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Synopsis

TiO, exists in three phases: anatase, brookite and rutile. Anatase and rutile are
the common polymorphs of synthetic TiO,. Experimental data on TiOy brookite is
limited due to its rareness and difficulty in preparation. Among rutile and anatase,
anatase has been found to have a wider applicability with optimum performance
in the fields of photo-catalysis,! solar cell,? gas sensors,® hydrophobic -hydrophilic
switching coatings,* antimicrobial coatings etc.® Since for all practical purposes rutile
and anatase phase occur commonly, it is prudent to consider the properties of rutile
and anatase while weighing their merits for photo-catalytic applications. It is known
that charge carriers (electrons and holes) are created upon photo-irradiation when
electrons jump from the highest occupied density of states (DOS) of valence band to
the lowest occupied DOS of the conduction band. The utility of these charge carriers
at the surface depends on the amount of charge carriers available on the surface. In
anatase TiOs, the transfer of charge carriers to the surface takes precedence over
inter site transfer owing to the open (crystallographic) structure of anatase phase.
In addition to this, the nature of optical absorption process also affects the photo
catalytic process. It is known that rutile is a direct band gap semiconductor, while
anatase has an indirect band gap. Hence, an electron can jump from valence band
to conduction band in rutile without any help from the surrounding lattice, whereas
it has to rely on surrounding phonons in case of anatase to acquire the necessary
momentum to occupy an excited state. Phonon involvement increases recombination
time. This, combined with the fact that the effective electron mass in rutile is about
twenty times larger than in anatase, means more photoelectrons will reach the surface
in anatase where they can interact with surface species. Hence, for the present study
anatase phase of TiO, was chosen for various studies. However, anatase titanium

dioxide is a wide band gap (~3.2eV) semiconducting oxide and one of the main issues
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associated with it is the requirement of UV radiation for charge carrier generation.
The most abundant source of UV radiation is sun light which constitutes only ~ 5% of
it and has been exploited for the photo-catalytic applications. It is well known that the
visible region of solar spectrum is ~ 50% and the effective utilization of natural solar
energy warrants the proper tapping of this part of spectrum too. Therefore, among
several methods adopted in literature for utilizing the visible light radiation, nitrogen
doping of TiO, is found to be the most viable method, taking into consideration the
detrimental effects such as photo-corrosion, generation of electron-hole recombination
sites etc.® ! However, introduction of an anion (nitrogen) in TiO, lattice results in
creation of oxygen vacancy so as to maintain charge neutrality. Since, structure plays
an important role in deciding the photo-activity, this thesis focuses on synthesizing
phase pure anatase TiOy, N- doped TiO,, oxygen deficient TiOy (TiOs_,)films and
studying the effect of N-doping and oxygen vacancy on its local structure. In addition,
the visible light activity of N-doped anatase TiO, and TiOs_, films are studied. A

brief chapterwise outline of the thesis is given below.

Chapter 1: This chapter introduces three predominantly occurring phases of Tita-
nium dioxide, their crystal structures, optical properties and rationale behind band
gap tuning. Several methods of band gap tuning such as surface sensitization, tran-
sition metal doping, nonmetal doping are briefly discussed with special emphasis on
nitrogen doping owing to its technological importance and ease of synthesis. As, ni-
trogen doping leads to concomitant formation of oxygen vacancy in the TiOs matrix,
the issues related to oxygen vacancy in TiO, are also discussed in great detail. The
prevailing synthetic methods for N-doping and oxygen deficient TiO, are carefully
scrutinized for finalizing the suitable synthetic method to be used in this study. The
chapter ends with a presentation of scope of the work and investigations carried out

in the present thesis.

Chapter 2: This chapter describes experimental methods used for synthesizing and
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characterising TiO,, N-doped TiOs and oxygen deficient TiO4 thin films. Synthesiz-
ing and characterising tools include a custom built spray pyrolysis unit and GIXRD
(Grazing Incidence X-ray Diffractometer), FESEM (Field Emission Scanning Electron
Microscope ), Contact angle set-up, UV-Vis spectrometer, XPS (X-ray Photoelectron
Spectrometer) , XAS (X-ray absorption Spectrometer; Indus-1I, RRCAT, Indore), re-
spectively. The chapter describes the basic principles of these techniques briefly. In
addition, theoretical aspects and the fitting methodology of X-ray Absorption Spectra

are discussed in detail.

Chapter 3: This chapter focuses on the synthesis and characterisation of N-doped
anatase TiOs thin films. Emphasis is given on the optical properties, chemical and
bonding nature of the nitrogen dopant. It also discusses the local structure of the
N-doped anatase TiO5 thin films. A brief description of the study and the discussion
of the results covered in this chapter are given below. Nano-structured TiO, and N-
doped TiO, thin films were synthesized using a cost effective and environment friendly
spray pyrolysis technique by keeping the substrate temperature (T) at 400, 450, 500
and 550 °C. Crystallographic studies of the films confirmed formation of phase pure
anatase TiO,. Microstructure studies of these films revealed early stages of grain
formation at Ty, = 400 and 450 °C and well defined 20 nm wide and 10 nm long
crystalline grains at Ty, = 500 and 550 °C. Optical absorption studies carried out by
using UV-Vis spectrometer revealed formation of interband states in case of N-doped
TiO,. The stoichiometry of the films was calculated from X-ray photoelectron spectra
and the film synthesized at Ty = 450 °C is found to be nearly stoichiometric compared
to the films synthesized at Ty = 400, 500 and 550 °C. The chemical nature and location
of the nitrogen dopant was deduced using X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectroscopy (XAS), respectively. Nitrogen 1s (XPS) spectra
showed three peaks with an energy value of 396.6, 397.5 and ~400eV, corresponding

to substitutional nitrogen, interstitial nitrogen and as NO species, respectively.'? Out



of these three peaks, the peak at 396.6eV is traditionally referred as substitutional
nitrogen by several authors. However, a careful reading of literature revealed that it
corresponds to Ti-N bond of Titanium nitride, implying that it merely represents a Ti-
N linkage and is not exactly substituting lattice oxygen. Moreover, XPS as a technique
is capable of only differentiating different chemical surroundings around a particular
atom and cannot pinpoint the location of the said atom. Hence, X-ray absorption
studies (XAS) are undertaken to delineate the exact location of nitrogen. XAS is
divided into three regions, viz. pre-edge, edge and post-edge. Pre-edge region revealed
three peaks (A1, A2, A3) viz. 4957, 4961, and 4963 eV corresponding to 1s- 1tq,, 1s-
1ty, and 1s- 3e, electronic transition due to the distorted TiOg octahedron geometry
in anatase phase of TiO,.!'3 Analysis of post edge region, which is also known
as extended absorption fine structure (EXAFS), revealed that nitrogen in the TiO
host is located at a distance of ~2.3 A. The average (Ti-O) ggiar and (Ti-O) cquatoriai
distances in pristine TiOy and their changes on nitrogen doping, corresponding to
different nitrogen concentrations, were calculated from the EXAFS results. (Ti-O)
axial and (Ti-O) equatorial bond lengths calculated from EXAFS are found to be in
agreement with the theoretically calculated values by Ceotto et. al.'® There is an
overall increase in (Ti-O) axial and (Ti-O) equatorial bond distances in doped TiOs
with respect to TiOs thin films, which is attributed to the dominant effect of nitrogen

doped into the crystal lattice.

Chapter 4: This chapter describes synthesis of oxygen deficient TiOs (TiO9-x) films
and its characterisation using FESEM and GIXRD. Formation of oxygen vacancy and
its effect on the local structure are studied using X-ray absorption spectrometer. The

major findings of these studies are described below.

Anatase TiOy_, films are synthesized by adopting a simple two step method, i.e.,
synthesizing anatase TiOs films followed by annealing in vacuum/ under hydrogen

flow. Hence, anatase TiO, films are first synthesized by using the custom made spray
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pyrolysis set up as described in chapter 2. Since, it is known from chapter 3 that
synthesis of TiOy at T, = 450 °C yields stoichiometric anatase TiO, and synthesis
at Ty = 500 °C yields well defined crystalline grains of anatase TiO,, two synthesis
temperatures i.e. ts= 450, 500 °C are chosen. The above synthesized films are then
annealed at their respective ts in vacuum (for 2, 4. 6 and 8 hours) and under a
reducing atmosphere (using Hs gas) in a CVD chamber. As, annealing is known
to cause phase transition of anatase to rutile, Grazing incidence X-ray diffraction
(GIXRD) studies are undertaken. GIXRD of the films revealed that there is no
change in crystal structure due to annealing. The crystallite sizes are calculated from
the GIXRD spectra by using Scherrer Formula and are found to be in the range of
29 to 91 nm. The formation of oxygen vacancies, due to annealing in vacuum/ under
H, flow, is ascertained by comparing the co-ordination number (C.N) obtained from
EXAFS analysis with the C.N obtained by using the equation devised by Frenkel
et. al. for calculating the C.N in nanoparticles.'® The calculated C.N for the nano-
sized crystallites of TiO,_, films in the present study is found out to be 5.9. C.N
obtained from EXAFS analysis is less than 5/5.7 for TiO,_, films synthesized at T =
450 0C /500 °C. Comparison of C.N between EXAFS calculation and the theoretical
calculation using Frenkel’s equation proved that the oxygen vacancy is indeed induced
due to vacuum/H, annealing and is not due to nano-sized crystallites. Furthermore,
it is observed that the films synthesized and annealed at Ty = 450 0C are more oxygen
deficient (CN of TiOg_,- 450 °C is in the range of 4.6 to 4.8) compared to the films
synthesized at T = 500 °C (CN of TiOs_,- 500 °C is in the range of 4.6 to 5.7). This is
attributed to the porous microstructure of the film synthesized at T, = 500 °C, which
undergoes surface restructuring and absorbs the desorbed oxygen species available
near surface as pointed out by Krivtsov et.al.'” In addition, the effect of oxygen
vacancy on the local structure is understood by analyzing X-ray absorption near edge
spectra (XANES). XANES of oxygen deficient TiO, films show three peaks (Aj, As,

Aj) positioned around 4957, 4961, and 4963 eV with varying intensity. Analyzing peak
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position and height of A;, Ay and Aj revealed that TiO,_, films consist of both six and
few five coordinated Ti centers. In addition to the above, oxygen vacancies are known
to induce disorderness in the system, which is reflected in the integrated intensity of
As peak. To understand this, Ay peak was fitted and its integrated intensity is found
to be highest for the films annealed for 2 hours. This is in accordance with the fact
that grain size and crystallinity increases with increase in annealing time as seen in the
literature. This chapter also includes the comparison between theoretically simulated
XAS spectra using FEFF with the experimental results to elucidate the pre-edge peak
features of pure anatase TiOy and oxygen deficient anatase TiOy. Few TiO,_, films

are also prepared by reducing the films under Hy flow and are studied using XAS.

Chapter 5: This chapter focuses on the photo-induced wetting studies of N-doped
anatase TiO, and TiO,_, films. The major findings of the wetting studies are de-
scribed below. It is observed that nitrogen doping transforms the surface of undoped
TiO, from hydrophobic to super-hydrophilic upon sunlight irradiation. The surface of
N-doped anatase TiO, reverted back to the hydrophobic one when kept in dark, indi-
cating reversibility in wetting behaviour, known as switching behaviour. This chapter
also includes kinetics of variation in contact angle upon photo irradiation and under
dark condition. Wetting studies of TiO,-x films revealed that TiO,_, films attained
super-hydrophilicity in 65mins.

Chapter 6: This chapter summarizes the major findings of the studies carried out
on spray pyrolysis synthesized anatase TiOy, N-doped TiOy and TiOs_, films. The
chapter ends with directions for future work. The important findings from these

studies are as follows:

1. Synthesis of phase pure anatase TiOy and N-doped TiO, films (at Ty = 400,
450, 500 and 550 °C) by using custom made spray pyrolysis unit is evidenced by
GIXRD studies. Microstructural evolution confirms formation of well defined

grains for films synthesized at Ts= 500 and 550 °C.
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2. Nitrogen doping in TiO, is confirmed from X-ray photo-electron spectra and its
exact position is delineated by using X-ray absorption spectra. EXAFS analysis
reveals that nitrogen in N-doped TiOs is interstitial in nature and is located at a
distance of ~2.3 A. The change in local structure owing to N-doping is reflected
in Ti-Oggiar and Ti-Oeguatoriar bond lengths, which are found to be elongated in

N-doped TiO,.

3. Concomitant formation of oxygen vacancy owing to nitrogen doping is studied
by synthesizing oxygen deficient TiOs (TiO5_,) films, wherein oxygen vacancies
are deliberately introduced in TiOy by following a post-synthesis annealing in
vacuum/Hy atmosphere. The formation of oxygen vacancies are confirmed from
the EXAFS analysis of the TiO,_, films. In addition, the change in local co-
ordination i.e. the change in Ti-Oggiu and Ti-Ocguatoriar bond lengths due to
oxygen vacancy matches with the theoretically calculated bond distance for

oxygen deficient TiOg octahedrons.

4. The photo-induced wetting studies of N-doped TiO, films reveal, N-doped TiO,
films become superhydrophilic upon 40 min sunlight irradiation and revert back
to initial hydrophobic state when kept in dark for 5 days. This confirms the
switching (hydrophobic < superhydrophilic) behaviour and the rate of hy-
drophobic — superhydrophilic and superhydrophilic — hydrophobic transition

is found to be 0.224 min~! and 2.03 x10 ~* min~!, respectively.
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Chapter 1

Introduction

1.1 Titanium Dioxide

Semiconducting oxide materials have been the subject of intense research because of
their practical applications. They also provide fundamental insight into the electronic
processes involved when used in various applications. Within the class of inorganic
semiconducting materials, oxide semiconductors display diverse range of properties,
due to their dependence on the nature of metal — oxygen bonding. Wide band gap
semiconducting oxides are of high interest as these exhibit wide ranges of electrical and
optical properties. Among the wide band gap oxide materials, titanium dioxide (TiO,)
nanomaterials are used in a wide range of applications such as (photo)catalysis, sensor
devices, paints, and dye-sensitized solar cells.'™® The material properties of TiO,
nanoparticles are a function of crystal structure, nanoparticle size, and morphology,
hence are strongly dependent on the method of synthesis.® " TiO, exists in three main
phases: anatase, brookite and rutile. Anatase and rutile are the common polymorphs
of synthetic TiO,. Experimental data on TiO, brookite is limited due to its rareness
and difficulty in preparation. In view of this, a comparative discussion on Rutile
and Anatase is taken up in the following section. Crystal structure and stability of

these phases determine its usage. Since difference in crystal structure can lead to
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different mass densities, the electronic and optical properties of these two phases are
distinctly different. This warrants phase selective synthesis for practical applications.
The crystal structure of these three phases are discussed below and are represented
in Fig 1.1. These structures can be described in terms of networks of edge - and/ or
corner linked distorted TiOg4 octahedron building blocks. In the rutile structure, each
octahedron is in contact with 10 neighbor octahedrons (two sharing edge oxygen pairs
and eight sharing corner oxygen atoms). In the anatase structure, each octahedron is
in contact with eight neighbors (four sharing an edge and four sharing a corner). In
brookite, octahedrons share three edges and also corners. The octahedrons in each
polymorph is distorted to different extent giving rise to different symmetry elements.
In rutile, the O, symmetry of an ideal octahedron is reduced to Dy, symmetry due
to different in-plane (equatorial) and out-of-plane (axial) Ti—O bond lengths and two
types of Ti—-O-Ti in-plane bond angles deviating from 90°. In the anatase phase,
additional displacements of the O ions from the equatorial positions generate a local
D2h symmetry seen by the Ti ions. Due to stronger distortions in TiO, brookite,
all bond lengths and bond angles slightly differ from each other, thus leading to the
formal loss of local symmetry and C; symmetric TiO4 units. Crystal structure data

of rutile and anatase is given in Table 1.1.%

O

Figure 1.1 — Crystal structure of (a)Rutile, (b)Anatase.

In addition to the differences in crystal structures, it is pertinent to discuss the sta-
bility of anatase and rutile with respect to the size of the particle and the synthetic

methodology. Ever since the discovery of size quantization effect in semiconductor
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Table 1.1 — Crystal Structure data of anatase and rutile TiO,

Rutile Anatase

Crystal structure Tetragonal Tetragonal
lattice constants A a=4.5936; a=3.784
c=2.9587; a=9.515

Space Group P4y/mmm 14, /amd
Molecule/cell 2 4
Volume/molecule A 31.2160 34.061
Density (g/cm?) 4.13 3.79

Ti-O bond length A 1.949(4)  1.965(4)
1.980(2)  1.965(2)
O-Ti-O bond angle 81.2° T77.7°
90.0° 92.6°

nanomaterials, research in nanostructured materials has generated considerable inter-
est.?19 The properties of interest viz. optical, electronic and catalytic are found to be
related to size in the nanoscale regime and drastically differ from those of bulk coun-
terparts. With respect to photo-activity, TiO, nanoparticles have specific advantages
in enhancing light absorption due to the presence of large fraction of atoms in surfaces
and interfaces. It has also been observed that certain synthetic procedures lead to the
metastable anatase phase owing to this size quantization effect. The stability and the

occurrence of these two phases is described here in brief.

Rutile is the stable phase as a bulk material; however, as the size of the material
goes down to the nanoscale regime, anatase becomes more stable. This is attributed
to two main effects: surface energy and precursor chemistry. At very small parti-
cle dimensions, the surface energy is an important part of the total energy and it
has been found that the surface energy of anatase is lower than those of rutile and
brookite.'? Surface energy considerations accurately describe the observation of a
crossover size of about 30 nm where anatase nanoparticles transform to rutile. 34
Secondly, the crystal structure stability has been explained on the basis of a molecu-
lar picture, where the nucleation and growth of the different polymorphs of TiO, are

determined by the precursor chemistry, which depends on the reactants used.!® 1 A

complicating factor in the understanding of nanoparticle formation is the multitude



Titanium Dioxide Chapter 1

of experimental conditions used for synthesis of the different TiO, phases, making
it difficult to compare mechanisms. However, a few selected cases of phase specific
synthesis methods is taken up for discussion here. Cheng et al.'® and Yanagisawa et
al showed that altering reaction conditions in hydrothermal synthesis route can lead
to different phases.!® It was observed that changing pH of the synthesizing medium
favoured a certain phase e.g. acidic medium favoured rutile phase formation while
basic medium favoured anatase phase.!®1® Reyes et al.!® have studied use of vari-
ous reactants to obtain phase pure anatasa, rutile and brookite. They have shown
that phase formation was achieved by hydrothermal treatment at elevated temper-
atures with the appropriate reactants. Anatase nanoparticles were obtained using
acetic acid, while phase-pure rutile and brookite nanoparticles were obtained with
hydrochloric acid at a different concentration. They proposed that anatase formation
is dominated by surface energy effects, and that rutile and brookite formation follows
a dissolution—precipitation mechanism, where chains of sixfold-coordinated titanium
complexes arrange into different crystal structures depending on the reactant chem-
istry.1? Similarly, Rafieian et al.?® have studied the the synthesis of rutile and anatase
thin films using Reactive magnetron sputtering. It was observed that oxygen deficient
atmosphere during deposition lead to substoichiometric TiO, thin films, which in turn
yield rutile phase upon annealing at a temperature below 500 °C. Anatase phase was
obtained from annealing of stoichiometric films.?’

From the application point of view rutile is preferred over anatase for optical and
dielectric applications because of its high refractive index and dielectricity. Whereas,
anatase is preferred for all applications related to photocatalytic activity due to its

higher charge carrier mobility.

1.1.1 Optical properties

Anatase and rutile TiO, have band gaps of 3.2 and 3.0 eV, respectively and therefore,

are visible light transparent. They have refractive indices higher than that of diamond
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and is highest of all the oxides. Hence, large and pure TiO, crystals have gem-like
reflectance, refraction, and brilliance and are suitable for use in jewellery. The high
refractive index has also enabled wide use of TiO, as a white pigment and also in many
other optical applications. Because TiO, absorbs UV light and is biocompartible, it
is used in sunscreen. Most pertinent for our discussion is the type of bandgap rutile
and anatase possess. For any bandgap, the highest probability of creating charge
carriers happens when there is coupling between highest density of states (DOS)
at the maximum of the valence band and the minimum of the conduction band.
For rutile, this happens at the same point in k-space making it a direct bandgap
semiconductor — wherein an electron can jump to its excited state without any help
from the surrounding lattice. For anatase, this happens at different points in k-space
forcing a stimulated electron to rely on surrounding phonons to acquire the value of
momentum necessary to occupy an excited state. Phonon involvement also increases
recombination time. This, combined with the fact that the effective electron mass in
rutile is about twenty times larger than in anatase, means more photoelectrons will
reach the surface in anatase where they can interact with surface species. In all, the
lifetime of e~ — AT pair in case of rutile is very less (< 1 ns), whereas it is higher
for anatase (> 10 ns). Longer lifetime of e~ — h™ pairs in anatase facilitates the
trans-location of the photon-excited electrons and holes from the bulk to the surface,

where the photochemical reactions take place. %22

In addition to this, it will be apt to discuss about difference in absorption behavior of
these two polymorphs from exciton point of view. The schematic of the recombination

process is given in figure 1.2.
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CBM

(a) Anatase (b) Rutile

Figure 1.2 — Schematic of recombination processes of photogenerated electrons and
holes within (a) indirect gap anatase and (b)direct gap rutile.

Tang et al have studied the absorption behaviour of anatase and rutile at different
temperatures and found that the absorption edge of rutile is characterized by phonon
sidebands extending near the fundamental transition thresholds at low temperature.
In contrast, the spectral dependence of the absorption edge in anatase follows the
Urbach rule at all temperatures down to liquid-helium temperature. They also con-
cluded that excitons are self-trapped in anatase, while that in rutile are free.?® The
opposite nature of exciton states in anatase and rutile correlates with their structural
differences of having different number of corner and edge sharing octahedrons as dis-
cussed earlier. Excitons in such structures are called charge-transfer excitons. They
result from interaction between conduction-band electrons located on Ti 3d states
and holes formed essentially by the O 2p states. Anatase has a more open structure
compared to rutile owing to the fact that in rutile each TiOg4 octahedron is connected
to ten neighboring ones on sharing a corner or an edge and in anatase each octahe-
dron is coordinated only with eight neighboring ones. In consequence, in the anatase
structure, the inter site transfer of excitons is weaker and the excitons travels to the

surface mediated via phonons.?3

1.1.2 Photon Induced Surface Properties

A material is known to be photo-responsive when various oxidative and reductive

chemical reactions are induced on its surface in the presence of light. It is well-known
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that TiO, is a promising candidate for applications wherein UV light is used to induce
reactions at surface and subsurface level. TiO, is chemically inert, biocompartible,
photocatalytically active, easy to produce and use, sunlight activated, non-toxic and
cheap. A vast amount of information about the light induced properties of TiO,, espe-
cially photocatlytic properties is available in literature. Its photocatalytic properties
would be discussed in detail in this section. Most of these articles are focused on
TiO, powders and only a fraction deals with thin films. Although the present work
is focused on thin films, a general understanding of materials properties requires the
knowledge of all forms of TiO,, because many important studies and major advances

in properties are often first reported on powder samples.

