until a constant
minimum energy was obtained. From the graph in Figure 4.1 it can be observed that
from 600 eV, the energy becomes stable and the cut-off energy that corresponds to
the minimum total energy can be obtained. Therefore, the cut-off energy of 650 eV
was chosen and used throughout the calculations in the study. Pullay correction on
forces was included to compensate the energy cut-off. The Monkhost-Pack scheme
of the k-point scheme was used to select optimal set of special k-points of the Brillouin
zone such that the greatest possible accuracy is achieved from the number of k-points
used. The number of k-points was determined by computing self-consistent field
calculations for different k-points. The total energy of the system as a function of k-
points is shown in Figure 4.2. In this study, the least total energy was found to
correspond to 4x4x2 k-points and was used to perform the geometry optimization of
bulk brookite TiO2.
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4.2 Bulk Brookite-TiO2
4.2.1 Structural Properties

Brookite is a member of the TiO2 polymorphs family together with rutile and anatase.
Brookite TiO2 is known to have a complex structure, consisting of eight formula units
in the orthorhombic cell (space group Pbca). The formation of brookite structure may
be envisioned as the joining of distorted TiOs octahedral sharing three edges. Figure
4.3 illustrates the bulk structure of brookite TiO2. Structural properties of a system
require a calculation of the total energy of the system and subsequent minimization of

that energy with respect to coordinates.

Figure 4. 3 The bulk structure of TiO2 brookite. The grey spheres represent Ti atoms
while red spheres represent O atoms.

Initially, brookite bulk system was geometrically optimized using generalized gradient
approximation as implemented in density functional theory. The calculations were
performed using the sets of k-points and energy cut-off evaluated through the
convergence tests as described in section 4.1. Geometry optimizations were
performed in one steps, with the unconstrained volume, to determine equilibrium bulk
parameters and reference energies. These calculations on the bulk system were
performed as a way of validating the accuracy of the model and the approximations
used by comparing parameters with experimental values, before surface properties

could be investigated.
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The bulk structure of brookite TiO2 was geometrically optimized to find the equilibrium
lattice parameters with the lowest energy. Table 4.1 shows calculated lattice
parameters against the reported experimental and previous theoretical results. The
calculated results are in good agreement with both the experimental and reported
theoretical results as reported in references [74, 75]. The obtained lattice parameters
deviate from experimental data by 0.1967 % along the a-axis, 0.203 % along the b-
axis and 0.196 % along the c-axis. In comparison with the previous theoretical results
reported in [75], the calculated results are more accurate relative to experimental data,
and thus validating the starting models and method used. Optimized fractional
coordinates are in excellent agreement with the experimental values [74, 75] and are
presented in Table 4.2. The results show that the atomic internal coordinates also vary
isotopically at different positions. The theoretical determination of the stability and
structure of materials under conditions that are difficult to reproduce in the laboratory

is an added value of the present calculations.

Table 4. 1 Calculated lattice parameters for bulk brookite TiO2 compared with

experimental and previous theoretical results.

coordinates

Experimental [74] Literature This work
Calculations [75] Calculations

Lattice
Parameter

a (A) 9.184 9.157 9.166

b (A) 5.447 5.430 5.436

c (A) 5.145 5.122 5.135
Fractional

Til (0.129)(0.097)(-0.137) (0.129)(0.091)(-0.146) (0.127)(0.113)(-0.17)
o1 (0.010)(0.149)(0.182) (0.011)(0.151)(0.180) (0.010)(0.155)(0.180)
02 (0.230)(0.113)(-0.463) (0.230)(0.110)(-0.470) (0.230)(0.105)(-0.465)
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4.2.2 Electronic properties

Fundamentally the electronic properties of a system help in understanding the
classification of a material categories, namely; metals, semiconductor and insulator.
The type of the material is determined by the size and existence of the energy band
gap between the conduction band and valence band. The band structure of brookite
TiO2 was constructed along the appropriate high-symmetry directions of the
corresponding irreducible Brillouin zone using the calculated lattice parameters listed
in Table 4.1. The calculated energy band gap of the bulk brookite TiO2 was found to
be 2.35 eV. The band gap value is consistent with the value reported by Mo and Ching
[35] obtained using the self-consistent orthogonalized linear combination of atomic
orbitals method. According to Mo and Ching [35] brookite TiO2 had a direct band gap
of 2.20 eV. Both the values were found to be underestimated compared with the
experimentally measured value of 3.40 eV, this is due to the limitation of DFT method.
The limitation is caused by the fact that the discontinuity in the exchange correlation
potential which is not taken into account within the framework of DFT. However, the
discussions on energy gap will not be affected because only the relative energy
changes are of concern. In this work, the scissor operation of 1.047 eV was employed

to compensate for the underestimation of the band gap [74].

