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PREFACE

Semiconductor photocatalysis is an interesting field of research, due to
its excellent applicability in various areas such as, removing or
degrading the contaminants present in the environment, self-cleaning
of glass, production of hydrogen by splitting of water, conversion of
carbon dioxide into gaseous hydrocarbons in presence of water etc.
Photocatalysts are also used as good antibacterial agents. Advantages
like environment friendly nature, sustainability, energy saving, and
cheaper material cost make photocatalysis a suitable phenomenon for
rectifying energy and environmental related problems like pollution.
Properties of semiconductor plays vital role in deciding the
photocatalytic activity of the materials. A good photocatalyst should be
photostable and non-toxic nature. Chemical/biological stability are also
important. The band-gap of the semiconductor decides the life-time of
excited species and photocatalytic activity of the semiconductor. TiO,
has all the above mentioned properties that a good photocatalyst should
possess. Morphological features have also a key role to control the
photocatalytic activity, since the morphology can affect the surface
properties like porosity and surface area which in turn decides the
catalytic activity of the material. Hence 1-dimensional nanomaterial
like nanowires, nanorods and nanotubes were widely studied for such
applications due to their morphological importance. Among them
photocatalytic applications of I1-dimensional nanotube arrays has
attracted much interest due to their unique morphological properties,
which include high porosity and surface area. Another advantage of

TiO,-nanotube arrays is that it can be easily converted to nanotubes of



other materials like SrTiO3 and BaTiOs. Construction of heterogeneous
nanostructure and doping are the two important strategies which are
extensively employed to tune the band-gap. Redox potential of
reactions involved during the fabrication of heterostructures has an
important role to determine the properties of the heterostructure. Even
though a lot of research were carried out about the heterogeneous
structure of TiO, nanotube arrays, surface modified heterostructures of
TiO,-nanotube arrays and influence of redox potential during the
fabrication of heterostructure was not studied and reported in detail. In
this research work we have studied the photocatalytic activity of
surface modified TiO, nanotube arrays using different characterization
techniques. Our research work has also focused on the extension of the
photocatalytic application of BaTiOs; nanotube arrays, (ferroelectric
material) synthesized by hydrothermal method using TiO, nanotube
array as template. We fabricated heterogeneous nanostructure of
BaTiO; with SnO, and studied photocatalytic applications by
considering the redox potential of the reactions involved during the
fabrication process of heterostructure. Another way to introduce defect
energy levels within the valence and conduction bands of materials is
doping. In this research work, we have also tuned the band-gap of
BaTiO; nanotubes to visible light region through B-site doping with
Mn’" ions. The applicability of ferroelectric material in photocatalysis

is an area which is not at all fully studied and explored.

The thesis is organized into five chapters. Chapter-1, deals with the
motivation for the present research work, general introduction
consisting of importance of semiconductor photocatalysis, factors

effecting photocatalysis, and general methods used for modifying the



photocatalysts. Introduction section also explains the structural
properties of TiO, and the suitability of TiO, for photocatalytic
applications. In addition to this Chapter-1 discusses the importance of
I-dimensional TiO; nanotube arrays prepared by anodisation method
in photocatalytic studies. Detailed discussions of anodisation process,
factors affecting the nanotubular growth, important methods used for
modifying the TiO, nanotube arrays for photocatalytic applications are
provided in Chapter-1. The last sections of this chapter deals with
importance of ferroelectric material like barium titanate for
photocatalytic applications. This section also discusses the structural
properties of BaTiOs, and the advantages of BaTiO; nanotube arrays
for photocatalytic applications. Besides these discussions, last section
contains the reported studies which give in light to the photocatalytic
applicability of BaTiO3 nanotube arrays. A brief outline of the present

research work is given in the last section of the chapter.

Chapter-2 is dedicated to the discussions regarding the techniques used
for preparation and modification of TiO, nanotube arrays. The general
experimental procedure adopted for anodisation process and detailed
discussion of hydrothermal synthesis, which is used for modifying
TiO; nanotube arrays are given in the first section of this chapter. Also
this chapter briefly explains the principles and theory behind major
characterization techniques used in the present study such as XRD,
Raman spectroscopy, UV-Vis spectroscopy, Scanning Electron
Microscopy (SEM), Photoluminescence spectroscopy, X-ray
photoelectron spectroscopy, Electron Paramagnetic Resonance (EPR)
spectroscopy, Vibrating Sample Magnetometry (VSM) etc:- This

chapter also discusses the experimental set up used for the



photocatalytic studies of the modified and unmodified TiO;, nanotube

arrays.

Chapter-3 deals with the fabrication and UV photocatalytic studies of
TiO,-nanotube arrays with ZnO having different morphology. In this
work, well ordered titanium dioxide nanotube arrays (TNA) of average
diameter 129 nm and wall thickness of 25 nm were fabricated through
potentiosatic anodisation of titanium (Ti) metal substrates. Such TNA
were subsequently surface-modified with various amounts of zinc
oxide (ZnO) nanopowders using hydrothermal technique to obtain
heterogeneous TNA/ZnO nanostructures. The crystalline phase and
surface microstructure of the heterostructures were determined by X-
ray diffraction, Raman spectroscopy and scanning electron microscopy
respectively. The morphology of the heterostructures strongly
depended on the hydrothermal conditions employed. The
photocatalytic activity of the heterostructures have also been
investigated and correlated with their surface morphology and texture.
It was observed that the TNA/ZnO heterogeneous nanostructure
exhibited higher photocatalytic activity than unmodified TNA. The
maximum photocatalytic activity was observed for the TNA/ZnO
heterostructure where the surface of TNA was composed of

delaminated petals from ZnO nanoflower.

Chapter-4 discusses the fabrication and visible photocatalytic
application of heterogeneous nanostructure of BaTiO3; nanotube arrays
with  SnO, possessing different morphological features. The
photocatalytic properties of this heterogeneous nanostructure was

studied by giving importance to the redox potential of the reactions



involved during the construction of heterogeneous nanostructure. Well-
ordered and aligned BaTiO3; nanotube arrays were prepared through
hydrothermal method using TiO, nanotubes as precursor. SnO;
nanoparticles were deposited on the surface of BaTiO; nanotube arrays
surface to fabricate novel SnO,@BaTiOs; heterostructure for
photocatalytic applications. Morphology of the SnO, surface layer on
BTNTA was found to be dependent on the pH during hydrothermal
synthesis. The SnO,@BaTiO; heterostructures were found to exhibit
enhanced photocatalytic activity under visible-light irradiation when
compared to unmodified BTNTA. Results obtained from the X-ray
Photoelectron Spectroscopic (XPS) and Scanning electron microscopic
(SEM) studies have been combined to establish the influence of defect
chemistry and surface morphology on the enhanced visible

photocatalytic activity of the heterostructures.