The photocatalytic process begins with the absorption of light with energy greater
than the band gap of the semiconducting photocatalyst (Figure 1.3) followed by the
formation of electron-hole pair. The band gap of anatase and rutile phases are 3.2 and
3.0 eV, respectively. Some of the generated electron-hole pairs recombine immediately
and release the energy as heat. Some of the electrons and holes avoid recombination
and diffuse to the surface of the photocatalyst where they participate in charge transfer
reactions with available surface species while the photocatalyst itself remains intact.
The electrons and holes can either react directly with the target compounds or in-
directly by forming first superoxide (Oj ), singlet oxygen (1O ), hydroxyl radicals
(.OH) or hydrogen peroxide (H,0,) from O,, H,O and OH groups which are typically
present in atmospheric conditions. The organic compounds in contact are decomposed
to CO,, H,O and mineral acids by these active oxygen species when the photocatalyst
is irradiated with light of sufficient energy. Direct oxidation of the target compound

by the photogenerated hole is also possible.



Titanium Dioxide Chapter 1

e po

0>
Light
hv > 3.2eV
(== H,O

VB @hn*

OH -+HT

Figure 1.3 — Schematic of the main processes occurring at TiO, photocatalyst.

The oxidation and reduction mechanisms, involved are dependent on the properties
of the photocatalyst, the nature of the compound being oxidized and the surrounding
medium (water, air and vacuum). The necessary condition is that the reduction reac-
tions by the photogenerated electrons and oxidation reactions by the photogenerated
holes must balance precisely so that the photocatalyst itself remains intact. Among
the two phases of TiO,, anatase phase has been found to possess the best photocat-
alytic properties in spite of its larger band gap (3.2 eV) compared to rutile (3.0 eV).?*
The photocatalytic efficiency of TiO, depends also on the crystalline morphology and
interfacial contact. The Fermi level in anatase is higher by about 0.1 eV than that
of rutile.?> Since, the anatase phase has a higher Fermi level than the rutile phase
by about 0.1 eV, the anatase phase will have lower capacity to adsorb oxygen and
higher degree of hydroxylation (i.e. number of hydroxy groups on the surface) and

thus, should have greater photocatalytic activity than the rutile phase.?5 28

As discussed earlier the anatase phase has a wider optical absorption gap, smaller
electron effective mass and hence higher mobility. In addition to this the indirect
band gap of anatase lead to decrease in the recombination rate of the e~ — hA™" pair
generated upon illumination.

From the application point of view, due to its wide band gap only a small portion of
the solar light, in the UV region, which occupies only 4-5 % of the total solar spectrum,
can be absorbed. Thus, efficient absorption of the visible light which constitutes the

major part of solar spectrum is prevented and the photocatalytic efficiency of TiO,

8
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is hindered. Therefore, a stable photocatalyst which could operate under visible light
is an important subject of studies in the past ten years. Various semiconductors
with smaller band gaps have been studied as potential candidates for visible light
photocatalysis, but TiO, remains the most suitable candidate for large section of
photocatalytic applications. Usually the smaller band gap materials are less stable
and more prone to photocorrosion. A major advantage of TiO, is its good stability. In
addition, the locations of the valence and conduction band edges in TiO, are suitable
for photocatalysis.?’ Figure 1.4 depicts the valence band maximum and conduction
band minimum of various semi-conductors with respect to the water redox couple.
This helps in finding out which charge transfer reactions are possible on a given
semiconductor. The location of the conduction band should be more negative than
the reduction potential of O, so that O; or HO, can be created. The production of
O; and HO, by the conduction band electrons is possible on TiO, but not on WO, or
Fe,O, (Figure 1.4). In turn, the location of the valence band should be more positive
than the OH radical generation potential. This requirement is fulfilled by TiO,, ZrO,
and WO,. It should also be kept in mind that the band edge positions and redox

couples move to more negative potentials when the pH is raised. 3’

-2.0 -
Zns Sic

Tio, TiO, cds
rutile  anatase WO, Fe,0,

I SN = S O oz 0,/HO;

1.0+

Zro
104 =

Vvs, NHE

2.0 -

e B TS *OH/H,0
3.0 /H;

4.0 — —

Figure 1.4 — Valence and conduction band positions of various semiconductors and
relevant redox couples at pH = 0. (Drawn after refs. [14] and [15]).
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1.2 Photo-induced wetting properties.

Materials with controllable wetting properties find applications in industrial processes,
such as oil recovery, lubrication, liquid coating, printing, spray quenching, self cleaning
surfaces, window shield etc. Wettability i.e. the ability of a liquid to wet a solid can
be quantified by measuring the angle at which the liquid/vapor interface intersects
the solid (Fig 1.5). This angle is referred to as the "contact angle”. Usually many
polar and non polar liquids viz. water, n-hexane, di-idomethane etc. are used to
study wettability. Among them water is most widely used liquid to study wettability
of film surfaces. Hence, contact angle referred henceforth will be with respect to
the water contact angle. Small contact angles (<< 90°; hydrophillic) correspond to
high wettability, while large contact angles (>>90°; hydrophobic) correspond to low

wettability.

0 <90° B = 90° 8 > 90°
Yiv : _
“'ﬂ”‘ QEEE! Ysv
Vel

Figure 1.5 — Illustration of contact angles formed by sessile liquid drops on a smooth
homogeneous solid surface.

A wide variety of approaches have been explored in the attempt to attain a sys-

tem with controllable wetting properties. These approaches include manipulating

31,32

magnetic fields over magnetically responsive materials, applying electric fields —

33,34

both static and oscillating, combining materials with different wetting proper-

5 36-38

ties,3® roughening or nanostructuring materials, adjusting the pH of immersed
surfaces,” forcing a liquid to spread at a certain speed,® directly changing the en-
ergy of a given surface via partial or complete coating,*! and changing the frequency

and /or the intensity of light irradiation on the substance under examination. 4343 TiO,

10
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being a photoactive material as discussed in the previous section, this thesis will have
specific focus on light induced surface wettability of N-doped TiO, and oxygen de-
ficient TiO, thin films. It is known that stoichiometric TiO, surfaces change from
hydrophobic to hydrophillic upon irradiation. However, due to the band gap energy,
this photoinduced hydrophilicity (PIH) will manifest only when the wavelength of the
irradiation is smaller than visible light wavelengths.** The presented experiments will
explore applications based on this photoinduced wetting property as well as extending
the range of response to visible light wavelengths. The details of theory pertaining to
the contact angle will be discussed in Chapter 2. For the present discussion purpose,
it can be concluded that pristine TiO, needs band gap alteration for utilization of vis-
ible light spectrum from solar radiation. There are numerous studies on the methods
to utilize visible light using TiO, photocatlysts, which will be briefly discussed in the

following section.

1.3 Doping

The efficient utilization of solar energy is one of the major goals in the modern era.
Since the discovery of water splitting over TiO, by Fujishima and Honda,*> the pho-
tocatalytic properties of TiO, have been widely studied. Of the materials being de-
veloped for photocatalytic applications, TiO,) remains the most promising because
of its high efficiency, low cost, chemical inertness, and photostability.*6*® However,
the widespread technological use of TiO, is impaired by its wide band gap (3.2 eV
for anatase and 3 eV for Rutile), which requires UV irradiation for photocatalytic
activation. Since, UV light accounts for only a small fraction (8%) of the sunlight
compared to visible light (45%), any shift in the optical response of TiO, from the UV
to the visible spectral range will have a profound positive effect on the photocatalytic
efficiency of the material.**** To engineer any change in the band gap, one needs to

understand the band structure of the TiO,, which is briefly discussed here. Electronic

11
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structure of TiO, has been determined experimentally by various groups.’'®* The
valence bands of TiO, can be split into three main regions: the o bonding in the
lower energy region mainly due to O-p ¢ bonds; the © bonding in the middle energy
region; and O-p 7 states in the higher energy region due to O-p m nonbonding states
where the hybridization with d states of Ti is almost negligible. The conduction band
is split into Ti e, (> 5 eV) and ty, bands (< 5 eV). The d,, states of ¢y, are domi-
nantly located at the bottom of the conduction band. The rest of the ¢y, bands are
anti-bonding with p states of oxygen. The main peaks of the ¢5; bands are identified
to be constituted by mostly d,. and d., states.’ The molecular orbital energy level

diagram for TiO, is given in Fig 1.6.

Tids

Ti3d

02

Figure 1.6 — Molecular orbital energy level diagram of TiO, taken from ref®!

Several methods were adopted to shift the optical response of TiO, from the UV
to the visible spectral range. Transition metal doping, non-metal doping, surface
sensitization are the most widely used methods to change the optical response of
TiO,. Since doping is the widely used method for enhancing the visible light activity
of TiO,, the recent developments in the area is discussed in the next section. Among

the other methods, surface sensitization is briefly discussed here.

In surface sensitization, different semiconductor photocatalysts having different energy
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levels are coupled.®®®® The photocatalyst surface is loaded with another semiconduc-
tor of lower band gap that can be easily excited by visible light, such that the electron
transfer from the conduction band of the narrow band gap semiconductor to that of
TiO, can lead to efficient charge separation thereby reducing the e~ — h™ recombi-
nation rates. The benefits of this method are expansion of absorption spectrum and
efficient charge separation. The synergic effect of the composite semiconductors is

used in dye-sensitized solar cells.

1.3.1 Doped TiO, Photocatalysts

An initial approach to shifting the optical response of TiO, from the UV to the
visible spectral range has been the doping with transition metals and subsequently
with anions. In particular, the primary aim was to narrow the band gap. When the
band gap is narrowed, the oxidation potential of the valence band holes and/or the
reduction potential of the conduction band electrons decreases and the photocatalytic
activity can drop dramatically. This is the case especially if the conduction band edge
drops below the reduction potential of O, or if the valence band edge rises so that
the oxidation of H,O or OH groups to OH is prevented. Therefore, it is beneficial to
focus on the modification of the valence band while trying to narrow the band gap.
When separate energy states are created in the band gap the outcome can also be a
dramatic decrease in activity. This is caused by the creation of recombination centers
for electrons and holes and it is not clear which energy states are beneficial and which

are not.

Initially, doping of TiO, has been done with transition-metal elements.®® %2 In this
case the modification of the electronic states occurs closer to the conduction band of
TiO,. This typically results when some of the titanium ions are substituted by other
transition metal cations leading to mixing of the d orbitals or creation of separate

impurity levels below the conduction band.

In the case of cation doping, the observed increase in photocatalytic activity is due

13
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to enhanced charge carriers in the presence of the effective dopant. However, metal
doping has several drawbacks. The doped materials have been shown to suffer from
thermal instability, and the metal centers act as electron traps, which reduces the
photocatalytic efficiency. For this reason the photocatalytic activity is very sensitive
to the concentration of the cationic dopant. The photoreactivity of cation doped TiO,
was reported to be a complex function of the dopant concentration, the energy level of
the dopants within the TiO, lattice, their d electron configuration, the distribution of
dopants, and the light intensity. % The absorption of TiO, can be shifted perhaps more
efficiently towards visible light with transition metal doping but the photocatalytic
properties of these materials tend to be usually worse. Furthermore, the preparation of

transition-metal doped TiO, requires more expensive ion-implantation facilities. %6

Recently, it was shown that the desired band gap narrowing of TiO, can be better
achieved by using anionic dopant species such as N, S, C and F rather than metals
ions. 48750:66.67 Fgpecially N, S and C doping is expected to decrease the band gap of
TiO, due to the metallic nature of the compounds TiN, TiS, and TiC. The resulting
materials are often referred to as anion doped TiO, because the dopant is targeted
to substitute O%~ ions in the TiO, lattice. The p orbitals of these dopants will mix
with the O 2p orbitals in TiO, which causes the rise of the valence band. With small
dopant levels, the mixing is not complete, however, isolated energy states just above
the valence band are created. From the results of the research conducted on anion
doping since early 1990s it can be assumed that the increase in photocatalytic activity
is because of band gap narrowing and/or creation of mid gap localized states depend-
ing on dopant concentration. However, controversial experimental results have been
reported in literature, and different theoretical models have been proposed to analyze
these phenomena. The mechanisms of the optical and photocatalytic properties of

anion-doped semiconductors are still open to discussion.

In addition to doping, creation of oxygen vacancies in TiO, has been reported to cause
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visible light photocatalytic activity as well.®®* 7 It is well known that when TiO, is
reduced it loses oxygen and visible light absorbing F-type color centers are created in
the O vacancies.”t Nakamura et al.®® prepared reduced anatase TiO, powders by a
H, plasma treatment at 400 °C. No difference in the crystal structure, crystallinity,
and specific surface area was observed between raw TiO, and plasma-treated TiO,
materials. Only the color of the powders turned from white to light yellow. The
H, plasma-treated powders showed photocatalytic activity in NO, removal, at wave-
lengths 450-600 nm, whereas the untreated powder did not. Activity under UV light
was also slightly better compared to the undoped sample. Electron spin resonance
(ESR) measurements with visible light irradiation showed a signal for the F* color
center (O vacancy with one trapped electron) only in the plasma treated samples.
The intensity of the signal correlated fairly well with the NO, removal rate when
different visible light wavelengths were used, thereby indicating that oxygen vacancy
states played an important role in the visible light activity. The energy states caused
by oxygen vacancies were reported to lie about 0.75-1.18 eV below the conduction
band of TiO,.% Excitation of electrons from the valence band to these states is thus
possible using visible light. Holes left in the valence band are then free to oxidize

compounds directly or through the creation of OH.

1.4 Nitrogen Doping

Stimulated by the report of Asahi et al. in 2001,%° recently there has been an explo-
sion of interest in TiO, doping with non-metal ions, especially with nitrogen.™ Many
authors have reported that N-doped titanium dioxide (N-TiO,), shows a significant
catalytic activity in various reactions performed under visible light irradiation.%%7377
However, there is also an open debate on how doping achieves this, as well as disagree-

ments in many of the conclusions drawn from the results.”® % One of the reasons for

this, is different strategies used for incorporation of nitrogen into titanium dioxide,
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73,74,81,82

either based on chemical reactivity i.e. sol-gel synthesis , chemical treatments

50,73,75,83

of the bare oxide, oxidation of titanium nitride,®* or by physical methods such

85-87

as ion implantation, magnetron sputtering. %9 These different procedures lead

to materials with different properties.

Asahi et al. carried out first-principles calculations to examine the effects of substitu-
tional doping of C, N, S, P and F for O in anatase TiO,.*’ The computational results
suggested that nitrogen doping would be the best option. They prepared nitrogen
doped TiO, films by sputtering a TiO, target in an N, (40 %)/Ar gas mixture and
annealing at 550 © C in N, gas for 4 hours. Nitrogen doped TiO, powders were also
prepared by annealing pure anatase TiO, powder in NH; gas at 600 °C for 3 hours.
The samples thus prepared were yellowish with a clear visible light absorption tail
reaching to around 500 nm. The substitutional nitrogen doping in the samples was
confirmed using XPS. They observed enhanced photocatalytic activities for nitrogen

doped samples under UV light in comparison to undoped TiO,.

The origin of visible light activity in nitrogen doped TiO, materials have been investi-
gated and both substitutional and interstitial nitrogen doping has been found effective
in increasing the visible light absorption .4%:79992 Nitrogen doping has been also re-
ported to lower the formation energy of oxygen vacancies which can have a strong

86,92

impact on the photocatalytic properties. Visible light photocatalytic activity in

nitrogen doped TiO, has been reported in many cases but several studies have also
reported serious degradation of photocatalytic performance in these materials. 3% It
appears that nitrogen doping increases the amount of recombination centers in TiO,
which destroys the photocatalytic activity. The preparation route obviously plays a
decisive role in the outcome.

Properties and behavior of N-TiO,, depends on the chemical nature and the location of

73,74,91,92,95
O,

nitrogen in the solid. Presence of different chemical species like N substi-

tutional N, 4977681 or NH, ™ have been proposed. It is essential to know whether the
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species are primarily interstitial or substitutional, because the behavior of these two
species is very different and affect the material properties accordingly. A schematic

of the effect of substitutional and interstitial doping is given in Fig 1.7.
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Figure 1.7 — Electronic structure of substitutionally and interstitially doped
Anatase. "

In addition, in some cases doping reduces band gap of the solid owing to the valence
band shift, 498489 while in other cases dopant introduces localised impurity state in the

50.7476.82 Tnterestingly, it appears that the N-doping induced modifications of

band gap.
the electronic structure may be slightly different for the anatase and rutile polymorphs
of TiO,. However, it is well established that in case of anatase TiO,, nitrogen doping
lowers the onset of optical absorption to the visible region of the electromagnetic

spectrum. "

1.5 Oxygen Vacancies in TiO, matrix

When a nitrogen dopant is introduced into the matrix, oxygen vacancy formation is

a concomitant effect. It has been calculated computationally that the cost of oxygen
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vacancies (V,formation) in bulk anatase TiO, is drastically reduced in the presence
of N-impurities, from 4.2 eV in pure TiO, to 0.6 eV in N-doped TiO,.™ Introducing
defects such as oxygen vacancies is one among many methods to improve photoeffi-
ciency of TiO,.% Oxygen vacancies create trap centers, rather than the recombination
centers unlike the high doping case, and results in the variation of band gap of pristine

TiO,.%

1.5.1 Issues related to oxygen vacancies synthesis

A common factor that keeps appearing in studies on C and N doped visible light
active TiO, photocatalysts is oxygen vacancies. Because they form so easily and
have significant effects on the properties of TiO,, their role is important. Recently,
Kuznetsov et al. conducted a systematic analysis of the spectral features of various
undoped and doped TiO, specimens reported in the literature.”® The purpose of the
work was to gain understanding on the origin of visible light activity in samples
doped with different elements. First, absorption bands of various reduced undoped
TiO, samples, mostly single crystal, were derived from the literature. Six absorption
maxima could be distinguished ranging from 0.73 to 2.93 eV. Next, a careful analysis
of the spectral features of various N, C and S doped samples revealed that they each
contain the same three highest energy absorption bands as detected in the undoped
reduced TiO, samples. The authors therefore concluded that the origin of visible light
absorption in the visible light active doped TiO, samples are F-type color centers
associated with oxygen vacancies. These same visible light absorbing defects exist in
the undoped reduced TiO, and the role of the various dopants seems to be merely to

stabilize and increase the number of these intrinsic defects.

Incorporation of oxygen vacancies into the matrix have been carried out using different

9 7

approaches. These methods include surface hydrogenation,” vacuum activation®
and plasma treatment. 'Y However, all these methods have some pros and cons. In

hydrogenation method, the surface of TiO, is terminated with hydrogen leading to
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101 4n visible region; however, it is still unknown

an enhanced photocatalytic activity
that how does the hydrogenation modify a surface to enhance its optical performance
(photocatalytic activity).1®® The drawback of the hydrogenation method is that it
requires high temperature and the obtained TiO, sample/film are black,® which
makes the films unable for many optoelectronic applications, such as a transparent
electrode in optoelectronic devices. Both the vacuum activation and plasma treatment

methods create highly stable Ti 3+ and oxygen vacancies. 9719

In vacuum activation method, the sample exhibit higher absorption intensity but it
appears brown in color that may render it unable for transparent electrode applica-
tions. In case of plasma treatment methods, generally hydrogen gas is used to create
Ti*T and oxygen vacancies in TiO,, but it is avoidable to use such a hazardous and
expensive gas. Other than hydrogen there are few reports on the use of argon '3, oxy-
gen!® and nitrogen plasma!® for surface modification of TiO,. It is also known that
the implementation of gas in the treatment chamber may be hazardous; therefore, it
is always required to avoid the use of hazardous gas, and to implement a simple and

low cost approach to meet the requirements.?® Hence, oxygen insertion pathway is

optimised depending on the application.

1.6 TiO, Thin films

At the initial stage of the study of photocatalysis, TiO, was used in the form of
powders. After photocatalytic reaction, a filtration step was needed to separate pho-
tocatalysts from slurry. This process adds extra cost to commercial applications.
In order to solve the shortcoming of separating TiO, particles and avoid the filtra-
tion step, TiO, thin films were prepared using all types of common liquid and vapor
phase deposition methods. %1% Photocatalytic results demonstrate that the films
are almost as effective as powder TiO, catalysts which are used in slurry suspension

systems. In the following section, the introduction to synthesis techniques of TiO,
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thin films is briefly discussed.

Among liquid based thin film deposition methods the sol-gel technique is by far the
most popular in the preparation of photocatalytic TiO, thin films. 1% 2 The sol-gel
technique is a versatile method offering many possibilities to tune the properties of the
thin film. Dopants and other modifying agents can be easily introduced to the starting
sol to change the properties of the final film. Typically titanium salts or alkoxides
are used as precursors. The precursors are hydrolyzed in a controlled manner thus
forming a polymeric network of Ti-O bonds in a solvent. This state is called the sol,
because it contains colloidal particles in solution. When the solvent evaporates to the
extent that a continuous 3D network of solid material forms, the state has turned into
a gel. The gel is dried to remove all the solvent and usually crystallized by annealing

at high temperature.

Among other liquid phase methods, low temperature liquid phase preparation is also
widely used. This include the direct growth of anatase from TiF, solutions and
hydrothermal treatment of amorphous TiO, where temperatures close to 100 °C are

enough to induce crystallization. 13114

Other than liquid phase methods, the other method which is used widely is gas phase
methods. Gas phase methods generally lead to higher quality thin films than liquid
phase methods. Lower impurity contents and higher film densities are usually ob-
tained. Vapor deposited TiO, films are often crystalline in as-deposited condition
itself and a separate heat treatment is not necessary. TiO, thin films prepared by the
sol-gel technique typically require annealing temperatures around 400-500 °C to crys-
tallize whereas vapor phase techniques can produce crystalline anatase TiO, at much
lower temperatures, e.g. close to 200 °C. However, the vacuum equipment makes gas

phase methods significantly more expensive as compared to liquid phase methods.