Total
—O-2p
— Ti-3d

Energy(eV)

L L L L
5 10 15 20 25 30 35
DOS

Figure 4. 4 Calculated band structure and density of states of bulk brookite TiO2.
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The scissors scheme aligns both the theoretical valence band energy (VBE) and
conduction band energy (CBE) with their experimental counterparts, performing a
“scissors” operation to stretch out the theoretical gap states over the experimental gap.
The experimental value used for the scissor operation is 3.40 eV, which was reported
by Koelsch, et al. [74] wherein brookite nanoparticles dispersed in water were
investigated. After the scissor operation, the band gap value becomes 3.40 eV as
shown in Figure 4.4. Both the conduction band minimum (CBM) and the valence band
maximum (VBM) are located at G. Therefore, brookite TiOz is considered to be a direct
band gap semiconductor. The upper valence band (VB) is lying in the range of 1.93-
6.34 eV consisting of O 2p orbitals hybridized with Ti 3d orbitals. The bottom of the
conduction band (CB) at -1.24 eV is composed of Ti 3d orbitals,

4.2.3 Optical Properties

The study of the optical functions of solids helps give a better understanding of optical

properties for different materials. The frequency-dependent dielectric function is given

by:
¢ (0) = g(0) + ig(0) (4.1)

The dielectric function is closely related to the electronic band structure. It fully

describes the optical properties of any homogeneous medium at all photon energies.

The imaginary part gz(a)) of the complex dielectric function is obtained from the

momentum matrix elements between the occupied and unoccupied electronic states.

The imaginary part is calculated using the analytical expression:

2 c v
;;ZM “Ek—Ek—E)

ke 4.2)

where o is the frequency of light, e is the electronic charge, G is the vector defining
the polarization of the incident electric field, y, and w, are the conduction and
valence band wave functions at k, respectively. The real part of the dielectric function

& () is derived from the imaginary part of the dielectric function ¢, (@) through the

Kramers—Kronig relations. Other optical properties, such as refractive index,
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absorption spectrum, loss function, reflectivity, and conductivity (real part), are derived

from:
2 _tog(o0)da
g(w)=1+—P| —"2—"—— 4.3
1( ) T _(|; (a),g_a)g) ( )
25 _
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Figure 4. 5 Dielectric function of the bulk brookite TiO2 structure showing the real and

imaginary parts.

After geometrical optimization of the TiOz bulk structure, the real and imaginary parts
of the dielectric function versus photon energy change were calculated and curve are
shown in Figure 4.5. There are four peak positions in the imaginary part as shown in
the graph. The first high and sharp peak appears at 1.2 eV because the valence band
O 2p states jump to the conduction band Ti 3d states, according to analysis of the
energy band diagram and density of states. The second, third, fourth and fifth peaks
are at ~4.5 eV, ~8 eV, 21 eV and ~36 eV respectively, mainly owing to the electron
transition from the O 2s state to the Ti 3d state. Currently, there are no literature results

to compare the calculated properties, particularly for brookite TiOz2.
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In this work, the optical absorption of bulk brookite TiO2 was calculated. Again, scissor
operation was considered in the calculations due to the underestimation of the bad
gap by DFT, which makes it difficult to obtain the exact band gap together with the
associated optical properties. This scissor operation can effectively describe the
difference between the theoretical and experimental band gap values. From the
calculated results in Figure 4.6, it can be observed that brookite bulk structure absorbs
light in the ultra violet region. This is attributed by a high peaks ranging from 100 nm
to 400 nm. The results suggest that the materials can be stable at wavelengths below
400 nm. Furthermore, bulk brookite TiO2 also showed some long wavelength activity
in the visible region. This can be observed by a peak between 500 nm and 1000 nm.
These results show little activity of brookite in the visible region. Thus, the absorption
of bulk brookite in the visible region is small compared to its absorption in the UV

region, which may have some effects on solar cell performance.
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Figure 4. 6 Optical absorption curves of the bulk brookite TiO2 structure.

The reflectivity is the ratio of a wave reflected from a surface of energy possessed by
the wave striking the surface. The reflectivity spectra of bulk brookite TiO2 is displayed
in Figure 4.7 as a function of energy. The reflectivity is much higher in the infrared

region with a starting higher value of ~0.44, which immediately decreases up to a value
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of ~0.08, and then rises again to reach second maximum value of ~0.40 in the energy
range of 0—6 eV. The reflectivity then rises again to reach a third maximum value of
~0.42 in the energy range of 6-10 eV, which concludes the first broad peak which
constitutes of three splitting peaks. Two more peaks are observed at higher energies.
With an increase in photon energy, the reflectivity graph is composed of several other
peaks before falling rapidly to a lower value at the energy value of ~60 eV. A large
reflectivity for E < 1 eV indicates the characteristics of high conductance in the low
energy region. The energy loss spectrum describes the energy loss of electrons when
passing through a uniform dielectric, and the energy loss peak describes the plasma
resonance frequencies. The main energy loss for bulk brookite TiOz is at about ~25
eV and ~40 eV. Figures 4.7 and 4.8 reveal that the energy loss peaks for bulk brookite

TiO2 correspond to the sharp decline in the reflectivity spectrum.
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Figure 4. 7 Reflection spectrum of the bulk brookite TiOz structure.
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Figure 4. 8 Energy loss function of the bulk brookite TiO2 structure.
4.3 Surfaces
4.3.1 Surface Properties