Doping is a widely used technique to modify the band-gap of
materials. Chapter-5 describes the influence of B-site Mn-doping on
the visible light photocatalytic properties of BaTiOs nanotube arrays.
This chapter also discusses the influence of defect-chemistry on
magnetic properties of Mn-doped BaTiO; nanotubes. Well-ordered and
aligned Mn-doped BaTiOs; nanotube arrays (BMnxTNTA) were
prepared by hydrothermal method using anodized TiO, nanotube
arrays as template. The study reports the suitability of such band-
engineered BaTiO; for visible light photocatalytic application.
Photocatalytic studies demonstrated that BMnxTNTA exhibit
enhanced visible light photocatalytic degradation of Methylene blue
(MB) when compared to unsubstituted BaTiOs; nanotube array

(BTNTA). Results obtained from UV-visible spectroscopic, X-ray



photoelectron spectroscopic (XPS), photoluminescence spectroscopic
(PL) and magnetic studies have been combined to establish the
influence of defect chemistry on the enhanced visible light

photocatalytic activity of BMnxTNTA.

The last section contains the highlights of the present work. The major
findings of the present research work have led five research

publications in international journal and one patent.
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1.1 Motivation of the present study

One of the major problems that we are facing today is pollution.
Polluted environment can cause long term health effects on living
beings on the earth. At the extreme level, the pollution can cause
serious problems even on the existence of life. So we need suitable and
advanced technologies to remove pollutants from the environment.
Advanced oxidation technologies are widely used to degrade the
organic pollutants present especially in air and water. One of the
advanced and most commonly used oxidation methods to degrade the
organic pollutants is photocatalysis. Photocatalysis is an interesting
and highly developing area of research with a high potential of
application such as in decomposition of organic pollutants, disinfection
of water, air and also in the production of hydrogen. Photocatalysts
also serve as good antibacterial agents. In addition to the above
mentioned features, the area of research related with photocatalysis is
gaining more attention from the researchers due to its several
advantages such as low cost and good efficiency. Overall we can say
photocatalysis is a unique and simple process for rectifying many
environmental issues. Removal of pollutants from water and
environment is one of the major and important applications of
photocatalysis. Hence, the studies related with photocatalysis are the
need of today and tomorrow. In this work we have selected for our
studies the photocatalytic activity of titania based materials and also
explore the possibilities of improving the photocatalytic activity and
range of application of TiO, based materials. TiO, is an ideal and

powerful photocatalyst due to its low cost, ease of production, high



chemical stability, high reactivity and low toxicity. Hence we have
chosen titania based materials as the photocatalyst for this work. The
wide band-gap of TiO, semiconductor restricts its application to UV
region. In order to extend its application range to visible light region,
its band-gap should be modified. Ferroelectrics like BaTiOs are also
gaining increasing importance for photocatalytic applications
Construction of heterogeneous nanostructures and suitable doping are
the two important strategies that are used to modify the band-gap of a
material. We adopted the above mentioned strategies (fabrication of
heterogeneous nanostructures and doping method) to modify the band-
gap of TiO, and BaTiO; materials. Redox chemistry of reactions
involved during the heterogeneous nanostructure formation has a vital
role in deciding their properties. The importance of redox chemistry of
reactions during the construction of heterogeneous nanostructures have
not been studied in detail and reported. This has motivated us to
fabricate heterogeneous nanostructures by giving importance to the
redox potential of reactions involved during their synthesis.
Morphology of the materials also plays a crucial role in deciding their
photocatalytic activity. We have chosen TiO, and BaTiO; having
tubular morphology in this research work. The tubular parameters such
as length, wall thickness, and diameter can be easily modified by
changing the synthetic conditions. Hence the tubular structures are
more appropriate to compare the photocatalytic activity with the
surface properties like pores, surface area, and surface morphology.
The importance of photocatalysis and applicability of titania based

materials as a photocatalyst have prompted us to use it as the base



materials to carry out further surface and structural modifications to

extend its range of application, especially to the visible light region.
1.2 Water Pollution

Water is one of the essential factors that enable life on the earth. About
3.2 million people die per year because of unsafe water, inadequate
hygiene and poor sanitation [1, 2]. In the present era water pollution
has turned out to be one of the important areas of discussion, since
quality of water directly affects the life standard of human beings. As
the population increases the availability of water becomes less, due to
improper water harvesting methods. The major pollutants responsible
for water pollution are the effluents from the industry. Industrial
revolution intensified the amount of water pollution. The humans
unintentionally contaminated the source of drinking water with raw
and sewage which are directly released to the water. According to
UNESCO, in the developing world 70% of industrial waste is dumped
into the rivers and lakes without any treatment. The impurities released
from the industries and agriculture activities are other main source of
water pollution. Industrial dyes and textile dyes are the main organic
compounds responsible for environmental threats especially as these
types of organic wastes pollute the water sources [3, 4]. Organic dyes
are the major pollutants released into water from textile and other
industrial process. About 0.7 million tons of organic dyes are
manufactured every year for different industrial purpose that makes
serious ecological problems [5]. The main polluted wastage in textile
waste are released during dying process. About 50% of the dyes used

in the textile industry are of azo-type organic dye.
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Fig. 1.1: Environmental scenario near by the textile industries.

Hence removal of these types of organic wastes from water is one of
the major challenges that we are facing. Advanced oxidation
technologies are widely using to degrade the organic pollutants present

in water.
1.3 Advanced Oxidation Process (AOP)

Advanced Oxidation Processes (AOP) are effective to convert toxic
organic compounds into biodegradable materials [6]. The importance
of AOPs is that it will work where the conventional biological method
fails. Advanced oxidation commonly uses strong oxidizing agents like
H,0; or ozone (Os3), catalysts (metal oxides ,iron ions, electrodes) and
irradiation (solar light, UV radiations, ultrasounds) directly or in
combination under mild conditions such as low temperature and

pressure) [7]. Mainly there are two types of AOP

1) AOP in presence of light - examples are photolysis (UV
irradiation in presence of chemical oxidant such as H,0,),
photocatalyst (UV/solar light irradiation in presence of catalyst)

and photo-fenton (solar light irradiation in presence of a



solution containing ferrous iron with H,O, known to be

Fenton’s reagent)

ii) AOP in the absence of light (dark AOP) - examples are
electrolysis, sonolysis, degradation using oxidants like fenton
(solution of Fe in H,0O,) and ozone (Os3) [8]. Sulphate-based
radical systems are also reported to be used as oxidising agents

in advanced oxidation process.

