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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].

17



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-
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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

27



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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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 TiOy

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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Fig. 1. 18: Schematic representation of the Density of States of a) TiO,
and b) C-N co-doped TiO,, showing introduction new energy bands
within the band-gap.

[Source: J. Zhang et al, Development of modified N doped TiO, photocatalyst

with metals, nonmetals and metal oxides, Energy Environ. Sci. 3 (6) (2010)
715-726]

1. 9. 3 Band-gap values of anatase and rutile

Anatase has band-gap energy of 3. 2 eV, where as that of rutile is 3. 0
eV. The band-gap difference is due to the structural dissimilarities of
the two polymorphs. Even though, anatase and rutile consists of chains
of TiOg octahedra, the arrangement of octahedral units is different in
each case. In rutile structure corners of each octahedron shares with
eight neighbors, and edges shares with two other neighbors forming a
linear chain, while for anatase, corners and edges of each octahedra
shares with four other neighbors forming a zigzag structure with a
screw axes [Fig. 1. 19]. The reconstructive phase modification of

anatase to rutile involves a contraction in the screw axes and an overall
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volume contraction = 8%. Hence anatase has less density than rutile
[78]. The metal-metal bond distance in anatase is greater (5.2 A°) than
that of rutile (2.96 A4°), whereas Ti-O bond distance is smaller in
anatase. These structural changes in rutile leads to pronounced
localization of 3d states than anatase which is responsible for the
comparatively narrow band gap of rutile (3.0 e})) compared to that of

anatase (3.2 eV) [74].

Anarmse Rl

Fig. 1. 19: Schematic representation TiO¢ octahedra of both anatase and
rutile, showing four edge sharing connectivity in anatase and two edge
sharing connectivity in rutile.

[Source: D. A. H. Hanaor et al, Review of the anatase to rutile phase
transformation, J. Mater. Sci. 46 (2011) 855-874]

1.10 Photocatalytic activities of anatase, rutile and brookite

crystalline modification of TiO;

Even though the photo absorbability of anatase is lower than rutile due
to their large band gap (3.2 eV) when compared with that of rutile (3.0
el), anatase phase exhibit higher photocatalytic activity than rutile and
brookite in normal situations. This can be due to the following reasons.

It is reported that anatase TiO, with (101) orientation exhibit higher
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photocatalytic activity than rutile having (100), (110) orientations.
Rutile with (001) orientation shows comparable activity with that of
anatase having (101) orientation. Generally anatase TiO, consists of
predominantly thermodynamically stable (101) plane, whereas the
rutile consists of thermodynamically stable (110) plane. Therefore
among the three polymorphic forms of titania, anatase crystals show
higher photocatalytic activity [79]. The other important reasons of
higher photocatalytic activity of anatase are (i) the higher surface
adsorption ability of anatase to hydroxyl group; (ii) lower charge
recombination rate than that in rutile; (iii) higher surface area and
lower grain size of anatase particle [80, 81]; iv) wide-indirect band-gap
while rutile and brookite have direct and smaller band-gap [82]. So the
life time of electrons and holes is more in anatase than in the other
polymorphic forms. It is also observed that in case of TiO, powders
having more defects the brookite shows highest photocatalytic activity
than other polymorphs [83]. The depth of the defect level or electron
trapping center is at different positions for different polymorphs (Fig.
1.20). This defect level, due to oxygen vacancy and Ti-interstitials
(trapping centers) traps the electrons and hence increases the life time
of holes responsible for oxidative reaction. The trapped electrons can
partially participate in reduction reaction also. The depth of the
trapping center is important for optimum life time of trapped electrons
as shown Figure 1.20. Comparing with anatase and rutile titania,
brookite has defective trapping center at optimum depth in some case

[83] and in such case brookite has highest photocatalytic activity.
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Rutile Brookite

Fig. 1.20: Schematic representation of the position of defect levels
(electron trapping center) in anatase, rutile and brookite.

[Source: J. J. M. Vequizo et al, Trapping-Induced Enhancement of
Photocatalytic Activity on Brookite TiO, Powders: Comparison with Anatase
and Rutile TiO, Powders, ACS Catal.7 (2014), 2644-2651]

1.11 Morphological features of TiO,.

Morphology of the catalyst plays a crucial role in deciding its
photocatalytic activity, since morphology has direct influence on its
surface area, and also porosity. Among the TiO, materials, 1-D
nanostructure of TiO, has attracted much interest due to their
exceptional physicochemical properties [84]. The particular exposed
facets and the exceptional anisotropic structure of these types of 1D
nanostructures lead to the enhanced photocatalytic properties. They
possess large surface/volume ratio which make them appropriate
candidates for photocatalysis [85]. The important 1-D nano structures
of titania are nanowires, nanosheets, nanorods, nanofibers, nanobelts

and nanotubes. = The enhanced photocatalytic activity of these

44



nanostructures is reported [86-91]. TiO, nanotubes are one of the
important classes of titania nanostructures, due to their unique
morphological features and high porosity. The electron transport
property and charge separation efficiency are more in these type of
nanostructure, which reduces the charge recombination rate. These
properties make titania nanotube arrays as suitable candidates for
photocatalytic and photoelectronic applications than the other nano-

structures of titania.

A variety of methods have been used to prepare titania nanotubes such
as hydrothermal treatment of TiO, in NaOH, template assisted method,
electrospinning and anodisation method [28]. Among these methods
anodisation method is the simplest and less expensive. Using
anodisation method, we can fabricate well-ordered and vertically
aligned nanotubes arrays having wide range of nanotube dimensions,
directly attached to the Ti-substrate. Based on the fabrication process
of the nanostructure, the material synthesized may be powder or film in
type. If we use powder sample for air or water purification, it has some
disadvantage. The powder sample requires stirring for their effective
dispersion and then for effective degradation of the pollutants present
in water. The separation of photocatalyst in powder form, after
reaction, is difficult. Hence it is more advantageous to use thin films
immobilized on a substrate for improved photocatalytic efficiency.
Considering the above facts we selected nanostructured titania
nanotube arrays which were fabricated by anodisation method as the
base material for this research work. Titania nanotube synthesized by

anodisation method has advantages of having 1D nanostructures and
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whose tubular parameters can be controlled effectively and easily. Also
they can be obtained in thin film form where the titania nanotubes are
vertically aligned perpendicular to the substrate surface. Not only that
the fabrication process of titania nanotube arrays through anodisation

is relatively simple and less expensive.
1.12 Titania nanotube arrays (TNTAs)

The important advantages of TNTAs are that the dimensions of TiO,
nanotubes can be exactly tuned by controlling the anodisation
parameters. It is possible to fabricate uniform TiO, nanotubes of
various pore sizes (20-100 nm), lengths (0.2-1000 wm), and wall
thicknesses (10-30 nm). The obtained nanotube film will offer new
chances to design various 1D TiO,-related useful material systems by
doping, deposition, and sensitization, due to their large specific surface
area, high pore volume, and appropriate morphology [92]. All the
above mentioned properties make TNTAs as suitable candidates for

photocatalytic applications.
1.12.1 Anodisation process/ Fabrication process of TNTAs

We can fabricate well-ordered and vertically aligned TNTAs through
potentiosatic anodisation process. The anodisation (electrochemical)
process comprises of applying a constant potential between the
titanium metal foil and the platinum counter electrode in an ethylene
glycol-fluoride electrolyte solution. The titanium metal foil acts as the
anode whereas the platinum electrode acts as the cathode. The
schematic diagram of a typical anodisation set up is provided in Figure

1.21. The first report about the fabrication of TiO, nanotube arrays
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through anodisation was reported in 1999 [93]. Subsequent research
works have focused on the modification of the anodisation process by
changing the electrolyte and other anodisation parameters to optimize
the anodisation conditions which are discussed in detail in the
following sections. These studies also helped in a better understanding

of the effect of anodisation parameters on the tubular morphology.
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Fig. 1. 21: Schematic representation of electrochemical anodisation
process used to fabricate TNTAs on Ti metal foil.

[Source: K. S. Brammer et al, TiO, nanotubes for bone regeneration,
Trends. Biotechnol. 30 (2012) 315-322]

1.12.2 Mechanism of TNTAs formation

The mechanism of TNTAs formation during potentiostatic anodisation
process in fluoride ion based electrolyte consists of three steps; the
field aided oxidation of Ti metal to form TiO,. The field helps
dissolution of Ti metal in the electrolyte and the chemical dissolution

of Ti and TiO; due to etching by fluoride ion, which is promoted by H'
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ions [94]. Naturally Ti-metal foil has a thin layer of TiO,. The formed
TNTAs are aligning on this thin TiO, layer of Ti-metal substrate.
Hence the mechanism of TNTAs formation is associated with
oxidation and dissolution kinetics. The mechanisom of TNTAs

formation is depicted in the following Figure 1.22.

(a) (b) (c)
;'rio2 layer :F’" Pit: ?"“m pore

Titanium

(e) T:O; Nanotube

Fig. 1.22: Mechanism of TiO, nano tube array formation, where (a)
naturally occurred thin TiO, layer on Ti-metal substrate (b) forming of
pits on TiO; layer due to the constant potential applied (c) the pits are
growing larger as the anodisation time increases (d) barrier layer

formation of the small pits and nanopores (e) completely developed TiO,
nanotube after the optimum anodisation time.

[Source: K. S. Brammer et al, Biomaterials and Biotechnology Schemes
Utilizing TiO, Nanotube Arrays in Biomaterials Science and Engineering.
eds. R. Pignatelo, 2011, InTech publishers.]

1.12.3 Nature of electrolyte

The electrolyte used in anodisation process control the formation and
the dissolution of the oxide layer. The rate of the dissolution process
control the pore formation which affects the formation of TiO,
nanotubes. Mainly three different kinds of electrolytes have been

reported in literature. Electrolytes made up of aqueous HF solutions
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were the first kind. The pH of this HF based solution is slightly acidic
(pH-5), and the length of the nanotubes in this case is approximately
500 nm [95]. Second type of electrolyte used was buffered aqueous
solution at higher pH, in this case NaF or KF was used as the source of
Fions. At high pH value the hydrolysis rate of Ti is more and hence
the dissolution rate decreases which leads to the formation of longer
TiO; nanotubes. Hence using this solution it is possible to increase the
tubular length up to micron length [96]. The third type of electrolyte
solution, which is commonly used nowadays, consists of polar organic
electrolytes such as ethylene glycol, dimethyl sulphoxide with or
without water. Ammonium fluoride is commonly used as the source of
F" ions in these electrolytes. The length of the TNTAs obtained by
using these types of electrolytes varies from ~15-200 nm [97].

1.12.4 Importance of fluoride-ions in the electrolyte.

The concentration of fluoride ions in the electrolyte solution used for
the anodisation process has a key role to decide the tubular structure
and tubular parameters. In the absence of fluoride ions a compact layer
of TiO, is formed on the substrate as shown Figure 1.23a. After the
beginning of anodic oxidation process, the development of an anodic
oxide layer is controlled by the field-assisted transfer of mobile ions
through the oxide layer as shown Figure 1.23b. Fluoride ion
concentration in the electrolyte strongly influences the anodisation
process, as the fluoride ions react with Ti*" to form easily water soluble
[TiF¢]*. F ions complex with Ti*" ions that are ejected to the oxide-
electrolyte interface or by the direct attack of the fluoride ions at the
Ti0O; layer as indicated by the equations 1. 11 and 1. 12 given below
[98].
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Ti*" + 6F ———> [TiF¢]*" 1.11
TiOy+ 6FF——>  [TiF]*+2H,0 1.12

Optimum concentration of fluoride ion in the electrolyte is needed for
the formation of TiO, nanotubes. If the fluoride ion concentration is
very low (< 0.05 wt %), characteristics as observed in the fluoride free
case are observed [98]. If the fluoride concentration is more, oxide
generation is not observed. When the concentration of fluoride ion is
high, all the Ti*" formed directly react with F~ ions to form [TiFs]*,
which is soluble in water. For optimum intermediate concentration of
fluoride ion, a competition among oxide formation and Ti*"
solvatization takes place which leads to the formation of TiO;
nanotubes [99]. Thus the accumulated fluoride layer at the oxide-metal
interfaces and at grain boundaries plays an important role during the

transition from a porous hexagonal structure to a tubular structure.

a) Electrolyte b) Electrolyte

[TiF "
Dissolutio Dissolutiol

iTig Ti*

Fig. 1.23: Schematic representation showing field assisted transport of
mobile ions through the oxide layers a) in the absence of fluoride ions b)
in the presence of fluoride ions.

[Source: P. Roy et al, TiO, Nanotubes: Synthesis and Applications, Angew.
Chem. Int. Ed. 50 (2011) 2904 — 2939]

50



1.12.5 Factors influencing the parameters of TiO; nanotube

All the parameters that affect the anodisation process greatly influence
the tubular dimensions of titania nanotubes. As already discussed, the
type of electrolyte and the pH of the electrolyte play crucial roles in
determining the dimensions of TiO,-nanotubes. In addition to these the
important parameters that affect the TiO, nanotube structures are
electrolyte temperature, current density and anodisation time [100].
The nature or the type of electrodes used also has a role to modify the
structural parameters of TiO, nanotubes. Normally up to a temperature
of 40° C well oriented tubular structure is obtained, above 40° C
unstable bundles of nanotubes are formed on the Ti-surface [101, 102].
Up to 40° C as we increase the temperature of electrolyte, the pore size
increases due to the fast etching rate by the fast movement of Fion.
Current density also influences the pore size of titania nanotubes, as
the current density increases etching rate, intensity of electric field and
power also increases [100, 103]. This may responsible for the pit
widening, before the formation of channels and pores are formed
separately, hence as the current density increases the pore size of
nanotube materials can also be improved. Anodisation time has also an
important role to decide the tubular parameters. A minimum time
duration (15 min) is needed for the tubular formation in the anodisation
process [104], and by extending the anodisation time, highly ordered
tubes can be produced, the length of the nanotube can also be increased
by extending the anodisation time [104]. Counter electrodes that are
used as cathode during anodisation, has its own role to decide the

aspect ratio of nanotubes. Studies conducted by researchers using
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various cathode materials like iron, carbon, stainless steel, aluminum,
nickel, platinum, palladium, cobalt, copper, tungsten, and tin proves
that the dimensions and the arrangements of titania nanotubes on Ti
metal foil is greatly influenced by the type of the counter electrode that
are employed during the anodisation process [ 105, 106]. The distance
between the electrodes also determines the pore size, and the

morphology of the titania nanotubes fabricated by anodisation process

[107].
1.13 TiO; nanotubes-modifications for photocatalytic applications

The importance and the applicability of TiO, as a photocatalyst is well
known. The morphology of the photocatalyst has an important role to
decide the photocatalytic activity of the materials. We can easily tune
tubular dimensions of titania nanotubes by changing the anodisation
parameters. Hence TiO, nanotubes are one of the best materials to
study both the influence of material morphology and the effect of
surface modifications on the photocatalytic activity of a material. The
initial attempt to fabricate TiO,- nanotubes was started only in 1999.
After that researchers have succeeded in obtaining well-ordered titania
nanotubes of desired length, pore size and wall thickness by varying
the electrolytes and parameters used in the anodisation process. A lot
of research work related with the photocatalytic application of titania
nanotubes are reported by making use of the advantages of its
morphology and the film nature. Modifications done on the titania
nanotubes were also reported to increase the photocatalytic activity of
nanotube materials or to extend the application region of the material.

One of the best methods that is adopted for enhancing the
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photocatalytic activity 1s the construction of heterogeneous

nanostructures with suitable materials.
1.13.1 Heterogeneous nanostructures of TiO, nanotubes

The mechanism and principle of heterogeneous nanostructures
involved in the photocatalytic process have already been discussed.
The important heterogeneous nanostructures of TiO,- include the
modification of TiO, nanotube arrays with semiconductors like CdS
[108-111], PbS [112, 113], CdSe [114, 115], Ag,S [116], Fe,O5[117],
NiO [118], TiO2[119], ZnO [120-123] and graphene [124].