There are several methods available to model surfaces. For surface calculations, a
bulk unit cell is cut in a specified orientation and duplicated via periodic boundary
conditions in two dimensional. In this study, the surface structures of brookite have
been created by cleaving a surface from the optimized bulk structure along a specified
orientation and then built a slab. In this report, the selected three low index surfaces
for brookite TiOz are investigated, i.e. (100), (110) and (210) surfaces are discussed.
The surface structures of brookite have been modelled from unreconstructed
(truncated bulk) slab models using the calculated equilibrium geometry. As these
surfaces have different number of atoms in each layer, after the corresponding
convergence tests, the low index surfaces were periodically modelled along x- and y-
directions but with different thickness in the z-direction. The relaxation of these

surfaces has been taken into account by optimizing all the layers of the slab.
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4.3.1.1 (100) Surface

A schematic representation of the brookite (100) surface is depicted in Figure 4.9. The
truncation of the octahedral renders different coordination combinations for the
outermost titanium cations. Depending on the orientation of the brookite surface, the
surface may be either oxygen- or titanium terminated. However, in this study the effect
of surface termination is not investigated in detail as the focus was on understanding
the effect of doping with Ru and Pt. The vacuum and crystal thickness used for the
slabs are 10.0 A and 19.05 A, respectively. All the (100) brookite surface structures
were optimized by relaxing surface atoms to eliminate surface atomic tension. The

dopants were introduced by replacing one Ti atomice with Ru or Pt.

(a) (b) () (d)

Figure 4. 9 Atomic structures of (a) undoped brookite TiO2 (100) surface before
optimization, (b) undoped brookite TiO2 (100) surface after optimization, (c) Ru-doped
brookite TiO2 (100) surface after optimization, (d) Pt-doped brookite TiO2 (100) surface
after optimization. The grey spheres, the red spheres, the light blue sphere and blue

represent Ti atoms, O atoms, transition metal Ru and Pt respectively.
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Figure 4.9 shows the structures of the undoped and doped brookite surfaces before
and after optimization, the atomic surface underwent relaxation, but not reconstruction.
For all the surfaces, the top and bottom layers of oxygen ions are still 2-fold
coordinated (Ozc), with the nearest titanium ions being 5-fold coordinated (Tisc). Table
4.3 illustrates the structural parameters of all four structures after optimization. The
results show that the lattice parameters a and b do not change significantly as

compared to the lattice parameter c after doping with Ru and Pt.

Table 4. 2 Optimized structural parameters for surface TiO2

Undoped TiO2

Ru- doped TiO2

Pt-doped TiO2

a (A) 5.558 5.560 5.553
b (A) 5.300 5.303 5.318
c (A) 18.556 18.706 18.703

4.3.1.2 (210) Surface

A schematic representation of the brookite (210) surface is depicted in Figure 4.10.
The truncation of the octahedral renders different coordination combinations for the
outermost titanium cations. The (210) surface is a step surface, which consists of 2-
fold coordinated oxygen ions in both the top and the bottom layers. It also has mixture
of 2-fold and 3-fold coordinated oxygen ions within the middle layers. The titanium ions
are 5-fold and 6-fold coordinated. The atoms in these structures are having some
cleaved bonds in the termination position, while terminating with both oxygen and
titanium. All the undoped and doped (210) brookite surface structures were optimized

by relaxing surface atoms to eliminate surface atomic tension.
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(a) (b)

() (d)

Figure 4. 10 Atomic structures of (a) undoped brookite TiO2 (210) surface before
optimization, (b) undoped brookite TiO2 (210) surface after optimization, (c) Ru-doped
TiO2 brookite (210) surface after optimization, (d) Pt-doped brookite TiO2 (210) surface
after optimization. The grey spheres, the red spheres, the light blue sphere and blue
represent Ti atoms, O atoms, Ru atom and Pt atom respectively.

Relaxation is a small and subtle rearrangement of the surface layers which may
nevertheless be significant energetically, and seems to be common place for metal
surfaces. It involves adjustments in the layer spacings perpendicular to the surface,
there is no change either in the periodicity parallel to the surface or to the symmetry
of the surface. Figure 4.10 shows the structures of brookite surfaces before and after
optimization. The atomic surface underwent relaxation, but not reconstruction for
undoped surface. The doped surface structures undergo small change in the lattice
position since the position of the dopant in the case of Pt move downward and for the
Ru doped TiO2 all the atoms to the right of the dopant move upward. Table 4.3

illustrates the structural parameters of all three structures after optimization. It can be
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observed that the lattice parameter a and b of Ru-doped structures do not change
much compared to those of undoped structures, while the lattice parameter of Pt-
doped surface structure showed a notable change. These findings confirm the fact
that after doping there are some reconstructions of the doped surface structures.