The mechanism of AOP involves the formation of strong oxidizing
agents like hydroxyl or sulphate radicals, which reacts with organic
compounds to form biodegradable intermediates. Then the
biodegradable substances react with the oxidants to form water or
inorganic salts known to be mineralization. AOPs, those driven by
light appear to be the most general technologies for wastewater
treatment [9]. Among the light driven AOPs, one of the easiest and
more applicable methods for the degradation organic contaminant

present in the water is photocatalysis.
1.4 Photocatalysis

The word photocatalysis is originated from the Greek language (Photo
from phos means light and catalysis from katalyo means break apart,
degrade). Generally the term photocatalysis explains a process in
which light is used to activate a material which acts as a catalyst for a
reaction. Two types of photocatalytic process are known 1)
Homogeneous and ii) Heterogeneous process [11]. In homogeneous
photocatalysis the reactant and catalyst exists in same phase.

Homogeneous photocatalyst mainly uses transition metal coordination



complex as catalyst. In presence of photon (light) the higher oxidation
state metal ion complex generates hydroxyl radicals. This hydroxyl
radical react with organic materials. Photo-fenton (ferrous iron in H,O,
solution) systems and ozone are good examples of homogeneous
catalysts [1]. In heterogeneous catalysis the catalyst and the reactant
are in different phases. The process of heterogeneous photocatalysis
comprise of the formation of interface layer between the solid
(semiconductor or metal) and reactants in the liquid phase, and
consequently the light hits on the semiconductor, or metal in which
active species like holes and electrons are generated leading further to
formation of highly reactive radicals in the system. These reactive
species react with organic matter and degrade them [12]. Even though
both photocatalysis process are using for degrading the organic
compounds, heterogeneous catalysis has more acceptability for these
kind of application due to its enhanced rate of degradation [13].
Heterogeneous photocatalysis commonly uses reusable semiconductor
catalysts and further addition of any oxidant is not required. The
catalyst itself produces highly reactive species and hence
heterogeneous photocatalysis have enhanced rate of degradation.
Important advantages of heterogeneous photocatalysis are 1)
requirement of only mild temperature and pressure conditions, ii)
complete mineralization, iii) low cost and iv) no waste disposal

problem.
1.4.1 Heterogeneous photocatalysis

The area of heterogeneous photocatalysis has a long history of more

than four decades. In 1972, Fujishima and Honda discovered the



phenomenon of photocatalytic splitting of water, using TiO; as an
electrode under UV light heralding a new era in heterogeneous
photocatalysis [14]. Since then extensive research has been carried out
to produce hydrogen in oxidation reduction reactions using a number
of semiconducting materials [15, 16, 17] and now the area related with
photocatalysis is a rapidly developing field expanding its application to
environmental protection especially for degrading the organic
contaminants present in both water and air. Photocatalysis requires
considerable attention of surface science, semiconductor characteristic
like band-gap etc. In this research work we are giving attention to the
influence of surface modified structures and morphology of the
semiconducting inorganic systems on their photocatalytic activity. We

have studied in detail heterogeneous photocatalysis, in this work.
1.4.2 Mechanism of heterogeneous photocatalysis.

Classical heterogeneous catalyst process can be divided into 5-steps, as
follows. 1) the reactants in the liquid phase transfer to the surface of the
catalyst, i1) Adsorption of the reactants on the catalyst surface, iii)
Reaction in the adsorbed phase, iv) Desorption of the products and v)
Removal of the product from the interface region. The photocatalytic
reaction occurs in the adsorbed phase. In this step, the catalyst is
activated with UV/Visible light irradiation. In heterogeneous
photocatalysis semiconductors are usually used as catalysts. Various
Metal oxides and sulphides like TiO;, ZnO, ZrO,, SnO,, CeO,, ZnS,
CdS, PbS, etc are widely used as catalyst [18]. Recent studies show
that, perovskite oxides like BaTiO;, PbTiO; etc. are also gaining
importance as photocatalysts [19, 20]. In order to explain the suitability



of the semiconductors for photocatalytic process, we should discuss the

structural properties of semiconductors.
1.4.3 Semiconductor photocatalysis

Photocatalysis is a process in which light is used to activate some
materials which act as catalyst for many reactions. Inorganic oxide
semiconductors are the most suitable for photocatalysis. In
photocatalysis, creation of active species like exited electrons and
holes are very important. These active species react with the
surrounding medium to produce highly reactive radicals like
intermediates. So the generation of active species is an important step

of photocatalysis process.
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Fig. 1.2: Energy bands diagram in semiconductors.



The number of active species available for the reaction also affects the
rate of photocatalysis. The material which produces active species
easily, upon the irradiation of photons is said to be an appropriate
catalyst for photocatalysis process. The band-gap of the semi-
conductor is very suitable to the easy production of active species like
exited electrons and holes (Fig. 1.2), upon the irradiation of light with
suitable wavelength. The pictorial representation of the creation of

active species in a semiconductor is shown below in Figure 1.3
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Fig. 1.3: Pictorial depiction of semiconductor photocatalysis.

[Source: R. Saravanan et al, Basic principles, Mechanism and challenges of
photocatalysis , in :A. M. M. Khan, D. Pradhan, Y. Sohn (Eds.),
Nanocomposites for Visible light induced Photocatalysis, (2017) Springer].

As shown in the above Figure 1.3, upon the irradiation of a suitable
wavelength of energy equivalent to the band-gap, the electrons in the
valence band are excited to conduction band. As a result of this
excitation holes are created in the valence band. These excited
electrons recombine with holes in the valence band. However for

higher life times, both the electrons and holes undergo reaction with



the surrounding medium/adsorbed layers. Usually the surrounding
medium contains water, hence the active species (electrons and holes)
reacts with water to produce highly reactive radicals like OH" etc. The
schematic equations are shown below [1].

Light energy+ Semiconductor ———> Semiconductor (€g, +h:_ pt (1.1}

Semiconductor (hi,) + Dve ——> Oxidation process. (12
hi, + H:0 — s HY“0H- (13)
hb, + OH™ —> OH 14
Semiconductor (e_;) + Dve — Reduction process (1.5)
et 0; —> 03 (1.6
0y +H* — 5  HOy (1.7)
HO>+ HO3 —> H:O0:+O ({1.8)
H:0:+ 05 >  OH+OH +0, 1.9
Dye + OH ——>  Degradation products (1.10)

Therefore the factors which favor the generation and the life of the
active species like electrons and holes should favor the photocatalytic

activity of the materials.