Sputtering is a physical gas phase deposition method where material is removed from

a target using high energy ions and then collected on a substrate to grow a film. Argon
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is typically used as the sputtering gas. Magnetrons are usually used as the sputtering
source. The method is principally very straightforward. Ideally, the growing film will
have the same composition as the target. In the case of oxides, however, the films tend
to become oxygen deficient. For this reason reactive sputtering is often used where a
reactive gas like O, is introduced simultaneously into the deposition chamber. Doping

can be accomplished by adding yet another gas such as N,.4

Evaporation is another physical method used to grow photoactive TiO, thin films. In
this method the source material is heated either resistively or with an electron beam
in high vacuum which causes it to evaporate. The evaporated material is collected on

a substrate thus forming a thin film.

CVD has been used in many studies to prepare photocatalytic TiO, thin films. 15118

Typically, a decomposition CVD reaction is used where a titanium alkoxide vapor is
led in a controlled manner over the substrate at a temperature where the titanium
precursor molecules decompose leading to TiO, growth. 617 Plasma enhanced CVD
(PECVD) has been used to deposit photocatalytic TiO, thin films using Ti(iOPr)4
and O, plasma.!'® A halide precursor, TiCl,, together with ethyl acetate as the oxygen

source has also been used in the CVD of photocatalytic TiO, thin films. !

1.7 Spray pyrolysis Deposition of TiO, Thin films

Among the above mentioned methods for depositing thin films, sol-gel coating is the
most cost effective and simple to use. The two mentioned sol-gel techniques, dip
and spin coating require repeated dipping/spinning and heat treatment. Spray py-
rolysis deposition (SPD) technique is a low cost, easy to manipulate and an easily
implementable technique suitable for large surface area coating in a single step. The
synthesis of TiO, thin films by spray pyrolysis deposition technique have been re-
ported in the literature. %129 The spray pyrolysis process consists of atomization of

the precursor solution containing the precursor, and transport of the resulting aerosols
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towards the hot substrate by means of a gas stream.!?1122 Within the hot zone above
the substrate, the precursors undergo decomposition in the presence of oxygen result-
ing in the formation of the oxide films on the substrate by surface reaction.'?® The
temperature of the substrate influences the parameters: aerosol transport towards
the substrate, solvent evaporation, possibility of the droplets impacting the surface
and the dynamics of their spreading and most importantly the mechanistic path way
involved in decomposition.'?*!2* Therefore, the substrate temperature plays a major
role in defining the morphology, composition and adherence of the deposited film. The
solvents with lower density and surface tension (such as the alcohol based ones) enable
creation of droplets of smaller size. The solvents with lower boiling point vaporize eas-
ily and this can have a major consequence for achieving pyrolytic decomposition. 125126
Highly soluble precursors are generally preferred, and volatile molecules are required
as co-product for accelerating pyrolysis based decomposition [126,127]. In most cases,
the chemical spray pyrolysis process uses metallo-organic compounds in non-aqueous
solvents as precursor.?” The deposition of films by spray pyrolysis of an aqueous so-
lution has also been reported in literature.'?® Ultrasonic spray pyrolysis deposition
technique is akin to a open atmospheric chemical vapor deposition system hence, it
is a perfect tool for the preparation of different kinds of undoped and doped TiO,
films and nanostructures for coating and photocatalytic study in large surface area,
in comparison to other physical methods of deposition of thin films like magnetron
sputtering, pulsed laser deposition, electron beam evaporation, activated reactive va-
por deposition etc. To conclude, anatase TiO, is the metastable polymorph of TiO,.
It has always remained a primary concern for the researchers to synthesize single
phase anatase TiO, and optimise its photo responsive properties. In addition, the
wide band gap of anatase has also led the researchers to do band gap engineering by
various methods with various dopants such as metals, non-metals, oxygen vacancies
etc. Hence, this thesis is primarily focused on synthesis and studying the properties

of N-doped and oxygen deficient anatase TiO,.
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1.8 Overview of the thesis

The thesis spans over five chapters. The content of each chapter is described below in
brief. Chapter 1 briefly introduces the general properties of TiO,, necessity of doping,
effect of doping with nitrogen, need for studying the oxygen vacancies in the matrix
and various methods of introducing oxygen vacancies.

Chapter 2 describes various experimental methods used for synthesizing and charac-
terising N-doped and oxygen deficient anatase thin films. The synthsizing tool includes
a custom built spray pyrolysis unit used for synthesis of thin films. In addition, ba-
sic principles of various characterising tools such as GIXRD (Grazing Incidence X-ray
Diffractometer (Bruker D8 Discover) used for crystallographic measurements, FESEM
(Field Emission Scanning Electron Microscope of Carl Zeiss make) used for studying
the microstructure, Contact angle set-up used for studying water contact angle, UV-
Vis spectrometer used for studying the optical properties, XPS(X-ray Photoelectron
Spectrometer)used for studying chemical nature and position of the dopant, XAS
(X-ray absorption Spectrometer; Indus-IT) used for pinpointing the dopant position
and understanding electronic transitions have been briefly discussed. This chapter
also briefly discusses the theoretical background behind the X-ray absorption spec-
troscopy .

Chapter 3 focuses on the synthesis and characterisation of N-doped Anatase TiO,
thin films. This chapter emphasizes on the optical property, chemical and bonding
nature of the nitrogen dopant using XPS and X-ray Absorption studies(XAS) (Indus-
2 synchrotron source). This chapter discusses the use of XAS to pinpoint the exact
location of nitrogen dopant (Interstitial or substitutional) in TiO, matrix.

Chapter 4 describes two types of synthetic methods adopted for deliberate insertion
of oxygen vacancies in TiO, matrix, characterisation of the films by using GIXRD,
FESEM and it’s X-ray absorption studies to conclude the insertion of oxygen vacan-

cies in the matrix.
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Chapter 5 details the contact angle studies of the N-doped TiO, and oxygen deficient
TiO,. The kinetics of the change in contact angle upon photo irradiation and under
dark condition is also elucidated in this chapter.

Chapter 6 summarizes the major findings of the studies carried out on spray pyrolysis

synthesized anatase TiO, and the directions for future work.
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Chapter 2

Experimental Methods

2.1 Synthesis Techniques

This chapter elucidates the synthetic route and various characterization and analytical
tools adopted to characterize and decipher the properties of thin films. Pristine Tita-
nium dioxide and N-doped Titanium dioxide were synthesized using spray pyrolysis,

which is described below in detail.

2.1.1 Spray Pyrolysis

Spray pyrolysis is a synthetic method whose principle is similar to Chemical vapour
deposition(CVD). It has several advantages owing to low operational cost, operation
at atmospheric pressure, rapid film growth, mass production, reproducibilty and large
surface area coverage. In case of spray pyrolysis usually a liquid is used as a precursor
as compared to CVD, wherein mostly a solid is used as precursor. The liquid precursor
is vapourized and transported to a pre-heated substrate, where it undergoes various
physico-chemical processes described herein to form a thin film. During initial days of
deciphering the mechanism of spray pyrolysis, substrate temperature, initial droplet
size and entrained particle size was considered as a major factors of deposition.Figure

2.1 shows the mechanism with respect to the above factors.
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Figure 2.1 — Spray pyrolysis mechanism

The processes are described here in detail.

Process A

Process B

When the initial droplet size is constant, as the temperature increases; the
droplets undergo various processes before forming a film. At low temperatures,
the droplets undergo evaporation even before reaching the substrate. As, it
approaches the substrate it undergoes precipitation resulting in an amorphous
salt, followed by decomposition. At intermediate temperature, the droplets
undergo vaporization before reaching the substrate resulting in precipitation. It
then sublimes and undergoes reactive decomposition at the substrate resulting
in TiO, film formation. At high temperatures, all these above phenomena occurs

well before reaching the substrate, which induces low adherence to the substrate.

When the temperature Remains constant and the droplet sizes vary; The phe-
nomena of droplet and substrate interaction follows the same trend as described
above with respect to temperature. When the droplet size is sufficiently low;
evaporation, precipitation, vaporization and condensation, all occur even before

reaching the substrate leading to low adherence.

However, these early models did not consider the effect of cooling of the substrate

by the liquid, phenomena occurring following particle impingement on the substrate,
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entrained particle size effects, nature of chemical bonding between thin film and sub-
strate, crystallinity of the thin film, nanostructure and morphology of thin film and
annealing effects on the thin film.To deal with the above limitations and complex
situations arising out of it, the subsequent models concentrated on the explanation of

whether a CVD process can take place or not during spray pyrolysis.

e The temperature of the heated substrate must be similar to the limit of stability
of the salt complex, so that the precipitates are able to approach the substrate
without decomposing/oxidizing on the substrate or subliming before they reach

the substrate; they must sublime at the substrate.

e The particle size of the precipitates should be sufficiently small so that the
relatively high surface energy component may facilitate sublimation to the vapor

phase at the substrate, where condensation and strong chemisorption can occur.

If the temperature is too low, then the precursor liquid droplets or subsequent precipi-
tates are coarse and have insufficient surface and thermal energy to allow vaporization.
If the temperature is too high, then sublimation takes place at a sufficient distance
away from the substrate such that oxide particles are formed away from the substrate

and subsequently impinge onto the substrate and bond by weak physisorption.
In summary, for the CVD process to occur, several conditions must exist:

1. The substrate temperature must be at least and preferably similar to that of the
decomposition temperature of the salt complex. (a) The substrate temperature, speed
of droplet delivery, transit path length, and other experimental variables must be such
that the temperature is sufficiently high to prevent impingement of entrained liquid
droplets or precipitates on the substrate. (b) The substrate temperature, speed of
droplet delivery, transit path length, and other experimental variables must be such
that the temperature is sufficiently low to prevent sublimation of entrained precipitates

before approaching the substrate.
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2. The evaporation and precipitation must facilitate a precipitate particle size suitable
for sublimation at the substrate, presumably being assisted by the high surface energy
associated with fine particles. Since, this model incorporates both processes and
outcomes, a practical use for this mechanistic model is that it can serve as a diagnostic
tool for assessment of films produced by the spray pyrolysis technique. Hence, it can
be concluded that, there has to be an optimum temperature and optimum droplet size,
such that sublimation should take place immediately prior to reaching the substrate

followed by decomposition resembling to a true CVD process.

Metal Oxide nanoparticles and films can be obtained by thermal decomposition of
various inorganic or organometallic precursors. Typical starting materials include
metal acetylacetonates?, metal cupferronates®, metal alkoxides?, metal carbonyls®,
and metal halides®. These methods in general are of limited synthetic scope for
metal oxide synthesis. Among these starting materials, metal acetylacetonates are
particularly preferred for its low sublimation temperature, which help the precipitate
to evaporate and undergo vapor decomposition at the substrate. The decomposition
temperatures of metal acetyl actonates are between 300 to 400 °C. Low decomposition

temperature makes it suitable candidate for spray pyrolytic syntheses.”

2.2 Characterization Tools

2.2.1 Grazing Incidence X-ray diffraction(GIXRD)

Grazing Incidence X-ray diffraction, originally developed by Marra et al.in 1979.%
is typically used to characterize surface and thin films without having the effect of
substrate. In conventional XRD the incident X-ray beam penetrates deep into the
material, while in GIXRD, the incidence angle(;) is either equal to or below the
critical angle (6,) for total reflection. The low incidence angle make the incident beam
evanescent and it penetrates only the top 100 or less into the surface. In addition

to the low penetration depth,at 6; = 6.the intensity of the X-ray at the surface is 2-4
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times higher than the intensities in the bulk.

The GIXRD measurements for the films towards the completion of the work reported
in the thesis has been done in the classic reflection geometry, also known as Bragg-
Brentano geometry. The instrument used was Bruker D8 Discover. Schematic of a

typical GIXRD instrument is given in Fig 2.

T —— Monochromator Crystal

-
-
-""l--._——"'-‘

Figure 2.2 — Schematic of GIXRD instrument.

2.2.2 Field Emission Scanning Electron Microscopy (FESEM)

Scanning electron microscope is widely used for microstructural analysis with a spatial
resolution of 2 nm. The SEM electron beam is a focused probe of electrons accelerated
to moderately high energy and positioned onto the sample by electromagnetic fields.
The SEM optical column is utilized to ensure that the incoming electrons are of similar
energy and trajectory. Interaction of high energy electron beams with matter can be
divided broadly into elastic and inelastic interactions. Elastically scattered electrons
are the ones which get recoiled from the atomic nucleus without loosing energy at an
angle equal to 90 or more. The electrons which are elastically scattered at an angle
of more than 90 are known as backscattered electrons (BSE).

In principle, electrons were extracted from a sharp tip of the filament by applying very

high voltages. These emitted electrons get focused by electromagnetic condenser lens
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to form a sharp electron beam with a narrow energy spread. A schematic representa-
tion of FESEM is illustrated in Fig 2.3.. The focused electron beam is used to raster
on the material surface to get the morphology. The possible emission characteristics
upon interaction of incident electron beam with matter are shown in Fig 2.4. Sec-
ondary electrons and back scattered electrons are used to analyze by corresponding

detectors for obtaining morphology.®

Electron
beam

0 -

=

Magnetic lens -

Scanning coils

Back scattered
electron detector

electron detector

Figure 2.3 — A schematic of Field Emission Scanning Electron Microscopy (FESEM)

o Auger electrons
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/> (bremsstrahlung)

50 -500 A

Figure 2.4 — A schematic of Field Emission Scanning Electron Microscopy (FESEM)

FESEM system consists of field emission gun, SE and BSE detectors. In this study
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we used FESEM (Supra 55, Carl zeiss, Germany) to obtain the morphology of the

TiO, films.

2.3 Contact Angle Measurement

The water contact angle experiments for the films in this thesis were carried out by
using a contact angle meter equipped with a CCD camera (Holmarc, HO-IAD-CAM-
01, India). The contact angles were determined by analyzing the high resolution
images of the water droplets on the thin films using ImageJ software.A brief overview

of the theoretical aspects of contact angle studies is given in the following section.

2.4 Theoretical Background of Wetting Studies.

The ability of a liquid to wet a solid can be quantified by measuring the angle at which
the liquid/vapor interface intersects the solid-liquid interfacial plane (Fig 2.5). This
angle is referred to as the “contact angle” and the line where the interface contacts the
solid is called the three-phase contact line. The relation between the contact angle
and the surface tensions/surface energies at the three phase boundaries has been first
described by Young in his famous article ” An essay on the cohesion of fluids” in 1805.1°
This lead to the famous Young’s equation which is the first of its kind equation to
describe the relation between contact angle and surface tensions/surface energies and

is given below.

YSsL — Ysv
00n%

cost = (2.1)

There has been debates on whether the representation of interfacial tension/surface
tension as a viable term can meaningfully describe the thermodynamics of the whole
system. Many researchers have contended in favour of surface tension whereas many
have negated it in favour of surface energy.?6:?" However, for the sake of simplicity
and since the present study is not exactly on the thermodynamic aspect,the term

interfacial energy is used in a broader sense and a simple derivation considering the
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28,29

minimization of free energy is given below.

Figure 2.5 — (left) Sketch of a sessile drop on a surface. The contact angle 6 is the
angle between the liquid vapor interface and solid surface at the contact angle where all
three phases meet. Vectors indicate the direction of the forces from interfacial tension
that act on the contact line (right). When a sessile drop on a solid surface spreads an
infinitesimal amount dx, the area that the drop covers increases in proportion to dx and
there is a corresponding decrease in the area of the solid that was previously uncovered.
In addition, the area of the liquid-air interface expands in proportion to dzCosé.

A thermodynamic derivation of the contact angle follows from minimizing the free
energy. Imagine displacing the boundary of the sessile drop by an infinitesimal amount
(Fig. 2.5). The change in free energy of the overall system in Fig. 2.5 is governed
by the change in areas of the three types of interface, solid-liquid, solid-vapor and
liquid-vapor with interfacial free energies vsr, vsy and iy, respectively. The change

in free energy per unit length of contact line in Fig. 2.5 is:
dG = (vsp — Ysv)dx + yrycos(f)dx. (2.2)

At equilibrium, dG must be zero giving the equation:

VLVCOS(Q) = ('YSL - WSV) (2-3)
cos = 5L ISV (2.4)
YLv

This indicates that when 0° < 6 < 90° the free energy of the solid-vapor system must

be higher than the solid-liquid system. The overall system will reach an equilibrium
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in which the liquid has spread and minimizes the exposed solid to lower the overall
free energy. Therefore, systems with contact angles in this range are referred to as
“wetting”. When 90° < 6 < 180° the opposite occurs and the liquid will be repelled
by the surface in order to minimize the covered surface to lower the overall energy.

Systems with contact angles in this range are referred to as “non-wetting”.

In the case of water, wetting and non-wetting surfaces are called hydrophilic and

hydrophobic.

2.4.1 Wenzel and Cassie-Baxter Wetting

Young’s equation can be applied only to a flat surface not to a rough one. Thus,
several models describing the contact angle at a rough solid surface has been proposed.
Wenzel proposed the first ever model for a rough surface, which is briefly discussed
here. Roughness increases the total area of the solid surface that contributes to the
interfacial free energy, and thus changes the contact angle. The “roughness factor” —

denoted r — is defined as:

actual sur face
r= : (2.5)
geometric sur face

The difference between these two surfaces is presented verbatim from the original
article considering its importance and contribution to the field of contact angle. "Ge-
ometric surface is the surface as measured in the plane of the interface. Where perfect
smoothness is an acceptable assumption, as at liquid-liquid or liquid-gas interfaces,
actual surface and geometric surface are identical, but at the surface of any real solid
the actual surface area will be greater than the geometric surface area because of
surface roughness.”® Hence, the contributions of solid free energies in eqn. 2.2 is

increased by r, leading to:

c050qpp = 17C05041ye (2.6)
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where 0, is the expected angle on rough surfaces,ty,.. the local angle on an equivalent
smooth surface and the system will be perfectly wetting (non-wetting) if the right
hand side is greater than +1 (less than -1). This equation is often referred to as the
Wenzel equation for rough surfaces.?' Since the true area will always be larger than
the smooth area, r will always be greater than one. Therefore, if a smooth surface
is wetting, then a rough surface of the same material will wet more readily making
the apparent contact angle smaller. By the same reasoning, a surface with a contact

angle above 90° will gain a higher contact angle if that surface is roughened.

Cassie Baxter extended the wenzel’s analysis to porous structure, wherein the con-
cept of air traps were shown to play a role in determining the contact angle. A
brief understanding of the model is briefly discussed here.In a heterogeneous surface
with different local wetting properties, the interfacial free energy is assumed to be a
weighted average of different types of surface with weight ¢; equal to the fraction of
the surface that has a local contact angle 6;. The cosine of the apparent contact angle
will just be the weighted average of the cosines for each type of surface and is given

by the following equation:

c058ypp = $1C 0501 + $Co0s05 + . . ., (2.7)

which is known as the Cassie-Baxter equation.3? A special situation involves the so-
called “Lotus effect” where the surface is nanostructured in such a way that spreading
water traps air in the nano-sized holes instead of filling the holes with water.?® This

trapped air has an effective contact angle of 180° making the surface superhydropho-

bic.
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2.5 Optical and electronic measurements

2.5.1 Ultraviolet Visible Spectroscopy

Ultraviolet and visible (UV-Vis) absorption spectroscopy deals with the measurement
of the attenuation of a beam of light after it passes through a sample or after reflection
from a sample surface.!! The attenuation can result from processes like absorbance,
transmittance, reflectance and interference. The measurements are carried out at a
single wavelength or over an extended spectral range. The UV-Vis spectral range
spans approximately from 190 to 900 nm. The short wavelength limit for simple UV-
Vis spectrometers is the absorption of UV wavelengths < 180 nm by the intervening
atmospheric gases. The use of UV-Vis spectroscopy in materials research can be
divided into two main categories: (1) quantitative measurements of an analyte in the
liquid or solid phase and (2) characterization of the optical and electronic properties
of a solid state material. The first category is most useful as a diagnostic tool to
quantify various constituents of materials or to monitor the concentrations of reactants
or products during the course of a chemical reaction. In quantitative applications, it
often becomes a necessity to measure the absorbance or reflectivity at a single specified

wavelength. A typical UV-Vis experimental setup is shown in the Fig 2.6.

Optical fiber
Light / _
Source Po P
1
Samplein Monochromatar
Cuvetie

Figure 2.6 — Schematic of UV-Vis experimental set-up

For quantitative analysis, the Beer-Lambert law, which allows accurate concentration

51



Optical and electronic measurements Chapter 2

measurement of the absorbing species, is given as

A=ec (2.8)

Where A is the absorbance, ¢ the molar absorbance or absorption coefficient, ¢ the
concentration of the analyte in the solution (in mg/ml) and 1is the path length of light
in the sample (in cm). The relationship between absorbance A and the experimentally

measured transmittance T is

a= —log(T) = —log% (2.9)
Where P is the radiant power (radiant energy on unit area in unit time) after it
passes through the sample and P, is the initial radiant power (schematically shown
in Fig. 2.6), both T and A are unit less. However, the Beer-Lambert Law breaks
down for solutions of higher concentration, yielding departure from linear behavior.
In the case of solid materials, the UV-Vis spectrum can measure the band gap and
identify any localized excitations or impurities. The measurements are carried out
either in the transmittance or reflectance mode. In samples, light interacts with the
matter by means of different processes such as reflection, refraction and diffraction,
and eventually emerges out diffusively (scatters in all directions). For different transi-
tion mechanisms, it has been proved that along the sharp absorption edge, the energy
of incident photon and the band gap (£,) of a semiconductor will have the following

relation

a" = A(hv — Ey) (2.10)
(ahv)?” = A(hv — E,) (2.11)

where the value of v depends on the interband transition mechanism.

Among the various methods, Tauc’s plot is widely used to determine the band gap of
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the materials in which (ahr)? is plotted as a function of hv following eqn 2.11. The
value of 7 is 2 for the direct allowed transition in the case of semiconductors.! For
indirect band gap materials, the value of v is 0.5 in the eqn 2.11, v is the frequency

and h is the Planks constant.