Table 4. 3 Optimized structural parameters for surface TiO2

Undoped TiO2

Ru- doped TiO2

Pt-doped TiO2

a (A) 5.317 5.375 5.438
b (A) 13.870 13.785 13.985
c (A) 12.294 12.886 12.319

4.3.1.3 (110) surface

All the undoped and doped (110) brookite surface structures were optimized by
relaxing surface atoms to eliminate surface atomic tension. The ideal (110) brookite
surface is characterized by the presence of pairs of coordinative unsaturated ions, i.e.,
5-fold coordinated Ti (Tisc) and two types of 2-fold coordinated oxygen ions (Ozc, O'2c),
these atoms having only one cleaved bond. The ideal (110) brookite surface also
consists of some 3-fold coordinated O (Osc). The dopants were introduced by replacing
one 5-fold Ti element. Table 4.4 below shows the structural parameters of all three
structures after optimization. It can be observed that all structures went through
relaxation which is a small and subtle rearrangement of atomic positions not
reconstruction. This can be observed in Table 4.4, where the lattice parameter a, b
and c for both Pt and Ru doped systems showed a small difference relative to the
undoped system.A schematic representation of the brookite (110) surface is depicted
in Figure 4.11.

46

© University of Venda



)

o

- jiversi
‘ ’Umverslty of Venda
@ Creating Future Leaders

(a) (b)

(c) (d)

Figure 4. 11 Atomic structures of (a) undoped brookite TiO2 (110) surface before
optimization, (b) undoped brookite TiO2 (110) surface after optimization, (c) Ru-doped
TiO2 brookite (110) surface after optimization, (d) Pt-doped brookite TiO2 (110) surface
after optimization. The grey spheres, the red spheres, the light blue sphere and blue

represent Ti atoms, O atoms, Ru atom and Pt atom respectively.
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Table 4. 4 Optimized structural parameters for surface TiO2

Undoped TiOz2 Ru- doped TiO2 | Pt-doped TiO2
a (A) 5.661 5.775 5.766
b (A) 11.360 11.385 11.371
c (A) 14.725 14.672 14.617

4.3.2 Electronic Properties

To conveniently investigate the electronic structures of transition metal-doped brookite
TiO2 surfaces, we set the same k-points mesh to sample the first Brillouin zone for
undoped and transition metal doped surfaces.

4.3.2.1 (100) Surface

The calculated band gap of both doped and undoped (100) brookite TiO2 surfaces was
found to be underestimated compared with the experimental value, this is due to the
limitations of DFT. However, the discussions on energy band gap are not affected
because only the relative energy changes are of concern. In this work, we employed
the scissor operation of 1.047 eV to compensate for the underestimation of the band
gap. The value of the “scissors” operation used for these surfaces is the same as the

one applied on the bulk structure calculations.

The calculated energy band gap of pure brookite TiO2 (100) surface is 3.35 eV as
shown in Figure 4.13. The conduction band minimum is located at G, while the valence
band maximum is located near G. Therefore, the brookite TiO2 (100) surface can be
considered as a direct band gap semiconductor. The value of band gap is consistent
with the reported literature results [75]. The valence band energy in the pure surface
near the Fermi level is from 0 to 4.4 eV and the width is 4.4 eV, which is mainly
attributed to the O 2p orbit and Ti 3d orbit hybridization. The conduction band energy
is from 2.5 to 20 eV and the width is 17.5 eV, mainly constituted by the Ti 3d track and
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a small amount of O 2p track. After doping of transitional metal the band gap narrowed,
which is in support of the results reported by Wang et al. [22] who reported that most
transition metal doping can narrow the band gap of TiOz2, leading to the improvement
in the photo reactivity of TiO2, and simultaneously maintain strong redox potential.

— Total
—0-2p
—Ti-3d
(100) pure

Energy (eV)

PDOS
Figure 4. 12 Band structure and density of state of undoped brookite TiO2 (100)

surface.
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Figure 4. 13 Band structure and density of state of Ru doped brookite TiO2 (100)

surface.
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Figure 4. 14 Band structure and density of state of Pt-doped brookite TiO2 (100)

surface.

50

© University of Venda



)
o

&5 ) university of Venda
C

The total density of states (TDOS) and partial density of states (PDOS) of Ru and Pt -
doped brookite TiOz2 (100) surfaces are shown in Figures 4.13 and 4.14 respectively,
which were plotted using Originlab. The TDOS shape of transition metaldoped
TiO2 becomes broader than that of pure TiO2, which indicates that the electronic
nonlocality is more obvious, owing to the reduction of crystal symmetry. The transition
metal 3d and 5d states are somewhat delocalized, which contributes to the formation
of impurity energy levels (IELs) by hybridization with O 2p states or Ti 3d states. Such
hybrid effect may form energy levels in the band gap or hybrid with CBM/VBM,
providing trapping potential well for electrons and holes. It gives a contribution to
separation of photogenerated electron—hole pairs, as well as in favour of the migration
of photo excited carriers and the process of photocatalysis. The band gaps of brookite
TiO2 (100) surface doped with Ru and Pt are determined as 1.143 eV, and 2.062 eV,
respectively. It is worth noting that the band gap of Ru and Pt —doped TiO:2 surfaces is
not related to the band gap between the Titxg (dxy, dxz, dyz) and eg (dz?, dx*—y?)
bands, but to the energy separation between the O 2p and the Ti t2g bands of TiO2 that
is modified by doping atoms.