1.5 Factors affecting photocatalytic activity of semiconducting

material

The photocatalytic activity of materials mainly depends upon the
properties of semiconducting materials like crystallinity, structure,
size, morphology, surface area of the catalyst. In addition to these the

amount of catalyst used, contaminant concentration, reaction

10



conditions such as light intensity, reaction temperature, pH of the

medium etc. also play significant roles [1, 21].
1.5.1 Influence of crystallinity, size, and surface area

Crystalline sample has higher activity than amorphous samples. The
crystalline structure of the catalyst plays an important role to decide its
photocatalytic activity. TiO, is one of the best examples to explain the
influence of crystalline structure on the photocatalytic activity of
samples. TiO, has mainly three crystalline phases namely anatase,
rutile and brookite. Anatase has highest photocatalytic activity due to
its high stability, suitable position of the conduction band, adsorption
capability and higher degree of hydroxylation [1].
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Fig. 1. 4: Band structure of TiO, crystalline polymorphs at pH=0.

[Source: K. Shimura et al, Heterogeneous photocatalytic hydrogen
production from water and biomass derivatives, Energy Environ. Sci. 4
(2011) 2467-2481]

Crystalline size also plays a vital role in determining the photocatalytic

activity of the materials. Band-gap engineering can be effectively done
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by controlling the crystalline size of the sample. It is observed that in
semiconducting materials with nm size range have large band-gap
compared with that of bulk one. This is due to various quantum
mechanical properties of the nanoparticles, like quantum confinement
effect. A typical example is zinc oxide nanoparticles. R. Viswanatha et
al prepared zinc oxide nanocrystals having size 3.0, 3.5, 4.7 and 5.4 nm
and they calculated the band-gap of the nanocrystals as a function of
the crystallite size by constructing tight binding model for ZnO valence
and conduction bands. They observed a red shift in the band-gap of
zinc oxide nanoparticles from 3.3 el to 3. 59 el as the size of the

particle changes from bulk to 3.0 nm [22].

Photocatalytic property also depends on the number of active site
present in the material. When the particle size of catalyst is small, a
huge number of atoms are gathered at the surface of material, which
increases surface to volume ratio, thereby increasing the active sites on
the surface of material. These active sites enhances charge transfer rate
and hence the rate of photocatalytic activity of the sample. As the
crystalline size of the sample is less the surface area of the sample is
high and therefore higher the photocatalytic activity. So normally
nanomaterial has comparatively high photocatalytic activity than bulk
materials, due to less size and high surface area of nanoparticles [23-
25]. Photocatalysis is a surface phenomenon. Hence the surface
properties like surface area, pore size, active adsorption sites can

influence the photocatalytic efficiency of materials.
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1.5.2 Role of Morphology (shape) of material on the photocatalytic

activity

The morphology of photocatalyst is another key factor influencing the
photocatalytic activity of materials. As morphology of material
changes automatically the surface properties will also change which in
turn influence the photocatalytic efficiency of material. The influence
of morphology and photocatalytic efficiency was studied by a number
of researchers, especially in semiconducting materials like ZnO, TiO;
[26-28]. N. Khaldoon et al prepared nanosized ZnO having different
morphology (nanoflowers, nanorods and nanoparticles) and studied the
influence of morphology on the photocatalytic activity of the material.
To obtain different morphology the authors changed the pH of the
precursor solution and the hydrothermal treatment time. They observed
that ZnO nanoparticles show high photocatalytic activity in
comparison with that of nanoflowers and nanorods due to the increased
surface area and increased defect density of nanoparticles [26]. The
influence of morphology on the surface properties of TiO, was studied
by S. Bashir Khan et al. TiO; nanofilms having different morphology
like nanorod, nanohelics and nanozigzag were prepared by them using
galancing angle deposition technique (GLAD). The photocatalytic
activity of these titania nanofilms for degrading different organic dyes
was evaluated. The authors observed that TiO, nanofilm of zigzag
morphology shows enhanced photocatalytic activity. The enhanced
activity is mainly due to increased surface area and porosity [27]. TiO,
nanotube arrays are one of the important classes of TiO;

nanostructures. In these nanostructures the tubular parameter like

13



length, tubular diameter and wall thickness influence the surface
properties. C. A. J. Adan et al co-related the length of nanotube with
the surface properties of nanotubes. The authors observed that as the
length of the tube increases surface area and absorption of light
increases thereby increases the photocatalytic (PC) and
photoelectrocatalytic (PEC) activity. Up to an optimum nanotube
length the enhancement in both PC and PEC observed after that there
is reduction in the PEC enhancement is observed. This reduction is
attributed to the increased transport resistance of electrons generated in

the nanotubular material [28].

1.5.3 Amount of catalyst
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Fig. 1.5: Effect of catalyst amount on photocatalytic activity of samples
for degrading methylene blue dye for: a) Mn doped ZnS b) Ni doped ZnS
d) Cu doped ZnS.

[Source: H. R. Pouretedal et al, Nanoparticles of zinc sulfide doped with
manganese, nickel and copper as nanophotocatalyst in the degradation of
organic dyes, J. Hazard. Mater.162 (2009) 674—681]
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As the amount of photocatalyst increases, the available active sites for
the photocatalytic reactions increase. Hence more number of active
species will be available in the medium for the degradation of organic
impurities. At lower catalyst amount, degradation of organic pollutant
is less since the number of available active sites is less. But in certain
cases beyond the optimum amount of catalyst, the photocatalytic
activity decreases, due to increase in the opacity of suspension leading
to the increase in the amount of light scattered by the catalyst particles.
Thus the infiltration depth of the light consequently reduces and less
photocatalyst get activated. Also after the optimum concentration, the
catalyst may tend to agglomerate and hence availability of active sites
may decrease (Fig. 1.5). This also leads to the reduction of

photocatalytic activity of the material [29].
1.5.4 Amount of organic contaminants

For a given concentration of the catalyst, it is noted that as the
concentration of the organic contaminants increases the rate constant
reduces. This may be explained as follows. The tendency for the
formation of OH" radicals on the catalyst surface and the reaction of the
thus generated OH- with the organic dyes (contaminants) regulates the
rate of the reaction. As the initial concentration of dye increases, more
and more dye molecules are adsorbed on the surface of catalyst and
significant amount of light is absorbed by the dye rather than the
semiconducting catalyst material. Hence the penetration of light on the
surface of catalyst decreases. This decreases the number of active sites
in the catalyst and hence the production of active species likes OH-

radicals also reduces. This will decrease the rate of reaction [21].
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1.5.5 Reaction temperature and intensity of light source

As the reaction temperature increases up to an optimum limit the
photocatalytic rate increase. The higher temperature favours the
creation of number of active species, and the increased temperature
may also be responsible for reduction of electron-hole recombination.
But at a very high temperature like boiling point of water the
photocatalytic rate get reduced. At such high temperatures exothermic
adsorption of reactants is not favored leading to reduction in the
reaction rate. Some studies pointed out that the optimum temperature
varies within the range of 293 to 353 K [21]. Intensity of light source is
also an important parameter to decide the photocatalytic activity of
materials. It is also observed that as the intensity of light source
increases the reduction rate of the contaminant (dye) increases. As the
intensity of light source increases more number of electron-hole pairs
are generated which is responsible for the creation of more number of

active species [29, 21].
1.5.6 pH of the medium

pH of the contaminant (organic dye) solution is a potential factor that
influences the photocatalytic rate. pH affects the adsorption and
dissociation of organic molecules and surface charge of the catalyst.
When the pH of photocatalyst increases above its isoelectric point, the
surface of the photocatalyst becomes negatively charged. If the pH is
reduced the functional group becomes protonated, this protonation
leads to increase in the positive charge on the surface of photocatalyst.