Optical absorption properties of the N-TiO, were studied with the aid of UV-Vis

spectroscopy (Avantes) in the range from 200 to 750 nm.

2.5.2 X-ray Photoelectron Spectroscopy(XPS)

X-ray Photoelectron Spectroscopy(XPS), also known as Electron Spectroscopy for
Chemical Analysis (ESCA) is a widely used technique to investigate the chemical
composition of conducting and non conducting surfaces. In XPS, a surface is irradi-
ated with X-rays (commonly Al Ka or Mg Ka) in vacuum. When an x-ray photon
hits and transfers this energy to a core-level electron, it is emitted from its initial
state with a kinetic energy dependent on the incident X-ray and binding energy of the
atomic orbital from which it originated and is represented in the following relation.
Ex = hv — Ep;

where E is the kinetic energy of photo-electrons, hv is the incident photon energy
and Ep the electron binding energy. This photo-electron is used to deduce the infor-
mation regarding the surface under study. The photoelectron is characterized by few
fundamental properties: its kinetic energy, its direction of emission with respect to

specimen and the exciting radiation.'?

A typical XPS system consists of (i) monochromatic X-ray source (ii) a sample stage
(iii) an electron energy analyser combined with a detection system, all enclosed within

vacuum chambers. Schematic of a typical XPS instrument is given in Fig 2.7.
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X-ray Source

Figure 2.7 — A schematic of X-ray Photoelectron Spectrometer

For the present study of chemical composition the kinetic energy of the photo electrons
has been studied using a SPECS make X-ray photo electron spectrometer, having

monochromatic Al Ka radiation, at 1486.71 eV.

2.5.3 X-ray Absorption Spectroscopy(XAS)

Synchrotron sources emit intense, bright electromagnetic radiation consisting wide
range of the energy spectrum, from infrared to many tens of keV. The radiation have
unique directional and polarization properties, which makes it useful in various ma-
terial characterization techniques. In this work, the focus will be on the application
of hard X-ray from synchrotron for X-ray absorption spectroscopy.

X-ray absorption spectroscopy (XAS) generally deals with measurement of absorp-
tion coefficient, as a function of X-ray photon energy, around an X-ray absorption
edge of an element, in a material. X-ray absorption spectrum consists of two parts:
(i) The spectrum near the absorption edge (viz., the X-ray near edge structure or
the XANES part) gives information about the external perturbations in the valence
states to which electrons make transitions from core levels, upon absorption of X-ray
photon energy and hence can yield information regarding hybridization of orbitals
in case of molecule or long range order existing in a crystalline sample, apart from

the oxidation states of the absorbing atom in the material. (ii) The second part of
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the spectrum which extends from 50 eV to ~ 700 eV above the absorption edge, is
generally called the Extended X-ray absorption fine structure (EXAFS) part, which
is generally characterized by the presence of fine structure oscillations and can give
precise information regarding the short range order and local structure around the par-
ticular atomic species in the material. This determination is confined to a distance
given by the mean free path of the photoelectron in the condensed matter, which is
between 5-7 A radius from the element. The above charatersistic along with the fact
that EXAFS is an element specific tool, makes EXAFS a powerful structural local
probe. With the advent of modern bright Synchrotron radiation sources, this tech-
nique has emerged to be the most powerful local structure determination technique,
which can be applied to any type of material viz. amorphous, polycrystalline, poly-
mers, surfaces and solutions. Furthermore, EXAFS does not require any particular
experimental conditions, such as high vacuum and hence, samples of various physical
forms can be adapted for measurements in the experimental stations. Schematic of a

typical X-ray Absorption measurement is given in Fig 2.8.

Fluorescence

It
X—I"By sSource

S . r by s

Monochromator Sample

Figure 2.8 — A schematic of X-ray Absorption Spectrometer

2.5.3.1 Theoretical Background

The X-ray absorption coefficient for an atom in the photon energy range of 1-100 keV
is generally dominated by Photoelectric effect, which is a monotonically decreasing
function of energy, with several discontinuities known as absorption edges. These dis-
continuities occur when the energy of the incident photons equals the binding energy
of different core levels of the atom and are classified with capital letters (K,L,M...)
according to the principal quantum number of the core level ground state (n = 1,

2, 3...).An incident photon is able to extract a core electron, if its energy is equal

25



Optical and electronic measurements Chapter 2

to or greater than the edge energy. If the absorbing atom is isolated in space, the
photoelectron propagates as an unperturbed isotropic wave, but in a real material
since the absorber is surrounded by several neighbouring atoms, photoelectrons get
backscattered and the final state of the photoelectron can be described, by the super-
position of the original and scattered waves. This leads to an interference phenomenon
that modifies the interaction probability between core electrons and incident photons.
Constructive interference increases while destructive interference decreases the ab-
sorption coefficient of the atom. This interference phenomenon, for a given energy of
the photoelectron, depends on the distance between emitting and scattering atoms
and their scattering strengths and coordination numbers. Since the oscillations in the
absorption spectra are important, the experimentally obtained u versus E data is first

plotted as u(E) versus E, where p(FE) is defined as follows:

p(E) — mo(E)

X(E) N Apo(Ep)

(2.12)

where Ej is the absorption edge energy, u(E) is the experimentally measured fluo-
rescence, Apug(Ep) is the edge step and po(F) is a smooth background curve that is
fit to the data to remove several extraneous contributions to the data. Data analy-
sis in EXAFS is either done in k-space or in fourier transformed R-space. Hence the
absorption co-efficient y(F) is converted to k-space(x(k)) using the following relation.

2m(E — Ey)

k= 2

(2.13)

where m is the mass of the electron, x(k) is often weighted by either k?/k? to amplify
oscillations at high/low k. The k-weighted x (k) functions are fourier transformed to
R- space using ARTEMIS software package to generate the y(R) versus R spectra in
terms of real distances from the centre of the absorbing atom. x(R) versus R (radial

distances) plots are then used to derive the co-ordination number and radial distances
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of the atoms in various co-ordination spheres.
Various physical parameters like, co-ordination number, bond distance etc is derived
from EXAFS signal by using the following analytical expression, which is derived

using dipole approximation: '3

k) =3 N;fi(k)e ™ Ge =" Sin[2kR; + 0;(k)] (2.14)

where, IN; is the number of j th neighbours of the absorbing atom sitting at a distance
of R;, having a scattering amplitude of f; and creates a phase change of §j as the
photoelectron get scattered by its potential. The term o, represents the fluctuation
at the atomic positions (having both structural as well as thermal effect) and A is the
mean free path which determines the probability of the scattering photoelectron to
come back at the absorber, after being backscattered by the neighbour.

Different relevant parameters from the EXAFS signal are determined by fitting the
experimental EXAFS spectra with the above theoretical expression. The amplitude,
distance, phase and degeneracy of the different contributions corresponding to differ-
ent interactions (nearest neighbour and further interactions), are used as fitting pa-
rameters for fitting the experimental data. Different codes for EXAFS data analysis

programme are available among which, IFEFFIT package is most commonly used 4.

For a typical fitting of the spectra, crystallographic inputs of anatase phase is used.
The real space fittings are performed between 0.9 to 4A. Fourier transform are carried
out from k = 2 to 8 A~! with multiple k-weight. It is known that reduced 2 is far
greater than 1 in case of EXAFS due to poor assessment of the uncertainty in data and
due to imperfections in the calculations that go into the model. Hence, the goodness
of the fit has been measured by minimizing an alternate statistical parameter; known

as R-factor. R-Factor is defined by the equation;

o S IReCaa(ri) = xalra)? + Im(xa(ri) = xa(ro)))

> Re(xa(r:))? + Im(xa(rs))?] (2.15)
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2.5.3.2 Experimental Details of XAS Measurement

EXAFS measurements with synchrotron radiation are generally carried out in two
different modes viz., scanning and dispersive. Scanning modeis used for the work
reported in this thesis. The experimental arrangement in scanning mode (generally
called a beamline) uses a Double-Crystal-Monochromator (DCM) to select a partic-
ular energy from the incident synchrotron beam, which is then made incident on the
sample and the intensity of the transmitted beam passing through the sample, or that
of the fluorescence beam emerging out of the sample, is recorded with suitable detec-
tors along with the incident intensity at each energy, by scanning the DCM crystals.
Since, all the samples were thin films in the current work, fluorescence mode was used
to record the data. The experiments were done at INDUS-2 Synchrotron radiation

source a RRCAT, Indore, BL-09,® which is a Scanning EXAFS beamline.

2.6 Summary

The experimental techniques utilized for the study of N-TiO, thin films reported
in this thesis are described briefly with basic principle, major components of the

apparatus, and their technical specifications with schematic or block diagrams.
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Chapter 3
Doping of TiO, with Nitrogen.

3.1 Introduction

Titanium dioxide(TiO3) is a wide band gap semiconducting oxide which finds applica-
tion in the field of photo-catalysis, ! solar cells,? gas sensors,® hydrophobic -hydrophilic
switching coatings,* antimicrobial coatings etc.® owing to their tunable band struc-
ture. The photo-generated conduction band electrons and the valence band holes
induce relevant redox surface reactions. However, one of the main issues associated
with TiOs is the requirement of UV radiation with respect to its photo-activity for
generating conduction band electrons and valence band holes. The most abundant
source of this UV radiation is solar radiation which constitutes only ~ 5% of it and has
been exploited for the photo-catalytic applications. It is well known that the visible
region of solar spectrum is ~ 50% and the effective utilization of this natural solar
energy warrants the proper tapping of this part of spectrum too. Therefore, several
methods have been adopted in literature for this purpose. As will be explained in the
next section, nitrogen doping of TiO, seems to be the most viable method. Narrowing
the band gap of earth-abundant wideband gap metal oxide photocatalysts to increase
their visible light absorption is crucial in advancing their applications in solar-to-fuel

energy conversion.
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Doping of Ti0, by Nitrogen:

Among the various band engineering methods adopted to make visible light active
TiO, , nitrogen doping has been found to be the most effective, taking into considera-
tion the detrimental effects such as photo-corrosion, generation of electron-hole recom-
bination sites etc.® ' The visible light activity in N-doped TiO, has been attributed
to either reduction of band gap®!? or presence of isolated interband states. > This
band gap alteration is dependent on the nature of nitrogen containing chemical species
in TiO,. In this context, it is pertinent to discuss chemical nature of the nitrogen in
TiO,, which in turn affect the band structure. Amongst the various methods for prob-
ing the chemical nature of nitrogen, X-ray Photoelectron spectroscopy(XPS) is the
widely used technique. Since, XPS utilizes the binding energy of the photo-electrons
to understand the surrounding chemical environment at a local level, titanium oxy
nitride systems are referred in this article primarily to understand the chemical na-

1617 = Other aspects of oxy-nitride systems with

ture of nitrogen inside TiO, matrix.
respect to difficulties in its synthesis are out of the purview of this work. Coming
back to the chemical nature of the nitrogen in TiO,, it is known that when nitrogen
is doped in TiO,, it can either replace the lattice oxygen or sit in the interstitial po-
sitions of the lattice, referred as substitutional nitrogen (N;) and interstitial nitrogen
(N;) respectively. It is known that in case of substitutional nitrogen the band gap is
lowered, while interstitial nitrogen introduces interband states.!® It has been proposed
in literature that, doping of TiO, under oxygen rich(deficient) atmospheres may lead
to interstitial(substitutional) doping respectively.'® In addition, nitrogen doping also
leads to formation of molecular N, or NO kind of species in TiO, matrix. In the case
of nitrogen-doped metal oxides, and oxynitrides, only the actual substitution of O%~
with N3~ with high N concentrations result in the desired band gap narrowing by
elevating the valence band edge.!%!® Furthermore, the position of nitrogen dopants

with respect to the surface has an impact on the photoconversion efficiency.'%2° Syn-

thesis of N-doped TiO, in controlled conditions involves replacing the oxygen in TiO,
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by nitrogen atoms, which leads to creation of oxygen vacancies.?' 2 Theoretical cal-
culations evidence that electronic structure of N-doped TiO, strongly depends on
concentration of oxygen vacancies.?* Hence, controlling the number of oxygen vacan-
cies is paramount in obtaining the desired band gap. Details regarding the oxygen
vacancies in TiO, under similar synthetic conditions as studied in this thesis will be
discussed in another chapter. In addition, theoretical calculations revealed that a
significant band gap narrowing occurs only under heavy nitrogen doping.?>2% Thus,
for band gap narrowing following conditions should be realized: (i) anionic N — O
substitution and minimization of N, and NO structural defects, (ii) the optimal con-
centration of oxygen vacancies and (iii) the high doping level. Though, initially band
gap narrowing was considered as the precondition to obtain visible light activity in
Ti0,,it can still be obtained by introduction of interband states when nitrogen goes to
a non-crystallographic location known as interstitial nitrogen. These interband states
consist of N 2p states which lies just above the valence band consisting of O 2p states.
The electrons get excited from these states to conduction band at a lower energy than

the band gap energy thus making the material visible light active.

As the location (substitutional /interstitial), concentration and chemical state of ni-
trogen is crucial, it is pertinent to discuss these aspects in detail. Amongst the tech-
niques available to probe the aforementioned properties, XPS (X-ray Photoelectron
Spectroscopy) and XAS (X-ray Absorption spectroscopy)are two techniques which
are widely used and are used in this thesis. Although, an alternate technique such as
electron paramagnetic resonance(EPR) is often used to determine the chemical state,
concentration and location of nitrogen vis-a-vis the TiO,, lattice which can detect very
low concentrations of paramagnetic species, it can not discriminate between intersti-
tial and substitutional sites.!® XPS is a surface analytical technique, which reveals
information from surface and subsurface level by adopting in-situ sputtering tech-

niques. The X-ray photo-electron spectrum corresponding to N 1s electron is noisy
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due to its low nitrogen concentration. Hence, XAS is particularly and routinely em-
ployed for the determination of the dopant location in the crystal lattice. Moreover,
it also has the advantage of determining the co-ordination sites composed of elements

possessing nearly equal X-ray scattering power.

This chapter discusses the synthesis of N-TiO, by spray pyrolysis, its structural and
morphological charcterisation by GIXRD and FESEM. The optical properties have
been studied by UV-Vis spectrometry while chemical nature and the quantitative
evaluation of amount of dopant has been deduced using XPS. The electronic transi-
tions, position of the nitrogen dopant and the effect of nitrogen doping on the local

structure has been elucidated using XAS studies.

3.2 Synthesis of N:TiO, by spray pyrolysis method

Nitrogen doped TiO, thin films were synthesized by using a custom made ultrasonic
spray pyrolysis set up. The synthesis consists of optimization of; (i)precursor volume;
(ii) air column distance between the nebuliser exit and the substrate and(iii)synthesis
temperature. The preliminary parameters for optimization were based on the work of
Raut et el.?” For a typical synthesis, 50 ml of 0.035 M titanium oxyacetylacetonate
and 20 ml of 0.15 M hexamine solution in alcohol was first ultrasonically atomized
using a 1.7 MHz ultrasonic nebulizer. The generated aerosols were expected to have
fairly uniform size distribution in the range 0.5-5 pm with a maximum distribution
around 3 pm.The aerosols were transported to Si(100) substrates fastened onto a flat
heater, through a vertical glass column. These aerosols containing titanium oxyacety-
lacetonate and hexamine undergo oxidative decomposition at the substrate surface
to form the desired Nitrogen doped TiO,thin films. The substrate temperature T
for synthesis of N-doped and pristine TiO,, were varied from 400 to 550°C in steps of

50°C.
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3.3 Characterisation of the N:TiO, films.

The film thicknesses measured using a surface profilometer (Dektak, USA) for the
films synthesized are listed in Table 3.1. The thickness of the films ranged from 250
to 343nm. A pursual of the roughness values indicate that the films are sufficiently

smooth and coherent.

Table 3.1 — Thickness and Roughness of N-TiO, thin films

Sample id  Film thickness(nm) Film roughness(nm)
N:Ti0,400 °C 313 3.1
N:Ti0,450 °C 250 3.0
N:Ti0,500 °C 297 2.9
N:Ti0,550 °C 343 1.2

3.3.1 Crystallographic Studies

The GIXRD patterns of pristine and N-doped TiO,, thin films shown in Fig 3.1 re-
vealed formation of anatase phase, as evidenced from JCPDS file number 21- 1272
(space group I4;/amd). The most intense peak corresponds to (101) plane of the
anatase phase at a 26 value of 25.30°. The crystallite size was calculated by using the
Scherrer formula and is listed in Table 3.2. A clear increasing trend in crystallite size

with synthesis temperature is observed from the table.
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Figure 3.1 — GIXRD of N-doped TiO, synthesized at 400,450, 500 and 550 °C

Table 3.2 — Crystallite size of N-TiO, thin films

Sample id  Crystallite size(nm)

N:Ti0,400 °C 19+ 2
N:Ti0,450 °C 274 2
N:Ti0,500 °C 32+ 3
N:Ti0,550 °C 54+ 6

3.3.2 Microstructure

The evolution of microstructure (figure 3.2) of the films as a function of temperature
was studied using FESEM. The surface morphology of the films synthesized at T,
= 400 °C, 450 °C appeared smooth and dense indicating early stages of formation
of grains. Formation of well defined grains with a width and thickness of 20 nm
and 10 nm, respectively were observed for synthesis temperature of 500°C. The films
synthesized at 550°C exhibited nano-platelets of 10 nm thickness with triangular and
rectangular shapes, along with crystal twinning. The crystal twinning is associated

with the increased grain size upon increase in Ts. When crystallites grow in size, the
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film is expected to experience reduced magnitude of strain. This strain relaxation
is expected to cause the morphological changes giving rise to shape transition as

observed in the FESEM images.?®
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Figure 3.2 - FESEM of N-doped TiO, synthesized at 400, 450, 500 and 550 °C

3.4 Nitrogen concentration and nature of Bonding.

Concentration of nitrogen and its nature of bonding in N-doped TiO, thin films were
calculated using X-ray photoelectron spectra (XPS). The high resolution spectra for
N-doped TiO, thin films, given in Fig 3.3, 3.4, 3.5 and 3.6, were analyzed using the
product of Gaussian and Lorentzian functions with the mixing parameter, ‘m’ being
30% Lorentzian. Conventional Shirley type fitting was used for background correction.

The atom fraction of nitrogen was calculated using the following equation;

In—1s
XN - Sx (31)
Iri_2p + lo-1s + In_1s
Sty So SN

where In_1; is the peak area of the N-1s peak corresponding to O-Ti-N (No), Iri—2,

is sum of the areas of the Tisp deconvoluted peaks and Io_is is area of the O-1s
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corresponding to bonded oxygen. The nitrogen concentration in 400°C, 450°C, 500°C

and 550°C was found to be 9, 8, 7.5 and 2.6 % respectively.
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Figure 3.3 — X-ray photoelectron spectra details collected from the N-doped TiO,
thin film deposited at 400°C (a) Ti 2p3/5, (b) N 1s and (c) O 1s core levels.
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Figure 3.4 — X-ray photoelectron spectra details collected from the N-doped TiO,
thin film deposited at 450°C (a) Ti 2p3/s, (b) N 1s and (c) O 1s core levels.
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Figure 3.5 — X-ray photoelectron spectra details collected from the N-doped TiO,
thin film deposited at 500°C (a) Ti 2p3/2, (b) N 1s and (c) O 1s core levels.
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Figure 3.6 — X-ray photoelectron spectra details collected from the N-doped TiO,
thin film deposited at 550°C (a) Ti 2p3/9, (b) N 1s and (c) O 1s core levels.
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3.5 Optical properties

The optical band gap of the doped thin films are calculated using Tauc Plot (variation
of (ahv®® with hv), obtained from the diffuse reflectance spectra of the films. The

Tauc expression is given as;

(ahv)n = A(hv — E,) (3.2)

where h is the Planck’s constant, v frequency of vibration, o absorption coefficient, E,
band gap and A the proportionality constant. The value of the exponent ‘n’ denotes
the type of transition. For direct allowed transition n=0.5 and for indirect allowed
transition n=2. Since TiO, is an indirect band gap material, n = 2. The variation in
(ozhl/o‘B) with hv, for samples synthesized at T,= 400, 450, 500 and 550°C, are shown

in figure 3.7.
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Figure 3.7 — Tauc plot of N-doped TiO,.
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It is seen from the spectra that there are two linear regions. The optical band gap
obtained by taking the x-intercept at y=0 was between 3.22 eV - 3.32 eV. The intercept
from the smaller linear region show energy states situated at 3.19, 3.09, 2.97 and 2.93
eV for films synthesized at Ty = 400, 450, 500 and 550 °C respectively. The additional
features in the tail region of the spectra are due to the modified electronic structures
although direct one to one correlation is not straight forward.'* The presence of a
linear region corresponding to the energy less than the band gap energy indicates
introduction of interband states, as mixing of N-2p states with O-2p states are too
weak to produce significant band gap narrowing in absence of a higher amount of
N-doping. %446 These interband states consists of N 2p states with a finite electron
density and are situated at a difference of around 0.2 to 0.3 eV. Since, these states lie
above the valence band, the electrons from these states are excited to the conduction
band at an energy value corresponding to visible region of the spectrum. This is
in agreement with the study of Lee et al., whose first principle density-functional
calculation has shown that absorption of visible light is due to isolated N-2p states

(Interband states) above the valence band maximum.!*

3.5.1 Nature of Bonding

In this work, hexamine is used as a precursor to introduce nitrogen into the TiO,
matrix. Decomposition of hexamine yields Hy,, NH;, mono-, di- and trimethylamin
etc in the working temperature regime of this work (400- 550 °C).?%3° These nitrogen
containing species when pyrolysed along with titanium oxy-acetyl acetonate in an open
atmospheric condition may lead to various species like NO, NH, molecular nitrogen,
Ti-N-O and Ti-O-N kind of linkages inside TiO, matrix. Hence, to understand the
chemical nature of the nitrogen in TiO, N-1s apectra obtained from XPS are analysed

here.
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Figure 3.8 — N-1s spectra of N-doped TiO,, synthesized at (a) 400,(b) 450, (c) 500
and (d) 550 °C at 6 minutes sputter depth.