4.3.2.2 (210) Surface

The knowledge of the electronic band structure of the TiO2 polymorphs is useful to
understand the photocatalytic behaviour of the pure systems and of their doped
counterparts. The highest and lowest energy levels of a band are referred to as the
band edges. The energy band gap of TiO2 (210) surface is 4.418 eV; relative to the
energy band gap of the bulk system. The band gap is larger than that of the bulk
system by 1.018 eV. In the lateral and inner surfaces, the electronic wave function
changes in index relations attenuation. The larger band gap for brookite (210) surface
indicates that the distribution probability of the electron is biggest in the surface, i.e.,
the electron is limited near the surface. This kind of electronic state is called the
surface state, and the corresponding energy level is called the surface level. Figure
4.16 clearly shows that in this surface, no surface level appears near the Fermi level,
indicating that no surface states exist. These changes can be mainly attributed to the
redundant electronics of the brookite TiO2 (210) surface transfer to the other atoms.
The conduction band energy is from 2.5 to 20 eV and the width is 17.5 eV, mainly

constituted by the Ti 3d track and a small amount of O 2p track. For the undoped
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surface the valence band energy near the Fermi level is from 0 to 4.0 eV and the width
is 4.0 eV, which is also attributed to the O 2p orbit and Ti 3d orbit hybridization. The
conduction band energy is from 4.2 to 20 eV and the width is 15.8 eV, mainly
constituted by the Ti 3d track and a small amount of O 2p track. The width of the
conduction band for an undoped surface is smaller and the electrons are locally
enhanced near surfaces. Compared with the band of the bulk system, the brookite
TiO2 (210) surface band is smoother, and the corresponding surface state density
peak is higher than that of the bulk phase. This result can be attributed to two reasons:
first, the system is made up of different numbers of atoms; second, the band gap width

changes strengthening the surface electronic density of states and localization.
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Figure 4. 15 Band structure and density of state of undoped brookite TiO2 (210)
surface.

In the case of Ru or Pt doped brookite TiO2 (210) surfaces, considering the
underestimation of the calculations, the band gaps of the Ru and Pt doped brookite
TiO2 are corrected by scissors operator. The scissors operator is set at 1.047 eV,
accounting for the difference between the experimental band gap (3.23 eV) and the
calculated band gap (2.21 eV) for bulk brookite TiO2. Then, the band gap Ru and Pt
doped TiOz2, are determined as 1. 335 eV shown in Figure 4.17 and 2.296 eV shown

in Figure 4.18. Lower band gap value of the doped systems in comparison with the
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undoped (210) is evident that doping with transitional metal results in the narrowing of
the band. The band gap is narrowed by the formation of the impurity energy levels,
which are a result of hybridizing with O 2p states or Ti 3d states. It gives a contribution
to separation of photo generated electron—hole pairs, as well as in favour of the
migration of photo excited carriers and the process of photocatalysis. The impurity
energy levels are located above the VB and partially overlap with the VBM in both Pt-
TiO2 and Ru-TiO2 (210) surfaces. These kinds of IELs could act as trap centres for
photoexcited holes, which can also reduce the recombination rate of charge carriers.
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Figure 4. 16 Band structure and density of state of Ru-doped brookite TiO2 (210)

surface.
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Figure 4. 17 Band structure and density of state of Pt-doped brookite TiO2 (210)

surface.
4.3.2.3 (110) Surface

Figure 4.19 shows the band structure of pure (110) brookite TiO2 surface. It is
observed that the band gap is about 4.572 eV, which in relative to the bulk band gap
is larger by 1.172 eV. The results suggest that the distribution probability of the
electron is biggest in the surface, i.e., the electron is limited near the surface. This kind
of electronic state is called the surface state, and the corresponding energy level is
called the surface level. Similar trend was observed for (100) and (210) brookite TiO2
surfaces. Figure 4.19 shows that in the surface, no surface level appears near the
Fermi level, indicating that no surface states exist. These changes can be mainly
attributed to the redundant electronics of the brookite TiOz surface transfer to the other
atoms. The results show that the valence band (VB) of the undoped TiOz2 is mainly
composed of the hybridization of O 2p and Ti 3d states while the conduction band (CB)
mainly consists of Ti 3d states which demonstrate its consistency with the
experimental results [76]. It is clear from the band gap results that the valence band
maximum and the conduction minimum occur at approximately same value of G, which

proves the fact that the band gap of brookite is direct.
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Figure 4. 18 Band structure and density of state of undoped brookite TiO2 (110)
surface.
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Figure 4. 19 Band structure and state density of Ru-doped brookite TiO2 (110) surface.
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Figure 4. 20 Band structure and density of state of Pt-doped brookite TiO2 (110)

surface.