The negative charge on the surface of catalyst at basic pH value

16



adsorbs more amount of cationic molecule to the surface while at
lower pH it will adsorb anionic molecules. The increased value also
favours the production of hydroxyl radical ions. These above factors
lead to increased photocatalytic rate at higher pH value as reported in
some literatures [30, 31]. But at very high (above 12) pH the hydroxyl
ions compete with organic molecules to adsorb on the catalytic surface.
This leads to reduction in the photocatalytic rate [21]. Thus depending
on the type of organic dyes, whether it is cationic or anionic; there will
be an optimum pH value for high photocatalysis rate [32]. So we can
conclude for every photocatalytic reaction there is an optimum pH

value for the effective photocatalytic reactions.
1.5.7 Preparation methods

Most of the above said parameters may vary according to the
preparation methods that may be adopted for the catalyst preparation.
The particle size, morphology, crystallinity all may change according
to the method of preparation and conditions employed. Important

methods that are used for the photocatalyst synthesis are

i) Sol-gel method - Sol-gel method is a chemical solution or wet
solution method. The process involves the dissolution of starting
material is in a suitable solvent then the precipitating agent is added
drop wise to the solution of starting material with vigorous stirring.
Then the obtained sol (colloidal suspension) dried at desired
temperature in order to remove the solvent from the system, which
leads to the formation of gel. Then the obtained gel is calcined at

suitable temperature to obtain the photocatalyst material [33, 34].
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ii) Hydrothermal method - It is a heterogeneous process in the
presence of aqueous solvents or mineralizers under high pressure and
temperature. Hydrothermal synthesis are usually carried out in
autoclaves or in teflon lined hydrothermal vessels [35, 36]. This is one
of the most common methods used for the preparation of nanoparticles

of photocatalyst which will be explained more in detail later

iii) Co-precipitation method - This method involves the synthesis of
the products that are generally insoluble formed under conditions of
high super saturations. Nucleation is a main step in co-precipitation
method. Aggregation and Ostwald ripening are responsible for the

morphology and size of the products formed [37].

iv) Anodisation method - Recently anodisation methods are widely
used to prepare titania nanotube arrays which act as good

photocatalyst. This method will be discussed detail in later.

1.6 Band-gap structure of semiconductor photocatalysts and
general methods used for tuning of the band-gap of

photocatalyst materials

Photocatalyst absorb UV radiations or visible radiations according to
their band-gap energy. If the band-gap energy of the photocatalyst is
large enough or equivalent to UV radiations, then the material is
active in UV light and if it is equivalent to visible light it absorbs
visible light and create active species. By using different methods we
can tune the band-gap of the material. Tuning of the band-gap of the

material will extend its applications from one region to other. Some
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methods used for band-gap tuning also increase the life time of active

species and promote the photocatalytic activity of the samples.
1.6.1 Band-gap structure of semiconductor materials

The band-gap energy of a material is the energy difference between the
lowest point of the conduction band (also known as conduction band
minimum) and the highest point of the valence band (known as valence
band maximum). Direct band semiconductors, indirect band
semiconductors and Fermi energy levels are some of the important
terms wused during the discussion of band-gap structure of
semiconductors. A photon of energy E, corresponding to band-gap
energy can create an electron-hole pair in direct band-gap
semiconductor, where as in an indirect band-gap semiconductor the
electron also undergoes noticeable change in its momentum for a
photon of energy to produce electron-hole pair. Fermi level is the term
used to explain the top of the group of electronic energy levels at
absolute zero temperature. Normally in the case of semiconductors the
Fermi energy levels have energy at the center of the band-gap. Doping
with suitable elements will change the position of the Fermi energy
levels in the semiconductors. The addition of donor impurities which
are responsible for n-type conductivity will create additional electron
energy level near the bottom of the conduction band from where they
are easily excited to the conduction band. Thus the effective Fermi
level in n-type semiconductor shifts to a point about mid- way between
the donor levels and the conduction band (Fig. 1.6b). The addition of
acceptor impurities introduces energy levels in the band-gap near the

valence band maximum of the semi-conductor. The electrons in the
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valence band can easily be excited to these acceptor energy levels. This
shifts the effective Fermi energy level to about mid-way between
acceptor level and valence band (Fig. 1.6¢). So it is possible to tune the

band-gap of semiconductor materials by different doping mechanisms.

E of electrons. (eV) E of electrons. (eV) E offlectrons. (eV)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Donor level Acceptor level
Fermi energy level (F) OO O 5 Q000

Fig. 1.6: Position of Fermi energy levels in a) undoped (intrinsic)
semiconductor b) n-type semiconductor, c) p-type semiconductor.

The important methods used for tuning the band-gap energy of
materials are 1) construction of heterogeneous nanostructures of the
photocatalyst with suitable materials and ii) modification of band-gap

of the photocatalyst with suitable dopants.
1.6. 2 Heterogeneous nanostructures

The main challenge of semiconductor photocatalysis is the short life
time of electron-hole pair generated during the photocatalysis and the
incomplete visible light absorption of some semiconducting materials
due to their large band-gap. Recently considerable works have been
carried out on the design and fabrication of heterogeneous
nanostructures for enhancing the photocatalytic activity [38]. Mainly
four types of heterojunctions have been reported. They are 1)

semiconductor-semiconductor heterojunctions; ii) semiconductor-

20



metal heterojunctions; iii) semiconductor-carbon group heterojunctions
(carbon group: activated carbon, carbon nanotubes etc), and iv) multi
component heterojunctions [39]. As discussed the life time of active
species generated in photocatalysis decides the photocatalytic activity
of the material. Heterogeneous nanostructures increases the life time of
active species and in some case shift the band gap of the material

which will be discussed in detail in the following sections.

1.6.2.1 The semiconductor-semiconductor (S-S) heterostructures.
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Fig. 1.7: Schematic diagram representing the band-gap and electron-hole
transport of p-n hetero junction formed in between p and n type
semiconductors, a) before the formation of built-in electric field b) after
the formation of built-in electric field.

[Source: H. Wang et al, Semiconductor heterojunction photocatalysts:
design, construction, and photocatalytic performances, Chem. Soc. Rev. 43
(2014) 5234-5244.]