1.13.1.1 Modification of TiO; nanotube array with CdS

Different methods were adopted to modify the TiO,-nanotube arrays
with CdS nanoparticles, like cathodic reduction [108], close space
sublimation technique [109], sequential chemical bath deposition (S-
CBD) [110], and electrochemical atomic deposition [111]. The
fabricated photoelectrode or catalyst of CdS@TiO;-nanotube
heterostructure shows enhanced photocatalytic activity for degrading
organic dyes under visible light irradiation. The improved activity is
due to the extended visible light absorption of CdS particle and the
separation of photogenerated electrons and holes that improves the

photoactivity of modified TiO,-nanotube arrays.
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Fig. 1.24: Illustrative diagram of charge transfer from CdS to TiO, (TiO,
grown on Ti-metal substrate).
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[Source: S. Chen et al, Electrochemically synthesized CdS nanoparticle-
modified TiO, nanotube-array photoelectrodes: Preparation,
characterization and application to photoelectrochemical cells, J.
Photochem. Photobiol. 177 (2006) 177-184]

1.13.1.2 Modification of TiO, nanotube arrays with PbS

Q. Kang et al reported that TiO,-nanotube arrays can be effectively
modified with PbS [112] nanoparticles to extend the photocatalytic
activity of TiO, nanotubes to the visible region of solar spectrum. In
this study, successive ionic layer adsorption and reaction method
(SILAR) was used to deposit, PbS particle on TiO,-nanotubes. PbS
plays an important role in enhancing the charge separation in the
heterogeneous nanostructure with TiO,. The increased photocurrent in
the visible light region in this case is attributed to enhanced charge
separations, improved electron transport and increased visible light
absorption (band-gap of PbS-0.88 e))). But for significantly large PbS
particle size, the activity has been reported to be decreased. This may

be due to the decrease in band-gap energy leading to faster electron-
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hole recombination. N. B. Rahna et al prepared PbS sensitized TiO,
nanotube arrays by SILAR method and studied the visible light
photocatalytic activity of these heterostructures [113]. The amount of
PbS particles on TiO, nanotube arrays were varied by changing the
number of SILAR cycles. The maximum photocatalytic activity was
observed for PbS@TiO, when 3 SILAR cycles were used for PbS
deposition. The recyclability of these heterostructures was also studied.
It was reported that the efficiency of the heterostructure depends upon
the amount of PbS particles on the surface of TiO,. At an optimum
amount of PbS, the heterostructure exhibits maximum photocatalytic
activity. They also noted that as number of SILAR cycle increases the
amount of PbS particle increases which contain fraction of large and
small particles. The size and stability of this PbS layer on the surface
of TiO, was also analyzed by X-ray Photoelectron Spectroscopy and
reported.

1.13.1.3 Modification of TiO,-nanotube arrays with CdSe

Heterogeneous nanostructure of CdSe@TiO;-nanotube array found
applications in visible light region due to the visible light absorption of
CdSe. Direct current electrotechnique was employed by L. Yang et al
for depositing CdSe nanoparticles on TiO,-nanotube arrays. CdSe
nanoparticles were deposited in inner, outer and on the top surface of
TiO; nanotubes. The applied deposition voltage plays a crucial role for
the formation of CdSe particles. The fabricated heterostructure
exhibited enhanced visible light absorption due to the lower band-gap
of CdSe and also steady photocurrents on visible light irradiation.

CdSe modified TiO; nanotube arrays also exhibited enhanced
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photocatalytic activity under 550 nm green light irradiation than that of
pure TiO; suggesting the applicability of this heterostructure [114]. In
situ deposition of CdSe, during the fabrication of TiO,-nanotube array
was also reported recently for photocatalytic application [115]. The
authors studied the photocurrent and photoelectrocatalytic properties of
these heterostructures. This composite material exhibited enhanced
photocurrent density and photoelectrocatalytic activity than that of
pure TiO, nanotube arrays. This enhanced properties is attributed to
the synergistic effect of the nanotubular morphology and effective

separation of charge carriers in the heterogeneous nanostructure [115].
1.13.1.4 Modification of TiO,;-nanotube arrays with Fe,O3

Modification of TiO; nanotube arrays by dextrin coated Fe,O; has
been studied. The anodized TiO; nanotubes were dipped in the dextrin
coated iron oxide solution by simple dip coating method. Fe,Os;
particles are deposited on the top walls of the nanotube arrays. The
composite structure simultaneously shows enhanced UV photocatalytic
activity and light independent wetting properties. Fe,O3;@TiO, also
exhibited magnetization anisotropy. The individual nanoparticles
arranged at the top of the nanotubes undergo dipolar coupling, which is
responsible for the magnetization anisotropy of the composite material.
The enhanced charge separation in the composite structure was
responsible for the enhanced photocatalytic activity of the modified
TiOs-nanotube arrays. The polyhydroxyl dextrin shell act as an
intermediate for the charge transfer in between the constituent

semiconductors of the heterostructure [116].
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1.13.1.5 Modification titania nanotube arrays with Ag,S

Ag,S particles were deposited on TiO,-nanotube arrays by successive
ionic layer adsorption and reaction (SILAR) method. The distribution
and morphology of Ag,S particles depends on the number of SILAR
cycles, employed for Ag,S deposition. Maximum photoelectrocatalytic
activity under solar-light illumination was observed for the
Ag,S@TiO,-nanotubes with 10 SILAR cycles of Ag,S deposition due
to the uniformly distributed Ag,S particle on TiO,-nanotubes [117].
Ag>S modified TiO;-nanotube arrays shows enhanced visible light

photocatalytic activity.

1.13.1.6 Modification of TiO;-nanotube arrays with NiO

nanoparticles

TiO; nanotube arrays were modified with NiO particles with simple
chemical bath precipitation method followed by annealing at different
temperatures (450° C, 550° C, and 630° C) [118]. NiO nanoparticles
modified TiO, nanotube arrays, annealed at 550° C, exhibited enhanced
visible light photoresponse and photocatalytic activity than that of
unmodified TiO,-nanotube arrays due to charge migration from NiO to
the conduction band of TiO,. The photocatalytic activity and
photoresponse of NiO modified sample annealed at 450° C and 630° C
was less than that of sample annealed at 550° C, due to poor

crystallinity of NiO at 450° C and high rutile content of TiO, at 630° C.
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1.13.1.7 Modification of TiO; nanotube arrays with TiO;

P. Roy et al reported the modification of TiO,-nanotube arrays with
TiO, by simple hydrolysis process in a precursor solution of TiCly
[119]. The samples obtained are calcined at 350° C and 450° C to
crystallize the TiO, sample attached to the TiO, nanotube arrays. In
this case, the synthesised TiO, nanotubes were in anatase phase
whereas the deposited TiO, nanoparticles contained both anatase and
rutile phase in which the anatase phase is predominant. TiO,
nanoparticles of average size of 3 nm were able to deposit inside and
outside the wall of TiO,-nanotube arrays by this method. The modified
TiO;-nanotube array shows higher solar cell efficiency due to the
significantly increased surface area of the composite material. The
observations in this work suggest that the sample annealed at 350° C
has optimized efficiency in terms of electron collection and the sample
annealed at 450° C has optimized anchoring efficiency for the dye on

the surface TiO, nanotube.
1.13.1.8 Modification of TiO, nanotube arrays with ZnO

Recently heterogeneous nanostructure of ZnO@TiO, has attracted
much interest in photocatalytic applications, because of the suitable
band-gap properties and low toxicity of these materials. ZnO@TiO-
nanotube heterostructure including, nanocomposites of ZnO nanorods
and TiO; nanotubes has been studied [120]. Y. Lei et al deposited ZnO
nanorods on TiO; nanotube arrays and studied its photoelectrocatalytic
and photocurrent properties. The obtained ZnO@TiO; heterostructures

exhibited enhanced photoelectrocatalytic activity, photocurrent density
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and stability than that of pure TiO,. The increased activity is due to the
effective separation of electrons and holes in the heterogeneous
nanostructure [121]. Z. Zhang et al used cathodic electrodeposition
method to deposit ZnO nanorods on TiO, nanotubes. The authors also
observed enhanced photocurrent density and photoelectrocatalytic
activity for the heterostructure [122]. ZnO nanoparticles impregnated
in TiOy-nanotube arrays have also been studied [123]. In this work
ZnO nanoparticles are uniformly deposited on TiO, nanotube through
pyrolysis method. The heterogeneous nanostructure exhibited
improved photocatalytic activity and photostability under UV light
than that of pure TiO,, ZnO and P-25 particulate film due to the

effective charge separation in the heterogeneous nanostructure.
1.13.1.9 Modification of TiO;-nanotube arrays with graphene

Graphene oxide is a unique material due to its high electrical
conductivity, high surface area and high electron mobility. P. Song et
al reported the construction and application of GO (graphene oxide)
modified TiO; nanotube arrays [124]. The photoelectrical properties of
the composite material was investigated and reported that the
GO@TiO;,-nanotube arrays exhibited enhanced visible light
photoelectrochemical and photocatalytic properties due to the above
mentioned unique properties of graphene than that of pure TiO;-
nanotube. Above studies clearly proves the advantages of
heterogeneous nanostructures of TiO,-nanotubes for photocatalytic

applications.
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1.13.1.10 Multicomponent Ag,S/TiO,/CdS-nanotube arrays

heterostructure.

H. Sun et al reported the construction of Ag,S/TiO,/CdS
multicomponent heterostructure of TiO, nanotube arrays [125]. CdS
nanoparticles were deposited on TiO, nanotube arrays by successive
ionic layer adsorption and reaction (SILAR) method whereas both
spotting sample and SILAR methods were used to deposit AgS
particle on CdS/TiO, nanotube arrays. The multicomponent
Ag,S/Ti0,/CdS heterostructure exhibited improved visible light
absorption and high photocurrent density, 37 times than that of pure
TiO; nanotube arrays. The enhanced activity was due to the visible
light absorption of Ag,S particle and the decreased recombination
probability of electrons and holes in the multicomponent
heterostructure. The schematic representation of photovoltaic

conversion Ag,S/TNTs/CdS is provided in Figure 1.25.
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Fig. 1.25: Schematic representation of photovoltaic conversion of
Ag,S/TNTs/CdS heterostructure.

[Source: H. Sun et al, Ag,S/CdS/TiO, Nanotube Array Films with High
Photocurrent Density by Spotting Sample Method, Nanoscale. Res. Lett.10
(2015) 382]
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The conduction band and valence band of CdS is located above the
conduction band and valence band of TiO, Hence the photogenerated
electrons in the conduction band of CdS is transferred to the
conduction band of TiO, whereas the holes are transferred from
valence band of TiO, to that of CdS. Similar electron and hole
transfers take place between the bands of Ag,S and TiO,. Thus the
transfer of electron and hole prevents the recombination of electron-
hole pairs in the heterostructure and shows enhanced photocurrent
density. The smaller band-gap of Ag,S extends the absorption of the

multicomponent heterostructure to visible light region.
1.13.2 Doped TiO;-nanotube arrays

Doping is a widely used technique to alter the properties of materials.
Especially the dopants may introduce energy levels in between the
valence band and conduction band as shown in Figure 1.26. In addition
some doped ions may be responsible for surface plasmonic effects and
enhance charge transfer. Nitrogen is one of the most extensively used
dopant to improve the photoresponse of TiO,-nanotube arrays. The
extended visible light absorption of nitrogen and the defect states
formed within the band-gap responsible for the enhanced and extended
photocatalytic activity in N-doped titania nanotube arrays have been
reported [126-131]. The other dopants that are widely used to improve
the photocatalytic applications of TiO,-nanotube arrays include Si
[132], B [133, 134] C [135], Fe [136, 137], Cr [138], Zr [139], W
[140], Ag [141-143], and noble metals like Au, Pt and Pd [144].
Besides this, co-doped systems containing multiple dopants have also
been fabricated for extended and improved application of TiO,

nanotube arrays [145-147].
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Fig. 1.26: A typical example for defective band structure of Fe doped
TiOy

[Source: L. Sun et al, An electrochemical strategy of doping Fe’" into TiO,
nanotube array films for enhancement in photocatalytic activity. Sol. Energy
Mater. Sol. C, 93 (2009), 1875-1880]

1.14 Other modifications

It is also possible to convert such TiO, nanotube arrays to nanotube
arrays of materials like BaTiO3 and, SrTiOs which belongs to the class
of ABO; type Perovskites, by simple methods like hydrothermal
synthesis [148, 149]. In the ABOj structure, A represent large divalent
cations (here Ba and Sr) and B represent small tetravalent cation (here
Ti); These ABO; type Perovskite structures are emerging as potential
candidates for photocatalytic and solar cell applications due to its
tunable band-gap property [19, 150-154]. Properties of ABOj structure
is decided by the type of ions occupying the A and B site of the cubic
structure. Substitution at both A and B or any one of the sites may
change the properties of the perovskite. This substitution may create

oxygen vacancy or donor levels, which may introduce energy levels
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within the band-gap of perovskite. Thus, appropriate doping can be
employed to tune the band-gap of perovskite materials [19, 150].
Band-gap engineering strategies in perovskite materials, include
substitution of tetravalent ions at the B-site with aliovalent ions like
RE*Y, Mn*"?, Ru>7, I, Cu?', Ni?¥, Pt*" as well as construction of
heterogeneous nanostructures consisting of two components for
enhanced visible light absorption [ 20, 152, 155]. Many important
ferroelectric materials also belong to the class of Perovskites. It has
been reported that the inherent ferroelectricity of Perovskite type
oxides like BaTiOs is responsible for the creation of internal
polarization, which assist to enhance the photocatalytic rate by
promoting the prevention of electron-hole pair recombination as shown
in Figures1.27a and 1.27b. Ferroelectric materials have the property of
spontaneous polarization. Displacement of center of negative and
positive charges in the unit cell results in spontaneous polarization and
the polarization creates macroscopic charges on the surface of
ferroelectric material. This charge is compensated by defects and free
charge carriers in the material or this charge can be externally
compensated by the adsorbed charged molecule from the surroundings
(Fig. 1.27a). If the spontaneous polarization is directing from the bulk
to the surface, it will create a positive charge (C") on the surface and if
it is from surface to bulk, it creates a negative charge(C’) in the
surface. The internal depolarization field will lead to accumulation of
electrons near the C' surface resulting in downward band bending. In
the (C) region, electrons flow away, resulting in upward band bending.
This is illustrated in Figure. 1.27b. Thus the band bending, due to
ferroelectricity, will effectively lead to the separation of charge
carriers, which helps to prevent the recombination of electrons and

holes. Ferroelectricity also helps to bind the dye molecule on material
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surfaces tightly [156-158]. One ferroelectric material extensively
investigated for such applications is BaTiO3 [159, 160]. So BaTiOj; is
one of the suitable candidates for studying photocatalytic properties by
taking advantages of both the structural features of the perovskite as

well as its ferroelectric nature.
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Fig. 1.27: Schematics representation of, a) internal electrical polarization
in a ferroelectric material and b) band-bending due to accumulation of
charges on the surfaces.

[Source: Y. Cui et al, Effect of Ferroelectricity on Solar-Light-Driven
Photocatalytic Activity of BaTiOj-Influence on the Carrier Separation and
Stern Layer Formation, Chem. Mater. 25 (2013)4215—4223]

1.15 Structure of BaTiO;

BaTiO; belongs to the ABOs- type perovskite structure. The structure
can be described in terms of a simple cubic unit cell with large divalent
cation A (here Ba) in the corners, the small tetravalent B (here Ti) in
the body center and oxygen (O) in the centers of the faces. A typical
unit cell of BaTiO; is provided in Figure 1.28. BaTiOs adopts different
crystalline phases like simple cubic, tetragonal, orthorhombic,

rhombohedral or hexagonal structure.
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Fig. 1. 28: Unit cell representation of BaTiO3
1.15.1 Band structure of TiOg in BaTiO;

In the cubic structure of BaTiOs, Ti4+-ion, which is at the center of
cube, is surrounded by 60% anions to form a TiOg octahedron. The
band structure of BaTiO; can be understood from the molecular orbital

diagram of TiOg shown in Figure 1. 29.

BaTiO; has a band gap energy of= 3.2 el. The valence band mainly
consists of O2p-nonbonding states. The band is extended by mixing
this O2p nonbonding states with molecular -m and ¢ bands. Similarly
the Conduction band has dominant contribution from Ti3d states,
containing o* and 7* molecular orbital [161]. Molecular orbital
diagram also helps to understand the covalent character of bonding
involved between Ti and O in BaTiO;. It has been reported that in
BaTiO; the bonds between Ba and O is ionic whereas Ti and O is

covalent in character [162].
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Fig. 1. 29: Molecular orbital diagram of TiO4 octahedra in BaTiO;
showing both ¢ and & bonding.