N-1s spectra of the samples synthesized at 400, 450, 500 and 550°C, obtained after
6 minutes sputtering, are given in figure 3.8. Deconvolution of high resolution N-1s
spectra of all the samples show one high intensity peak at 396.6 eV(Peak A) and
two low intensity peaks at 397.5(Peak B) and 400.1 eV (Peak C). The different N-1s
BE values represent different electron density around nitrogen suggesting various N

environments in the lattice, which are enumerated below.

1. Peak A(396.6 eV) of Nls spectrum has been either inferred as substitutional
nitrogen or as chemisorbed atomic nitrogen (widely denoted as $-N) which is

terminally attached to the matrix at the surface through ¢ bonding. 173173

2. Peak B (397.5¢V) has been either inferred as Ti-O-N kind of linkages of the
oxynitrides'” or chemisorbed N,, which is attached to the matrix via 7 bond-
ing. However, since this study employs hexamine as dopant precursor, which
undergoes vapor phase decomposition to yield N-doped TiO,, chemisorbed N,

is safely ruled out here.?® Ti-O-N kind of linkages are broadly represented by
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the binding energies in the range of 395.6- 397.1 eV. Saha et al. has studied
oxynitrides and found that when the nitrides undergo oxidation the peak at
397.1eV experiences a shift in its position depending on the degree of oxidation.
Hence, the peak at 397.5 eV can be ascribed to Ti-O-N kind of linkages of the
oxynitrides and has been described as an intermediate peak by Saha et al.!”
The variation in binding energy in the range of 395.6- 397.1 eV also depends on

the variation in the oxygen to nitrogen ratio.

3. Peaks in the regime of 399-401 eV are ascribed to surface adsorbed NO,*” bulk
interstitial NO?~,3® interstitial Ny ,3% and interstitial N.3°! In this work, peak
C (only a small peak centered at 400 eV) is observed and is attributed to either

NO kind of chemical species or interstitial NO?~. 42744

Since, the position of nitrogen in a lattice affects the electronic structure of the mate-
rial, it is prudent to discuss Peak A in detail here, which signifies nitrogen replacing
an oxygen from its lattice point in TiO, lattice. A careful and detailed literature sur-
vey in this aspect revealed that Peak A is broadly referred as substitutional nitrogen
owing to the fact that it matches with the binding energy of N1s in Titanium Nitride
crystallographic phase and does not necessarily mean that nitrogen replaces an oxy-
gen from the lattice site. It is known that XPS as a technique is capable of measuring
the binding energy which in turn is indicative of its oxidation state. However, it does
not offer any insight into the crystallographic positions occupied by an atom, which
is being probed. Hence, it is safe to say that peak A represents Ti-N kind of linkages
without committing to its crystallographic site.

As the crystallographic position can not be deduced from XPS, it can not be com-
mitted at this juncture whether the chemical species is NO or interstitial nitrogen
sitting at a non lattice point with a Ti-N bond length different from the Ti-N bond
distance when 'N’ is located at a lattice point. Thus, the XPS data reveal incorpora-

tion of nitrogen to the TiO, crystal lattice as Ti-N and NO. Three kinds of chemical
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species which are most likely formed under the synthetic conditions used in this work

is represented in Scheme 3.1.
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Scheme 3.1 — (a) Substitutional nitrogen (b) Interstitial nitrogen (C) Terminally
bonded atomic like Nitrogen(S-N).

Since, XPS as a technique can only distinguish between different chemical environment
around a particular element and can not shed light on the crystallographic position
occupied by the said atom inside a matrix, X-ray absorption spectroscopy was em-
ployed to pinpoint the position of the nitrogen atom inside TiO, matrix, which will

be discussed in the following section.

3.6 X-ray Absorption studies

As mentioned in the introduction and in the previous section, X-ray Absorption Spec-
troscopy (XAS) is employed for the determination of the dopant location in the crystal
lattice. Moreover, it also has the advantage of determining the co-ordination sites com-
posed of elements possessing nearly equal X-ray scattering power. Since, the location
of the nitrogen is of paramount importance in the current study, XAS spectra were
analyzed to deduce the location of nitrogen and the resulting change in Ti-N bond
distance from the ideal value in TiO, matrix. This section discusses, XAS studies
of N-doped TiO,(anatase) thin films synthesized by spray pyrolysis method. X-ray
Absorption Spectrum is broadly classified into three regions; Pre-edge, Edge and Post

edge region, which is discussed below.

74



Chapter 3: Chapter 3

3.6.1 Analysis of the XAS spectrum
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Figure 3.9 — Normalised Ti K-edge Spectra For Pristine and N-doped TiOs,.

X-ray Absorption Spectrum of spray pyrolysis synthesized TiO, and N-doped TiO,
anatase films is given in Figure 3.9. XAS spectra possesses three distinct regions viz.
the edge, pre-edge (Peak Aj, Ay and A3z) and an extended region after the edge. The
edge has a white line (Figure 3.9) above the edge in the present study. The white
line is characteristic of anatase phase as confirmed from section 3.3.1) and can be
attributed to the promotion of a photoelectron to the vacant np orbital of Ti or the
anti-bonding orbitals of Ti-O.47

In addition to this, XAS spectra is characterized by sharpness of absorption step
maxima and the rate at which the absorption spectra tails off, which is a function
of sample thickness according to Grunes et al.*® They observed that thinner sam-
ples produce sharp absorption step and a rapidly decaying tail. By comparing the
absorption spectra of the doped and pristine TiO, thin films, it has been observed
that the absorption spectrum tails off rapidly for samples synthesized at T = 500°C,

which are the thinnest compared to that of those synthesized at T = 400, 450°C .48:50
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The observed thickness is explained on the basis of mechanism of film synthesis. It is
known that depending on the synthesis temperature the precursor condensates on the
substrate and then undergoes reactive decomposition or the precursor evaporates and
the vapor undergoes reactive decomposition on the substrate to form the thin film.
At higher temperatures precursor vapor decomposition followed by deposition of the
decomposition product (TiO,) onto the substrate is also possible. At low temperature
(Ts = 400°C), deposition of precursor followed by decomposition is the preferred path,
whereas at the moderate temperature (T = 450 °C) evaporation of precursor followed
by vapor reactive decomposition at the substrate surface is the preferred route. At
500 °C decomposition of precursor vapor before reaching the substrate is expected. In
such a situation the film synthesized at T;= 500 °C will be porous and thinner. The
effect of the substrate temperature on the thickness of the samples is corroborated in

the present study.*’

3.6.2 Near edge (Pre-edge) Features
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Figure 3.10 — Near edge Features of Ti K-edge for Pristine and N-doped TiO,

The pre-edge region consists of three pre-edge peaks (A, Ay and Az at 4957, 4961

and 4963 eV respectively) is given figure-3.10. Occurrence of these three peaks in the
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pre-edge region is attributed to lack of centre of inversion symmetry in anatase, which
consists of distorted TiOg octahedrons. The effect of presence of inversion symmetry
on the near edge features has been described by Sandstrom et al. They observed that
when a system lacks a centre of inversion symmetry the pre-edge features consists of
weak dipole forbidden 1s-3d transitions.®? The effect of lack of inversion symmetry on
the XAS spectrum is understood by studying XAS in the frame work of either one
electron transition model or many body corrections to the one electron model. In one
electron transition model, only one electron is excited to an unfilled state present in
initial, unperturbed solid without affecting any other electrons in the atom. Though
this model has successfully described the X-ray absorption cross sections of metals, it
has failed to explain the absorption cross section of metal oxides, where a few electron
volt band gap is present. This happens because the excited electrons are poorly
screened by the valence electrons from the core-hole. So, many body corrections
like relaxation of valence electrons with respect to core-hole, excited electron-core
hole interactions come into play, thus relaxing the symmetry of the final states of
the transitions.*® For metal oxides, Glen et al. described the origin of K- edge near
edge spectra using one e- molecular orbital theory type transitions whose energies are
modified due to presence of core-holes though some features are still unexplained.?
This in turn leads to dipole forbidden transitions as opposed to the dipole selection

rule of XAS, i.e Al = 4+ 1; Al = 41 being the favored transition.

In light of this, the origin of pre-edge peak A; is ascribed by Chen et al. to an exciton
band or due to 1s to 1t;g transition from possible perturbation due to shake-up and
shake-off processes and the origin of A, and Aj is attributed to the 1s-2tg and 1s-3e,
transitions in the octahedral field, respectively .53 Chen et al. observed a systematic
increase in the intensity of the A, peak with decrease in particle size indicating an
increase in TiO4 octahedron distortion because of the anisotropic environment felt by

the Ti atoms on the surface of the nano-particles. No such variation was observed in
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the present study mainly because, compared to nano-particle powder, the difference
in number density of surface TiO4 octahedra between the thin films, due to the dif-

ference in crystallite size, is small.

The reason and explanation for weak near edge peak B (shown in figure 3.9) is less clear
cut as compared to Pre-edge peaks A;, Ay and Az. Glenn and Dodd described it as
a resultant of monopole 1s-to-4s transitions to the 3a;, molecular orbital.?® However,
they have arrived at this conclusion using molecular orbital theory and one electron
transitions. Since, TiO, is an insulator and has a long range order, a simple molecular
orbital approach could not be competent enough to explain the near edge feature B.
Hence, it is attributed to 1s to 4p (4t;u) transitions by considering the solid state

contributions due to long range order, to describe the final state wave functions.?* 56

Apart from the occurrence of pre-edge peaks, a comparison among N-doped and un-
doped samples shows that that the A;, Ay and A3 peaks shift towards higher energy
side in the case of N-doped TiO, as compared to pristine TiO,. This is attributed
to the higher oxidation state of the core metal atom (Ti), induced by nitrogen in the
co-ordination sphere.*® The presence of nitrogen in the co-ordination sphere is also
corroborated from the analysis of extended X-ray absorption spectra which will be

discussed below.

3.6.3 EXAFS (Extended X-ray Absorption fine Structure)

The extended region of a XAS spectrum (100-200eV after the edge) is known as
extended X-ray Absorption fine Structure (EXAFS). EXAFS reveals information
about the bond distance, nature of the dopant (substitutional /interstitial ) and co-
ordination number of the atom under probe, which is extracted from the extended
region of the spectra by fitting the Fourier transformed data in R-space(x(R) versus
R) using ARTEMIS software package as described in Chapter 2. A typical fitting pro-

cedure includes (i) theoretically generating a model (using FEFF, whcih is included
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in Artemis Package) of TiO,, which generates Ti-O paths with certain initial fit pa-
rameters, (ii) Optimising the initial fit parameters so as to obtain the lowest value of
R (R is a statistical parameter described in Chapter 2). In the present study, crystal-
lographic inputs of anatase phase was used in FEFF to generate the initial model for

fitting of the XAS spectra.

TiOg octahedron is a distorted octahedron in case of anatase phase. The real space
fittings were performed between 0.9 to 3.8 A. Fourier transform were carried out from

k = 2 to 8 A~!. The Fourier transform have been carried out with multiple k-weight.

Four path parameters (Sy?, Ar, AEy, 0?) for each path were taken into consideration
for the fitting of experimental data with feff generated modeling using ARTEMIS,
which has IFEFFIT integrated in it.5” During the fitting process, the number of free
variables were always kept below the upper limit set by Nyquist theorem (N g .=
2AkAr/m + 1). Four paths ie (Ti-O), and (Ti-O)4, from the first co-ordination
sphere and two Ti-Ti paths from the immediate co-ordination sphere were consid-
ered for the fitting of pristine spectra. Only the single scattering paths were included
in the analysis, since the rank of multiple scattering paths were very low. The over-

all value of R-factor was then tried to be minimized to establish the goodness of the fit.

For determining the position of nitrogen, two ways were considered viz; the first
method involves replacement of one Ti-O path out of six Ti-O paths with Ti-N | the
second method involves taking an independent Ti-N path from titanium nitride apart
from six Ti-O path pertaining to TiO4. In the first case scenario, when oxygen in
the anatase structure was replaced with a nitrogen to build a theoretical model of
titanium dioxide with substitutional nitrogen and the resultant paths were optimized
to fit the experimental data, the R value was very high. However, when Ti-N path
from a different feff calculation of only TiN was used along with paths from anatase

phase, R value improved drastically. While generating the theoretical model of TiN,
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it was kept in mind that the TiN phase of a cubic space group i.e Fm3m is used ,
in which Ti atom had the same site symmetry as that of Ti in TiO, anatase. The
change in co-ordination number incurred due to nitrogen insertion was accommodated
in amplitude (Sy?) of the fit parameters. The Sy* of Ti-N path was set to be x and
both (Ti-O)., and(Ti-O),, paths were set as 1-x. The fitted curves in R-space is given

in fig 3.11 and that of k- space is given as fig 3.12.

—Ml— Ti400udp, | 7 ——Ti400dp, -
11 —@Fit

—@ Fit

-3

—l— Ti450udp
—@ Fit

o

xR/ (R)

— B Ti450dp| 1
@ Fit

—M— Ti500udp, | 1
—@ Fit

B Ti500dp| ]
@ Fit

0 2 40 2 4
Radial distance/A

Figure 3.11 — Extended Region fitting using ARTEMIS in R-space.
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Figure 3.12 - Fitted magnitude of k3-weighted Ti K-edge EXAFS spectra For Pristine
and N-doped TiO,.

Table 3.3 — Fitted path parameters for the pristine TiO, thin films

Sample id  Paths Bond length (A) CN(N *S,%) o2 (A)> R

Ti0,400 °C  Ti-O 1.913(1) 4.00(1) 0. 0012(1) 0.03
Ti-O 1.915(5) 0.866(2)  0.0011(5)

Ti0,450 °C  Ti-O 1.910(1) 4.80(1) 0.0010(5)  0.02
Ti-O 2.184(2) 1.468(04)  0.0010(2)

Ti0,500 °C  Ti-O 1.960(1) 3.204(3)  0.0010(1) 0.005
Ti-O 1.824(03) 1.298(6)  0.0010(2)

Table 3.4 — Fitted path parameters for the N-doped TiO, thin films

Sample id Paths Bond length (A) C.N(N % Sp*) o2 (A)? R
Ti05 . N,400 °C TO 1.952(1) 3.072(7)  0.0010(5) 0.01
Ti-O 1.953(1) 1.536(7)  0.0010(4)
Ti-N 2.326(2) 1.344(7)  0.0010(5)
TiOs_,N,450 °C  Ti-O 1.949(1) 3.202(3)  0.0017(2) 0.01
Ti-0 1.984(3) 1.646(3)  0.0010(2)
Ti-N 2.334(1) 1.056(3)  0.004(3)
TiOs_,N,500 °C Ti-O 1.954(3) 2.920(03)  0.0017(1) 0.02
Ti-O 1.984(2) 1.460(04)  0.0010(3)
TN 2.371(02) 1.614(03)  0.0010(03)

The Ti-O distances and the co-ordination numbers corresponding to each path, ob-

tained from the EXAFS, for the pristine and N-doped TiO,, anatase samples are shown
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in Table 3.3 and 3.4.

3.6.3.1 Discussion on Co-ordination Number.

The co-ordination number of Ti in the first co-ordination sphere for the undoped TiO,,
(table 3.3) synthesized at Ty = 400, 450 and 500 °C is 4.8, 6.2 and 4.4 respectively.
The films obtained at T, = 450 °C is found to be stoichiometric compared to those
obtained at T, = 400 and 500 °C. The substoichiometry of the films obtained at
Ts = 400 and 500 °C is attributed to the thin film formation pathways followed at
the respective synthesis temperatures. In the present study, the thin film formation
pathway can be described as solvent evaporation followed by reactive decomposition
of the precursor (Titanium oxyacetyl acetonate) at or near substrate surface. From
the surface morphologies of the films obtained at 400, 450 and 500 °C, it is inferred
that at Ty = 400 °C, the precursor undergoes reactive decomposition at the substrate
immediately after solvent evaporation, resulting in TiO, films without well defined
grains.® Whereas at T, = 450 °C, the precursor undergoes vaporization after the
solvent evaporation and the vapors undergo reactive decomposition at the substrate
to give TiO, films of well defined grains. At T, = 500 °C, the precursor vapors
decompose to TiO, before reaching the substrate and the nascent TiO, deposit onto
the surface giving rise to porous TiO, coating. Thus, in the present experimental
condition, 450 °C is found to be the ideal substrate temperature for synthesis of

stoichiometric TiO, thin films.

The co-ordination number of Ti with respect to oxygen atoms in the first co-ordination
sphere in the N-doped TiO, (table 3.4) synthesized at Ty = 400, 450 and 500 °C is
4.6, 4.9 and 4.3 respectively. A look at the co-ordination number of Ti-O atoms in the
first co-ordination sphere for doped samples reveal that, when nitrogen is introduced
at a bond distance of ~2.33 A, the number of oxygen atoms in the first co-ordination

sphere decreases. It is clearly seen that N-doped TiO, follows the similar trend in
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stoichiometry as that of TiO,. The co-ordination number of Nitrogen in the Ti with
respect to doped nitrogen is 1.35, 1.06 and 1.62 in the case of films synthesized at T

= 400, 450 and 500 °C respectively.

3.6.3.2 Discussion on Bond lengths.

The (Ti-O)g4, and (Ti-O),, distances obtained in the present study are compared with
the PAW-DFT calculated values from ref> and is given in Table-3.5.

Table 3.5 — Comparision of Ti-O bond distances for pristine TiOg obtained from DFT
calculation® and EXAFS [present study]

Bond Stoichiometric, V,(eq)(i) Vo(az)(i) 400°C(ii) 450°C(ii)| 500°C(ii)
distance | TiO,

(Tk- 1.94/1.95 1.81/1.92/1.91| 1.86 1.913(1) | 1.910(1) | 1.960(1)
O)eq

(Ti- 2.00/1.98 1.92/1.96 1.93/1.92/1.90| 1.915(5) | 2.184(2) | 1.824(0)
O)am

i) Calculated values from DFT by Ceotto et al.(From Table 1 and 2 of reference®)
ii)Values from the present EXAFS study.

It is observed from table 3.3 that (Ti-O),, remains almost same for pristine samples
synthesized at Ty = 400 °C (1.913(1) A) and 450 °C (1.910(1) A), whereas for the
films synthesised at T, = 500 °C, it is 0.05 A higher (1.960(1) A). (Ti-O),, bond
distances vary in the following order;

(Ti-0)az (s00) 1.824(0) A< (Ti-0)us (a00) 1.915(5) A< (Ti-0)4s (450)2-184(2) A.

The trend in axial bond distances is in agreement with the earlier reports.?® The
(Ti-O)ap (2.18 A) and (Ti-0),(1.91 A) obtained for the stoichiometric film made
at 450 °C is close to the PAW-DFT calculated value of 2.0 and 1.94 A respectively,
obtained by Ceotto et al.®® In the case of the sub-stoichiometric samples oxygen
vacancies can be in the axial or equatorial positions, and the (Ti-O),, and (Ti-O),,
distances depend on the oxygen vacancy position. The PAW-DFT calculated (Ti-
O)ar and (Ti-O), distances in the presence of axial / equatorial oxygen vacancies
are given in Table-2 of the paper by Ceotto et al.® The PAW-DFT calculated (Ti-

o

O)ar and (Ti-O), distances in the presence of axial oxygen vacancies are 1.86 A
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and 1.90/1.92/1.93 A respectively. The value matches with those of the samples
synthesized at 500 °C ((Ti-O)qp = 1.824 A and (Ti-0)e, = 1.96 A). The calculated
(Ti-O),, and (Ti-O),, distances in the presence of equatorial oxygen vacancies are
1.92/1.96 and 1.81/1.92/1.91 A respectively. The values are in reasonable agreement
with those of samples synthesized at T, = 400 °C ((Ti-O)qp = 1.915 A and (Ti-
O)eq = 1.913 A). From a careful comparison of the calculated values with the EXAFS
values obtained in the present study it can be discerned that for the sub-stoichiometric

samples, oxygen vacancies are present at both axial and equatorial positions.

Similarly, a clear trend in (Ti-O),, as well as the Ti-N bond distances are observed for
the N-doped TiO,, thin films synthesized at T = 400, 450 and 500 °C from table 3.4.
The (Ti-O),, remains nearly constant in all the three samples. (Ti-O),, has a value
of 1.953(1) A at 400 °C and 1.984(3) A at 450 °C and 1.984(2) A at 500 °C. To have
a better understanding of variation in the bond length in undoped and N-doped TiO,
films with respect to temperature; bond length vs Synthesis temperature is plotted

and shown in Figure 3.13.
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Figure 3.13 — Bond length vs synthesis temperature

Assuming the (oxygen vacancy) / Ti ratio to be same as that of N/Ti (a rough

estimate) the weighted average of the PAW-DFT calculated Ti-N bond distance is
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found to be 2.2 A which is close to the EXAFS value obtained in the present study
(2.3 A).

When a certain amount of nitrogen is introduced into the thin film, it either replaces a
lattice point oxygen known as substitutional (Ny) or goes to non lattice point locations
widely known as interstitial (N;) nitrogens and creates four kinds of Ti-centered oc-
tahedrons viz. octahedron having one nitrogen (TiO;N), octahedron having nitrogen
as well as an oxygen vacancy (TiO4N V,), octahedron having only an oxygen vacancy
(TiO5V,) and pristine TiOg octahedrons. In the present study, only the nitrogens
at non-lattice points (henceforth referred as (N;)) are considered, since substitutional
nitrogen could not yield a decent fit with discernible parameters. The Ti-O bond
distances derived from EXAFS is an average of all the bond distances. So, to gain a
holistic view of how these bond distances vary with different amount of nitrogen con-
centrations, the EXAFS derived bond distances are compared with the bond distances
derived from DFT calculations done by Ceotto et al.®®

Table 3.6 — Comparision of Ti-O bond distances obtained from DFT calculation®?
and EXAFS [present study]

Synthesis N/Ti (T (Ti- (Ti- (Ti- (Ti- (Ti-
O)eq O)eq O)eq O)a;r O)a:v O)aa:
Temp.  (Atom  (i)* (ii)(dp)  (i))(udp) (1) (ii)(dp)  (ii)(udp)

Ratio)
400°C 0.282 1.94 1.952(1) 1.913(1) 1.98 1.953(1) 1.915(5)
450°C  0.237  1.94 1.949(1) 1.910(1) 1.98 1.984(3)  2.184(2)
500°C 0.24 1.94 1.954(3) 1.960(1) 1.98 1.984(2) 1.824(03)

i) Calculated values by considering the N/Ti atom ratio along with the values from
DFT by Ceotto et al. ii)Values from the present EXAFS
study;dp-doped;udp-undoped.