Semiconductor-semiconductor heterostructures can be divided into p-n
type heterostructures and non p-n type heterostructures. When p and n
type semiconductors are in contact (Figs. 1. 7a and 1. 7b) as in the case
of NiO@SnO, heterostructure [40], they form a p-n junction at the
interface with the movement of electron-hole pairs. This movement of

electrons and holes continue until the positions of Fermi energy levels
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of both the semiconductors attaining equilibrium which responsible for
creation of space charge region with a built-in electrical potential as
shown in figure 1. 7b. This brings down the energy of valence band
and conduction band of n-type semiconductor to lower level than p-
type semiconductor. The built in electrical potential can direct the
movement of electrons and holes in opposite direction. When this p-n
heterojunction is irradiated by photons, having energy greater or equal
to the band-gap of the photocatalyst material the photo generated
electron-hole pair rapidly separate due to the electric field within the
space-charge region. Electrons are transferred to conduction band of
the n-type semiconductor, whereas the holes are transferred from n-
type to p-type semiconductor [39, 41]. The advantages of p-n type
heterojunctions are 1) effective charge separation; ii) quick charge
transference to the catalyst; and iii) longer life time of active species

(charge carriers).

ESHE(V)

cB

vB

h+

Fig. 1.8: Schematic representation and electron-hole transport in a non
p-n heterojunction.
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Non p-n type heterostructures as in the cases of Bi,WOs@Ti0,, TiO,
(anatase)@Ti10; (rutile) etc [42, 43] are also important. The schematic
representation of a typical non p-n type heterojunction is shown in
Figure 1.8. In this type the semiconductors 4 and B, which are building
the heterostructure, have comparable band potentials. When the
conduction band of the semiconductor B is lower than that of
semiconductor A, the electrons in the conduction band of the
semiconductor 4 will move to the conduction band of the
semiconductor B. If the valence band of the semiconductor B is lower
than that of semiconductor A, then the holes in the semiconductor B
will move to the valence band of the semiconductor 4, under photon
radiation. This creates an internal field that promotes the separation
and movement of photogenerated carriers. So chance of electron-hole
recombination can be minimized. Hence in this type of
heterostructures, the available number of electrons and holes
participating directly or indirectly in redox reaction may increase and
thus the photocatalytic activity is greatly enhanced. Band-gap
potentials of common semiconductors are provided in Figures 1.9 and
1.10. The band position and the standard electrode potential value of
the valence and conduction band of semiconductors can be obtained
from Figures 1.9 and 1.10, which helps to construct heterostructres of
semiconductors with suitable combination. For example, from Figure
1.9, a heterojunction as shown Figure 1.8 can be formed between ZnO

(A) and TiO, (B).

In some cases, the ions in the semiconductor, constituting the

heterostructure may undergo oxidation or reduction according to the
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standard electrode potential of the reactions involved during the
synthesis of the heterostructure. This reduced or oxidized state may
form intermediate energy levels within the valence and conduction
bands. The position of these energy levels within the band-gap of the
semiconductor depends upon the standard electrode potentials of that
particular oxidation state of the ion. Thus redox chemistry has an
important role in fabricating a new heterogeneous material. In addition
to this there may be a chance for formation of oxygen vacancies,
during the fabrication of heterostructure. This oxygen vacancy related
defects also form an intermediate energy level within the band-gap.
Construction of heterogeneous nanostructure giving importance to the
redox chemistry of the reactions has not yet been studied in detail and

is reported here for some heterostructures.
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Fig. 1.9: Band-gap position of n-type semiconductors in standard electrode potential scale.

[Source: R. Marschall et al, Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve
Photocatalytic Activity, Adv. Funct. Mater, 24 (2014) 2421-2440]
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Fig. 1.10: Band-gap position of p-type semiconductors in standard electrode potential scale.

[Source: R. Marschall et al, Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve
Photocatalytic Activity, Adv. Funct. Mater, 24 (2014) 2421-244]
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1.6.2.2 Semiconductor-metal (S-M) heterostructures

Another important method to generate space-charge separation region
(known as Schottky barrier) is to construct semiconductor-metal (S-M)
heterojunctions.  For  example Au@TiO,;, Ag@AgCl etc
heterostructures [44, 45] have been reported. A Schottky barrier is
formed between a semiconductor and a metal when it comes in contact
provided that the work function ([1;,,) of that metal is higher than that
of the semiconductor ([Js) (Fig. 1.11a). In such a case the electrons
flows from higher Fermi levels of the semiconductor to the empty
levels above the Fermi level of the metal. The Fermi levels of
semiconductor and the metal line-up at equilibrium (Fig. 1.11c).
Semiconductors have low charge density in comparison with that of
metals. Therefore electrons are moved not only from the surface but

also from certain depth region of the semiconductor.

C (band bending)
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Fig.1.11: Representation of a typical metal-semiconductor heterojunction
a) before contact b) after contact (formation of Schottky junction) c)
shows band bending and Schottky barrier.

This kind of electron movement from the semiconductor to metal
induces the formation of a depletion region within the semiconductor.

The energy bands on the semiconductor side bends due to the
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extension of depletion region within a certain depth in the
semiconductor. Figure 1.11c shows the representation of Schottky
barrier of a typical semiconductor-metal heterojunction. Generally n-
type semiconductors are used to construct semiconductor-metal
heterojunctions. In addition the Schottky region can function as an
efficient electron trap, preventing the electron-hole recombination.
Hence semiconductor-metal heterojunctions can also be used for

increasing the photocatalytic activity of the materials.

1.6.2.3 Semiconductor-carbon (S-C) heterostructures

Heterostructures from Semiconductors like TiO,, CdS, Bi,WOg etc.
and carbon containing material like carbon nanotubes (CNT), activated
carbon, graphene etc. have been reported [46-48]. The schematic
representation of semiconductor- graphene heterostructure is provided
in Figure 1.12 which also explains the working mechanism of

semiconductor- graphene heterostructures.

Semiconauctor Dye degradation

B e R . hv

H.O0H- “OH

Fig.1.12: Schematic picture of semiconductor-graphene heterostructure.