1.16 Photocatalytic properties of BaTiO;

The band-gap of BaTiOs is =3.2 e} which can absorb UV radiations of
solar spectrum. This band-gap can be tunable to extend its application
in Visible/IR region. Besides this, properties like photostability, non-
toxicity and ferroelectric character makes BaTiO; an appropriate
candidate for photocatalytic applications. There are so many studies
and applications based on the photocatalytic properties of TiO,, but the
photocatalytic applications of ferroelectric materials still needs
exploitation. In order to increase the life time of active species and

extend the photon absorption to visible light region, modification in the
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band structure of BaTiOs is needed. One of the strategies that has been
employed to engineer the band-gap of BaTiO;, to enhance its
photocatalytic activity 1is the fabrication of heterogeneous
nanostructures with suitable materials like graphene [20,163]. In
ferroelectric BaTiO;3, its visible light driven photocatalytic activity can
also be enhanced through substitution of A*" and B*" cations in the
ABOj; perovskite structure with aliovalent ions. Mn-doped BaTiOj; is a
typical example having defect energy levels within the band-gap as a
result of such doping [164]. The schematic representation of density of
states for the Mn-doped BaTiOs is provided in Figurel.30. This clearly
demonstrates that doping with suitable elements introduces energy
levels due to defects within the band-gap of BaTiOs;. Modification of
band-gap of BaTiOs doped with Rh’, Zn**, Y*', and Ag" have already
been reported. Their photocatalytic applications have also been
reported [159, 165-167].
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Fig. 1.30: Schematic representation of Density of States of Mn-doped
BaTiOy

[Source: R. Inoue et al, Photocurrent Characteristics of Mn-Doped Barium
Titanate Ferroelectric Single Crystals, Jpn. J. Appl. Phys.52 (2013) 09KF03

(1-6)]
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1.16.1 Modification of BaTiOs-nanotube arrays

BaTiO; nanotube arrays have more advantages, because the
dimensions of nanotubes can be effectively tuned. Though the
fabrication of BaTiO; nanotubes has been reported only very few
studies have been reported on the modification of BaTiO3; nanotube
arrays for photocatalytic applications. Ag-modified BaTiO; was
reported by Liu et al [167]. Photocatalytic activity was demonstrated
by studying the degradation of methyl orange in UV-light. It was
observed that the Ag-loaded BaTiO; nanotubes show maximum
photocatalytic activity at low pH. The enhanced photocatalytic activity
was attributed to the effective charge separation in Ag-modified
BaTiOs-nanotubes due to the Schottky barrier formed in between Ag
and BaTiOs-tubes.

R. Li et al fabricated heterogeneous nanostructure of BaTiO; nanotube
array with TiO, for photocatalytic applications [168]. They synthesized
this heterostructure by hydrothermal method and studied the
photocatalytic degradation of methylene blue as a model dye. The
heterogeneous nanostructure exhibits enhanced UV photocatalytic
activity due to increased life time of active species as a result of the
heterogeneous nanostructure formed in between TiO, and BaTiOs-

nanotubes as shown in Figure 1.31.
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Fig. 1.31: Heterogeneous nanostructure formed in between TiO, and
BaTiO;.

[Source: R. Li et al, BaTiOs/TiO; heterostructure nanotube arrays for
improved  photoelectrochemical — and  photocatalytic  applications,
Electrochim. Acta. 91 (2013) 30-35]

1. 17 Present research work

From the detailed discussions of the principle, mechanism and
advantages of semiconductor photocatalytic process, it is clear that
photocatalysis is a suitable process to remove impurities from the
environment, especially the organic pollutants present in the water.
Among the semiconductors, TiO; has all the properties that a good
photocatalyst should possess. Even though TiO, is a best candidate for
photocatalytic application, the wide band-gap (3. 2 e)) restricts its
application in visible-light region. Recently photocatalytic studies of 1-
dimensional TiO,-nanotube arrays prepared by anodisation method
have attracted more interest because of its unique physical and
chemical properties. TiO, nanotube arrays can be converted into

BaTiO; and SrTiOs; nanotube arrays by simple methods such as
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hydrothermal technique. Construction of heterogeneous nanostructures
with suitable semiconductors is one of the most studied and applicable
strategy to improve life span of active species that enhances the
photocatalytic activity of the material. Doping is a widely used
technique to bring down the band-gap of the material. Band-gap
modification of TiO, nanotube arrays can be done by these methods.
Redox chemistry has an important role to design a heterogeneous
nanostructure, since the reduced or oxidized state can introduce a new
energy level within the band-gap of the material. A number of studies
have been reported regarding the modification of TiO, nanotube arrays
for photocatalytic application, but the influence of surface morphology
of TiO; heterostructures on the photocatalytic activity and the effect of
redox chemistry involved during their fabrication have not yet been
studied in detail. Previous research works have thrown light on the
applicability of ferroelectric materials like BaTiO; for photocatalytic
applications. The inherent ferroelectricity, appropriate band-gap and
non-toxicity of BaTiOs; make it a better candidate for photocatalytic
applications. Band-gap tuning of ferroelectric materials extends its
application range from UV to visible light region. Detailed studies
about the modification of band-gap of BaTiOs, especially in 1-
dimensional nanotubular structures for photocatalytic applications have
not yet been reported. In this context our present research work is

mainly focused on the following areas.

> construction of heterogeneous nanostructures of TiO; nanotube

arrays with suitable materials and study the effect of surface
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morphology of such modified TiO, nanotube arrays on their
photocatalytic activity

preparation of BaTiO3 nanotube arrays using TiO, nanotubes as
precursor materials and tuning of the band-gap of the
ferroelectric materials to extend its application to visible light
region, which is not yet reported.

The redox potential of the reactions involved during the
fabrication of heterogeneous nanostructure has an important
role to decide the properties of the heterostructure. Hence in
this research work we have constructed heterogeneous
nanostructure of BaTiO; nanotube arrays with SnO,, by
considering the redox chemistry of the reactions involved and
studied the photocatalytic properties of the heterostructure,
which is not yet reported.

the study of the change in the band-structure of TiO, and
BaTiO; resulting from formation of heterogeneous
nanostructure and doping.

correlation of the defect chemistry of BaTiO; nanotube arrays
with their ferromagnetic ordering to further confirm the

influence of defects in their photocatalytic activity
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2.1 Introduction

In this chapter, a brief description of the experimental methods adopted
for the fabrication and modification of titania nanotube arrays and the
basic principle, working and experimental set up of instrumentation
used for studying structural, optical, and photocatalytic properties of

titania nanotube arrays based films are given.
2.2 Electrochemical potentiosatic anodisation process

Anodisation process is one of the simplest and advanced technique for
production titania nanotubes [1]. The details of anodisation process are
already we discussed in the introduction section. Electrochemical
anodisation process involves the application of constant potential in
between the anode and cathode, immersed in an electrolyte solution.
The pictorial representation of anodisation process is given in the

Figure 2.1
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Fig. 2.1: Schematic representation of anodisation process adopted for
fabrication of titania nanotube arrays (TNA).
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We used Pt metal as cathode, Ti-metal foil as anode and ethylene-
glycol ammonium fluoride solution as electrolyte, for potentiosatic
electrochemical anodisation process. A constant potential of 40 V is
applied in between the electrodes up to 24 hrs. Well-ordered TiO,-
nanotube arrays of 129 nm diameters, wall thickness 25 nm and length
of 30 um were fabricated through the above specified potentiosatic
anodisation process. The important advantages of the anodisation
process are i) simplicity ii) cost effective iii) easy to prepare nanotubes
of desired length, diameter, and wall thickness. We can control the
tubular parameter of nanotube arrays of TiO, nanotubes. The titania
nanotubes thus synthesized is further modified for photocatalytic

applications.
2.3 Hydrothermal synthesis

Hydrothermal synthesis can be defined as any heterogeneous chemical
reaction in an aqueous media carried out above room temperature and
at a pressure greater than 1 atm in a closed system [2]. The word
hydrothermal synthesis was first used by British geologist Sir Roderick
Murchison (1792-1871) to explain the action of water at elevated
temperature and pressure which brings changes at the earth crust
leading to the creation of various minerals and rocks [3]. Normally
water is used as solvent for hydrothermal technique. Water is known to
be a universal solvent, and have so many advantages. One of the
biggest benefits of using water is the environmental friendly nature of
the solvent and inexpensive than other solvents, and it can act as a
catalyst for the development of desired materials by altering the

temperature and the pressure. It is nonhazardous, nonflammable,
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noncarcinogenic, nonmutagenic, and thermodynamically stable.

Another advantage is that water easily volatile, so it can be removed

from the product very simply.

2.3.1 Advantage of hydrothermal synthesis

Hydrothermal synthesis has many advantages compared to other

conventional and nonconventional synthetic methods. The costs for the

instrumentation, energy utilization during the process and amount of

precursor needed are very less for hydrothermal process. A large

variety of forms of desired products can be synthesized by

hydrothermal methods. Other important merits of hydrothermal

method of synthesis are given below.

1)

2)

3)

4)

5)

Environmental friendly synthetic procedure.

Only low temperature is needed for this method, comparing
with others, hence it helps to avoid problems related with high

temperature.

Crystallinity can be achieved even at low temperature; the
experimental conditions like high pressure at closed system

may help to form crystalline materials at low temperature itself.

It is possible to control the rate of nucleation, growth and aging

which effects size and morphology of the product formed.

Thus we can control the size, and morphology of the product

formed during hydrothermal synthesis
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6) This method can hybridized with other process like microwave,
electrochemistry, optical radiation and hot pressing to give
advantages such as enhancement of reaction kinetics, and to

make new materials.

7) This easy method does not need any catalyst, harmful and
expensive vessels and surfactants. Thus hydrothermal method
is a advantages method for the production of high quality

crystalline products in large amount having low cost.
2.3.2 Autoclave used in hydrothermal synthesis

Usually hydrothermal reactions are carried out in a teflon lined
hydrothermal vessel which enclosed in closed vessel known to be as
autoclave. Because of high pressure working conditions, sometimes the
hydrothermal autoclave which is used for the hydrothermal synthesis
are known as to be hydrothermal bomb. The different parts of an
autoclave are given in the Figure 2. 2. In general hydrothermal reaction
uses highly corrosive salts for synthetic applications. Hence the
autoclave must have the capability to sustain high corrosive solvent at

high temperature, high pressure at long duration of time.
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Fig. 2.2: Parts of a typical autoclave used for hydrothermal process.

The other advantages of ideal autoclaves are that it can be easily
assemble and dissemble, inert to acids, bases and other oxidizing
mediators. A perfect autoclave should have certain characteristic
features such as it should be leak proof, at required temperature and
pressure and have adequate length to obtain a desired temperature
gradient and should have capacity to withstand high temperature and

pressure.

We used an ideal hydrothermal system (autoclave) manufactured by
par instrument company UK (Fig. 2. 3) for all hydrothermal synthetic

procedure.
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Fig. 2.3: Autoclave used for hydrothermal synthesis.

We changed the temperature, duration of hydrothermal process and the
solvent used in the hydrothermal process for different synthetic
procedure. The important advantage of hydrothermal technique is that
even at moderate temperature it is possible to obtain highly crystalline
samples without doing further calcinations after hydrothermal process.
The formation of crystalline sample is assisted by the high pressure
formed inside the vessel with the applied temperature. The other
advantages are i) one can control the morphology of thee sample ii)
simple and less expensive iii) generally water is used as solvent for

hydrothermal reaction hence the process is environment friendly.
2.4 Fundamental characterization techniques

The obtained titania nanotube arrays and modified nanotube arrays are
characteraised by various technique like X-ray Diffractometer (XRD),
Raman spectrometry, UV-Visible spectrometry, Diffused reflectance
spectrometry, Scanning electron microscopy (SEM),

Photoluminescence spectrometry, X-ray photon electron spectroscopy
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and Electron paramagnetic spectrometry (EPR) and BET analysis.
Photocatalytic activities of these samples were investigated with the
help of immersion type photoreactors. The magnetic characterization

was done by using vibrating sample magnetometer (VSM).
2.5. X-ray diffraction

X-ray powder diffraction is an efficient, rapid and non-destructive
analytic technique primarily used for phase identification of a
crystalline material and can provide information about the crystalline
structure [4]. XRD analysis is also used to determine the grain size,
composition of solid solution, lattice constants, and degree of
crystallinity in a mixture of amorphous and crystalline substances. In
an advanced manner this technique useful to study phase equilibria,
texture analysis, stress measurement and to identify orientation of one

crystal or the ensemble of orientations in polycrystalline aggregates.
2.5.1. Theory and Instrumentation

The theory behind the X-ray diffraction technique is based on Brags
law [4, 5]. Brags law gives the relationship between the wavelength of
the incident X-rays, angle of incidence and spacing between the crystal

lattice planes of atoms, expressed as: n A = 2d sin®.
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Fig. 2.4: Diffraction of X-rays by crystal planes.

In order to obtain effective diffraction pattern the incident radiation
should be coherent, monochromatic and parallel. The spacing between
the planes (d) of crystalline substance should be comparable with that
of the order of A. The X-ray radiation produced by a cathode ray tube,
filtered to produce monochromatic radiations, then it is collimated to
concentrate and directed towards the sample. The constructive
interference of these monochromatic X-rays and a crystalline sample
produce the diffraction pattern. The constructive interference produces
when the conditions obey Bragg’s law. All the diffracted rays from the
different directions of the lattice planes are detected, processed and
counted. Thus we can summaries that X-ray diffraction peaks are
formed by constructive interference of a monochromatic beam of X-
rays scattered at specific angles from each set of lattice planes in a
sample. The peak intensities are determined by the distribution of

atoms within the lattice.

Conversion of diffraction peaks to d-spacing is help to identify the

crystalline material, since each sample has a set of unique value of d-
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spacing. The result obtained is compared with that of standard pattern

available known to be JCPDS files.

A normal X-ray powder diffractometer comprises of the following

parts:

1) X-ray generator delivering high tension current to X-ray source-

a vacumm sealed X-ray tube used as X-ray source
2) Sample holder to carry the sample to be investigated.

3) X-ray detector capable of measuring X-ray photons scattered by
the sample; it may contain multiple channels in 1D or 2D

arrangement.

4) X-ray optics assembled at the primary beam site and on
secondary (diffracted) beam site for collimation, conditioning, or

focusing of X-rays.

5) Goniometer providing exact comparative angular positioning of
X-ray source, sample and detector. The geomatry of an X-ray
difractometer (Fig. 2.5b) is such that the samples rotates in the
path of the collimated X-ray beam at an angle € , while the X-ray
detector is mounted on an arm to collect the diffracted x-rays and

rotates at an agle 26.
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Fig. 2.5 a) Broker D8 X-ray diffractometer and b) parts of a typical X-
ray diffractometer.

X-rays are produced in cathode ray tube by heating a filament to
generate electrons and accelerating these electrons towards the target
material by applying voltage, then by bombarding the target material
with these electrons, to produce X-rays. The electron with sufficient
energy removes the inner shell electrons of the target material. This
produce characteristic X-ray spectrum. These spectra consists of
several components, the most common being K, and Kp, K, consist Kg;
and Kg». Ka; has slightly shorter wavelength and twice the intensity to
that of Koay,. The wavelength of X-rays is the characteristic of the
target material (Cu, Fe, Mo, Cr). These X-rays are filtered by
monochromators and produce monochromatic X-rays needed for the
effective diffraction pattern. Cu is the most common target material for
single-crystal diffraction, with CuKo radiation= 1.5418 A’ As the
detector and samples are rotated so that diffracted X-rays is recorded.

When the diffracted ray obeys the Brag’s law constructive interference
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occurs and peak intensity occurs. Detectors records and process this X-

ray signal and converts the signal to a count rate.
2.6 Raman spectroscopy

Raman spectroscopy is widely used for studying the structure of the
materials. Raman effect is based upon the scattering of light. Solids,
liquids, and gases are able to scatter the light according to molecular
structure; hence the application of this technique can be extended to
analyze wide variety of organic and inorganic compounds. This
spectroscopy can be used for both qualitative as well as quantitative
purpose. Qualitative analysis can be achieved by measuring the
frequency of scattered radiations whereas quantitative analysis can be

done by measuring the intensity of scattered radiations [6]
2.6.1 Theory and Instrumentation

Raman spectroscopy is based on scattering of radiation from the
material. Scattering of radiation is leading Raman Effect i.e. The
scattered radiations containing a small portion of radiations having
higher or lower frequency than incident monochromatic light. The
radiations having different frequency are formed due to the inelastic
scattering of monochromatic radiation with vibrating molecules. It
analyses the molecular vibrations [5]. The monochromatic light is
interacted the sample molecules and originates scattered light. Raman
spectrum is constructed using the scattered light having a frequency
different from that of incident light. Raman spectral lines are formed
due to inelastic collision between incident monochromatic radiation

and molecules of sample. Most of the scattered radiations has
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frequency which is same to the frequency of incident radiation and
constitute Rayleigh scattering, while a small portion of scattered
radiation have different frequency than that of incident monochromatic
radiation and these scattered radiations construct Raman spectrum.
Raman spectrum consists of two types of scattered radiations which
responsible for two type spectral lines. The spectral lines arises from
the scattered radiations having lower frequency with that of incident
radiations known as Stockes line, where as the ones arises due to the
scattered radiations having higher frequency is known to be anti-
stockes lines (Fig. 2.6). Scattered radiation usually measures to right
angles to the incident radiation. Usually Stockes lines are intense than
Anti-stokes lines in conventional Raman spectroscopy, because Stokes
shifted Raman bands involve the transitions from lower to higher
energy vibrational levels. The magnitude of Raman shifts does not
depend on wavelength of incident radiation, while Raman scattering
depends on wavelength of incident radiation. Change in polarizability
during molecular vibration is a vital condition (selection rule) to obtain
Raman spectrum of a sample. Raman spectrum is meaningfully simpler
than their Infrared spectrum because in normal Raman overtones,

combination and difference bands are rare.
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Fig. 2.6: Schematic representation of formation of Rayleigh, Stokes and
Anti-stokes line.
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Fig. 2.7: Schematic representation of instrumentation of Raman
spectrophotometer.