Knowing the fraction of each type of octahedron present, one can theoretically calcu-
late the average (Ti-O),, and (Ti-O)., bond distances of interstitially N-doped TiO,.
So, to evaluate the average (Ti-O),, and (Ti-O), bond distances from the DFT, aver-
age (Ti-0),4, and (Ti-O),, of TiO5N;, TiOs N; V, and TiO5 V, were calculated. The

axial and equatorial distances corresponding to each case is obtained from column 5,
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6 of Table 1 and column 6, 7 of table 2 ref [59].%". For a given N/Ti fraction "x”, there
will be x number of ocathedrons, which are affected by nitrogen(i.e. TiO;N;, TiOs
N; V, and TiO5 V, ) and 1-x number of pristine octahedrons (TiOg). The average
(Ti-O)g, is then given by the summation of x fraction of (Ti-O),,(DFT N-doped) and
(1-x) fraction of (Ti-O),, (DFT Pristine). Similar method is followed for the bond dis-
tance of (Ti-O)e,. The value of (Ti-O),,( DFT Pristine) or (Ti-O).,(DFT Pristine)
is obtained from column 2 of table 1 of ref [59].° The final calculated average Ti-O
distance for interstitially doped N-TiOs corresponding to different N-concentrations
of the present study is given in Table 3.6 and is compared with the Ti-O distances
obtained from the present EXAFS results. There is very good agreement between the
DFT calculated values and those obtained from EXAFS study for samples synthesized

at 450 and 500°C. The agreement for samples made at 400 °C is reasonable.

In addition, it is observed that there is an overall increase in (Ti-O)., and (Ti-O),,
bond distances in doped samples with respect to pristine sample, which can be at-
tributed to the dominant effect of nitrogen occupying the interstitial position. Ceotto
et al. have shown that, when the nitrogen goes to interstitial position the axial bond
lengths elongate as observed in the present study, corroborating the claim that the

nitrogen prefers interstitial position over substitutional.

3.7 Conclusion

Nano-structured pristine and N-doped TiO, thin films were synthesized using a cost
effective and environmental friendly spray pyrolysis technique at 400, 450, 500 and
550 °C. Morphological and crystallographic studies of the films confirmed formation
of well defined crystalline grains of anatase phase. Nitrogen concentration of the
films were calculated from X-ray photoelectron spectra. It was observed that the
maximum nitrogen concentration that we could obtain is 9%. However, this did

not lead to any band gap narrowing as observed from UV-Vis spectroscopy. The
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location of the nitrogen dopant was deduced using two complimentary techniques
such as XPS and XAS. In addition, the exact location of nitrogen in the TiO, host
lattice in the thin films was found to be at non lattice point from the extended x-
ray absorption fine structure. The average Ti-O axial and Ti-O equatorial distances
in pristine TiO, and their changes on N-doping, corresponding to different nitrogen
concentrations, were calculated from the EXAFS results. The Ti-O bond distances for
the films synthesized at 450 and 500 °C are in good agreement with those evaluated
using the DF'T calculated Ti-O bond distances, for various configurations, given in the
literature. The relatively small disparity in case of 400 °C needs further investigations
to be made. The effect of reduced dimensionality in case of thin films was elucidated
by analysing the near edge features. The change in transition probability due to
particle size leading to increase in intensity of A, peak is not pronounced in the thin
films. The effect of film thickness was evident from the rapidly decaying tail and the

sharp absorption step for the thin films synthesized at 500 °C.
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Chapter 4

Synthesis and Structural Studies of

Oxygen deficient TiO,(TiOy_,).

4.1 Introduction

It is well known that introduction of an anion in titanium dioxide lattice results in
creation of oxygen vacancy so as to maintain charge neutrality. In particular, in the
case of nitrogen doped TiO,, three oxygen atoms are replaced for every two nitrogen
atoms, thereby creating one oxygen vacancy per formula unit. In addition to the
above, intrinsic oxygen vacancies are known to be present in oxide materials. Since,
creation of oxygen vacancy is concurrent effect, it is pertinent to assess the effect of
oxygen vacancy on the structural and electronic properties of TiO, comprehensively
when oxygen vacancies are introduced in a controlled manner. In addition, a possible
disadvantage of N-doping is that at high level of N-doping, the charge carrier recombi-
nation rate also increases.! hence, it is advantageous to make TiO, visible light active
by creating oxygen vacancies without external doping. In the light of this, researchers
in the last decade have focused mainly on the effect of oxygen vacancies on electronic,
optical, adsorption and photocatalytic properties of TiO,, with little attention to the

effect on local structure of TiO,. This chapter focuses on the synthesis of oxygen
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deficient TiO, thin films and the effect of oxygen vacancy on the local structure by
using X-ray absorption spectroscopy (XAS). Among other techniques for detection of
oxygen vacancies, Raman Spectroscopy,? X-ray Photo electron Spectroscopy(XPS),3
Electron Spin Resonance Spectroscopy,”® and Transmission Electron Microscopy have
been widely used. Inherent methodology used for data acquisition and sample han-
dling using these tools, limit their use in pin pointing the location and local structure
around oxygen vacancies. Moreover, the scope of these techniques also act as an
impediment to probe beyond the presence of oxygen vacancies. In addition to the
techniques spelt above, several indirect methods, such as temperature programmed
desorption have also been employed to detect oxygen vacancies. For example, in ref.%,
CO, has been used as a probe molecule to study the extent of oxidation/reduction of
surface from adsorption/desorption behaviour of CO,.% Although several direct and
indirect techniques address the issue of oxygen vacancy, the associated changes intro-
duced in local structure with the creation of oxygen vacancies is best addressed by
XAS. The added advantage of XAS is that the samples can be used in all the physical
forms, viz., powder, thin films and liquids. The measurements in the present study

were carried out in ambient condition.
Synthesis of Oxygen Deficient Anatase Ti0, :

In general, oxygen deficient TiO, is synthesized by utilizing one of the following meth-
ods as described in literature viz. thermal treatment, annealing under high vacuum
and high temperature conditions, high energy particle bombardment, thermal treat-
ment under oxygen depleted condition, doping with metal or nonmetal ions and oxy-
gen vacancy generation under reaction condition.” All methods mentioned above have

their own pros and cons.

It is shown by Pan et al. that in the case of high energy particle bombardment with
electrons, oxygen vacancies are generated at the surface. However, it is a reversible

process, where oxygen deficient surfaces restructure to the pristine sample at a very
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low temperature. Alternatively, when argon ions are bombarded on the surfaces,
it effectively generates permanent and irreversible oxygen vacancies. However, this
method is known to create bombardment related surface damages. Methods such as
doping with metal /nonmetal ions or reactive conditions for creation of oxygen vacancy
inserts unintended dopants and chemical contaminants in the lattice.

Hence, a simple method of vacuum annealing/annealing under hydrogen atmosphere

was chosen in the present study for creating oxygen vacancies. %3

An important fact that needs to be borne in mind while choosing the method of
synthesizing oxygen deficient TiO, is its phase purity. This is an essential prerequisite
for a credible XAS analysis, owing to the restrictions on number of free variables
(Nyquist theorem limits the number of free variables) during the fitting of extended X-
ray absorption spectra.®!Y However, it has been shown conclusively in Chapter 3 that
the custom made spray pyrolysis unit used in the present study indeed yields phase
pure anatase films. Therefore, phase pure anatase TiO, films that were synthesized by
spray pyrolysis technique are annealed in vacuum/H, environment to create oxygen
deficient TiO, films. Owing to difficulties in annealing under hydrogen environments
(extensive safety precautions are needed to handle H,), most of the oxygen deficient
TiO, are synthesized by annealing in vacuum. However, for the sake of completeness,
XAS studies of few samples synthesized in H, environment are also included in this
chapter.

It has been found in Chapter 3 that TiOs thin films synthesized by the custom made
spray pyrolysis unit at Ty = 450 and 500 °C are crystalline, phase pure and nearly
stoichiometric. Hence, in this work TiO, films synthesized at Ty = 450 and 500 °C
are considered and synthesized for delineating the role of synthesis temperature on
the creation of oxygen vacancies. The above synthesized films were then annealed in

vacuum (at T = T of the respective film)/ under hydrogen flow in a CVD chamber.
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The base pressure of the chamber was kept at 1073 mbar for the vacuum annealed
films. The vacuum annealing of the films were carried out for t = 2, 4, 6 and 8 hours.
When the films were annealed under hydrogen flow, the pressure of the chamber was

kept at 107! mbar.

4.2 Crystallographic studies

It is known from the literature that high temperature annealing under reductive at-
mosphere (vacuum as well as under H, gas flow) may lead to phase transformation
from anatase to rutile.'! Hence, crystallographic studies were carried out to ascertain
the phase purity of the films after annealing in vaccum/under H, flow. The GIXRD
patterns of these films are given in figure 4.1 and only peaks pertaining to anatase
phase are observed. No peaks pertaining to rutile could be discerned, thus confirming

the phase purity of the films.
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Figure 4.1 — GIXRD pattern of TiOs_, thin films synthesized at 450 °C and 500 °C
subsequently annealed for 2, 4, 6 and 8 hours respectively in vacuum.

The stability of anatase phase is attributed to various factors in the literature. The
factors affecting the crystal structure of TiO, includes the preparation method, crys-
tallite size and synthesis temperature.'? The following factors are responsible for the

stabilisation of anatase phase in the present case; (a) synthesis temperature (Ty), i.e.,
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450 and 500°C, which is below the critical temperature described in the literature,
(b) the nano-sized crystallites which are nearly 50 nm (c) the reduced dimension in
vertical direction as all the films have thickness between 100 to 150 nm and (d) use

of Si (100) substrate.

4.2.1 Microstructure

The evolution of microstructure of vacuum annealed films with annealing hours is
given in figure 4.2 and figure 4.3. It is seen from figure 2 that the films annealed at T
= 450 °C undergo surface morphological changes as the annealing time is increased
from 2h to 8h. The films annealed for 2h has hazy leafy grains, which becomes well
defined and dense upon annealing for more hours. In case of the films annealed at
T, = 500 °C (Fig 3), there is no change in the grain shape, though change in grain

density is observed for the films annealed at 6 and 8 hours.

Figure 4.2 — FESEM Micrograph of TiOy_, thin films synthesized at 450 °C and
subsequently annealed for 2h, 4h, 6h and 8h in vacuum.
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Figure 4.3 — FESEM Micrograph of TiOy_, thin films synthesized at 500 °C and
subsequently annealed for 2h, 4h, 6h and 8h in vacuum.

4.3 XAS studies of vacuum annealed anatase TiO,

films

Extended region of the XAS spectra are analysed using the methodology described
in Chapter 2. Since anatase phase consists of distorted TiO, octahedra, oxygens
of TiO4 octahedra are divided into two types of oxygen, i.e., 4 equatorial oxygens
((Ti-O),q represented as Ti-O1), 2 axial oxygens ((Ti-O),, represented as Ti-02).
A schematic of a TiO4 octahedron differentiating between Ti-O1 and Ti-O2 bonds
is shown in figure 4.4. Four paths spanning over two co-ordination spheres, viz.
Ti-O1, Ti-O2 paths from first co-ordination sphere and two Ti-Ti paths from the
immediate co-ordination sphere are considered for fitting the experimental data with
FEFF generated model(from ARTEMIS).!® Presence of carbon dopant owing to the
decomposition of Titanium oxyacetylacetonate is delineated by using an additional
Ti-C path while fitting the experimental data. Each path have four path parameters
(So?, Ar, AEy, 0?) and only the single scattering paths are included in the analysis,

since the rank of multiple scattering paths are very low. The number of free variables
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are always kept below the upper limit set by Nyquist theorem (N..= 2AkAr/m+1)
by assuming the same E, and Sy® parameters for all paths. The goodness of the fit is
measured by minimizing a statistical parameter R factor described in Chapter 2.

The fit results of Ti-C path is not reported in the tables for the following reason.
It is known that TiC crystallises only in cubic phase, which mandates that a Ti-C
path from a cubic space group is considered for generation of Ti-C scattering path for
fitting purpose. Hence, Ti-C path generated by using fm-3m space group in FEFF is
used for fitting. The position of this Ti-C path lies in the the first coordination shell
(at 2.16 A) of the anatase and is shown in figure 4.5 along with the two Ti-O paths of
anatase TiO, structure. Since, the position of Ti-C path is at the first coordination
shell, the fitting is done along with Ti-O paths by considering weighted average of
both Ti-O paths and Ti-C path. Contribution of Ti-O path is taken as x and Ti-C
path as 1-x during fitting. The initial value of x is taken as 0.5 with the assumption
that 50% contribution comes from each structure. The value of x is found out to be
0.9996, which indicates zero contribution of Ti-C path to the first coordination shell.
The fitting contributions of Ti-C path and Ti-O paths in the first coordination shell

is given in figure 4.6, which confirms the absence of carbon dopant in the films.

Figure 4.4 — Schematic of TiOg4 octahedron showing Ti-O1 and Ti-O2 bonds.
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Figure 4.5 — Ti-O and Ti-C paths along with the spectra of oxygen deficient TiO,
thin film in R-space .
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Figure 4.6 — Extended region fitting of Ti-O and Ti-C paths with the spectra of
oxygen deficient TiO, thin film in R-space .
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4.3.1 EXAFS Analysis
The fitted curves excluding Ti-C path for the films synthesized at Ty = 450, 500 °C
in R-space/k-space is given in (figure 4.7, figure 4.9) / (figure 4.8, figure 4.10), respec-

tively. The results of the fitting are given in table 4.1 and 4.2.
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Figure 4.7 — Extended Region fitting of oxygen deficient TiO4 450 °C thin films in
R-space.
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Figure 4.8 — Extended Region fitting of oxygen deficient TiO4 450 °C thin films in
k-space.
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Figure 4.9 — Extended Region fitting of oxygen deficient TiO4 500 °C thin films in
R-space.
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Figure 4.10 — Extended Region fitting of oxygen deficient TiO, 500 °C thin films in
k-space.
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Table 4.1 — Fitted path parameters for the TiO, 450 °C thin films

Sample id Paths Bond length (A) C.N(N *S%) o2 (A)? R

Ti0,450 °C-2h  Ti-O1 1.92(1) 3.32(1) 0.001(1) 0.02
Ti-02 1.86(1) 1.56(2) 0.02(5)
Ti-Ti 2.94(3) 4.0(7) 0.008(2)
Ti-Ti 3.77(2) 4.0(1) 0.005(3)
Ti0,450 °C-4h  Ti-O1 1.92(1) 3.26(1)  0.0010(5) 0.02
Ti-02 1.98(2) 1.480(4) 0.02(2)
Ti-Ti 2.9(3) 3.21(2) 0.007(3)
Ti-Ti 3.72(1) 3.02(8) 0.001(1)
Ti0,450 °C-6h  Ti-O1 1.91(1) 3.05(3) 0.006(1)  0.02
Ti-02 1.920(3) 1.66(6) 0.03(2)
Ti-Ti 2.96(4) 3.60(4)  0.0060(3)
Ti-Ti 3.78(5) 4.0(1) 0.0040(2)
Ti0,450 °C-8h  Ti-O1 1.87(1) 2.84(3) 0.001(1)  0.01
Ti-02 1.980(3) 1.80(6) 0.001(2)
Ti-Ti 2.950(2) 2.88(4)  0.0060(3)
Ti-Ti 3.74(1) 4.0(1) 0.0040(2)

Table 4.2 — Fitted path parameters for the TiO, 500 °C thin films.

Sample id Paths Bond length (A) C.N(N % 5p2) o2 (A)? R

Ti0,500 °C-2h  Ti-O1 1.92(1) 2.88(1) 0.001(1) 0.02
Ti-02 1.98(5) 1.72(2) 0.001(5)
Ti-Ti 2.98(3) 4.38(7) 0.009(2)
Ti-Ti 3.79(2) 3.53(1) 0.003(3)
Ti0,500 °C-4h  Ti-O1 1.95(1) 2.91(1) 0.001(5)  0.01
Ti-02 1.88(2) 1.56(4) 0.003(2)
Ti-Ti 2.97(3) 3.09(2) 0.005(3)
Ti-Ti 3.76(1) 4.8(8) 0.011(1)
Ti0,500 °C-6h  Ti-O1 1.92(1) 3.24(3) 0.001(1)  0.01
Ti-02 1.93(3) 1.8(6) 0.02(2)
Ti-Ti 2.960(2) 3.01(4)  0.0070(3)
Ti-Ti 3.780(4) 4.4(1) 0.0080(2)
Ti0,500 °C-8h  Ti-O1 1.96(1) 3.88(3) 0.001(1)  0.01
Ti-02 1.76(1) 1.85(4) 0.013(2)
Ti-Ti 2.94(2) 2.94(1) 0.004(3)
Ti-Ti 3.75(4) 4.92(1) 0.009(2)

From table 4.1 (and table 4.2) it is observed that the Ti-O co-ordination number for
films synthesized at Ty = 450 °C (500 °C) and annealed for t = 2 to 8 hours varies as
4.88, 4.74, 4.71, 4.64 (4.6, 4.5, 5.04, 5.73), respectively, which are less than the ideal
value of 6. It is also observed that the Ti-O co-ordination number decreased linearly

(4.88 to 4.64) with increasing vacuum annealing time (from 2 to 8 hours) for the films
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synthesized at T, = 450 °C. This matches with the findings of Salari et al.'! However,
for films synthesized at T, = 500 °C, though the overall co-ordination number is less
than the ideal value of 6, it increases as the annealing hours increase from 4 to 8 hours
(4.6, 4.5, 5.04, 5.73 as seen in table 4.2). This is attributed to the porous microstruc-
ture of the films synthesized at Ty = 500°C (figure 4.3), which become dense when
annealed for a longer period such as 6 and 8 hours. Hence, it is proposed that longer
annealing hours facilitate rearrangement of the dangling bonds with oxygen at the
surface, leading to a minute increase in the co-ordination number for films annealed
for 6 and 8 hours, respectively. In addition, it is known that oxygen absorption and
desorption is a reversible process during thermal treatment.” Krivtsov et al. proposed
that presence of oxygen vacancy in the matrix can cause charge imbalance in the TiO,
cell, which tend to be compensated by several mechanisms, such as by reduction of
Ti** to Ti**, Ti?>T or by trapping of oxygen species from the environment.* In the
present study, the observed co-ordination number increase for films annealed at 6h
and 8h point towards absorption of desorbed oxygen species available near the sur-
face.

The formation of oxygen vacancy upon vacuum annealing is also confirmed by compar-
ing the co-ordination numbers obtained from table 4.1 and 4.2 with the co-ordination
number calculated by using Frenkel formula, which utilises the crystallite size of
the films.® Frenkel et al. have studied the effect of structural disorder and struc-
tural /compositional heterogeneity in nanoparticles on the co-ordination number and
deduced a formula for calculating the co-ordination number in nanoparticles, which

is given in the following equation: %16

Nnpano = [1 - §<L) + %6(%)3]nbulk <41)

where, 1 is the distance between the nearest-neighbor atoms and R is the crystallite

size, Ny 1S the ideal co-ordination number for TiOg octahedron. Crystallite size
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of the films studied in this study are calculated using Scherrer formula and ranges
from 29 to 91 nm (given in table 4.3).The co-ordination number for the particular
crystallites calculated using equation 4.1 is given in table 4.3.

Table 4.3 — Crystallographic parameters and calculated co-ordination number.

Sample id Crystallite Calculated CrystallographicVolume(A?’ )

Size (in nm)  Co- cell parame-
ordination ter
number
TiO4450 °C-2h 29 5.94 a=3.7842(2)
¢=9.4907(9) 135.9093(6)
TiO4450 °C-4h 57 5.96 a=3.7801(0)
¢=9.5263(1) 136.1231(1)
TiO5450 °C-6h 42 5.95 a=3.7827(4)
¢=9.4795(9) 135.6452(9)
TiO5450 °C-8h 30 5.94 a=3.7794(2)
¢=9.4651(8) 135.0648(6)
TiO5500 °C-2h 55 5.96 a=3.7775(1)
¢=9.4657(9) 135.0735(7)
TiO5500 °C-4h 26 5.93 a=3.7789(3)
¢=9.4670(0) 135.1922(7)
TiO,500 °C-6h 91 5.98 a=3.7806(3)
¢=9.5077(4) 135.8959(6)
TiO,500 °C-8h 62 5.98 a=3.7809(7)
¢=9.5001(8) 135.8120(7)

It is observed from table 4.3 that the co-ordination number should be ~ 5.9 for the
films studied in the present study. Hence, the co-ordination number observed in
Table 4.1 and Table 4.2, which is less than 5.9, is indicative of the oxygen deficiency
induced in the TiO, thin films due to vacuum annealing and is not due to nano sized
crystallites.

Furthermore, to ascertain the presence of oxygen vacancy, crystallographic parameters
(a and c¢) and cell volume has been calculated from the GIXRD spectra by using PCW
and is listed in table 4.3.

Presti et al. have calculated the cell parameters (a and ¢) and cell volume by using
PAW, LCGTF and different potentials (table S4 of Presti et al.).!” The cell volume
of ideal TiO, cell calculated by them using different methods are found out to be

144.3, 137.1, 138.2 ,140.8 A3 and oxygen deficient TiO, cell are found out to be 144.0,
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136.0, 138.1, 140.0 A3. The calculated cell volumes i.e. ~ 136.0 A3 for the films in
the present study matches with the cell volume of oxygen deficient TiO, calculated
by Presti et al. This corroborates the finding from EXAFS analysis regarding the

formation of oxygen vacancies.

Moreover, Ceotto et al. have calculated the Ti-O bond distances for oxygen defected
octahedron. They considered axial, equatorial oxygen vacancy and calculated the
bond distances for other Ti-O bonds using PAW-DFT. The PAW-DFT calculated
bond distances of oxygen defected octahedron (from the table 2 of Ceotto et al.?) varies
like V/1.86/1.93/1.92/1.90/1.90 A and 1.92/1.96/V/1.81/1.92/1.91 A for axial and
equatorial oxygen vacancy respectively. The PAW-DFT calculated Ti-O1 and Ti-O2
bonds have average values of 1.86A , 1.91A and 1.94A , 1.88A for octahedra with
axial and equatorial vacancy, respectively.? Since, XAS gives the average value of
several defected octahedra, the bond lengths(Ti-O1 and Ti-O2) represented in Table

4.1 and 4.2 matches with the PAW-DFT calculated values.?