The DOS for Pt-TiO2 (110) presented in Figure 4.21 indicates that single Pt at the
hollow site interacts with Ti 5c¢ that appears as a Pt—Ti 5c¢ hybridization peak at the
bottom of the CB. The non-bonding excess charge around Pt brings four occupied flat
gap states above the VBM. For Ru-doped TiOz2, the PDOS calculation corresponding
to Ru 3d shows new impurity energy levels sitting above the top of VB. PDOS reveal
that Ru 3d states appear as seven isolated impurity energy levels located below the
bottom of the conduction band with one of them completely occupied and the others
unoccupied. These impurity energy levels sufficiently overlap with conduction band
minimum of TiO2 surfaces. Figures 4.20 and 4.21 show the calculated partial density
of states for doped systems. The VB of undoped TiO2 (110) surface is located between
~-0.85 and -2.5 eV, mainly formed by O 2s states, which are the intershell electrons.
The peak’s shape is sharp and the locality is strong for an undoped surface as shown
in Figure 19. The width of VB is between ~—-4.0 and 0 eV near the Fermi energy level
is ~4.0 eV, and the width of CB is ~ 5.0 eV. The VB and CB are formed mainly by the

O 2p states and Ti 3d states, and the former is dominated by O 2p states and the latter
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by Ti 3d states. The O 2p and Ti 3d states show resonance phenomenon. This

indicates that some covalence bond character between Ti and O atoms exist [51].

It is clear that the CB of Ru-doped TiO2 is composed mainly of Ti 3d states while the
VB is composed mainly of O 2p states. The impurity energy levels located above the
top of VB are formed by hybridization of O 2p states and Ti 3d states with Ru 3d states.
When the impurity energy levels are taken into account, the CBM is located at ~-0.2
eV since there are some small impurities formed just below the CB, the width of VB is
~-5.6 eV. These kinds of impurity energy levels could act as acceptor levels, which
can reduce the recombination rate of charge carriers and thus improve the
photocatalytic activity. In the case Pt doped surface, the Pt 5d states are somewhat
delocalized. The VB is formed mainly by the O 2p states, and the impurity energy
levels located above the top of VB are formed by hybridization of O 2p states and Ti
3d states with 5 d9 6 sl states. If the impurity energy levels are taken into account,
the CBM is located at ~-2.0 eV, the width of CB is ~3.9 eV, and the width of VB is ~-
6.2 eV. Compared with undoped surface, the band gap of Pt-doped TiO2 narrowed to
2.202 eV, due to the mixing of Pt 5 d9 6 sl states with O 2p states and Ti 3d
broadening the width of VB.

4.3.3 Surfaces Optical Properties
4.3.3.1 (100) Surface

The polarized model of TiO2 was used to calculate the absorption spectra of the
various surface systems. The optical calculations were based on the ground state of
the electrons. The calculated absorption spectra for undoped, Ru doped, and Pt doped
TiO2 (100) surfaces are shown in Figure 4.22. The Figure 4.22 reveals that the
absorption edge of doped TiOz surfaces shifts to visible light region with respect to
undoped TiO2 surface. Ru doped surface has the greatest red shift extent. As shown
in Figure 4.22 Ru-doped surface has a high peak absorbing from 400 nm towards the

infrared (IR) region. The red shift could be caused by impurity energy levels.
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Figure 4. 21 Optical absorption curves of the undoped and doped brookite TiO2 (100)

surface.

The real and virtual parts of the dielectric function versus photon energy change curve
are shown in Figure 4.23 and 4.24, respectively. For undoped surface and Ru-doped
surface, there are four peak positions in the imaginary part. The first high and sharp
peak for both the undoped and Ru doped appears at ~2 eV. This is attributed by the
fact that the valence band O 2p states jump to the conduction band Ti 3d states. In
addition, there are contributions from Ru 3d states, according to analysis of the energy
band diagram and density of states. The second, third and fourth peaks are at ~4 eV,
~11 eV and ~36 eV respectively; mainly owing to the electron transition from the O 2s
state to the Ti 3d state. There are no results in literature to compare with. Both the real
and imaginary parts of the dielectric function for Pt doped system have number of
peaks. The peak for the real part due to the valence band O 2p states jumps to the
conduction band Ti3d states and some contribution from Pt 3d state. This peak is at

the lower energy than that of undoped and Ru-doped systems.
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Figure 4. 22 Real part of dielectric function of the undoped and doped brookite TiO2
(100) surface.
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Figure 4. 23 Imaginary part of dielectric function of the undoped and doped brookite
TiO2 (100) surface.
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The reflectivity is the ratio of a wave reflected from a surface of energy possessed by
the wave striking the surface. The reflectivity spectra for undoped and doped surfaces
are displayed in Figure 4.25 as a function of energy. The reflectivity is much higher in
the infrared region. The undoped and doped surfaces are showing similar reflectivity
spectra patterns, where the first peak is at low energy ranging between 0 and 11 eV,
with a splitting at the top. The other two peaks are at ~20 eV and ~38 eV, with
decreasing intensity. For Ru-doped the reflectivity spectra is showing four peaks,
where three are in the same energy region as those of undoped and Pt doped, but
with intensity or low photo energy in some regions. The other peak that only appears
in Ru doped is in between 44 eV and 50 eV with a well define shape and low intensity.
The large reflectivity for E < 1 eV indicates the characteristics of high conductance in
the low energy region. The main energy loss for all the surfaces is at about ~11 eV
and ~23 eV. Figures 4.25 and 4.26 reveal that the energy loss peaks for all surfaces

correspond to the sharp decline in the reflectivity spectrum.
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Figure 4. 24 Reflection spectrum of the undoped and doped brookite TiO2 (100)

surface.
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Figure 4. 25 Energy loss function of the undoped and doped brookite TiO2 (100)

surface.
4.3.3.2 (210) Surface

In order to explore the absorption properties, the optical absorption spectra of undoped
and Ru or Pt doped (210) surfaces were calculated on the basis of the detailed
electronic band structure as discussed in section 4.2. Because of the underestimated
band gap of pure TiO2, we introduced a scissors operator of 1.047 eV (band gap
difference between experimental and calculated value) for obtaining some exact

optical absorption spectra in the visible region.
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Figure 4. 26 Optical absorption curves of the undoped and doped brookite TiO2 (210)

surface.