The following are the important parts of a typical Raman

spectrometer [8, 9].
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).
2).
3).

4).

5).

6).

Sample holder which holds the sample to be analyzed.
A light source (laser).
A collection optic to collect the Raman scattered photons.

A monochromator to distinct the Raman signals into its

constituent wavelengths.

A detector to detect the photons at the various wavelengths
where the Raman signal is produced by the sample. The
detector gives an output which is a measure of the comparative

intensities of the signals at these different wavelengths

A computer system to store and display the spectral lines

Fig. 2.8: Photograph of thermo scientific laser (532nm) Raman
spectrometer.
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2.7 UV-Vis spectrometer

UV-Vis spectroscopy involves the study of the interaction of
ultraviolet rays (300-400nm) or visible light (400-765 nm) with the
molecule and the consequent energy changes occurring in the
molecules [10]. When UV or visible light passed through the sample, it
may absorb or reflect depends upon the sample nature. Hence this
spectroscopy also known as absorption spectroscopy or reflectance
spectroscopy. The energy of UV-visible light is sufficient to make
electronic transitions in molecules and atoms. So UV-Vis spectroscopy
is widely used for the understanding of band-gap potential and to

characterize a material [11].
2.7.1 Theory and Instrumentation

Interaction of UV-vis light with mater brings electronic transition
between molecular energy levels. The energy levels of matter are
quantized, hence light energy with specific wavelength will needed to
excite electrons from one lower energy level to higher energy levels.
The absorbed light cause transition of electrons from different energy

levels to exited states as shown in Figure 2. 9.
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Fig. 2.9: Schematic representation of electronic transitions involves in
different molecular orbital having different energy.

If the band-gap energy is very high, then transition to exited state is
only possible by absorbing radiations having higher energy or
frequency equivalent to that of band-gap energy. Thus the absorption is
characteristic and depends on the type of electrons present in the

system (o, [] and n-electrons)
Types of transition
1) o-c* transitions

By absorbing radiations of specific wavelength the electrons excited
from o to corresponding antibonding ¢* orbital. The energy needed for
this transition is large and this type of transition is observed in saturate
compounds. An Example is, C-H bond in CH4 which can only undergo

these types of transitions.
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2) m-m* transitions

n electrons present in bonding orbital is exited to corresponding
antibonding molecular orbital by absorbing specific amount of energy
which is lee than that of o-c* transitions and n-c* transitions,

compounds having multiple bonds shows this type of transitions.
3) n-c* transitions

Saturated compounds containing hetero atom with unshared pair of
electron (n) like oxygen, sulphur, nitrogen and halogens undergo this

type of transition, need less energy than o-c* transition.
4) n-7* transition

In this transition electron from non bonding orbital is transferred to *
antibonding molecular orbital. Energy required is less compared to
other transitions. Compounds having double bonds with hetero atoms

shows this kind of transition (N=0, C=0 etc)
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Fig. 2.10: Instrumentation of a typical UV-vis spectrometer.
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In UV-vis spectroscopy the electromagnetic radiations involved are
UV-vis light. Deuterium lamps and tungsten lamps are usually using as
the source of UV and visible light respectively. The sample is
illuminated by the entire band of UV or visible light by the source.
The grating or monochromator changes the entire region of UV or
visible light to small bands and sent these radiations to beam splitter.
The beam splitter sent separate light to sample and to reference. Then
the detectors measures the difference between the transmitted light
through the sample (I) and reference (Iy) and sends this information to
the recorder and then process it. The result obtained may in terms of
absorbance (A=log Io/I) or in term of transmittance or reflectance
against the wavelength. Reflectance spectra obtained by measuring the
reflectance produced by the sample. The amount of absorption of UV-
vis light by the sample is based on Beer lambert law, which states that
the intensity of absorption of light by a sample is directly proportional
to concentration and length of the sample (A=¢c 1, where € is molar

absorptivity constant) [11].
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Fig. 2.11: Photograph of UV-Vis spectrometer (Perkinelemer-lamda).
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2.8 Photo-luminescence spectroscopy

Luminescence is a phenomenon which involves absorption of energy
and successive emission of light. Based on the nature of emission
process there are two types of emission process, fluorescence and
phosphorescence. Fluorescence is “fast” (ms time scale) while
phosphorescence is “slow” (longer time scale, up to hours or even
days). PL spectroscopy widely used to identify the intermediate energy
levels present within the band-gap in the molecules. It also helps to

identify the nature of band structure [12].
2.8.1 Theory and Instrumentation

There is mainly two type of molecular luminescence spectroscopy 1)
Fluorescence spectroscopy 2) Phosphorescence spectroscopy. In
fluorescence spectroscopy the chemical species at exited state undergo
some internal energy transition (from singlet to singlet state) before
relaxing to ground state, by emitting photons. Some of the absorbed
energy may dissipate during this process. So the emitted photons have
less energy than the absorbed photons energy since some of the
absorbed energy in the system is dissipated. Fluorescence emission
taking place within seconds (10® to 10™%). The life time of
phosphorescence emission is more than that of fluorescence
spectroscopy (10 t010? s) hence the chance for occurring
phosphorescence is less when comparing with that of fluorescence. It
is a radiational transition, in which the exited chemical species undergo
intersystem crossing having different multiplicity as shown in Figure

2.12. The diagram which provides the detailed emission of photon
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energy from the exited state is given in the Jablonski diagram (Fig
2.12)
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Fig. 2.12: Jabolonski diagram representing the fluorescence and
phosphorescence transitions.
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Fig. 2.13: Schematic diagram of the components in a typical PL
spectrophotometer.

110



Low pressure mercury lamp fused with silica window, A 75 -100 W
high pressure xenon-arc lamp and LASER are the different kinds of
sources used in spectrofluorometer. For wavelength selection of both
the excitation beam and the resulting luminescence radiation interface
and absorption filters have been used in PL-spectrometer. Most
spectrofluorometers are equipped with at least one and occasionally
two grating monochromators. The most general transducer used in a
sensitive fluorometer is photomultiplier tubes. The schematic
representation of the components of PL-spectrophotometer is given in

Figure 2. 13.
2.9 X-ray photo electron spectroscopy

X-ray photoelectron spectroscopy (XPS), is a surface sensitive electron
spectroscopic technique for chemical analysis (ESCA), which is
widely used for analyzing the surface chemistry of a material. XPS can
measure the, electronic state, binding energy of electrons, chemical
state, elemental composition and empirical formula, of the elements in

a material [13].
2.9.1 Theory and Instrumentation

The theory of XPS is based on photoelectric effect. Surface properties
of different chemical species are different and it may be different from
the interior of the material. An intense beam of X-rays or UV rays will
ionize the molecules or atoms. The source light used must have energy
to ionize the material. Electrons may also eject from deeper levels.

When X-rays were incident to the surface, the inner electrons will
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eject. XPS spectrum is obtained according to the characteristics of

ejected electrons [14].
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Fig. 2.14: Photoelectron ejection from a material due to an incident
photon.

When the surface of the material is irradiated by X-ray having energy
of ‘hv’. Some of the (mono-energetic) photons hit out the electron from
atoms in the surface region. Photons having higher energy ‘hv’ enter
deeper into the samples surface. Electrons released by photons from
lower energy X-rays creates from inner atomic energy levels are
known to be photoelectrons and these electrons were bound to atomic
nuclei with the binding energy E,. When an electron from inner orbital
is ejected, a hole is created and to compensate this an electron from
outer orbital is transferred to this hole site, by releasing energy. This
energy transferred another electron present in the outer orbital and is

ejected from the orbital, this ejected electrons are known to be Auger
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electrons. XPS instrument measures the kinetic energy of all ejected
electrons (electrons of both photoelectrons and auger electrons). The
kinetic energy of emitted electrons can be calculated by using the

equations 2.1and 2.2
KE (Kinetic energy) = hv - BE- ¢spec 2.1
BE (electron) =hv — KE -{spec 2.2

Where KE= electron kinetic energy, BE= Binding energy of electron,

dspec= spectrometer work function.

Thus the binding energy of emitted electron is calculated and
compared with that of the reference samples. The result obtained in
XPS measurement is in the form emission intensity vs binding energy
graph. The area of XPS peak can be used to obtain the concentration of
elements. So both binding energy and area of peak will help to analyze
the material. XPS measurements can be only applicable to the elements
having atomic number 3 or greater than 3. Ultra high vacuum condition
is necessary during XPS analysis. High vacuum condition prevents

contamination of the surface and hence gets accurate results.
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Fig. 2.15: Schematic representation of Components of XPS instrument.

Different components of XPS are provided in Figure 2.15. The
important parts of XPS are radiation (X-ray) source, ultra-high vacuum
stainless chamber, Lens system for electron collection, electron
analyzer and an electron detector system. The source may
monochromatic beam of few microns, or unfocused non-
monochromatic beam of couple of centimeters. The common source
material are Mg or Al Ka providing X-rays having energy 1486.7 eV
and 1258 eV. Electron gun also used in combination with X-rays to
eject electrons. Electron analyzers are another important component of
electron spectroscopic analyzers. Mainly two classes of analyzers are
there 1) Kinetic energy analyzers 2) deflection (electrostatic)
analyzers. When the kinetic energy photoelectrons are high then lower
the resolution of the spectra obtained, in case kinetic energy analyzers.
Deflection analyzers (electrostatic analyzers) are capable to distinct out
photoelectrons through an electric field by imposing electrons to
follow dissimilar paths according to their velocities. The most common

type analyzer used in XPS is hemispherical analyzer, which is belongs
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to the class of deflection analyzers. As the kinetic energy of the
emitted photon increases, lower the resolution intensity for the
obtained results. This can be solved by using (optic) lenses in XPS,
the lenses system are able to slowing own the kinetic energy of the
photoelectrons through the retardation of electric field. This greatly
helps to increase the resolution, but it lowers the sensitivity. The lenses
can also increase the velocity of photoelectrons and help to focus a
small area of the sample. Electron analyzer analyses the kinetic energy
of the emitted electrons and detector count the number of electrons

ejected.

Fig. 2.16: Photograph of an XPS instrument (Axis-Ultra, Kratos
Analytical, Source Al-Ka).

2.10 Electron Paramagnetic Spectroscopy (EPR) or Electron spin

resonance (ESR) spectroscopy

Electron paramagnetic spectroscopy (EPR) spectroscopy is a powerful
and sensitive spectroscopic technique widely used for the
characterization of the -electronic structures of substances with

unpaired electron. In this spectroscopic technique, the microwave
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region of the electromagnetic spectrum is absorbed by substance
having unpaired electrons, and encourages transition between magnetic
energy levels of unpaired electrons.  This spectroscopy helped to
understand the nature of environment of unpaired electron and to study
electronic state, defects, present in the materials. There are different
kinds of EPR technique like continues wave EPR (CW-ESR), electron
nuclear double resonance (ENDOR), electron spin echo envelope
modulation (ESEEM). In continues, wave EPR, the material is exposed
to a beam of microwave irradiation of fixed frequency and the
magnetic field is changed. Different microwave frequencies is used in
EPR, and they are denoted as S-band (3.5 GHz), X-band (9.25 GHz),
K-band (20 GHz), Q-band (35 GHz), and W-band (95 GHz [15, 16].

2.10.1 Theory and Instrumentation

Electron is a particle having negative charge with certain mass.
Electrons have two type of motion, around the nucleus and its own
axis. The motion around the axis produces orbital magnetic moment,
whereas the spinning motion of electron around its own axis creates
spin magnetic moment. The unpaired electron’s spin magnetic moment
has a major contribution to the total magnetic moment. Electron
paramagnetic resonance is a magnetic resonance method, based on the
interaction of unpaired electron spins with external magnetic field. If
an electron is placed in an applied magnetic field B0, the degenerate
energy state may split into two, one corresponding to parallel spin state
and the other corresponds to antiparallel state as shown below (Fig. 2.

17).
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Where g- is proportionality factor (free electron g-factor), ug=Bohr

magneton, B-is the applied magnetic field.

In the absence of magnetic field the E+1/2= E-1/2=0, while in the

presence of external magnetic field, the difference between the two
spin energy states is given by AE=hv=gugB (as shown in Figure 2.

17). As the intensity of applied magnetic field increases, the energy
difference between the two level increases and when it is equivalent to
microwave radiation the electron will absorb photon of energy and flip
to other spin sate or exited to other energy spin state from the
corresponding antiparallel spin state. This is the basic theory involved
in EPR spectroscopy. Thus EPR spectroscopy is widely used to species
having unpaired electrons like radicals, transition metal compounds

etc. EPR signal may split number of signal peaks by interacting with
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neighboring nuclei known to be hyperfine splitting. This hyperfine
splitting provides information about the number of identity nuclei and
distance of unpaired electrons from the neighboring nuclei. If there is
N number of nuclei having spin value I then, the EPR signal split into

(2NI+1) numbers and the intensity follow binomial distribution [15].
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Fig. 2.18: Interaction of an EPR signal with single nucleus of ' spin.
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Fig. 2.19: Components of a typical EPR spectrometer.

In EPR spectroscopy, normally Klystron tube act as source of
microwave radiation. The frequency of the monochromatic radiation is
controlled by voltage applied to Klystron source and it is fixed in fixed
frequency level. Wave guide or wave meter is one of the major parts of
the instrument, the wave guide (wave meter) used to know the
microwave frequency produced by the Klystron source, which is
placed in between the oscillator and attenuator. The wave meter
usually made up of hollow, rectangular brass tube. Variable attenuator
is used to varying the power of sample from the full power Klystron.
Isolators are also used to control the frequency of microwave radiation
produced by Klystron and it minimizes vibrations in the frequency of
microwave produced by Klystron source and it also prevent the
reflection of microwave radiation back into the source. Sample cavities
are the heart of the EPR spectrometer which is a resonant cavity,

containing the sample. Cylindrical TEO11 cavity, Rotable cavity (for
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studying anisotropic effect) and Rectangular TE120 cavity have
commonly been used. Rotable cavities and Dual sample cavities are
widely used in EPR spectrometers, one for sample and other for
reference. The quality of cavity is represented by a factor known to be
Q factor. Detectors used in EPR spectroscope are generally made up of
silicon, which convert the radiation in DC. Microwave bridge such as
Magic T and hybrid are other common type detector. The resonant
cavity is kept in the poles of an electromagnet. A magnetic field of at
least 5000 gause is essential for EPR spectroscopy, which produced by
the electromagnetic system. The produced field should be uniform and
stable over the sample. The modulation of the signal at frequency
steady with good signal to noise ratio in the detector is attained by
modulation coil unit by a small alternating variation of the magnetic
field [16, 17]. A cathode ray oscilloscope is used in EPR spectrometer

to adjust the spectrometer and to observe the signal.

Fig. 2.20: Photograph of EPR spectrometer (Model- JEOL-JES).

120



2.11 BET surface area analyzer

One of the important characteristics of nanomaterial is their surface
area. Many of the intrinsic properties of nanomaterial is associated
with their surface area/ volume ratio. As the surface area of the
materiel is increases, catlytical activity also increases. Therefore the
aquarate measurement of the surface area of nanomaterial is important
to characterize the material. Brunnauer-Emmett-Teller (BET) surface
adsorption is the most general method used to measure the surface area

of the materials.
2.11.1 Theory and Instrumentation

BET surface area analysis is based on the theory put forward by
Brunauer-Emmett-Teller, which explains the multilayer physical
adsorption of the adsorbent (usually gas molecule) on solid surface.
According to BET theory the multilayer adsorption of adsorbent
molecule on solid surface is based on certain assumptions. The
important assumptions are i) the adsorption is purely physical, ii) the
surface of the solid material is entirely uniform there is no preferential
adsorption sites, iii) the adsorbed gas molecule has limited interactions
it interacts only with neighboring layer, iv) each adsorbed layer obey
the Langmuir theory which is applicable to monomolecular layer,
based on these assumptions Brunauer-Emmett-Teller derived an

equation known to be BET equation, (given below in equation 2.3).

VP

v = : 2.3
ipg —pi[L + (o — ;:{fflu]
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Where V= volume of adsorbed gas, V;,, = adsorbed monolayer volume;
Do = saturation gas pressure: p = equilibrium gas pressure, ¢ = BET
constant. The equation can be re-arranged as, which is same as straight

line equation y= mx+ ¢

24

From the graphical plot of the above equation it is possible to find out
BET constant (c) [slope/ (intercept+1)] and adsorbed monolayer
volume (V) [I/ (slopetintercept)]. From the obtained adsorbed
monolayer volume one can easily calculate the specific surface area

using the following equation 2.5.

VinNA
Sspezm— 2.5
22,400 X m

Where N is Avogadro number, 4 is cross-sectional surface area of
single adsorbed gas molecule, and m is the mass of nanomaterial used
for measurement. Generally in BET surface area analyzers N, gas is
used as adsorbent. The volume of the gas adsorbed on the solid surface

is measured at the boiling point of liquid nitrogen
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Fig. 2.21: Photograph of BET surface area analyzer (Quantachrome,
Nova).