4.4 Analysis of X-ray Absorption Near Edge Spec-

tra (XANES)

In this section the near edge features which is 20 eV below the Ti K-edge is discussed.
Near edge features contain information regarding the electronic transitions in a system.
In the present work TiO,_, thin films have been synthesized, wherein oxygen vacancies
have been deliberately introduced into the matrix to study it’s effect on the local co-
ordination and electronic properties. Introduction of oxygen vacancy into the matrix

3+18 and

of TiO, lead to many changes like change of Ti*" oxidation state to Ti
distortion in the local TiO4 co-ordination. Distortion in TiOg4 octahedron could be
due to elongation or shortening of Ti-O bond lengths. Change in Ti-O bond length
leads to change in Ti 3d and O 2p density of states(DOS). This alters the titanium-

oxygen orbital overlap, thus affecting the total DOS and its corresponding electronic
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transitions are reflected in the pre-edge features. The effect of oxygen vacancy on the
co-ordination number is already explained in the previous section by analysing the
extended X-ray absorption fine structure, in this section the effect of oxygen vacancy

on the near edge-spectral features is discussed.

Theoretical background of XANES and it’s application to the

distorted octahedra of anatase (70—, Films)

The number of pre-edge peaks and its broad features i.e. occurence of A;, A,, A,
peaks and B peaks are similar in both rutile and anatase phase of TiO, as shown by
Grunes et al. and Sandstrom et al.'%? Since, symmetry of TiO4 octahedron is reduced
from Oy, due to distortion in both rutile and anatase, it can be safely presumed that
the effect of the distortion on the pre-edge features will also follow the same trend
and can be compared with each other.?! Hence, in this section the pre-edge features
pertaining to anatase TiO, is compared with the literature of rutile phase.?? In

addition, FEFF calculation for pristine anatase and oxygen deficient anatase phase is

also discussed.

It is known that x-ray absorption near edge structures(XANES) are signature of the
co-ordination around central metal atom. The pre-edge features are traditionally
described by using Molecular orbital theory or solid state band theory. According
to Molecular orbital theory(MOT), XANES arises due to electronic transitions in
the molecular orbitals.'® MOT is inherently symmetry dependent. In case of TiO,
anatase, the pre-edge peaks are due to weak quadrupole 1s — 3d transitions. Though
this interpretation is still used widely, sophisticated solid state band theory indicates
that these transitions arises due to O 2p - Ti 3d mixing rather than the dipole forbid-
den 1s-3d transitions. Since, p-d mixing is dependent on the orientation of orbitals,
symmetry around the central metal atom plays a crucial role while explaining the pre-
edge peaks. It has been amply proven in the literature that p-orbitals offer necessary

symmetry and energetic adequacy to undergo p-d mixing when the symmetry of the
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octahedral centres break down to lower symmetry.

In case of anatase TiO,, Ti is located at the center of a distorted oxygen octahedron.
As a result the Oy symmetry around Ti breaks down to lower symmetry, resulting
in breaking down of degeneracy of d-orbitals leading to effective p-d mixing.?* The
reduction in point group symmetry in the distorted octahedron allows off-diagonal
matrix elements (i.e overlapping elements between different states) to become non
zero, which were zero in the higher symmetry. In addition, it is known that dipole
forbidden features(transitions involving s to orbitals with d-character) are angle de-
pendent while dipole allowed (transitions involving s to orbitals arising out of p-d
mixing) features are not. However, this ambiguity regarding origin of pre-edge peaks
does not affect the qualitative inference about the Ti co-ordination from these pre-
edge features. Moreover, since the experimental results here are compared with dipole
allowed FEFF calculations, the pre-edge features will be looked from dipole allowed
or dipole forbidden point of view in the present study. Hence, the origin of A; and Ag
peak in the pre-edge region is attributed to dipole allowed 1s-2tg and 1s-3e, transi-
tions in the octahedral field, respectively. The origin of A; peak has been ascribed to
an exciton band or due to 1s to 1t;g quadrupolar transition from possible perturba-

tion due to shake-up and shake-off processes.?

4.4.0.1 Comparision of FEFF generated spectra with the experimentally

observed spectra

XANES calculations of anatase TiO, is performed using the FEFF 9.6. code to study
the influence of oxygen vacancies on the pre-edge features.?® FEFF simulated X-ray
absorption spectra have been generated for pure anatase, and oxygen deficient anatase
by removing either an equatorial oxygen or axial oxygen from the TiOgoctahedron.
The input parameters for these calculations were generated using the Atoms code

provided in Artemis software of the Demeter package. The convergence of the cal-
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culation was achieved for the cluster of 80 atoms for each model. The cluster radius
was decided such that adding the next coordination shells did not change the fine
structure.?® The total scattering potentials including a fully relaxed core hole were
obtained iteratively by successive calculations of the potential until self consistency
was reached. Based on these scattering potential, the final state of the excited pho-
toelectron were calculated. The close match between the simulated and experimental
spectra was obtained by using Hedin-Lundqvist model of exchange potential. The
theoretically simulated XANES spectra is given in figure 4.11.

It is observed that FEFF (multi scattering method) calculation, which is a dipole
allowed calculation reproduces two pre-edge peaks for anatase as compared to three
pre-edge peaks in the experimental spectrum(A;, A,, A;). This result can be at-
tributed to the inherent failure of the multi scattering method in predicting the A,
peak. This matches with the results of various other researchers, who could not re-
produce the A, peak for rutile phase by using dipole allowed calculations and have
attributed this peak to s - d quadrupolar transition.?*2"2® The FEFF calculated spec-
trum for the structure where axial oxygen is removed, a small hump is seen on lower
energy side of the A, peak, which matches with the isomorphous Ti-compounds with
square pyramidal polyhedron(considered as the most distorted octahedron) with Ti
at the center.??. In addition, it is observed from the FEFF calculation that all three
A, A,, A, peaks are obtained when oxygen is removed from equatorial position. This
matches with the experimental spectrum in the present study as shown in figure 4.12.

This is attributed to the distortion in the TiO4 octahedron.
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Figure 4.11 — FEFF calculated spectra of Anatase and oxygen deficient anatase with
equatorial and axial vacancy.
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Figure 4.12 — Near edge Feature of oxygen deficient TiO, 450 °C and TiO, 500 °C
thin films.

N.Jiang et al. have carried out theoretical analysis of Ti XANES for delineating the
dependence of pre-edge peaks on various geometrical parameters; viz. co-ordination,

symmetry, Ti-O bond length and bond angle.?* They considered both density func-
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tional theory and real space multiple scattering (MS) method using FEFFS8 program
to simulate the pre-edge peaks. To understand the effect of distortion, Jiang et al.
considered various kinds of distortion such as; i. shortening of (TiO),, bond length
(Type-1); ii. tilting the axial oxygen atom away from the axis(Type-1I); iii. tilting one
axial and one equatorial oxygen atom simultaneously (Type-III) and iv. Type-IIT +
Type-1. They extended the results of the above considered distortion to rutile TiO,
and concluded that the resultant pre-edge features appeared predominantly due to
bond length variation upon introduction of a defect. Since, the p-d mixing is depen-
dent on orbital overlapping, the bond length variation plays a major role than the
bond angle variation. Hence, it is concluded that the concurrence in the pre-edge fea-
tures of FEFF generated spectrum (with equatorial oxygen vacancy as shown in the
inset of figure 4.11) and the experimental spectrum as shown in figure 4.12 is due to
bond length distortion owing to oxygen vacancies, which is described in the following
paragraph. Glen A. Waychunas has elucidated the relation between the bond length
and the pre-edge peaks. He has elucidated that when the mean Ti-O bond length is
higher the peak position of the pre-edge as well as the white line is shifted towards
lower energy.? Hence,the mean bond lengths calculated from EXAFS results(table 4.1
and table 4.2) and normalised height of A, obtained from fitting of near-edge features
of thin films in Athena is given in Table 4.4. It is seen from Table 4.4 that Ti0O,450
°C-2h film has a lower mean bond length (1.89A) compared to Ti0,500 °C-2h film
(1.95A). The effect of the bond length is reflected in the pre-edge features of both
the films (figure 4.12 (a)), which shows the pre-edge features shifting towards higher

energy for TiO,450 °C-2h compared to TiO,500 °C-2h.

Similarly,thin films annealed for 6 hours follow the same trend as that of thin films
annealed for 2h as shown in figure 4.12(c). It is observed from the Table 4.4 that
the films annealed for 8hours follow the reverse trend with respect to bond length

i.e. TiO,450 °C-8h has a mean Ti-O bond length of 1.931&, which is higher compared
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to the mean Ti-O bond length (1.86 A) of Ti0,500 °C-8h. This is also reflected in
the figure 4.12(d), wherein the pre-edge features as well as the white line is shifted
towards higher energy for TiO,500 °C-8h film as compared to TiO,450 °C-8h film.
This observation is similar to that reported by Glenn A. Waychunas.?® Since mean
bond lengths for thin films annealed for 4h remains almost similar for both TiO,450
°C and TiO,500 °C, the energy shift is also negligible as seen in figure 4.12 (b).
Table 4.4 — Mean Ti-O bond length(tabulated from table 4.1 and 4.2) and integrated

intensity (After fitting the pre-edge peaks of experimental spectra) of A, peak of Ti04450
°C and TiO5500 °C thin films .

Sample id Bond  Normalised Sample id Bond  Normalised

length  Height(As) length  Height(As)
(A) (A)
Ti0,450 °C-2h  1.89 0.31 Ti0,500 °C-2h  1.95 0.31
Ti0,450 °C-4h  1.95 0.30 TiO,500 °C-4h  1.92 0.30
Ti0,450 °C-6h 1.91 0.27 Ti0,500 °C-6h  1.93 0.29
Ti0,450 °C-8h  1.93 0.26 Ti0,500 °C-8h  1.86 0.29

Correlation of peak height and peak position.

Numerous researchers have elucidated the relation between pre-edge peak height with
the Ti co-ordination number.?>2%32 Amongst them Farges et al. have highlighted the
influence of co-ordination and disorder on XANES quantitatively.?> They provided a
comprehensive way of understanding the pre-edge peak features using both the peak
height and peak position by using FEFF 6 and FEFF 7. In particular, they have stud-
ied disordered structures containing Ti centers with varied geometries such as four,
five and six co-ordinated Ti species. They adequately accommodated the disorderness
in various co-ordination geometries such as short range tetrahedral, square pyramidal
and octahedral symmetries by considering high order multi-scattering in small clus-
ters, with the small cluster embedded in an appropriately chosen larger cluster needed
to accurately describe the potential. Hence, their results can be suitably compared
with the present study, which involves defected TiO4 octahedra due to oxygen vacan-

cies.
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The XANES region of the X-ray absorption spectra of vaccuum annealed TiO,450 °C
and TiO,500 °C thin films were fitted using peak fitting feature of Athena with three
Gaussian peaks. The peak parameters for A, peak is given in the table 4.4. The edge
part was simulated with arctan function.?” Farges et al have studied mixture of four,
five and sixfold co-ordinated Ti compounds and have illuciadted that peak height alone
cannot be conclusively used for determination of Ti- cordination. However use of both
peak height and peak position can conclusively tell about the co-ordination number
(Fig 6 of Ref-23). It is observed that the Ay pre-edge peak position is ~ 4971 eV for
all the TiO,_, thin films and their normalised peak intensity ranges from 0.26 to 0.31.
Hence, it is concluded that films consist of both six fold and few five fold co-ordinated
Ti centers taking both peak position and peak height into consideration. This is
evident from the co-ordination numbers calculated from the EXAFS analysis described
in section 4.4.1. Since, EXAFS gives an average value of several co-ordination spheres,
the co-ordination number for the films in the present study varies between 4 to 6 as
seen from the EXAFS analysis. Hence, from XANES and EXAFS, it is concluded
that vacuum annealing of spray pyrolysis synthesized TiO, films results in oxygen
deficient thin films without any phase transition of the thin films. In addition to the
co-ordination number, the disorderness in the TiO4 octahedra also affect the pre-edge

intensity, which is described below.

4.4.1 Discussion on pre-edge Intensity

In this section the effect of disorderness in the TiO, octahedra on the pre-edge intensity
is discussed. It is known that the integrated intensity is a function of degree of p-
d mixing, which is a result of distortion in TiO4 octahedra in anatase TiO,. In
particular, Waychunas and Jiang et. al. observed that the effect of distortion is more
pronounced in the second pre-edge peak intensity (A,).?*?* To understand the above
effect, peak fitting results of A, given in Table 4.4 are analysed. The peak intensity

of A, (in table 4.4) reveals that T90,_, thin films (for both the set of films i.e films
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with Ty 450 and 550 °C ) annealed for 2 hours has the highest integrated intensity
compared to those annealed for longer hours (4, 6 and 8 hours). This indicates
decrease in disorderness with increase in annealing time. This is in accordance with
the fact that grain size and crystallinity increases with increase in annealing time as

seen in the literature.

In addition, it is observed from the table 4.4 that the integrated intensity of TiO,450
°C thin films annealed for 6 and 8 hours is lower than their corresponding Ti0O,500
°C thin films. This is attributed to the synthesis temperature and mechanism of the
film formation, which have been described in chapter-3.1° It is known from chapter-
3 that thin films synthesized at Ty = 450 °C are stoichiometric compared to the
films synthesized at Ty = 500 °C. Hence, it is concluded that the disorderness in
the TiO,500 °C thin films is higher owing to it’s non-stoichiometry as compared to
Ti0,450 °C thin films. This result matches with the result of the study by Jiang
et al., who studied several Ti-O systems and observed that integrated peak intensity

increases with increasing disorderness.

4.5 XAS studies of Films reduced under Hydrogen

atmosphere

As discussed in the introduction, a set of TiO, films were annealed under hydrogen
atmosphere to understand the creation of oxygen vacancies in reducing atmosphere.
Since, the experiments involved diligent care and attention for handling hydrogen gas
only a few films has been synthesized and presented here for the sake of completeness.
The result of the EXAFS analysis for the films reduced in hydrogen atmosphere is
tabulated in Table 4.5 and the fitted plots in the R-space is shown in Fig 4.13. The
first peak at 1.75 Ain fourier transform spectrum in figure 4.13 is contribution of Ti-
O coordination and the second peak at 2.50 Ais contribution of Ti-Ti coordination.

It is observed from the Table 4.3 that with increase in reduction time, amount of
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oxygen vacancies increase. The co-ordination number in the first co-ordination sphere
is drastically less with just a value of 3.44 for TiO,_, — Hy — 8hr compared to a value
of 4.5 and 5 for the films reduced under hydrogen for 6hr and 4 hr respectively. It also
reveals that the bond lengths of the Ti-O1 remains constant for T7i0,_, — Hy — 6hr
and T©10y_, — Hy — 4hr films, whereas it gets compressed to 1.91 Afor Ti0Oy9_, — Hy —
8hr films. Thus, it is concluded that maximum number of oxygen vacancies and a

subsequent bond length compression is observed for 1790y, — Hy — 8hr films.

T - T
o TiO2-Hp —o- T!02-H2-6hrs —o- TiO2-H2-8hrs
T (a) 1 — Fit I —Fit

(c)

x|/ Ay

40 2
Radial distance/A

Figure 4.13 — Extended Region fitting of TiOs_, — Hy and TiO5_, N, — Ho films.

Table 4.5 — Fitted path parameters for T9Os_, — Ho films

Sample id Paths Bond length (A) C.N(N xS52) o2 (A2 R
TiOy_y — Hy — 8hr  Ti-0O1 1.91(1) 3.4(1) 0.001(1) 0.02
Ti-02 - 0 -
TiOy_n — Hy — 6hr  Ti-O1 1.96(1) 3.3(1) 0.001(5) 0.03
Ti-02 1.84(2) 1.2(1) 0.003(2)
TiOy_y — Hy“4hr  Ti-O1 1.95(1) 3.6(3) 0.001(1) 0.02
Ti-02 1.82(3) 1.4(2) 0.001(2)

EXAFS analysis(See figure 4.13 and table 4.5) of the films reduced under hydrogen
atmosphere reveals creation of oxygen vacancies, which is reflected in the reduced co-
ordination number in the first co-ordination sphere, which in turn can have pronounced

effect on the local symmetry resulting in more distorted TiO4 octahedra. The effect of
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the reduced co-ordination number is observed in the intensity of the pre-edge peaks.
Farges et al. and Yamamoto et al. have elucidated that as the co-ordination number
increases; the intensity goes down, which is also observed in the present study.?334 It

is observed from figure 4.14 that intensity of A,, A, and A, for T90,_, — Hy — 6hr

and T©10y_, — Hy — 4hr film is lower than TiOy_, — Hy — 8hr film.
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Figure 4.14 — Near edge spectra of Fourier transformed EXAFS spectra of TiOs_,
films synthesized by reducing under hydrogen atmosphere for a)4hr a) 6hr, b) 8hr; c)
(Inset) u(E) Vs E plot

4.6 Conclusion

In this work, a direct approach to analyze oxygen vacancies using X-ray absorption
spectroscopy is illustrated. Phase pure oxygen deficient anatase thin films were syn-
thesized using a simple two step process i.e spray pyrolysis followed by annealing in
vacuum or under hydrogen atmosphere. Extended X-ray absorption features quan-
titatively defined the amount of oxygen vacancies and the effect of these vacancies

on the bond length was suitably deduced from the XANES. The x-ray absorption
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near edge(XANES) features revealed qualitative information regarding the electronic

transitions of these oxygen deficient TiO, thin films.
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Chapter 5

Photo-induced Wetting Studies on

N-doped TiO, Films

5.1 Introduction

In chapter 3, XPS and detailed EXAFS studies on N-doped TiO, confirms the doping
of nitrogen in the interstitial position of TiO,matrix. Optical absorption studies on
these films signaled the formation of interband states viz. N 2p states lying above
the valence band. These interband states are known to facilitate absorption in the
visible region, by exciting electrons from N 2p states to conduction band and thereby
increasing the number of electrons and holes'™ as compared to pristine TiO,. These
photo-generated charge carriers can then be utilized in various surface redox reactions,
which in turn make the material self cleaning and anti-fogging. Anti-fogging property
of a material is studied from its wetting-dewetting behaviour. Wetting behaviour of
TiO, surfaces is explained on the basis of two mechanisms, which are briefly discussed
here. The first mechanism (shown in Scheme 5.1) is redox reactions at surfaces,
wherein electrons reduce Ti*" is to Ti** and holes oxidize the 0% anions. This
results in ejection of oxygen atoms thereby creating oxygen vacancies. The water

molecules occupy the oxygen vacancies, producing adsorbed OH groups, which tend
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to make the surface hydrophilic.? The second mechanism is destruction of surface
adsorbed organics via photocatalytic process, wherein, the photo generated electrons
and holes dissociate the organic molecules.®

Oxygen vacancies
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Scheme 5.1:

Surface reconstruction via redox reactions.??

Apart from being known for the conversion of hydrophobic to hydrophilic surface,
TiO, is also known for the its photo induced hydrophobic — hydrophilic reversibility. ®
Reversibility of wetting is of technological importance and therefore, it is prudent to

examine the wetting - dewetting behavior in detail.

The wetting - dewetting properties of TiO, thin films were first reported by Wang
and co-workers, who showed that under UV light irradiation, the wetting contact
angle of a polycrystalline TiO, thin film changes from partially hydrophobic to super-
hydrophilic and reverts to its initial hydrophobic state upon keeping under visible
light or under dark.” The commonly accepted physico-chemical processes, responsi-
ble for this switching behaviour, though is in debate ever since Wang’s report, are
photo-induced reconstruction of TiO, surfaces due to hydroxylation” and removal of
surface adsorbed organic species responsible for hydrophobicity.® However, since TiO,
is only active to UV radiation, subsequently N-doped TiO, samples, which are visible
light active, were also examined for its wetting dewetting behaviour. The wetting -
dewetting properties of N-doped TiO, surfaces have been studied by few groups in the
recent past.®!2 All the studies report reduction in contact angles in the hydrophilic

regime (0 ~ 15-25°) to (0 ~ 3—9°)%1! and (6 ~ 80°) to (6 ~ 55 and 30°).'% A recent
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study by Wang et al.” on visible-light-driven reversible hydrophobic to hydrophilic
transition of N-doped TiO, powders dispersed on a wafer surface reports water con-
tact angle reduction from 13545° to 0° in 6 hours of visible light irradiation. However,
the authors did not report the results with respect to nature of N-doping. The reports
regarding the reversibility were also scant. In addition, although the mechanism of
sunlight or visible light induced hydrophobic to hydrophilic conversion of N-doped
TiO, surfaces were proposed (hydroxylation and removal of surface adsorbed organic
species), experimental evidences for the same are lacking. In addition, the kinetics
which is an important aspect of investigation for technological application of reversible

hydrophobic <+ superhydrophilic conversion has not received enough attention.

The focus of this chapter is on reporting the photo-induced superhydrophilicity in
case of N-doped TiO, and delineating the mechanism behind superhydrophilicity. In
addition, the reversibility in wetting behaviour and the kinetics of reversibility of these

films are also discussed.

5.2 Roughness and microstructure

Roughness plays a major role in determining the wetting behaviour of the material.
Hence, roughness of the samples were measured using a surface profilometer (Dektak,
USA) and are listed in Table 5.1.