[Source: H.-Wang et al, Semiconductor heterojunction photocatalysts: design,
construction, and photocatalytic performances, Chem. Soc. Rev. 43 (2014)
5234-5244.]
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Semiconductor-Carbon type heterostructures have slightly different
working principle from the other type of heterostructures.
Semiconductor-carbon nanotube can form a Schottky barrier as in
semiconductor-metal heterostructure and this will increase the
recombination time. One of the other reasons of the increased
photocatalytic  activity =~ of  semiconductor-carbon  nanotube
heterostructure is the higher electron storage capacity of carbon
nanotubes. These carbon nanotubes can receive photon-excited
electrons in a mixture or their nanocomposites with semiconductors
thus minimizing the recombination process [49]. In addition to this, in
case of heterostructures with activated carbon, the increased
photocatalytic activity is due to the large surface area of activated
carbon [50]. Carbon nanotube also has large surface area. This large
surface area is one of the reasons for the improved photocatalytic
activity of  semiconductor-carbon  nanotube heterostructures.
Semiconductor-graphene is another type of semiconductor-carbon
heterostructure which has wide applications in photocatalysis.
Graphene is a single layer of graphite and has two dimensional
structure. High conductivity, high surface area, high electron mobility
are other important properties of graphene. The production cost of
graphene is less now days. These factors make semiconductor-
graphene heterostructures suitable for wide applications [38, 51]. The
graphene in the heterostructure can support charge separation, restrain
the hole-electron recombination, and can provide large surface area for
the reactions. The photogenerated electron produced during photon
irradiation of the semiconductor, will transfer to graphene, this electron

is scavenged by dissolved oxygen present in the medium and prevent
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electron-hole pair recombination. In some cases the electronic
interaction and charge equilibrium between graphene and
semiconductor can lead to a shift in the Fermi level of the conduction
band of the semiconductor. The negative shift of the Fermi energy
level (Ef; in Fig.1.12) and high migration efficiency of photo induced
electrons can minimize the charge combination effectively. Thus the
semiconductor-graphene heterostructure increases the photocatalytic

activity.
1.6.2.4 Multicomponent heterostructure

Multicomponent heterostructures are recently developed systems to
achieve more efficient photocatalysis. The pictorial representation of
this type of heterostructure is provided in Figure 1.13. Typically it
consists of two or more visible-light active material and an electron
transfer component. An example is the AgBr-Ag-BiWOg

multicomponent heterostructure system [52].

S-B

Reduction

Oxidation

Fig. 1.13: Pictorial representation of multi component heterostructure.

[Source: H.-Wang et al, Semiconductor heterojunction photocatalysts: design,
construction, and photocatalytic performances, Chem. Soc. Rev. 43 (2014)
5234-5244.]
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Suppose 4 and B are the two semiconductors in the multicomponent
heterogeneous structure. 4 and B have different band-gap energy and
therefore differ in their excitation wavelength. Thus it can extend the
range of light absorption from UV to visible light and near IR. When
light is irradiated, in this multicomponent system, electrons and holes
are generated at conduction band and valence band respectively. The
excited electron produced in the semiconductor 4 is transferred to the
metal through the Schottky barrier since the conduction band potential
of semiconductor A is higher than that of the metal. This electron
transfer process is faster than the electron-hole recombination time
between the valence band and conduction band of the semiconductor
A. Because of this large concentration of holes are available in the
valence band of the semiconductor A. This is responsible for
generating more reactive species in the medium. Also the Fermi energy
level of the metal is just above the valence band of semiconductor-B.
Therefore the holes in the valence band of semiconductor B is easily
transferred to the metal. Hence simultaneous electron-hole transfer to
the metal occurs in the heterostructure as a result of photon excitation
of electrons in the semiconductors 4 and B. In this heterostructure
metal act as center for storage of electrons from the conduction band of

semiconductor 4 and holes from the valence band of semiconductor B.

1.6.3 Modification of band gap of the photocatalyst material with

suitable dopants

Chemical doping will shift the position of Fermi level of a
semiconductor. It also introduces acceptor or donor energy levels

within the band gap. Most of the dopants or impurities behave either as
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donor or acceptor in a semiconductor; hence the incorporation of
foreign elements in semiconductor metal oxides leads to the formation
of intermediate energy levels within the band-gap. Paramasivam et al
[53] theoretically studied the band-edge shift in TiO,, doped with
different elements and he observed that the location of these
intermediate energy level within the band-gap is dependent on the type
of dopant and the substitutional position in the crystal lattice (Fig.
1.14).
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Fig. 1.14: Schematic representation of energy level position for different
dopant in TiO, relative to band-edges.
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[Source: I. Paramasivam et al, A review of photocatalysis using self-
organized TiO; nanotubes and other ordered oxide nanostructures, Small, §
(2012)3073-3103]

J. Wang et al studied the band structure of N-doped TiO, nanobelts.
They observed a reduction in the band-gap value of nitrogen doped
TiO; in comparison with that of pure TiO,. This is due to the addition
of N2p energy level near the valence band of the TiO, and 3d states of

Ti*" below the conduction band. This band-gap narrowing will help to
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extend the photocatalytic application of material from UV to visible
light [54]. Similarly Cobalt doped ZnO shows an additional energy
band within the band-gap which leads to narrowing the band-gap of
ZnO and therefore strong adsorption response in visible light region
[55]. Al, Mg, Fe, Cu, Ni are other important dopants used to alter the
band-gap of ZnO [56-58]. Dopants having less valence electrons than
the metal ions in the semiconductor oxides may also create or enhance
the native oxygen vacancy defects to compensate the charge imbalance
produced as a result of doping. In this doped systems oxygen vacancy
form donor levels below the conduction band minimum (CBM) [59].
For example Mg”" doped TiO,, has high concentration of oxygen
vacancy defects [60]. It is also possible to create defective bands
within the band-gap, by changing the preparation conditions and
methods. A good example is black TiO,, which has reduced band-gap
when compared with that of commercially available TiO; (p-25) due to
the presence of oxygen vacancy [61]. If we substitute the metal ion
with dopants having higher valency extra electrons are released in the
crystal. These electrons may interact with metal ions in the
semiconductor and reduce them. The reduced metal state may form an
extra energy level within the band-gap of semiconductor. From the
above discussion it is clear that dopants or impurities may introduce
defective energy levels in between the valence and conduction band of

the semiconductor.

In certain semiconductors without any dopants, the inherent native
defects itself may be responsible for the alteration of the band-gap.

ZnO is one of the semiconductors having native defects like oxygen
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vacancy (V, V) [forming donor levels within the band gap], Zn-
vacancy (V,,,V4)) [forms acceptor type defects], Zn-interstitial (Zn;,
Zn;) [acting as a shallow donor]. Defects such as Zn-antisite, oxygen
interstial, oxygen antisite are also found in ZnO which form defective

energy levels within the band-gap [62].

1.7 Magnetic interactions in Dilute Magnetic Semiconductors

(DMS)-Tool for identifying defects.