2. 12 Vibrating Sample Magnetometer (VSM)

Vibrating Sample Magnetometry is a measurement method which
allows determining the magnetic moment of a sample with good
precision. The basic principle of VSM technique is based on Faraday’s
law which states that an electromagnetic force is created within the coil

when there is alteration in flux through the coil [18].
2.12.1 Theory and Instrumentation

The working principle of the VSM is relatively simple: a sample is
vibrated in between a couple of pick-up coils, and then a dc magnetic
field is applied to the sample (normally in a direction perpendicular to
the coils). The magnetic field magnetizes the sample. The vibrating
magnetic moment generates a flux that fluctuates with time and,
accordingly results in an ac voltage being induced in detection coils.
The signals from the coils are identified with a lock in amplifier. This
lock-in amplifier gives a dc voltage output which is proportional to the

magnetic moment of the material. Thus from Vibrating sample

123



magnetometer we can measure the magnetization of a sample as a

function of magnetic field (magnetization curve) [18].

Vibration Function
motor Generator
lRefereuoc signal
Up and down vibration Signal | - =
with frequency Lock-in amplifier ‘

1

T

Electromagnet

Computer

Prck-up coil
Fig. 2.22: Components of Vibrating Sample Magnetometer.

In VSM, during sample analysis the magnetic sample is moving in the
proximity of two pick up coils as shown in Figure 2. 22. A sinusoidal
signal provided by the oscillator is transmitted by the transducer
assembly into a vertical vibration. Generally the sample is kept at
sample rod vibrates with a given frequency and amplitude (60 to 80 Hz
and lmm respectively). This sample is also centered in between the
two pole pieces of an electromagnet that creates a magnetic field Hy of

high frequency [18].
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Fig. 2.23: Vibrating Sample Magnetometer (Lakeshore, Model: 7410
series).

2. 13 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope is a superior model of electron
microscope and “non-destructive” sample analysis technique. SEM
widely used to find out the three dimensional image of samples
especially for the surface structure and cross section image. The three
dimensional image of the sample is developed due to secondary
electrons, back scattered electrons (BSD), and diffracted back
scattered electrons (EBSD) arising from the sample. Energy dispersive
X-ray spectroscopy (EDS) attached SEM is helpful to know the
elements present in the samples. For morphological and elemental
identifications SEM attached with EDS is plying a crucial role in the

area of research [19].
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2.13.1 Theory and Instrumentation

Accelerated electrons from the source of SEM have high kinetic
energy. These electrons interact with sample in inelastic and elastic
manner. Due to this interaction with sample various types of signals
are produced from the sample by utilizing the energy of accelerated
electron. These signals include secondary electrons, back scattered
electrons, diffracted back scattered electrons, photons (characteristic
X-rays) and heat. Secondary electrons responsible for the production of
SEM image or help to identify the morphology of the sample, back
scattered electrons, and diffracted back electrons may help to know the
crystal structure and the ordinations of minerals samples, whereas
photons characteristics of X-rays used for elemental analysis. These
various types of secondary electrons collected by the detector, and
amplified. Then corresponding results are observed in the attached

computer system [13, 20]
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Fig. 2.24: Schematic representation of production of secondary/ back
scattered electrons and production of image.
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The important parts of Scanning Electron Microscope are

1)

2)

3)

4)

Source of electron (Electron gun): Electrons are generated by
thermionic heating at the source. The electrons produced are
then accelerated to a voltage 1-40 kv, and converted into a
narrow beam. These electrons are used for analysis. The
common sources of SEM are a) Tungsten filament b) Field

emission gun c) solid state crystal (CeBg or LaBg).

Electron lenses: In order to narrow down the electron beam as
it moves from source to sample, a series of condensed lenses
are used which are known to be Electron lenses. As narrower
the beam, the smaller spot the electrons contacting with the

sample.

Sample stage (Sample chamber): Samples are placed in a
sample stage which is evacuated. The sample chamber consists
of translation stage, rotation devices, tilt, temperature stages

and optical cameras to assist the sample imaging process.

Detectors: Two types of detectors are used secondary electron
detectors and back scattered electron detectors. Secondary
electrons detectors are detectors used to detect secondary
electrons having low energy and are produced from k-shell of
the sample. Most general secondary electron detectors used in
scanning electron microscopy is Everheart-thornley detector.
Signal produced by the detector is amplified by photomultiplier
tube attached to it. Back scattered electron detect back scattered

electrons having high energy. These electrons are produced by
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elastic scattering of electrons in the atoms. Atoms having high
atomic number back scatter electrons efficiently and give
compositional details of samples. Semiconductor detectors or
Scintilators are most common back scattered detectors used in
SEM. The components of SEM instrument is provided in

Figure 2.25.

i
iR

Fig. 2.25: Components of a typical Scanning Electron Microscope.
2.13. 2 Field Emission Scanning Electron Microscopy (FESEM)

FESEM is an advanced version of normal SEM. The working principle
is same, but in case of normal SEM, thermionic emitters are used as
source, where as in case of FESEM, field emitters are use source of
the electrons. Thermionic emitters use electric current to heat up the
filament material of source and when a temperature reach up to the
work function of the material the electrons were ejected from the

material. This method has lot of disadvantage like low brightness,
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evaporation of cathode material, thermal drifting etc. All the above
mentioned problems can be avoided by using field emitter as source.
Electrons are emitted from the element, by placing the material within
a huge electrical potential gradient. This will not heat up the filament
material. Hence in FESEM the electron beam is more powerful. The
magnification and resolution power is higher in case of FESEM and

the picture quality obtained has better quality.
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Fig. 2.26: Photograph of a typical FESEM (model FEI, Nova Nano SEM
450).

2.14 Photocatalytic study-Experimental set up

In order to study the photocatalytic activity of prepared samples in UV
and visible light we need source of both UV and visible light of
suitable wavelength. We used methylene blue (MB) has a model dye
for photocatalytic studies. For all photocatalytic studies the films
having an area 1 cm’ was placed in cuvette containing MB solution of

concentration 8.5 mg/L. The above cuvette was placed in dark in order
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to acquire adsorption-desorption equilibrium. The dye solution
containing the cuvette was subsequently illuminated with the
corresponding UV or visible light source to study the photocatalytic
activity of the samples. The dye degradation was monitored at different
time intervals by measuring the concentration of MB using absorption

spectra of the dye with a UV-Vis spectrometer.
2.14.1 Photoreactor

For studying photocatalytic activity in UV light, we used 6 numbers of
15W tungsten lamp (Philips UV light, G15, T8, and Holland) attached
with a UV filter as UV source. For studying visible light photocatalytic
activity we used immersion type photoreactor having a visible light
source of 300 W, tungsten lamp (HEBER, India).The experimental set
up used for visible light photocatalytic activity is shown in Figure 2.27.

Fig. 2.27: Experimental set up used for visible light photocatalytic
activity.
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3. 1 Introduction

Heterogeneous nanostructures of semiconductors are being
increasingly studied in a wide range of applications especially in
photocatalysis and Dye-Sensitized Solar Cells (DSSC) [1-2]. Among
the semiconductors, titania (TiO;) and zinc oxide (ZnO) find more
applications owing to their lower toxicity and cost [3-6]. Morphology
of the material plays an important role to decide the photocatalytic
activity of the material. In order to study the morphological influence
and its role in photocatlysis, researchers were prepared materials
having different morphology and studied their photocatalytic activity.
D. Gong et al reported the fabrication of highly ordered titania
nanotube arrays (TNA) by anodic oxidation of Ti metal and they
employed anodisation process for the oxidation of Ti-metal foil. The
anodisation set up employed consists of an electrolyte of 0.5 to 3.5
wt% of hydrofluoric acid. The authors applied different voltage across
the electrodes and found that average tube diameter varies from 25 to
65 nm with increasing anodizing voltage, while the length has no
change and independent of applied voltage. Since then several studies
have focused on the nanotubular morphology in enhancing their
applications in hydrogen sensing, photocatalysis and DSSC [8-10]. K.
Zhu studied the Enhanced charge collection and light scattering
property of nanotube arrays of TiO, in DSSC which shows, the
advantage of nanotube array structure in such applications [10].
Modification of TNA with elements (including non metals, metalloids,
metals) like N, C, B, Fe, V, Ag [11-16] and semiconductors like CdS,
PbS, Fe,Os;, Ag,S have also been reported [17-20] to yield enhanced
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photoresponse under visible and UV light. As we mentioned above
Zn0O and TiO, attracted much interest in photocatalysis due to their
attractive features such as lower toxicity, low cost and easiness of

preparation, suitable band-gap.

Fig. 3.1: SEM images of the surface of a) ZnO/TiO,; nanocomposite
reported by S. Benkara et al [21]; b) ZnO@TiO2 nanotube
heterostructure reported by Y. Lei et al [22]; ¢) ZnO/TiO,, nanorod/
nanotube hybrid nanomaterial reported by Z. Zhang et al and d) Cross
sectional SEM image of ZnO nanoparticles impregnated in between the
tube reported by F. X. Xiao.

Nanostructures in the ZnO-TiO, system reported so far include
nanocomposites of ZnO nanorods and TiO; nanotubes [21-23], ZnO
nanocrystals impregnated in TNA [24] and ZnO@TiO, core-shell
heterostructures [25, 26]. S. Benkara et al prepared ZnO/TiO,

nanotube array composite, in which ZnO have rod like structure (Fig.

134



3.1a) through hydrothermal method [21]. Sol-gel method and
hydrothermal reactions were combined by Y. Lei et al to deposit ZnO
nanorods on TiO, nanotube arrays [22]. In this heterostructure ZnO
nanorods were grown in flower like clusters as shown in Figure 3.1b.
Z. Zhang et al [23] applied cathodic electrode deposition method to
deposit ZnO nanorods on TiO, nanotubes (Fig. 3.1¢). Impregnations of
Zn0O nanoparticle in between the TiO, nanotubes were also reported by
F. X. Xiao (Fig. 3.1d). The author employed pyrolysis method to

impregnate ZnO nanoparticles in between the tubes.

In all of the above mentioned studies the deposited ZnO nanoparticles
have almost same morphology. Surface modification of TNA by ZnO
nanoparticles having different morphologies has not yet been reported.
Therefore, fabrication of TNA/ZnO heterostructures has attracted
much interest. In such heterostructures the surface morphology and
texture are expected to significantly influence their photocatalytic
activity. Therefore in this study, we report the fabrication of TNA/ZnO
heterostructures in which ZnO nanoparticles having different
morphologies have been deposited on TNA by hydrothermal method
and correlate their surface morphology and texture with their

photocatalytic activity.
3.2 Experimental details

Ethylene glycol (99%, Merck), Zinc nitrate hexahydrate (96%, Merck),
Ammonium fluoride (98%, Sigma Aldrich), Urea (99.1%, Sigma
Aldrich) and Titanium metal foil (99.7%, Aldrich) were used as such

for the fabrication of the heterostructures.
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Titania nanotube arrays (TNA) were synthesised by anodisation of
titanium metal foil (3.0 x 1.0 x 0.25 mm) in a two electrode cell with
titanium metal foil as working electrode and Pt rod as counter
electrode in an ethylene glycol-fluoride electrolyte at 40 V for 24 h
followed by washing and calcination at 400°C for crystallization, using
a modified method as reported earlier [27]. Prior to anodisation the
titanium foil was sonicated in acetone for 10 minutes then washed with
distilled water and dried. The electrolyte for anodisation was prepared
by dissolving NH4F (0.16 M) in an ethylene glycol (96.5 m/) and water

(3.5 ml) mixture.

The prepared TNA were immersed in a solution containing 0.15M zinc
nitrate hexahydrate and 3.02 M solution of urea in a teflon lined
hydrothermal vessel which was kept in an oven at 90° C for different
time durations t of 6, 12, 18 and 24 % to obtain TNA/ZnO
heterostructures. After hydrothermal treatment the samples were
washed thoroughly with distilled water and further calcined at 350° C.
Pure TNA was also subjected to hydrothermal treatment under

identical conditions for comparison.
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Fig. 3.2: Schematic diagram of fabrication of TNA@ZnO
heterostructure.

The Raman spectra of the samples were recorded using a Raman
Spectrometer (DXR, Thermo Scientific, USA, 532 nm laser
excitation). Crystalline phase of the heterostructures were studied
using an X-ray diffractometer (XRD, DS5005, Bruker,
Germany). Surface morphology and elemental analysis of the
composites were determined by a scanning electron microscope (SEM)
interfaced with an EDAX system (SU6600, Hitachi, Japan). UV-
Visible absorption spectra were recorded on a UV-Vis spectrometer
(Lambda 35, Perkin Elmer, USA). The heterostructures were carefully
dislodged from the Ti metal foil and surface area were analysed by
BET surface area analyser (Quadrasorb Evo, Model - 3QDS-MP-30,

Quantachrome instruments, USA).

The photocatalytic activity of the prepared heterostructures was
determined from the degradation of methylene blue (MB) dye in

aqueous solution. In a typical experiment TNA/ZnO film having an
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area of 1.0 cm” was placed in a cuvette containing MB dye solution of
concentration 8.5 mg/L. The above cuvette was kept in the dark for 1
hour to acquire adsorption-desorption equilibrium of dye over the film.
The dye solution containing the film was subsequently illuminated by
UV light source containing 6 numbers of 15 W UV lamps (Philips UV
light, G15 T8, Holland). The degradation was monitored at different
time intervals, by determining the concentration of the MB dye at
regular intervals using a UV visible spectrometer. The reference MB
dye solution having the same concentration without the catalyst did not

show any degradation under identical illumination conditions.
3.3 Results and Discussion

Formation of TNA/ZnO heterostructures is confirmed by their XRD
pattern and Raman spectra (Fig. 3.3). Titania nanotubes are found to
crystallise in the anatase phase as observed in the XRD pattern (Fig.
3.3A, a). In TNA/ZnO heterostructures (Fig. 3.3A, b-e) in addition to
anatase phase of TiO,, peaks corresponding to ZnO hexagonal wurtzite

phase are also observed.

Raman spectra of the synthesized TNA and TNA/ZnO heterostructures
are shown in Figure 3.3B. The different vibrational modes
corresponding to anatase phase of TiO, are observed at 144, 394, 513
and 636 ¢m™ in pure titania nanotube sample. Peaks corresponding to
anatase as well as the E, vibrational mode of ZnO at 434 cm™ [28]
confirm the formation of TiO,/ZnO heterostructure in TNA subjected

to different hydrothermal treatments (Fig. 3.3B, b-e). The intensity of
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Raman peak corresponding to ZnO is maximum for the sample which

was hydrothermally treated for 12 4. (Fig. 3.3B, ¢)
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Fig. 3.3: A) XRD patterns and B) Raman spectra of the TNA/ZnO
heterostructures a) Pure TNA b) after 6 &; ¢) 12 h; d) 18 h and e) 24 h of
hydrothermal treatment time. (Inset from 350 to 600 cm").

The UV-Vis absorption spectra (Fig. 3.4) of the TNA/ZnO samples
subjected to different durations of hydrothermal reactions exhibit a
slight red shift when compared with that of the pure TNA [29,30]. This
is attributed to the interfacial coupling effect between ZnO and TiO,
[31]. It is observed that among the heterostructures the red shift is
maximum for the one obtained after 12 4 hydrothermal treatment time
(Fig. 3.4c). The red shift is decreased for the other heterostructures.
From this observation we can conclude that maximum ZnO is

deposited on the TNA which is hydrothermally treated for 12 4.
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Fig. 3.4: Absorption spectra of TNA and TNA/ZnO heterostructures a)
pure TNA, b) after 6 h; ¢) 12 h; d) 18 h; and e) after 24 h of
hydrothermal treatment time.

Fig. 3.5: SEM images of the surface of a) Titania nanotube arrays and b)
magnified image of the same.
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Figure 3.5a shows a typical SEM image of the surface of TNA,
revealing well ordered and aligned titania nanotubes. Titania nanotubes
have an average diameter of 129 nm, and wall thickness 25 nm as
shown in Figure 3.5b. The surface morphology of the titania nanotube
arrays after hydrothermal treatment for different time durations are
shown in Figure 3.6. The morphological differences are clearly
observed, from the SEM of the TNA/ZnO heterostructures. At a
hydrothermal treatment time ¢ of 6 A, it is observed that beautiful
flower like zinc oxide particles are completely deposited on TNA (Fig.
3.6a). The morphology is similar to that reported earlier [32, 33].
When the hydrothermal treatment time ¢ is increased to 12 4 the
morphology is flake like as shown in Figure. 3.6b. The EDAX results
of the surface confirm the deposition of the zinc oxide particles (Table
3.1). For ¢ greater than 12 / it is observed that the surface morphology
is completely collapsed as shown in Figures 3.6c & d. This can be
explained as follows. The morphology is highly dependent on the pH
of the medium [32]. As the hydrothermal reaction time increases, the
pH of the solution increases from 6.0 to 12.5. At ¢t = 12 & the increase
in pH to 9.5 leads to the delamination of the petals of the flower to
yield flake-like structure (Fig. 3.6b). At pH > 9.5, the formed hydrous
zinc oxide, being amphoteric in nature, dissolves in the medium to
form ammonium zincate [34]. This causes depletion of ZnO from the
surface leading to exposure of islands of the TNA to the surface (Figs.
3.6c & d). The EDAX results confirm the presence of TNA on the
surface of heterostructure obtained after 24 /& of hydrothermal

treatment (Table 3.1)
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Table 3.1. Composition analysis by EDAX at points B and D marked in
Figs 3.6b & d.