Table 5.1 — Thickness and Roughness of N-TiO, thin films

Sample id  Film roughness(nm)
Ti0,400 °C 3.6
Ti0,450 °C 3.1
Ti0,500 °C 3.0
Ti0,550 °C 1.7

N:Ti0,400 °C 3.1
N:Ti0,450 °C 3.0
N:Ti0,500 °C 2.9
N:TiO,550 °C 1.2
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5.3 Wetting Studies

The wetting characteristics of the N-doped samples were evaluated by water con-
tact angle (CA) measurements. Figure 5.1 and 5.2 shows the time evolution of the
water contact angle of pristine TiO, and N-doped TiO, synthesized at different sub-
strate temperatures (Ts = 400, 450,500, 550 °C) after sunlight irradiation of ~10 mW
cm~? intensity for a duration of 40 minutes. The intensity of sunlight was measured
throughout the course of the experiment to ascertain constant irradiation intensity.
As seen from the figures (5.1 and 5.2), all the samples showed CA in the range of
88 to 105 ° prior to irradiation (at t=0) and therefore exhibit hydrophobicity. The
difference in the initial wetting contact angle (WCA) is attributed to the difference
in surface roughness (as shown in Table 5.1). According to Cassie and Baxter3*3°
the WCA increases with roughness due to the cushioning effect from trapped air.
In particular, the samples synthesized at T, , 400, 450 and 500 °C have roughness
around 3 nm and have wetting contact angle around 105 °. The sample synthesized
at 550°C has the least surface roughness (1.2 nm) and therefore has the lowest WCA
(88°). The observation in the present experiment is in agreement with the WCA of a
smooth polycrystalline anatase TiO, surface (free of OH-Ti) of WCA 82 as estimated
by Borras and Gonzalez-Elipe.?%3” A comparative look at fig 5.1 and 5.2 reveals that
although the pristine films synthesized at 500 and 550 °C attained hydrophilicity with
contact angle value ~ 17° at t= 40mins, it did not attain superhydrophilicity. Whereas
N-doped TiO, samples showed superhydrophilicity with a contact angle value of ~ 7°.
This decresse in WCA between doped and unoped TiO, for identical conditions of ex-
posure to sunlight indicates the visible light induced hydrophobic — super-hydrophilic
conversion in N-doped TiO, samples. In order to examine the reversibility in wetting
behavior, the most super-hydrophilic N-doped sample (Ts=550 °C) with the lowest
WCA (7 °)was selected and was subjected to alternate exposure to sunlight and dark.

The reversibility was tested for several such dark-sunlight illuminated cycles and re-
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versibility for typical 4 cycles is shown in fig 5.3. The results of this experiment show
that the N-TiO, sample reverted to the initial hydrophobic state when kept in dark for
~5 days and attained super-hydrophilicity in 30-40 minutes upon sunlight irradiation,

which confirmed the switching behavior.
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Figure 5.1 — Variation in contact angle with irradiation time for TiO, films synthesized
at (a) 400, (b) 450, (c) 500, and (d) 550 °C
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Figure 5.2 — Variation in contact angle with irradiation time for N-doped TiO, films
synthesized at (a) 400, (b) 450, (c) 500, and (d) 550 °C
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Figure 5.3 — Switching pattern of N-doped samples synthesized at 550°C

In order to understand the reason behind sunlight driven hydrophobic - super hy-
drophilic transitions of N-doped TiO, samples, it was important to investigate the

chemical nature of the surfaces before and after sunlight irradiation. Therefore, XPS
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spectra of N-doped TiO, samples before and after sun light irradiation were acquired.
Adequate precautions such as covering view ports of XPS chamber with aluminum
foils were undertaken to avoid exposure of samples to ambient light. The Ols spectra
before and after irradiation is given in Fig 5.4 to Fig 5.7. The deconvolution of the
high resolution O-1s spectra(Figure 5.4-5.7) shows five peaks. The peaks correspond-
ing to BE values 530.6 and 531.3 eV can be attributed to the O-Ti bonds.?*3 The
peaks at 532.4, 533.2 eV, 534.2 eV correspond to HO-Ti, adsorbed H,O and O-C

bonds respectively. 4042
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Figure 5.4 — Deconvoluted Ols spectra of N-doped TiO, synthesized at 400°C, before
and after sunlight irradiation.
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Figure 5.5 — Deconvoluted Ols spectra of N-doped TiO, synthesized at 450°C, before

and after sunlight irradiation.
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Figure 5.6 — Deconvoluted Ols spectra of N-doped TiO, synthesized at 500°C, before

and after sunlight irradiation.
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Table 5.2 — Fraction of HO-Ti and CO surface species with respect to total surface

O-Ti species

. fonr = OH/(Ti-O+0OH)  feo = CO/(TiO+OH+CO)
Sample id Before After Before After
irradiation irradiation irradiation irradiation
N:Ti0,400 °C 0.139 0.247 0.0336 0.011
N:Ti0O,450 °C 0.125 0.231 0.025 0.006
N:TiO,500 °C 0.09 0.114 0.0186 0.0
N:Ti0O,500 °C 0.113 0.447 0.0202 0.0
33000 (b)
27500
£
S 22000
2
‘®
c
2 16500
£
11000
5500 . . .
534 531 528 534 531 528
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Figure 5.7 — Deconvoluted Ols spectra of N-doped TiO, synthesized at 550°C, before
and after sunlight irradiation.

It is important to point out that the hydrophilicity in TiO, surfaces is attributed to

the formation of Ti-OH species and destruction of surface adsorbed organic species.

Therefore, the fraction of HO-Ti species and CO surface species before and after

irradiation is expected to throw some insights into the mechanism of hydrophobic

to hydrophilic conversion. Table-5.2 shows the fraction of Ti-OH species calculated

from the area under the deconvoluted peaks corresponding to 532.4 and 534.2 eV and

relative sensitivity factor of oxygen.

From table 5.2 it is clear that fop increases with sunlight irradiation confirming

surface hydroxylation as one of the physico-chemical process responsible for photo-

induced hydrophilicity. Though there is an increase in fog for films synthesized at
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400°C, it did not show super-hydrophilicity (# < 10°). The lack of such superhy-
drophilicity is explained on the basis of the presence of carbonaceous species on the
samples. The origin of carbonaceous species in the samples is attributed to the in-
complete surface reaction of the precursor (carbon bearing metalo-organic precursors
(Ti(OAcAc),)) used in the synthesis of N-doped TiO,, films. It is known that as the
synthesis temperature increases, it leads to complete oxidation of the precursor to
CO, and other gaseous products, thus leaving behind a surface with less remnant
carbonaceous species. This is evident from the fraction of CO species as obtained
from the analysis of O 1s spectra, which is given as foo in Table 5.2. It is observed
from table 5.2 that foo decreases as the synthesis temperature increases, which indi-
cates presence of highest amount of carbonaceous species for the sample synthesized
at Ty, = 400 ° C as compared to the samples synthesized at higher temperatures.
Sunlight irradiation on these samples leads to destruction of carbonaceous species,
which is quantified by calculating foo before and after sunlight irradiation (refer last

two columns of Table 5.2).

It is observed that the decrease in feo for the samples synthesized at 400 and 450 °C
is marginal after sunlight irradiation, whereas foo decreases to zero for the samples
synthesized at 500 and 550°C. This indicates complete destruction of carbonaceous
species .in case of samples synthesized at Ty= 500 and 550°C. Thus, the increase in
for explains the hydrophobic to hydrophilicity in all the samples. However, super-
hydrophilicity as observed for the samples synthesized at 500 and 550°C is attributed
to the decrease in foo. This confirms the role of adsorbed carbonaceous species in the
super-hydrophilic behavior of N-doped TiO, surfaces. Since, destruction of carbona-
ceous species is the key to attain superhydrophilicty, C 1s spectra of the N-doped
TiO, samples were analysed before and after sunlight irradiation which are shown
from fig 5.8 to 5.11. The deconvoluted Cls spectra shows four peaks. Among the

four peaks, two peaks are centered around 285 eV, the other two are centered around
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287.4 eV and 289.75 eV. The C-1s peaks around 285 eV corresponds to adventitious
carbon (contaminated amorphous C) present in the film surface. The peaks with BE
values ~287.4 and ~289.75 eV corresponds to oxygen bearing carbonaceous species.
It is observed that there is a clear reduction in the intensity of peaks corresponding
to BE values ~287.4 and ~289.75 eV for the samples synthesized at 500 and 550°C,
after sunlight irradiation, indicating the role of carbonaceous species in the super-
hydrophilic character of these surfaces. No such reduction was observed in the case of
films synthesized at 400 and 450 °C. The C-1s peaks around 285 eV is not considered
as adventitious carbon is found on the surface of all films as a result of contamination
from the atmosphere. This corroborates that the major factor behind the hydrophobic
— hydrophilic transition is surface hydroxylation whereas the process responsible for
the hydrophilic — super-hydrophilic transition is destruction of hydrocarbons present

on the surface.
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Figure 5.8 — Deconvoluted Cls spectra of N-doped TiO, synthesized at 400°C, before
and after sunlight irradiation.
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Figure 5.9 — Deconvoluted Cls spectra of N-doped TiO, synthesized at 500°C, before
and after sunlight irradiation.
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Figure 5.10 — Deconvoluted Cls spectra of N-doped TiO, synthesized at 500°C,
before and after sunlight irradiation.
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Figure 5.11 — Deconvoluted Cls spectra of N-doped TiO, synthesized at 550°C,
before and after sunlight irradiation.

In view of the above analysis, the mechanism behind the hydrophobic <+ superhy-
drophilic conversion is described as follows. The hydrophobic nature of the films
indicates that its surface energy is not adequate to overcome the surface tension of
water, when the water droplets come in contact with it. The low surface energy of
the films can be attributed to the presence of adsorbed hydrocarbons. Because the
molecular forces that hold the hydrocarbons together are much weaker than the forces
that act between water molecules, the film surface do not possess adequate energy to
overcome the water surface tension and consequently the surface remains hydropho-
bic. The photo-generated free electrons and holes diffuse to the surface and destroy
the adsorbed hydrocarbon species generating high energy fresh surfaces. In addition,
the holes attack and cleave the surface Ti-O bonds leading to the formation of surface
hydroxyl groups and consequent surface restructuring enhancing the surface energy.
The resultant high-energy surface decreases its energy by surface wetting. Thus the

intrinsically hydrophobic surface is transformed to superhydrophilic.
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5.4 Kinetics of the hydrophobic to superhydrophilic

transition

The kinetics of hydrophobic <+ superhydrophilic transition can be studied from the
variation of cosine of contact angle (cosfl) with time. According to Young’s theory
the cosf of a liquid droplet on a solid surface is a function of the interfacial energy
between the solid and liquid?® that in turn changes with the surface fraction of hy-
drophilic region. The three interfacial energies are related to the cosf by the Young’s

equation as given in equation 5.1 :

ycost = ysa — VsL (5.1)

where 7 is the surface tension of liquid, ~vss is the interfacial energy between the
solid and the gas, and gy, is the interfacial energy between the solid and the liquid.
Upon photo-irradiation the hydrophobic regions are converted to hydrophilic regions
reducing the interfacial energy between the solid surface and liquid.

The simplest possible relation between the interfacial energy, vsa - vsr, and the

surface fraction of hydrophilic regions, c, is a linear relation,

VsG — YsL = 1€+ V2 (5.2)

Now, Young’s equation(equation 5.1)can be rewritten as

f = cosb = w = fic+ fo (5.3)

where fi = v1/ 7,fa = 72 / 7.-When ¢ = 0, cosf has the value of f;, whereas at ¢ =
1 it has a value of f; + fo. The hydrophilic regions turn back to hydrophobic in the
dark. When both the hydrophilic conversion and its back-reaction are characterized

by single rate constants, the kinetics of the change of the surface fraction of hydrophilic
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regions is given by

—c(t) =kp(1 —c) — ke (5.4)

where ky is the forward reaction rate constant and k; denotes the backward reaction
rate constant. By substituting the solution of eq 5.4 into eq 5.3 the time evolution of

cosf after photo-irradiation is obtained as

k¢ y ky _
k,‘f—l-k‘b k’f—i-k‘b

ft) = Al c(0))exp— (ks + ks)t] + f2 (5.5)

Hence, the value of of cosfl increases from the initial value of

f(t=0) = fic(0) + f2 (5.6)

to the final value corresponding to saturated hydrophilicity,

fi
k’f + ky

ft = o00) = + fa (5.7)

The rate constant for the hydrophillic to the hydrophobic conversion in the dark is

given by,

fo(t) = fico(0)exp(—Fkp)t + fo (5.8)

Where, fi,(t) is the decay function in the dark and ¢,(0) is the initial surface fraction

of hydrophilic regions.

5.4.1 Calculation of rate constants

Exponential equation represented in equation 5.8 was used for fitting the decay in cosf
values with respect to time which was obtained for the hydrophilic to hydrophobic
conversion (Fig 5.12 (a)). The fitted parameters yielded f> as 0.1918 and k; (the rate

of super-hydrophilic — hydrophobic conversion) as 1.97 x 10~* min=!. At t= 0,c=0
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equation 5.6 gives us cosf = f,. Hence,the contact angle at t=0 ( taking f, =0.1918)
was calculated to be 79°. Similarly, the hydrophobic to super-hydrophilic conversion
rate, ks, under sunlight can be obtained from the plot of cosf against irradiation
time(Fig 5.12(b)), using the value of k,. The calculated rate, ky, is 0.216 min~".
Since k  >> k;, the largest value of cosf obtained at t = oo (see equation 5.7) can

be described by

cos = f1 + fo (5.9)

Using the highest value of cosf in this experiment which corresponds to 0.99 in equa-
tion 5.9, value of f; (71/v) was found out to be 0.798. When f; and f; is substituted
in the equation 5.9, which also represents the state of superhydrophilicty, the contact
angle was found out to be 8.1°. The smallest and largest contact angle (8.1° and 79°)
calculated from the analysis of cosf versus time curves given in figure 5.12(a) and
5.12(b) matches with the corresponding experimentally observed values of 5° and

88° (Fig 5.2 (d)).
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Figure 5.12 — Variation in cosf with time (b) while kept in dark super-hydrophilic

— hydrophobic conversion (a) hydrophobic — super-hydrophillic conversion

5.5 Wetting study of an oxygen deficient TiO, thin

film.

Among the oxygen deficient films,the film with highest concentration of oxygen va-
cancies (TiO, 450 °C-8h) was chosen and its wetting characteristics was evaluated by

water contact angle (CA) measurements. The time evolution of contact angle of TiO,
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450 °C-8h is given figure 5.13. Time evolution of CA of N-doped films synthesized
at Ty= 500, 550 °C are also shown in the figure for comparative purpose. It is ob-
served from the figure that, TiO, 450 °C-8h film attained hydrophilicity in 40 mins
and superhydrophilicity in about 65 mins as compared to the N-doped films, which
attained superhydrophilicity in 40 mins. TiO, 450 °C-8h film reverted back to its

original hydrophobic state in 5-6 days.
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Figure 5.13 — Variation in contact angle with irradiation time for (a) N-doped
Ti0,,Ts= 500 °C (b) N-doped TiO,,Ts= 550 °C (c¢) TiO4 450 °C - vacuum annealed
for 8hours.

5.6 Conclusion

Wetting studies of TiO, and N-doped TiO, films revealed that Nitrogen doping in
TiO, transforms hydrophobic surfaces to super-hydrophilic surfaces upon sunlight
irradiation. The hydrophilic surfaces reverted to the initial hydrophobic state in 5 days
when kept in dark and became hydrophilic again on sunlight irradiation confirming
the switching behavior. Analysis of the surface before and after irradiation, by XPS,
revealed generation of HO-T1i species and destruction of organic species upon sunlight

irradiation, confirming the role of surface hydroxylation and organic species removal in
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the wetting behaviour. The rate of hydrophobic — superhydrophilic conversion when
irradiated with sunlight and the rate of superhydrophilic — hydrophobic conversion
when the irradiated film is kept under dark calculated following the theoretical analysis
of Seki and Tachiya is 0.224 min~! and 2.03x10 ~* min~! respectively. The oxygen
deficient film also showed superhydrophilicity upon exposure to sunlight for 65 mins

as compared to N-doped films, which attained superhydrophilicity in 40 mins.
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Chapter 6

Summary and Scope for Future

work.

6.1 Summary

Nano-structured TiO, and N-doped TiO, thin films are synthesized using a cost ef-
fective and environment friendly spray pyrolysis technique by keeping the substrate
temperature (Ty) at 400, 450, 500 and 550 °C. Crystallographic studies of the films
confirm formation of phase pure anatase TiO,. Microstructure studies of these films
reveal early stages of grain formation at T, = 400 and 450 °C and well defined 20 nm
wide and 10 nm long crystalline grains at Ty = 500 and 550 °C. Optical absorption
studies carried out by using UV-Vis spectrometer reveal formation of interband states
in case of N-doped TiO,. The stoichiometry of the films are calculated from X-ray
photoelectron spectra and the film synthesized at T, = 450 °C is found to be nearly
stoichiometric compared to the films synthesized at Ty = 400, 500 and 550 °C. The
chemical nature and location of the nitrogen dopant is deduced using X-ray photo-
electron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS), respectively.
Nitrogen 1s (XPS) spectra showed three peaks with an energy value of 396.6, 397.5

and ~400eV, corresponding to substitutional nitrogen, interstitial nitrogen and NO
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species, respectively.! Out of these three peaks, the peak at 396.6eV is traditionally
referred as substitutional nitrogen by several authors. However, a careful reading of
literature revealed that it corresponds to Ti-N bond of Titanium nitride, implying
that it merely represents a Ti-N linkage and is not exactly substituting lattice oxy-
gen. As XPS cannot pinpoint the location of the said atom, X-ray absorption studies
(XAS) are undertaken to delineate the exact location of nitrogen, which revealed that
nitrogen in the TiO, host is located at a distance of ~ 2.3 A. In addition to this,
pre-edge region of the XAS reveals three peaks (A1, A2, A3) at 4957, 4961, and 4963
eV corresponding to 1s- 1t;,, 1s- 1ty, and 1s- 3e, electronic transition due to the dis-
torted TiOg4 octahedral geometry in anatase phase of TiO,.%? Analysis of post edge
region of X-ray absorption spectra, which is also known as extended absorption fine
structure (EXAFS), reveals that average (Ti-O)gim and (Ti-O)equatoriar distances are
increased in doped TiO, with respect to pristine TiO, thin films. The (Ti-O)zi and
(Ti-O)equatoriar bond lengths for N-doped TiO, calculated from EXAFS are found to

be in agreement with the theoretically calculated values by Ceotto et. al.*

Since, nitrogen doping of TiO, leads to creation of oxygen vacancies, oxygen deficient
anatase TiO, films are synthesized to study the effect of oxygen vacancies alone. For
introducing oxygen vacancies, first anatase TiO, films are synthesized by the custom
made spray pyrolysis unit by keeping the substarte temperature at Ts= 450 °C and
500 °C. These films are then subjected to annealing in vaccum/ reducing (H,) environ-
ment. As, annealing is known to cause phase transition of anatase to rutile, grazing
incidence X-ray diffraction (GIXRD) studies are undertaken. GIXRD of the films
revealed that there is no change in crystal structure due to annealing. The crystallite
sizes are calculated from the GIXRD spectra by using Scherrer formula and are found
to be in the range 29 to 91 nm. The formation of oxygen vacancies, due to anneal-

ing in vacuum/ reducing environment, is ascertained by comparing the co-ordination
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number (C.N) obtained from EXAFS analysis with the C.N obtained by using the
equation devised by Frenkel et. al. for calculating the C.N in nanoparticles.® The
calculated C.N for the nano-sized crystallites of oxygen deficient TiO, films in the
present study is found to be 5.9. C.N obtained from EXAFS analysis is less than
5/5.7 for oxygen deficient TiO, films synthesized at Ts= 450 °C /500 °C. Comparison
of C.N obtained from EXAFS studies and the theoretical calculation using Frenkel’s
equation proved that the oxygen vacancies are indeed created in TiO, films due to
vacuum/H, annealing and is not due to nano-sized crystallites. Furthermore, it is
observed that the films synthesized and annealed at Ty = 450 °C are more oxygen
deficient (CN of TiO_,-450 °C is in the range of 4.6 to 4.8) compared to the films
synthesized at Ts = 500 °C (CN of TiO5_,-500 °C is in the range of 4.6 to 5.7). This
is attributed to the porous microstructure of the film synthesized at T, = 500 °C,
which undergoes surface restructuring and absorbs the desorbed oxygen species avail-
able near surface as pointed out by Krivstov et.al.® In addition, the effect of oxygen
vacancy on the local structure is understood by analyzing X-ray absorption near edge
spectra (XANES). XANES of oxygen deficient TiO, films show three peaks (A, A,,
A,) positioned around 4957, 4961, and 4963 eV with varying intensity. Analyzing
peak position and height of A;, A, and A; reveals that oxygen deficient TiO, films
consist of both six and few five coordinated Ti centers. In addition to the above,
oxygen vacancies are known to induce disorderness in the system, which is reflected
in the integrated intensity of A, peak. To understand this, A, peak was fitted and its
integrated intensity is found to be highest for the films annealed for 2 hours. This is
in accordance with the fact that grain size and crystallinity increases with increase in
annealing time as given in the literature. Comparison between theoretically simulated
XAS spectra using FEFF with the experimental result reveals that oxygen deficient
anatase TiO, also gives rise to three pre-edge peaks and there is no change in the

local symmetry owing to oxygen deficiency.
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Nitrogen doping and oxygen vacancies change the electronic structure of TiO,, which
in turn can make the films visible light active. Hence, wetting studies are performed
on these films. The photo-induced wetting studies of N-doped TiO, films reveal, they
become superhydrophilic upon 40 min sunlight irradiation and revert back to hy-
drophobic state when kept in dark for 5 days. This confirms the switching (hydropho-
bic <> superhydrophilic) behaviour and the rate of hydrophobic — superhydrophilic
and superhydrophilic — hydrophobic transition is found to be 0.224 min~! and 2.03
x 107 min~!, respectively. Similar photo-induced wetting behaviour is also observed

for oxygen deficient TiO, films.

6.2 Scope of Future Work

e Oxygen deficient TiO, synthesized by vacuum annealing has been studied. The
samples synthesized under reductive atmosphere could not be pursued due to
difficulties in handling H,. Hence, an extensive study of oxygen deficient TiO,
synthesized by annealing films under hydrogen atmosphere can be pursued fur-

ther.

e Oxygen vacancies alters the band gap by reducing Ti** states to Ti**.Since, Ti
3d states contribute primarily to the conduction band of TiO,, it is expected
that oxygen vacancies would affect the conduction band of TiO,. Hence, a
detailed band structure analysis can be undertaken for oxygen deficient TiO,
films by using Ultraviolet Photo-electron Spectroscopy (UPS) and Reflection

high-energy electron loss spectroscopy (RHEELS).

o Wetting studies of doped and oxygen deficient TiO, revealed reversible hy-
drophobic to superhydrophilic conversion of TiO, surfaces upon sunlight irra-
diation. Though superhydrophilicity is attained in 40 to 50 mins, its reversal
to initial hydrophobic state when kept in dark took a long time. Hence, efforts

should be made to reduce the superhydrophilic to hydrophobic state, so that
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the material can truly be utilised in various applications.
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