An electron in a defect center such asV,,,Voetc. can induce

exchange interactions between magnetic ions leading to
ferromagnetism in materials. Thus the presence and type of defects can
be identified from its magnetization study. Hence it is good to discuss
the defect induced magnetic interactions, for a better understanding of
the defects present in the material. The ferromagnetic ordering in DMS
materials can be explained based on various exchange interactions like
RKKY interaction (exchange interaction between magnetic ions with
electrons in the conduction band ), direct exchange interaction (direct
interaction between d electrons of adjacent transition metal atoms),
super exchange interaction (p-orbitals of oxygen mediates the
exchange interaction between d electrons of transition metal), double
exchange interaction (magnetic exchange interaction between ions in
different oxidation states) and bound magnetic polarons (defect
mediated magnetic exchange interaction). The mechanism of bound
magnetic polarons interaction is based on the type of donor defects

present in the material [63-66].
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1.7. 1 Bound Magnetic Polarons (BMP)

An electron trapped in a donor defect such as singly ionised oxygen

vacancy ( VQ ), can be modeled as an electron in a hydrogenic orbital

and form bound magnetic polarons (BMP) facilitating exchange
interactions between magnetic cations in its influence [67]. The
schematic representation of bound magnetic polaron is shown in

Figure 1.15
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Fig. 1.15: Schematic representation of bound magnetic polaron model.
Small circles represent cation sites, squares represents unoccupied
oxygen sites. Oxygen is not shown.

[Source: J. M. D. Coey et al, Donor impurity band exchange in dilute
ferromagnetic oxides, Nat. Mater. 4 (2005) 173-179]
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Thus magnetic data may also help in understanding the nature of

defects present in a material.
1. 8 Importance of TiO,

For a semiconductor to have application as photocatalyst its
morphology, structure, surface characters and electrical properties are
important. In addition to these, a good photocatalyst should be i) able
to absorb UV/Visible light (according to the band-gap in order to
extend the photocatalytic applications); i1) chemically inert and photo
stable; iii) inexpensive for production and iv) nontoxic in nature [68].
Among the various semiconductor oxides TiO, is one of the most
suitable candidates for photocatalytic application which have all the
characters (mentioned above) that a good photocatalyst should have.
Hence in this work we have selected TiO,- based materials for
photocatalytic studies. Hence in the following discussions, focus is on

the structural, morphological and electronic properties of TiO,.
1.9 TiO;-photocatalyst.

TiO, in its different crystalline modifications has shown good
photocatalytic applications due to their favourable properties like
nontoxicity, chemical stability, and suitable band-gap energy. Research
of well-defined photocatalytic reaction systems and of their thorough
reaction mechanisms and kinetics using different molecular
spectroscopy have led to the growth of various Ti—oxide-based
photocatalytic materials. TiO, based photocatalyst finds different
important applications such as purification of water, air, self-cleaning

glasses, tiles and hydrophobic coatings. Studies have also been
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reported on the use of visible light active TiO, photocatalysts through
the following strategies, 1) altering the band-gap with suitable dopants;
and 1i) tailoring their defect chemistry. It is also possible to tune the
band-gap of TiO, based materials, through the design of appropriate
heterostructures to extend the window of application from UV to near

IR [69].
1.9.1 Structure of TiO;

TiO, occurs in nature mainly in three polymorphic crystal forms
namely 1) rutile 2) anatase and 3) brookite in which rutile is the stable
form, while the brookite and anatase polymorphs are metastable states
[70-72]. Both rutile and anatase have tetragonal crystal structure. In
rutile and anatase structures, each Ti-is coordinated to 6 oxygen atoms.
Ti10Og octahedra is slightly distorted in both rutile and anatase forms and
it is more in anatase. The structure of anatase and rutile consists of
chains of TiOg octahedra having common edges. Two edges of
octahedra are shared in rutile whereas four edges are shared in anatase
[73, 74]. The third form, brookite has orthorhombic crystal structure,
and has eight formula unit per cell. The structure of brookite is more
complicated than rutile and anatase. The important difference between
the brookite structure with other polymorphs is that there are six
different type of Ti-O bond lengths and 12 types of O-Ti-O bond
angles in brookite whereas in case anatase and rutile only two types of
Ti-O bond length and O-Ti-O bond angles have been found. Brookite
structure is formed by linking together the distorted TiOg octahedra by
sharing three edges [74]. Figure 1.16 presents schematic crystal

structures of rutile, anatase and brookite.
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Ti

Ti

Fig. 1.16: The Schematic representation of unit cells of a) anatase b)
rutile ¢) brookite.

[Source: J. Zhang et al, New understanding of the difference of
photocatalytic activity among anatase, rutile and brookite TiO,, Phys. Chem.
Chem. Phys. 14 (2014) 20382-20386.]

Major characteristics of anatase, rutile and brookite are provided in

Table 1.1

Table 1.1
Properties Anatase Rutile Brookite

Crystal structure Tetragonal Tetragonal Orthorhombic
Lattice constant (A°) a=3.784 a=4.5936 a=9.184

c¢=9.515 c=2.9587 b=5.447

c=5.154

Space group 14,/amd P4,/mnm Pbca
Molecule(cell) 2 2 4
Volume (A°)’ 34.061 31.2160 32.172
Density 3.79 4.13 3.99
O-Ti-O bond angle 77.7°,92.6" | 81.2°,90° 77.0°-105°
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1.9. 2 Electronic band structure of TiO,

The main focus of this work is to modify the band-gap of TiO; to
extend its application to visible light as a photocatalyst. In this context,
it is necessary to discuss about the electronic band structure of TiOs.
Molecular orbital diagram help to understand the nature of molecular
orbitals contributing to the valence band and conduction band (Fig.
1.17). Anatase TiO, consists of chains of TiOg octahedra. The
formation of molecular orbitals by mixing of atomic orbitals of Ti and
six O atoms can be explained by molecular orbital diagram as shown in
Figure 1.17 where both ¢ and n- bonding are considered. From the
molecular orbital diagram it is clear that the valence band has a major
contribution from non-bonding O2p orbital whereas the conduction
band has major contribution of Ti3d orbital. It is reported that in
anatase TiO,, valence band consists of the non-bonding O2pn orbital
which exists on the top of the valence band (VBM) and the Ti3dxy
states at the bottom of the conduction bands (CBM) of TiO,[75, 76]. A
similar band structure is seen in rutile also [75]. It is possible to create
Density of State (DOS) diagram from the molecular orbital diagram as
sown in Figure 1.18a. By understanding the band structure and position
of valence and conduction band, it is easy to tune the band-gap of TiO,
by wusing different strategies like doping and fabrication of

heterogeneous structures with suitable material.
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Fig. 1.17: Molecular-Orbital-diagram of anatase TiO,

N-C co-doped TiO; is a typical example for material having additional
energy levels in between the valence and conduction band.
Introduction of N and C introduce new energy levels within the band-
gap as shown in Figure 1.18b. This additional energy bands brings
down the band-gap energy to visible region [77].
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