Element AtB AtD
(Fig 4b) (Fig 4d)
Zn 82.57 47.20
O 17.43 12.88
Ti 0 39.92
Total 100 100

Fig. 3.6: SEM image of the TNA/ZnO heterostructures after a) 6 /; b) 12
h; c¢) 18 h; and d) 24 h hydrothermal treatment time (Inset shows the
magnified image of the same).
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Fig. 3.7: a) Cross sectional image and b) line EDAX of the heterojunction
of a typical TNA/ZnO heterostructure (Fluorescent green colour
represents Zn in the line EDAX).

It is also observed from the cross sectional elemental analysis of a
typical heterostructure (Fig 3.7b), that the ZnO layer deposited on
TNA have thickness of 15zm, below which only TiO, are observed
(Figs. 3.7a & b). Figures 3.8a & b show the SEM images of TNA
subjected to hydrothermal treatment for 18 and 24 4 without zinc salt
and in the presence of only urea. It is clearly observed that
hydrothermal treatments for such long durations under high pH
conditions lead to degradation of surface texture as well as the ordered

alignment of nanotubes in the array.
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Fig. 3.8: SEM images of the surface of titania nanotube hydrothermally
treated for a) 18 and b) 24 h respectively without zinc nitrate
hexahydrate.

A typical UV-Vis spectra of MB degradation in presence of TNA/ZnO
heterostructures is provided in Figure 3.9A, where it is observed that
the concentration of the dye decreases in presence of photocatalyst
under UV light illumination as a function of time. The decrease in
concentration of MB (c/cy) with respect to time under UV light
illumination in presence of the TNA/ZnO heterostructures are shown
in Figure 3.9B, where c is the concentration at the time ‘¢’ and ¢y is the
initial concentration. The pseudo first order rate constant, k, of these
samples calculated from the slope of plots of —In (c/cy) vs. time (?), are
given in Table 3.2. It is seen that the TNA/ZnO, where ¢ =12 h exhibit

the maximum photocatalytic activity.
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Fig. 3.9: A) UV-Vis spectra of MB dye after 6 2 UV irradiation and B)
Photocatalytic degradation curves of a) TNA and TNA/ZnO
heterostructures after b) 6 h; ¢) 12 h; d) 18 h; and e) 24 h of
hydrothermal treatment time.

The photocatalytic activities exhibited by TNA/ZnO are comparable
with those reported for other TNA-ZnO heterostructures as given in
Table 3.3.

Table 3.2. Rate constant ‘4’ for MB degradation by TNA/ZnO
heterostructures

SI. No TNA/ZnO-t Rate constant, k (h™)
1 =0 (Pure TNA) 0.122
2 1=6h 0.156
3 =12 h 0.202
4 t=18 h 0.105
5 1=24h 0.083
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Table 3.3. Comparison of photocatalytic activity with Titania —
ZnO heterostructures

Nature of the Concentration of dye  Intensity Rate (K,p,,  Referenc
catalyst / Area or amount of  of Light time™)/ % e
catalyst used for Source. degradation
photo catalytic
reaction
ZnO nanorods Film of area 1 cm,” 11 WUV  39.6%; Z. Zhang
embedded in TiO, 5 x 10° M of methyl lamp 90 min. et al [23]
nanotube arrays orange solution with
Na,S as supporting
electrolyte.
ZnO impregnated Film of area 3cm’ 300 Xe  ~70.0%; F.X.
in between the Rhodamine B (3ml) Arc lamp 150 min. Xiao
TiO; nanotube solution of [24]
arrays concentration 5 mg/ L
TiO,@ZnO n-p-n 10 mg of TiO,@ZnO 300 WUV  0.27 min”. L. Linet
heterojunctions n-p-n heterojunctions  lamps al [30]
nanopowder. nanopowder 20 mg/L
(100ml) of methyl
orange solution.
Ti0,/ZnO 2.5 x 10° M methyl 20WUV 05347 J.Tian et
composite film orange solution lamp al [35]
Thick film of TiO,  Methylene blue 100 W 1.37 min™. D. Chen
/ ZnO on Fluorine  solution (3ml ) of high- etal [36]
doped tinoxide concentration 1 x 10°  pressure
surface. M. mercury
lamp
ZnO/TNA film Film of areca lcmz; 6 numbers  58.0%; Present
heterostructures. methylene blue of ISW 180 min. study
solution (4ml) of UV lamps (k= 0.202 &™)

concentration 8.5
mg/L
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The enhanced photocatalytic activity of the TNA/ZnO heterostructures
obtained after 6 4 and 12 4 of hydrothermal treatment time is attributed
to more effective charge separation at the heterojunctions when
compared with that of the pure TNA as shown Figure 3.10. The
heterogeneous nanostructure of TNA@ZnO prevents the electron-hole
recombination, and hence increase the life time of active species like
electrons and holes. Thus increases the photocatalytic activity of

heterostructures obtained at 6 and 12 % of hydrothermal treatment time.

Fig. 3.10: Schematic representation of TNA@ZnO heterostructure.

However the surface morphology of the semiconductor also have an

important role in its photocatalytic activity [37-39]. Di. Li et al studied
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the photocatlytic activity of ZnO having different morphology and
concluded that the crystal phases or ratios of the exposed crystal
phases can change acording to the morphology of the material.
Morphology can also influence the surface area of the material. Both
the surface area and exposed crystal phase can directly alter the
photocatlytic activity of the material [37]. The morphological influence
on the surface area and hence the photocatlytic activity was also
studied by C. W. Tang. The author prepared rod-like, granular-like and
rice like ZnO nanostructures and studied the photocatlytic activity in
UV light. Among these, ZnO nanoparticles having granular structure
exhibited higher phototocatlytic activity than other nanostructures due
to its incresed surface area and the altered band-gap. Our study again
proves the fact that surface morphology has a crucial role in
determining the photocatlytic activity. From the SEM image (Fig. 3.6b
inset) it is seen that the effective surface area is increased due to the
delamination of the petals of the flowers. This mechanism is in
confirmation with the results obtained from BET analysis, showing an
increase in surface area from 34 m’g” to 39 m’g”. This increase in
surface area along with a more textured surface lead to their higher
photocatalytic activity when compared with that where the morphology
is flower like. In the case of hydrothermal reactions for durations
beyond 12 A, the decrease in the photocatalytic activity is attributed to
the degradation of the surface structure as well as the alignment of the

TNAs as described earlier (Figs. 3.8a & b).
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3.4 Conclusions

Well-ordered TiO, nanotube array were fabricated by anodisation of
titanium foil. TNA films exhibited anatase crystalline phase. ZnO
nanoparticles were deposited on TNA by hydrothermal treatment to
form TNA/ZnO heterostructures. The influence of hydrothermal
treatment time on the growth of ZnO on TNA and surface morphology
were studied. It is found that the photocatalytic properties of the
TNA/ZnO heterostructures are higher than that of unmodified TNA
and are highly dependent on their surface morphology and texture.
Highest photocatalytic activity was obtained for the TNA/ZnO
heterostructure where the surface layers were composed of

delaminated petals from ZnO nanoflowers.
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CHAPTER 4
SnO2-loaded BaTiOs nanotube arrays:
Fabrication and visible-light
photocatalytic applications
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4.1 Introduction

Ferroelectric oxides with the ABOj; type perovskite structure like
Barium titanate (BaTiO3), due to their higher chemical stability and
polar nature are emerging as potential candidates for enhanced
photocatalytic and solar cell applications [1, 2]. Y. Cui et al studied in
detail the advantage of ferroelectric material for photocatalytic
application [3]. Ferroelectric materials have the property of
spontaneous polarization. Displacement of center of negative and
positive charges in the unit cell results in spontaneous polarization and
the polarization creates macroscopic charges on the surface of
ferroelectric material. This charge is compensated by defects and free
charge carriers in the material or this charge can be externally
compensated by the adsorbed charged molecule from the
surroundings. If the spontaneous polarization is directing from the
bulk to the surface, it will create a positive charge (C") on the surface
and if it is from surface to bulk, it creates a negative charge(C") in the
surface. The internal depolarization field will lead to accumulation of
electrons near the C" surface resulting in downward band bending. In
the (C°) region, due to accumulation of holes, upward band bending
takes place. Thus the band bending due to ferroelectricity lead to the
separation of charge carriers, which helps to prevent the
recombination of electrons and holes. Ferroelectricity also helps to
bind the dye molecule on material surfaces tightly [3-5]. Y. Cui et al
also prepared Ag doped BaTiO; and compared the photocatalytic
activity with other samples and observed an increased photocatalytic
rate for Ag doped BaTiO; than that of ferroelectric and non
ferroelectric BaTiOs (having cubic structure owing to particle size <

20 mm). In Ag doped BaTiO;, both the ferroelectricity and
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heterogeneous structure prevents the electron-hole recombination,

which promote the photocatalytic activity of the material (Fig. 4.1).

o+ BaTio, .

Fig. 4.1: Schematic representation of Ag@BaTiO3 heterostructure.

[Source: Y. Cui et al, Effect of Ferroelectricity on Solar-Light-Driven
Photocatalytic Activity of BaTiOj-Influence on the Carrier Separation and
Stern Layer Formation, Chem. Mater. 25 (2013) 4215—4223]

These studies help us to understand the importance of ferroelectric
materials as a photocatalyst. However the wide band-gap of
ferroelectrics restricts their applications. It is therefore necessary to
engineer their band-gap to extend their photo absorption wave lengths
to visible region. Band-gap engineering strategies in ferroelectric
oxides like BaTiOs; include substitution of Ti*" at the B-site with
elements like Ni*', Pt*" etc [6, 7] as well as fabrication of
heterogeneous nanostructures consisting of two components for
enhanced visible light absorption [8, 9]. For such applications, it is

desirable to fabricate well-ordered nanotube arrays aligned
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perpendicular to the substrate surface as this configuration allows for
facile surface modification with suitable nanoparticles for fabricating
novel heterostructures [10-15]. Although there are reports on the
fabrication of well-ordered BaTiO; nanotube arrays (BTNTAs) [16-
19], application of their heterogeneous nanostructures in photocatalysis
have not yet been studied in detail. Tin oxide is one of the most
important intrinsic n-type semiconductors with a wide band-gap of 3.5
eV. Since tin exists in both +2 and +4 valence states, decorating
BTNTAs with nanoparticles of oxide of tin can lead to enhanced
photocatalytic activity due to their favorable redox chemistry. This has
not yet been reported. Therefore, in this study we report the fabrication
of SnO;-loaded BaTiO3 nanotube arrays, in which SnO; nanoparticles
having different morphologies have been deposited on BTNTAs by
hydrothermal method and correlate their defect chemistry and surface
morphology with the visible-light photocatalytic activity. Reaction
temperature, pH and use of surfactants are some of the important
parameters that control the morphology of many oxides during their
synthesis [20-23]. M. Ramezani et al studied the effect of surfactants
like PVA (poly vinyl alcohol), CTAB (cetyl trimethyl ammonium
bromide), SDS (sodium dodecyl sulphate), PVP (poly vinyl
pyrrolidone) and chelating agent like salicylic acid on the morphology
of Na;;,Bi;,Cu3Ti401,. The authors reported that surfactant and
chelating agent used for the preparation of nanoparticle has a vital role
in deciding the morphology of nanomaterial [20]. The influence of
natural capping agents like glucose, fructose, galactose, lactose and
starch on the morphology of europium titanate (Eu,Ti,O;) was
investigated by A. S. Nasab et al and found that the natural capping
agents can also change the morphology of the material [22]. M. S.
Niasari et al prepared zinc titanate (ZnTiOs) through sol-gel method
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and co-related the morphology of ZnTiO; with the calcination
temperature and pH of the precursor solution. The authors observed
that the Particle size increases as the temperature increases, whereas
the particle size decreases as the pH of the medium increases and they
concluded that the calcination temperature and the pH of the medium
have strong influence on particle size and morphology of the material
[23]. In this study we have fabricated morphologically different
nanostructures of SnO,@BTNTAs by changing the pH of the medium

during synthesis.
4.2 Experimental

Titania nanotubes were synthesized by anodisation of titanium sheet in
a two electrode cell with titanium sheet as working electrode and Pt as
counter electrode in an ethylene glycol-fluoride electrolyte at 40 V' for
24 h followed by washing with distilled water and drying at room
temperature. The prepared Titania nanotubes were then immersed in a
solution of 0.05 M barium hydroxide monohydrate in teflon- lined
hydrothermal vessel and kept in an oven at 180° C for 2 & to obtain
BTNTAs. After hydrothermal treatment the samples were washed
thoroughly with distilled water and dried at room temperature. Thus
obtained BTNTAs were then kept in an 80 m/ solution of 0.15 M tin
(II) chloride dihydrate containing 0.6 M of urea in a 100 m!/ teflon-
lined hydrothermal vessel. The pH of the solution was adjusted to 8§,
10, and 12 by the addition of different volumes of 6 M NaOH. Then
the hydrothermal vessel was kept in an oven at 180° C for 18 h. After
hydrothermal treatment the samples were washed thoroughly with
distilled water and dried at room temperature to obtain
SnO,@BTNTAs. The schematic preparation of SnO>@BTNTAs is

shown in Figure 4.2.
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(1) HT reaction in barium (1) HT reaction in tin (II) chloride
hydroxide solution at 180°C, 2 solution containing 0.6 M urea

(having different pH) at 180°C, 18 h [

(2) washing with water (2) washing  with (2) washing  with

(3) drying INTA  water BINTA  water $n0,@BINTA
(3) drying (3) drying

(1) Anodisation 24 &

Ti (anode)
Pt (cathode)

ShagrnL L

veol-ammonium
fluoride electrolyte

Fig. 4.2: Schematic representation of procedure of SnO,@BTNTAs
preparation.

The Raman spectra of the heterostructures were recorded using a
Raman spectrometer [DXR, Thermo Scientific, USA]. Crystalline
phase were determined using an X-ray diffractometer [D5005, Bruker,
Germany]. Surface morphology of the heterostructures was determined
by a scanning electron microscope [Nova Nano SEM 450, FEI, USA].
Absorption and diffused reflectance spectra were obtained using a UV-
Visible spectrophotometer [V-550, Jasco, Japan]. X-ray Photoelectron
Spectroscopy was carried out on an X-ray Photoelectron Spectrometer
[Axis-Ultra, Kratos Analytical, UK]. The photocatalytic activity of the
prepared samples was determined from the degradation of methylene
blue (MB) dye in aqueous solution. In a typical
experiment,SnO,@BTNTAs film having an area of 1.0 cm’ was placed
in a cuvette containing MB dye solution of concentration 8.5 mg/L.
The above cuvette was kept in the dark for 1 4 to acquire adsorption-
desorption equilibrium of dye over the film. The dye solution
containing the film was subsequently illuminated by a visible light
source of a 300 W Tungsten lamp (Immersion type photo reactor
HEBER, India). The degradation was monitored at different time

intervals, by determining the concentration of the MB dye at regular
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intervals using a UV-Vis spectrometer. The reference MB dye solution
having the same concentration without the catalyst did not show any

degradation under identical illumination conditions.
4.3 Results and discussion

It is seen from the XRD pattern (Fig. 4.3A, a) that barium titanate
nanotubes crystallise in cubic structure. In SnO,@BTNTAs, in
addition to cubic BaTiOs, peaks corresponding to SnO, tetragonal
rutile structure are also observed. The intensities of (110) and (101)
peaks corresponding to SnO; are maximum for the sample obtained at

pH= 12 during hydrothermal synthesis (Fig. 4.3A, d).

A = ¥ BaTiO, B i BaTiO, X
e % © SnoO,
- g o s-:oz o w
0 [+] Sn0, peak due fo

oXxygen vacancy

Intensity (a.u)
Intensity(a.u)

E+A (TO)

0O A,
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‘ ‘l [\ )1l
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89 -2475 BaTiO, “L\_,—\\b_

T ST ) L~ S 1
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Fig. 4.3: A) XRD patterns and B) Raman Spectra of (a) Pure BTNTAs
and SnO,@BTNTAs obtained at pH values (b) 8; (¢) 10; and (d) 12 (inset
shows magnified image of the region from 450cm™ to 750cm™).