The absorption coefficient gives important information about solar energy conversion
efficiency and how far light of specific frequency can penetrate into the material before
being absorbed. Figure 4.27 reveals that the absorption edges of Ru doped and Pt
doped surfaces, move toward the longer wavelength; implying the enhancement of
visible light absorption. Pt has stronger light absorption in the visible region as
compared to an undoped surface and is the same as that of Ru doped surface. Thus,
Pt and Ru doped surfaces have a higher photocatalytic activity. The undoped surface
was found to have an absorption in the near infrared region than the Pt doped surface.
The impurity band can act as a “step” that reduces the electronic transition energy.
Thus, the more electrons can be excited. When more electrons are excited, the greater
the probability that photo-excited electrons can migrate into the surface. Meanwhile,
the impurity energy levels or band could also act as a separating centre. The photo-
excited electrons-holes can separate rapidly and effectively, which will promote the

carriers diffusion and enhance the charge carrier lifetime.
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Figure 4. 27 Imaginary part of dielectric function of the undoped and doped brookite
TiO2 (210) surface.
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Figure 4. 28 Real part of dielectric function of the undoped and doped brookite TiO2

(210) surface.
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The dielectric function describes the polarization and absorption of the material. The
real and imaginary parts of the dielectric function versus photon energy change curve
are shown in Figure 4.28 and 4.29 respectively. It can be observed that the value of
imaginary part of the dielectric function is zero between ~24 and 35 eV for all the
surfaces. Therefore, these materials become transparent in this region and above 50
eV. Also, the real part of dielectric function falls below zero at about 10 eV for all the
surfaces. This corresponds to the energy at which the reflectivity exhibits a sharp drop
and the energy loss function shows a prominent peak. The peak of the imaginary part
of the dielectric function is related to the electron excitation. For the imaginary part of
all the surfaces, the peak for E <1 eV is due to intraband transitions and this peak for
Pt doped was found to be at lower energy as compared to those of undoped and Ru

doped surfaces.
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Figure 4. 29 Reflection spectrum of the undoped and doped brookite TiO2 (210)

surface.
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Figure 4. 30 Energy loss function of the undoped and doped brookite TiO2 (210)

surface.

The reflectivity spectra of undoped and doped surfaces are displayed in Figure 4.30
as a function of energy. Similar to (100) surface, reflectivity is much higher in the
infrared region. The undoped and doped surfaces are showing similar reflectivity
spectra patterns, where the first peak is at low energy ranging between 0 and 13 eV,
with a splitting at the top. The other two peaks are at ~23 eV and ~39 eV, with
decreasing intensity. The reflectivity spectrum for Pt doped surface is composed of
four peaks, where three are in the same energy region as those of undoped and Ru
doped surfaces. The large reflectivity for E < 1 eV indicates the characteristics of high
conductance in the low energy region. The energy loss function of a material is a
parameter that describes the energy loss of a fast electron traversing that material.
The frequency associated with the highest peak of energy loss spectrum is defined as

the bulk plasma frequency wp of the material, which appears at €2 <1 and €1 =0 [77].

The energy loss spectra of all surfaces are depicted in Figures 4.31 as a function of
photon energy. For all surfaces, there are two major peaks found at 11.50 eV and 39
eV, which indicate the rapid reduction in the reflectance. The Pt doped surface shows
an extra peak on the shoulder of the 11.50 eV, which is not present on other surfaces.
When the incident photon energy is higher than 40 eV, all surfaces will become

transparent.
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4.3.3.3 (110) Surface

On the basis of the electronic band structure, the optical absorption spectra of
undoped and doped TiO:2 surfaces between 100 nm and 1000 nm are shown in Figure
4.32. It can be observed that the absorption edge of all the doped TiO2 shifts to visible
light region with respect to pure TiO2, and Ru doped TiO2 has a greatest red shift
extent, with the undoped surface showing absorption only on UV region, which is the
low wavelength region. The Ru doped surface show the highest absorption in the
range between 380 nm and 1000 nm, the Pt doped shows absorption in the visible
region and a small part of the infrared region. As all the doped TiO: surface have a
lower band gap than pure TiO2 surface, the red shift could possibly be caused by

impurity energy levels.
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Figure 4. 31 Optical absorption curves of the undoped and doped brookite TiO2 (110)

surface.