Raman spectra of BINTAs and SnO,@BTNTAs are shown in Figure
4.3B. The different vibrational modes of BTNTASs are observed at 261,

306, 517, 718 em in pure barium titanate nanotube array. Peaks
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corresponding to BaTiO; as well as the vibrational modes of SnO, at
628 cm” 'suggest the formation of SnO,@BTNTAs (Fig. 4.3B, b-d).
The peaks observed at 160, 170 and 230 cm™ represents oxygen

vacancies [24-26].

Fig. 4.4: SEM images of the surface of (a) barium titanate nanotube
arrays (inset shows cross-sectional view) (b) magnified image of the same
and SnO, @BTNTAs samples obtained at pH values (c) 8; (d) 10; (e) 12
(insets show the magnified images of the same).

Figure 4.4a shows a typical SEM image of the surface of BTNTAs,
revealing well-ordered and aligned barium titanate nanotubes. Barium

titanate nanotubes in the array have an average diameter of 95 nm and
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wall thickness of 60 nm as shown in Figure 4.4b. The surface
morphology of the SnO,@BTNTAs obtained at different pH is shown
in Figures 4.4(c-e). The morphological differences at the surface are
clearly observed for the SnO, loaded BTNTAs samples. At a pH of 8
and 10 during hydrothermal synthesis, beautiful flower-like particles of
SnO, are deposited on the surface of BTNTAs (Figs. 4.4c and d). For
pH = 12, the morphology of the tin oxide particles changed to flake-
like as shown in Figure 4.4e. As the pH of the solution increases it is
also observed that more and more SnO, particles are deposited on the
surface of BTNTAs.

Fig. 4.5: EDX patterns of a) BTNTAs and SnO,@BTNTAs obtained
atpH values b) 8; ¢) 10; and d) 12.

Chemical composition and purity of the heterostructures were analysed
by EDX. The EDX spectra obtained for BTNTAs and other
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heterostructures are provided in Figure 4.5. It is observed that for pure
BTNTA only Ba, Ti and O are present whereas for the heterogeneous
structures in addition to Ba, Ti, and O, Sn is also present and the
amount of Sn increases as the pH of the medium increases. No other

elements are observed in all the samples.

The absorption spectra of pure BTNTAs and SnO,@BTNTAs are
shown in Figure 4.6. It can be clearly observed that in the case of SnO,
loaded BTNTAs the absorption extends to the visible range when
compared with that of pure BTNTAs. The SnO,@BTNTASs obtained at
a pH= 12, which has an intense green color, exhibits the highest red
shift (Fig. 4.6d). For pure BTNTAs the band-gap energy is 3.2 eV
whereas in the case of SnO,@BTNTAs the band-gap energy decreases
to 2.47 eV as shown in the Kubelka- Munk plot (inset of Fig. 4.6).

3
o
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iz' cf b,
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2"
=
>.‘1.0 g
= d 15 20 25 30 3§
(7] hvu (eV)
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= 054 |
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Fig. 4.6: Absorption spectra of (a) Pure BTNTAs and SnO,@BTNTAs
samples obtained at pH values (b) 8; (c) 10; (d) 12 and inset shows
Kubelka-Munk plot of BTNTAs and SnO,@BTNTAs samples.
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This decrease in the band-gap energy can be explained as follows.
Under the reaction conditions employed the oxidation of Sn*" to Sn**
with a concomitant reduction of Ti*" to Ti'* take place due to the
favourable redox reactions as represented below in equations (4.1) and

(4.2).
TiO?* + 2H* + e~ 2 Ti%* + H,0: E’=0.19V  _____ (4.1)
Sn0, + 4H* + 4e~ = Sn0 + 2H,0: E’=-0.09V —— (4.2)

The reduction of Ti*" to Ti'‘also leads to the creation of oxygen

vacancies (Vj;) as represented below in equation (4.3);
2Ti%; + 2e™ - 2Tip; + V — (43)

where Tiz; represents a Ti*" ion at the B-site with a negative charge
and V," represents doubly positively charged oxygen vacancy with
respect to the neutral lattice in the perovskite structure according to
Kroger-Vink notation. Direct evidence for the presence of Ti*" and
V; was obtained from the XPS measurements. In BTNTAs the Ti2ps),
and Ti2p;,; binding energies are 457.3 and 463.0 e} respectively (Fig.
4.7A, a) [27, 28]. The observed split of 5.7 e} between the two J states
confirms the +4 wvalence state of Titanium. In the case of
SnO,@BTNTAs, the Ti2ps» binding energy is negatively shifted to
456.4 eV (Fig. 4.7A, b), clearly indicating the presence of Ti’" ions
[29, 30]. The Ols peak at 530.6 eV due to the binding energy (BE) of
oxygen in Ti*"-O-Ti*" (Fig. 4.7B, a) in BTINTAs, is negatively shifted
to 529.2 eV in the SnO,@BTNTAs (Fig. 4.7B, b) clearly indicating the

change in the oxygen environment [31, 32]. The Ols peak observed at
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528.5 eV in BINTAs represents the Ba-O-Ti*" lattice oxygen [33]. The
peak observed at 531.8 el is attributed to surface adsorbed hydroxyl
ions [34].

456.4

A
Ti2psn Ti2pq2
461.7
b

Ti2pg g f 1457.3

Intensity (a.u)

450 455 460 465 T
Binding Energy (eV) .‘_",
2
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k |\
> 528.5
f: Ba-Q-Ti*" |
) I 1
E /ﬂ Y \ 5318
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Fig. 4.7: XPS spectra of (A) Ti2p of (a) BTNTAs and (b)
SnO,@BTNTAs obtained at pH=12, (B) Ols of (a) BTNTAs and (b)
SnO,@BTNTAs obtained at pH=12, (C) Sn3d of SnO,@BTNTAs
obtained at pH=12.

The Ols peak of SnO,@BTNTAs (Fig. 4.7B,b) is wide and
asymmetric. On deconvolution, the components corresponding to Ba-
O-Ti*" (527.4 eV); Ti*"-O-Ti*" (529.2 eV); and Sn*"-O (530.7 V) are
obtained. The peak observed at 527.4 el in the SnO,@BTNTAs
corresponds to Ba-O-Ti’" lattice oxygen. The negative shift of this

peak from that observed in unloaded BTNTAs also shows the change
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in the oxygen environment. For the SnO,@BTNTAs, the Ols binding
energy of 530.7eV corresponds to Sn*"-O lattice oxygen [31, 32]. The
Sn3ds;,Sn3ds, peaks (Fig. 4.7C) corresponding to Sn*"are intense and
observed at 486.8 and 496.1 el respectively whereas the
corresponding peaks due to Sn’"are weak and are observed at 483.1
and 492.2 eV [28,29]. The weak intensity of these peaks clearly
provide evidence for the oxidation of Sn** to Sn*"and the presence of

SnO, on the surface of the BTNTASs [35, 36]

Oxygen vacancies form donor levels below the conduction band
whereas Ti*" form acceptor levels near the valence band leading to
reduction in the band-gap as schematically shown in Figure 4.8. The
presence of these defect levels within the band-gap in SnO>@BTNTAs
is responsible for the reduction in the band-gap [37-39].

E (eV)

>
Fig.4.8: Energy band diagram of SnO,@BTNTAs sample.
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Typical absorption spectra of MB degradation in presence of BINTAs
and SnO,@BTNTAs samples are shown in Figure 4.9A, where it is
observed that concentration of dye decreases in presence of the
photocatalyst under visible light illumination as a function of time. The
decrease in concentration of MB (C/Cy) with respect to time under
visible light illumination in presence of SnO,@BTNTAs samples are
plotted in Figure 4.9B, where C is the concentration at time ‘¢’ and Cy
is the initial concentration. The pseudo first order rate constant &,
calculated from the slope of plots of —In(C/Cy) vs time (¢), are given in
Table 4.1. It is seen that the SnO,@BTNTAs obtained at pH=12
exhibit the maximum photocatalytic activity with a rate constant, k =

0.558 1.

0.8+

0.6 4

Absorbance
o
<N
L
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N
1

0.0 T T T 0.0 T 1 T 1 T
550 600 650 700 750 0 50 100 150 200 250 300

Wavelength(nm) Time (min")

Fig. 4.9: (A) UV-Vis spectra of MB dye after 5 & Visible light irradiation
and (B) Photocatalytic degradation curves of (a) BTNTAs and
SnO,@BTNTAs obtained at pH values (b) 8; (c) 10; (d) 12.

167



Table 4.1, Kinetics of the photo degradation of MB by
SnO, @BTNTAs

SI. No Sample Rate constant k (h”)
1 Pure BTNTAs 0.168
2 SnO,@BTNTAs, pH 8 0.252
3 SnO,@BTNTAs, pH 10 0.378
4 SnO,@BTNTAs, pH 12 0.558

The enhanced visible light photocatalytic activity of SnO,@BTNTAs
synthesized at different pH conditions when compared with pure
BTNTAs is attributed to decreased energy band-gap as discussed
above. The decrease in the band-gap energy facilitates rapid photo
excitation of electrons promoting the photocatalysis rate. In the SnO,
loaded BTNTAs structures, the oxygen vacancies, V; can act as
electron trapping centers enhancing their photocatalytic activity. The
surface morphology of the catalyst also has an important role in
determining its photocatalytic activity [11]. In the case of the
heterostructure synthesized at pH=8, surface of the BTNTAs are only
partially deposited with SnO, exposing islands of BTNTAs on the
surface (Fig. 4.4c) while in the SnO,@BTNTAs synthesized at pH=10,
surface of BTNTAs are deposited with flower- like SnO, (Fig. 4.4d).
When the pH of the solution changes to 12, surface morphology is
flake-like as a result of the delamination of the petals of the flower

(Fig. 4.4¢) leading to an increase in the effective surface area.

168



4.4 Conclusions

Well-ordered Barium titanate nanotubes were successfully surface
modified with tin oxide nanoparticles having different morphologies to
form novel SnO,@BTNTAs heterostructures. SnO,@BTNTAs were
found to exhibit enhanced photocatalytic activity in the visible light
region. The enhanced photocatalytic activity is attributed to the
reduction in band-gap as a result of introduction of energy levels due
to Ti’" andV; within the energy band gap. Highest visible
photocatalytic activity was observed for the SnO,@BTNTAs obtained
at pH=12, in which maximum amount of SnO, was deposited on the
surface of BTNTAs. Morphological differences in SnO, at the surface
of heterostructure were also found to play a key role in modifying their

photocatalytic activity.
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5.1 Introduction

ABO; type ferroelectric perovskites are emerging as potential
candidates for photocatalytic and solar cell applications [1-6]. Though
the wide band-gap of ferroelectric oxides like BaTiO; has hindered
their applications in the visible light region many strategies have been
employed to engineer the band gap to enhance its application in this
region. They include fabrication of heterogeneous nanostructures with
suitable materials or doping with transition metal cations. Recently we
have shown that photocatalytic activity of BaTiO; in the visible light
region can be enhanced through the wuse of heterogeneous
nanostructures like SnO,@BaTiO; [7]. In ferroelectric BaTiOs, its
visible light driven photocatalytic activity can also be enhanced
through substitution of A% and B*' cations in the ABOj; perovskite
structure with aliovalent ions. B-site doping with trivalent transition
metal cations is known to introduce defect energy levels in the energy
band- gap yielding an E, in the visible light region. This offers them
excellent application potential, especially in visible light driven
photocatalysis. The photocatalytic applications of BaTiOs doped with
Rh", Fe'" Zn®", Y*", and Ag" have already been reported [8-14]. The
morphology of the material also plays a crucial role in determining its
photocatalytic activity [15, 16]. Tubular morphology offers advantages
since their diameter, length and pore size can be easily tailored for
specific applications [17, 18]. Though the fabrication and
photocatalytic applications of BaTiO; nanotubes have been reported
[19-21], the modification of BaTiOj;-nanotubes with Mn®" for

photocatalytic applications has not yet been reported. Hence in this
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study we prepared B-site Mn’"-doped BaTiOj; nanotube arrays through
a combination of anodisation followed by hydrothermal method. The
mechanism responsible for enhanced visible light photocatalytic
activity of these B-site Mn®"-doped BaTiOs have also been investigated

and reported.
5.2 Experimental details

Ti-metal foil (99.5%, Alfa Aesar),Ethylene glycol (99%, Merck),
Ammonium fluoride (98%, Sigma Aldrich), Barium hydroxide (95%,
Alfa Aesar), Manganese (III) acetylacetonate (technical grade,
Aldrich) and Iso-propyl alcohol (97.9%, Merck) were used as such for
the fabrication of Mn®"- doped BTNTA.

Titania nanotubes were synthesized by anodisation of titanium foil in a
two electrode cell with titanium foil as working electrode and Pt as
counter electrode in an ethylene glycol-fluoride electrolyte at 40 V' for
24 h. Prior to anodisation the titanium foil was sonicated in acetone for
10 min, washed with distilled water and dried. The electrolyte for
anodisation was prepared by dissolving NH4F (0.16 M) in an ethylene
glycol (96.5 mL) and water (3.5 mL) mixture. The anodized Ti foil was
then thoroughly washed with distilled water to remove residual F ions

followed by drying at room temperature.

Manganese (III) acetyl acetonate was dissolved in a mixture of 60.0
mlL of deionized water and 20 mL of isopropyl alcohol to get different
concentrations (0.005, 0.01 and 0.02 M). The titania nanotube arrays
prepared as above were kept immersed in these solutions in a 125 mL

teflon lined hydrothermal vessel (Parr instrument company, U. S. A)
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and kept in an oven at 120° C for 2 % to obtain Mn’"-doped titania
nanotube arrays. After hydrothermal treatment the samples were
washed thoroughly with distilled water and dried. The undoped and
Mn”"-doped titania nanotubes were then immersed in a solution of 0.05
M barium hydroxide monohydrate in a teflon lined hydrothermal
vessel and kept in an oven at 180” C for 2 / to obtain the corresponding
nanotube arrays of BMn,TNTA; where x=0, 0.005, 0.01 and 0.02
hereafter referred to as BTNTA, BMn5STNTA, BMnlOTNTA and
BMn20TNTA respectively. After hydrothermal treatment the samples
were washed thoroughly with distilled water and dried at room
temperature. Schematic representation of the synthetic procedure

adopted for the BMnxTNTA photocatalyst is provided in Figure 5.1.

(1) HT reaction in manganese (TII)
acetyl acetonate solution at 120°C, 2 h

——

(2) washing with water
(3) drying

(1) HT reaction in barjum

(1) Anodisation 24 i |

hydroxide solution at 150°C, 2k 14 10}
3
(2) washing with water

Mn,TNTA  (3) drving BMn,TNTA

(2) washing with water
(3) drying TINEA;

Ti (anode)

Ethylene glveol-ammonium
fluoride electrolvte

Fig. 5.1: Schematic representation of synthetic steps of BMn,TNTA.

The Raman spectra of the samples were recorded using a Raman
spectrometer [DXR, Thermo Scientific, USA, 532 nm laser excitation].
The laser power was fixed at 10 mW for all sample analysis.
Crystalline phase of the samples were determined using an X-ray
diffractometer [ XRD, D5005, Bruker, Germany]. Surface morphology

and elemental composition of the nanotube arrays were determined by
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a scanning electron microscope interfaced with an EDX system [FEI,
Nova Nano SEM 450, US]. Absorption and diffuse reflectance spectra
were obtained using a UV-Visible spectrometer [Jasco-V-550-UV/VIS
spectrometer, Japan]. X-ray Photoelectron Spectroscopy was carried
out on an XPS [Axis-Ultra, Kratos Analytical, UK] at 2.3x 107 torr
using a monochromatic Al-Ka X-ray (1486.6 el) source. All the
binding energies of the elements were calibrated to carbon binding
energy of 284. 60 eV which corresponds to the standard value of C-H
and C-C bonds. The magnetization measurements were carried out
using a Vibrating sample Magnetometer [Model: 7410 series,
Lakeshore, USA]. Electron Paramagnetic Resonance spectroscopy of
sample was carried out using an EPR spectrometer (Model-JES, JEOL,
Japan) at room temperature in the X-band frequency of 9.17 GHz. The
peaks in the Photoluminescence and X-ray Photoelectron Spectra were

deconvoluted by multiple-peak Gaussian function fitting analysis.

The photocatalytic activity of the different samples was determined by
studying the degradation of methylene blue (MB) dye in aqueous
solution. In a typical experiment, BMn,TNTA having an area of 1.0
cm’ was placed in a cuvette containing the MB dye solution of
concentration 8.5 mg/L. The above cuvette was kept in the dark for 1 A
to acquire adsorption-desorption equilibrium of dye over the film. The
dye solution containing the film was subsequently illuminated by a
visible light source of a 300 W Tungsten lamp [Immersion type photo
reactor HEBER, India]. The degradation was monitored, at different

time intervals, by determining the concentration of the MB dye at

regular intervals using a UV-Vis spectrometer.
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5.3 Results and discussion

It is seen from the XRD pattern [Fig. 5.2A, (i)] that barium titanate
nanotubes crystallise in the cubic structure (JCPDS 31-0174). As the
amount of Mn®" increases the crystal structure changes from cubic to
tetragonal and then to hexagonal [22]. For BMn5STNTA, the crystal
structure is tetragonal as revealed by the splitting of the peak at 20~45°
corresponding to reflections from the (002) and (200) planes (JCPDS
05-0626) [Fig. 5.2A, (ii)]. For further increase in the concentration of
Mn®", peak at 20~ 24.8° corresponds to (004) plane of the hexagonal
phase (JCPDS 34-0129) as shown in Figures 5.2A, (iii-iv). At high
Mn’" concentrations x > 0.02, stabilization of the hexagonal structure
is attributed to the face sharing of adjacent TiOg octahedra [Ti,O9] as a

result of increase in oxygen vacancy concentration.