The real and virtual parts of the dielectric function versus photon energy change
curves are shown in Figure 4.32 and 4.33 respectively. It is observed that the value of
imaginary part of the dielectric function is zero between 24 eV and 35 eV for all
surfaces, hence these materials become transparent at this region and above 44 eV,
but Ru doped shows another small peak between 45 eV and 50 eV. We also observe

that the real part of dielectric functions real part falls below 0 at about 10 eV for Ru
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doped surfaces. These correspond to the energy at which the reflectivity exhibits a
sharp drop and the energy loss function shows a prominent peak. The peak of the
imaginary part of the dielectric function is related to the electron excitation. For the
imaginary part of all surfaces, the peak for E < 1eV is due to intraband transitions and
this peak for Pt doped was found to be at lower energy as compared to the un doped

and Ru doped.
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Figure 4. 32 Real part of dielectric function of the undoped and doped brookite TiO2
(110) surface.
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Figure 4. 33 Imaginary part of dielectric function of the undoped and doped brookite

TiO2 (110) surface.
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Figure 4. 34 Reflection spectrum of the undoped and doped brookite TiO2 (110)

surface.
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The reflectivity spectra of undoped and doped surfaces are displayed in Figure 4.34
as a function of energy. The reflectivity is much higher in the infrared region. The un-
doped and doped surfaces are showing similar reflectivity spectra patterns, where the
first peak is at low energy ranging between 0 to 13 eV, with some splitting at the top.
The other two peaks are at ~16 eV and ~37 eV, with decreasing intensity. The intensity
of these two peaks is lower than those of (100) and (210) surfaces, reported in
previous subsections. For Pt doped the reflectivity spectra is showing three peaks,
where all peaks are in the same energy region as those of undoped and Ru doped,

but with low intensity or low photo energy in all regions.
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Figure 4. 35 Energy loss function of the undoped and doped brookite TiO2 (110)

surface.

The energy loss spectra of all surfaces are depicted in Figures 4.35 as a function of
photon energy. For all surfaces, there are two major peaks found at 10 eV and 37 eV,
which indicate the rapid reduction in the reflectance. The maximum peak is found at
10 eV for all surfaces. Hence, it is found that the plasma frequency for all surfaces is
10 eV. When the incident photon energy is higher than 40 eV, all the surfaces become

transparent.
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CHAPTER 5
5.1 Conclusions

First principle calculations were successfully used to investigate structural, electronic
and optical properties of undoped and Ru or Pt doped brookite TiO2 low index
surfaces. Generalized gradient approximation in the scheme of Perdew-Burke-
Ernzerhof (PBE) was used to describe the exchange-correlation functionals of the
systems. All calculations were carried out using CASTEP code as implemented in
Materials Studio of BIOVIA Inc. The kinetic energy cut-off of 650 eV and 4x4x2 k-

points were determined to be the convergence parameters in this study.

The three low index surfaces of brookite TiOz i.e. (100), (210) and (110) surface were
generated by clearing a surface from the optimized bulk structure and building a slab.
The study revealed that truncation of the octahedral renders different coordination
combinations for the outermost titanium cations. All the surfaces are characterized by
the presence of two types of 2-fold coordinated oxygen atoms (Ozc and O’2c) and 5-
fold coordinated Ti atom (Tisc). Doping TiO2 surfaces with Ru or Pt showed a subtle

atomic rearrangement for all the surfaces.

Electronic properties for undoped and Ru or Pt doped (100), (210) and (110) surfaces
were successfully investigated. Based on calculated results, the analysis of electronic
structure suggests that, metal dopants shift the VBs to higher energy for all the
surfaces. The results also show that owing to the formation of the impurity energy
levels, which are mainly hybridized by 3d states of impurities with O 2p states or Ti 3d
states, the response region in spectra could be extended to the visible light region.
The components of VBs, CBs and dopant states support that the metal dopants are
active in inter-band transitions induced by lower energy excitations, which is important
for the application in solar energy. Transition metal doping narrowed the band gap of
TiOz2, leading to improvement of the photo reactivity of TiO2. Ru doped surface was
found to have the lowest energy band gap with the values 1.143 eV, 1.335 eV and
1.331 eV for (100), (210) and (110) surfaces respectively.

The compensating optical absorbance of Ru and Pt dopants in different wavelength
region presents that both dopants may possess prominent optical absorption

properties. Compared with undoped TiOz, the metal dopants shift the absorption to
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longer wavelength and improve optical absorbance in visible and near-IR region, with
an exception of undoped (110) which showed no activity in the visible and near IR

region.

Theoretical research on transition metal-doped TiOz2 is of great importance to develop
the photocatalytic applications. First-principles calculations of doped TiOz2 is still an
ongoing subject, and a few challenging problems require further investigation in an
urgent demand. One of the challenges is the influence of the transition metal doping
on the phase transition of TiO2 from anatase to rutile. A theoretical understanding on
its mechanism will be useful to optimize the performance of TiO2 in photocatalytic and
other applications. Other methods such as virtual crystal approximation could be used
to investigate doping properties, whereby small concentrations could be used, cutting
down the calculation time. Computer modelling could provide more accurate
theoretical models to simulate the doping mechanisms, which could lead to optimized

performance of transitional metal doped TiO2 photocatalysts.
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