A V¢ - cubic BaTio, B
9 - hexagonal BaTiO,
© - tetragonal BaTiO

{110) X+

3

550 600 650 700 7
VWavenumber (cm”

Intensity (a.u}
Intensity(a.u}

! ! i i T T T
20 30 40 50 60 70 300 600 900 1200 1500
Wavenumber(cm'1)

Fig. 5.2: A) XRD patterns and B) Raman Spectra of (i) BTNTA (ii)
BMn5STNTA (iii) BMn10TNTA (iv) BMn20TNTA [inset shows Raman
spectra from 525 to 750 cm™].
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The presence of different crystalline modification of BaTiO; has also
been confirmed from their Raman spectra (Fig. 5.2B). Cubic BaTiOs
has Oh symmetry and belongs to Pm3m space group. Optical
vibrational modes of cubic BaTiO; contains three triply degenerate
phonon modes of Fj, and one triply degenerate mode of F,, (Total
modes of vibrations are 3F,+F,,+F;, including acoustic vibrations, in
which total number of optical vibrational modes are 12, and they are
3F,+F2,). Among these optical vibrational modes none of them is
Raman active. Tetragonal BaTiO3 has C4y symmetry (P4mm group). In
the case of tetragonal BaTiO3, each of Fju mode of the cubic structure
splits into a nondegenarate A; mode and a doubly degenerate E mode.
F,u phonon mode also splits into B; and E modes, hence the optical
vibration modes of tetragonal BaTiOs; are 3A;+B;+4E (Total
vibrational modes of BaTiO; are 4A;+B;+5E including acoustic
modes). A; and E modes again split into transverse (TO) and
longitudinal (LO) optical modes. All the optical vibrations are Raman
active in case of tetragonal BaTiOs;. Hexagonal BaTiO; has Dgy
symmetry group and belongs to P6s/mmc space group. Optical
vibration modes of hexagonal BaTiO3 are 5A; + 2As, + 6Bz + By +
6E, + 8Eys + Ajy + 6Ay+ 2By, + 6By, + 8Ej, + 7E,, in which the
Raman active phonon modes are Aj,, Ei; and Ej,. In hexagonal
BaTiO; the intense Raman peak is generally observed at ~636 cm™

corresponding to the A, mode of optical vibration [23].

Raman spectra of BTNTA and BMn,TNTA are shown in Figure 5.2B.
The different characteristic vibrational modes of BaTiO; are observed

in pure BTNTA and in BMn,TNTA at 261 [A; (TO)], 305 [B;], 517
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[A}+E (TO)], and 718 em” [A+ E (LO)] as shown in Figure 5.2B,
(i-iv). The B, phonon mode at 305 ¢m ™ corresponding to the tetragonal
crystalline modification is more intense in BMnlOTNTA and
BMn20TNTA as shown Figure 5.2B, (iii-iv), which also confirms the
increased tetragonality of BMn10TNTA and BMn20TNTA [24]. With
increasing Mn®" concentration it is observed that the phonon mode at
~ 628 cm’' corresponding to the hexagonal phase is increasing in

intensity [25].

Fig. 5.3: SEM images of the surface of (a) BINTA (b) BMnSTNTA (¢)
BMnl10TNTA and (d) BMn20TNTA [inset shows cross-sectional SEM
image of the same).

Figure 5.3a shows a typical SEM image of the surface of BTNTA,

revealing well-ordered and aligned barium titanate nanotubes. The
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surface morphology of the barium titanate nanotube with different Mn-
concentrations are shown in Figures 5.3, b-d revealing morphological
similarity. For all Mn-substituted samples the tubular morphology is
retained. The vertically aligned nanotube array is further confirmed
from the cross-sectional SEM image as shown in the inset of the Figure
5.3d. Chemical composition and purity of samples were analysed by
EDX. The EDX spectra obtained for BTNTA and Mn-doped BTNTA
are provided in Figure 5.4, a-d. It is observed that for pure BTNTA
only Ba, Ti and O are present where as for BMnxTNTA in addition to
Ba, Ti, and O, Mn is also present and the amount of Mn increases as
the doping concentration of Mn increases. No other elements are

observed in the EDX spectra, clearly revealing the purity of the

samples.
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Fig. 5.4: EDX pattern of (a) BINTA (b) BMn5TNTA (c) BMn10TNTA
(d) BMn20TNTA.
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The absorption spectra of pure BTNTA and BMn,TNTA are shown in
Figure 5.5A. It can be clearly observed that in the case of BMn,TNTA
the absorption extends to the visible light region when compared with
that of pure BTNTA. It is seen that BMn20TNTA has an intense green
color and exhibits the highest red shift as shown in the absorption

spectra [Fig. 5. 5A(iv)].
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Fig. 5.5: A) Absorption spectra of (i) BTNTA (ii) BMn5STNTA (iii)
BMnl10TNTA (iv) BMn20TNTA and photographs of the same. Inset
shows Kubelka-Monk plot and B) alteration of orbital energies of Mn®"
(d*), due to strong Jahn-Teller distortion.

As the concentration of Mn®“increases from 0 to 0.02 two additional
bands are also observed in the visible region denoted as S1 and S2
(Fig. 5.5A). The peak at 460 nm (S2) which is broad with its tail
extending up to = 520 nm, is due to the 5 B, — 5 B,, transition whereas
the one at 420 nm is attributed to *By, — E, transition as represented
in Figure. 5.5B. These peaks arise due to the strong Jahn-Teller
distortion exhibited by Mn®"-ion in the MnOs octahedra [26-28] as

shown in Figure 5.6.
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Fig. 5.6: Octahedral splitting and Jahn-Tellar distortion exhibited by
Mn** ion in MnOg-octahedra.

[Source: P. K. Siwach et al, Low Field Magnetotransport in Manganites, J.
Phys. Condens. Matter, 20 (2008) 273201]

In BaTiOs;, B-site Mn®"doping create oxygen vacancies as represented
below in equation (5.1) for the B-site sublattice.

Min0s—22% s 3 My 4305 + 27 —— 6D
The singly ionised oxygen vacancy in BaTiOs V; creates Ti*" due to
charge compensation. As the amount of Mn®" increases more oxygen
vacancies are generated in BaTiO3; which in turn creates more number
of Ti*" ions. Ti’" are acceptor defects having energy levels near the
valence band maximum whereas the oxygen vacancies are donors
having energy levels near the conduction band minimum [7, 29, 30].

In addition, Mn®" ions in BaTiO; introduce energy levels within the

band-gap due to the Jahn-Teller-distortion as shown in Figure 5.7B. It
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is reported that in Mn-doped BaTiO; systems the ty, orbitals of Mn**
overlap with valence band and e, orbitals overlap with the conduction

band of BaTiO; [31].

The presence of energy levels due to defects within the band-gap is
also confirmed from the photoluminescence spectra of Mn-doped
BTNTA [Fig. 5.7A]. The schematic representation of energy levels and
emissions are shown in Figure 5.7B. On deconvolution of the broad
band, four peaks centered at different wavelengths are obtained. The
peak denoted as E,, [Figs. 5.7A and B] centered at 390 nm is due to
near band edge emission of barium titanate nanotubes. The peak (Ey) at
445 nm 1s attributed to the transition from the e, levels of Ti*", lying
below the conduction band minimum to the valence band and the one
at 516 nm (Eq) is due to the transition from the doubly degenerate (dy,,
dy,) level to the valence band [29]. The blue emission located at = 485

nm (peak-E.), is due to the emission from the level associated with

singly ionised oxygen vacancy(?,) in Mn-doped BTNTA [32]. The

relative intensities of E, and E4 peaks with respect to the other peaks
show gradual increase as the Mn-concentration increases which clearly

indicate the increase in the density of the energy levels of Ti’" defects.
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Fig. 5.7: A) Photoluminescence spectra of (i) BTINTA (ii) BMnSTNTA
(iii) BMn10TNTA (iv) BMn20TNTA and B) defective band structure of
Mn-doped BaTiO;.

Direct evidence for the presence of Ti’", Mn*and V;; was obtained
from the XPS measurements. In undoped BTNTA the Ti2ps, and
Ti2p;» binding energies are 457.3 and 463.0 eV respectively [Fig.
5.8A,(1)]. The observed split of 5.7eV between the two J states
confirms the +4 valence state of Titanium [33, 34]. In the case of Mn-
doped BTNTA having [Mn’] =0.01, the Ti2ps, binding energy is
negatively shifted to 456.8 eV [Fig. 5.8A,(ii)], clearly indicating the
presence of Ti*" ions [35, 36]. The Ols peak at 530.6 eV due to the
binding energy of oxygen in Ti*"-O-Ti*" [Fig.5.8B,(i)] in undoped
BTNTA, is negatively shifted to 529.3 e} in the Mn-doped BTNTA
[Fig. 5.8B,(i1)]. The negative shift of this peak from that observed in
unsubstituted BTNTA shows the change in the oxygen environment in
the BOg octahedra in Mn’"-doped BTNTA [37, 38]. The Ols peak
observed at 528.5 and 528.7 eV represents the Ba-O-Ti lattice oxygen
in BTNTA and Mn-BTNTA respectively [39]. The peak observed at
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531.85 eV in BTNTA and at 531.0 e} in Mn-doped BTNTA is
attributed to surface adsorbed hydroxyl ions. In the case of manganese,
Mn”", Mn*"and Mn*" are expected. All these states contain unpaired d-
electrons and are reported to exhibit multiplet 2p structure. The
Mn2ps;-2pi1, energy separation in BMnlOTNTA is 11.9 eV. For the
precise determination of oxidation state of Mn, we have deconvoluted
[40] the Mn2ps/, peak as shown in Figure 5.8C. The peak [Fig. 5.8C]
corresponding to Mn”" is observed at 640.8 eV (FWHM-1.76 eV)
whereas the more intense peak observed at 642.1 e}/ (FWHM-1.95 eV)
is due to the presence of Mn®" ions and the peak at 644.4 eV (FWHM-
1.68 eV) represents the Mn*" ions [40, 41]. The presence of Mn”" and

Mn*" states is due to the facile disproportionation of Mn3+[42].
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Fig. 5.8: XPS spectra of (A) Ti2p of (i) BTNTA and (ii) BMn10TNTA
(B) Ol1s of (i) BINTA and (ii) BMnlOTNT(C) Mn2p;s,-peak of
BMn10TNTA [Inset shows the doublet XPS peak of Mn-ion].
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The influence of defects is further confirmed from the magnetization
measurements of the samples. Magnetization measurements carried out
at room temperature for pure and Mn-doped barium titanate samples
show paramagnetic ordering for [Mn®*] concentrations in the range 0 <
x < 0.01 as shown in Figures 5.9(i-iii). On further increase in the
concentration of Mn®", x = 0.02, weak ferromagnetic (FM) ordering is

observed [Fig. 5.9(iv)]. This can be explained as follows.

In BaTiOs;, B-site Mn®'- doping leads to the creation of charge
compensating, singly ionised oxygen vacancies Vj (F-centers) as
confirmed from EPR spectrum [Fig. 5.9B]. V; form bound magnetic
polarons (BMP) coupling the 3d moments of Mn®" ions. At x > 0.02,
the density of BMP attains the percolation limit leading to FM
coupling [25, 43-45]. These results confirm the formation
of V; defects. Figure 5.10 shows the schematic representation of bound

magnetic polarons formed in Mn doped system.
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Fig. 5.9: (A) M-H curves of (i) BTNTA; (ii) BMnSTNTA; (iii)
BMnl10TNTA; (iv) BMn20TNTA and (B) EPR spectrum of
BMn20TNTA [(i) observed (ii) simulated].
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Fig. 5.10: Schematic representation of bound magnetic polaron in an Mn
doped system, the blue circles the polarons, the white balls with little
arrow denotes the hole spin and the big arrow denotes the Mn**-ion.

[Source: J. Z. Cai et al, Bound magnetic polaron driven low-temperature
ferromagnetism in Cu;-Mn,O compounds, Physica. B Condens. Matter, 424
(2013) 42-46]

The characteristic absorption bands of the MB dye in presence and
absence of the photocatalyst are shown Figure 5.11A. It is observed
that the concentration of the dye decreases in presence of the
photocatalyst under visible light illumination as a function of time.
The decrease in concentration of MB (c/cy) with respect to time under
visible light illumination in presence of Mn-BTNTAs samples are
plotted in Figure 5.11B, where c is the concentration at time ¢ and ¢, is
the initial concentration. The reference MB dye solution having the
same concentration without the catalyst did not show any degradation

under identical illumination conditions (The reference MB dye has a
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maximum absorption at A=663 nm). The photocatalytic degradation
follows first order reaction kinetics and the rate constant &, calculated
from the slope of plots of —In(c/cy) vs time (¢), are given in Table 5.1. It
is seen that BMn20TNTA exhibit the maximum photocatalytic activity
with a rate constant, k= 0.564 Wl
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Fig. 5.11: (A) UV-Vis spectra of MB dye after S / visible light irradiation
and (B) —In(c/cy) vs time plots of (i) without catalyst and with (ii)
BTNTA; (iii) BMnSTNTA;(iv) BMn10TNTA; and (v) BMn20TNTA.

Table 5.1 Kinetics of photo degradation of MB by Mn- doped
BTNTA

1

Serial. Sample Name Rate constant (h_ )
No
1 BTNTA 0.192
2 BMn5TNTA 0.354
3 BMnl10TNTA 0.444
4 BMn20TNTA 0.564
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Table 5.2 Comparison of photocatalytic
with other modified Barium titanate

activity of BMn,TNTA

Nature of catalyst Concentration of dye Intensity of light Rate constant (K,  Reference

and area or amount of source time™)

catalyst used for % degradation
photocatalysis

Ag-doped BaTiO;  Methyl orange A 350 W, high 4.24h,98.53%, J. Liu
nano tubes film solution of 20mg/L pressure mercury 60 min etal [12]

(75mL ) area of lamp used as the

catalyst- 6 cm? UV source
Ag/BaTiO; film Rhodamine solution A20 WUV lampas 43%, 300 min,in  S.Zhang

of 20 mM is spin UV source and 500 UV-vis source etal [13]

coated on Ag/BaTiO3 W xenon lamp used  and 62%, 300 min

film of area 4 cm? as source of both in Visible light

visible and UV-Vis
source

Ag/BaTiO; Rhodamine B Solar simulatorused ~ 0.087 min™' Y. Cui
powder solution of 10 mg/L as the source, et al [14]

(50mL) radiation intensity is

Amount of catalyst- fixed as 100 mW

0.15¢g cm?
BaTiOs/TiO, Methylene blue A 300 W xenon 72%, 180 min R.Li
nanotube film solution of 10 mg/L lamp used as light et al [21]
heterostructure (30mL) source

Area of the catalyst-4

cm’
SnO,/BaTiOs Methylene blue A 300 W tungsten 0.558 h! M.Nageri
nanotube film solution of 8.5 mg/ L filament lamp used (93.58%, 360min)  etal. [7]
heterostructure (4 mL) as visible light

Area of catalyst- 1 source

cm’
Mn-doped BaTiO;  Methylene blue A 300 W tungsten 0.564 h’! Present
nanotube film solution of 8.5 mg/ L filament lamp used (97.04% , 360 study

(4 mL) as visible light min)

Area of catalyst-1 cm®  source

The visible light photocatalytic activities exhibited by BMn,TNTA are
comparable or better than with those reported for other modified
BaTiOs; in literature as given in Table 5.2. The enhanced visible light
photocatalytic activity of Mn-doped BTNTA when compared with that
of undoped BTNTAs is attributed to decreased energy band-gap as
discussed above. The decrease in the band-gap energy facilitates rapid

photo excitation of electrons promoting the photocatalysis rate. In the
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Mn-doped BTNTASs the oxygen vacancies can act as electron trapping

centers enhancing their photocatalytic activity.
5.4 Conclusions

Well-ordered B-site Mn’* doped barium titanate nanotube arrays
(BMn,TNTA) have been prepared by hydrothermal method. Mn-doped
BTNTA were found to exhibit enhanced visible light driven
photocatalytic activity. The modulation in the band-gap as a result of
introduction of energy levels due to Ti**, Mn®"and V;; defects within the
energy band-gap have been correlated with the photocatalytic activity.
Defect mediated room temperature ferromagnetism was also
investigated in these compositions to unravel the influence of (V) F-

centers.
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