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SYNOPSIS

Global demand for energy and its consumption has been rising significantly due to
the rapid expansion in economy throughout the nations. Traditional fossil fuel sources such
as petroleum, natural gas and coal are still the primary source of power. However, fossil
fuel reserve is finite and the continual staggering usage of fossil fuels will gradually result in
its depletion. Besides, the combustion of fossil fuels also emits polluting greenhouse gasses
strongly believed to be responsible for global warming'~. Due to these reasons, generation
of cheap, clean and renewable energy as an alternative energy source to fossil fuel is
becoming more viable and gradually gaining attention from various stakeholders.

Solar energy, on the other hand is clean and environmentally friendly. Its source is
virtually inexhaustible and has potential of fulfilling the ever increasing global energy
demand. Silicon as well as organic-based photovoltaics has been widely used to tap the
potential of solar energy. Another method of harvesting solar energy is through the use of
photocatalysts to undergo water splitting reaction, discovered by Fujishima and Honda in the
year 1972°. Upon absorbing photons, photocatalysts are able to chemically split water
molecules (H,O) to H, and O, gases. The significance of photocatalytic water splitting is the
generation of H, gas via a cheap and clean manner. H, can be used to generate energy in
hydrogen combustion engines or fuel cells which do not result in any toxic or greenhouse
gas emission but produces water instead". However, H, does not occur naturally and needs
to be artificially produced. Unfortunately, the existing methods to produce hydrogen either
generate unwanted greenhouse gases or energy intensive hence costly®®. Based on these

reasons, the alternative approach for H, production through the photocatalytic splitting of



water reactions seems to be a more feasible option for the purpose of clean energy

generation.

12,13 14,15

Many semiconducting materials such as oxides’'', nitrides and sulphides
have been studied for water splitting. Among them, TiO,, whose band edges suitably aligned
with water redox potentials is widely studied for water splitting due to its stable, inexpensive
and non-corrosive nature. There are three major crystal phases of titania such as anatase,
rutile and brookite. All of these have larger electronic band gaps in the range of 3 - 3.2 eV,
which limits their photocatalytic activity in the ultraviolot (UV) region. Given that, the
utilization of such radiation accounts to less than 5% of the entire solar energy even if TiO,
is very efficient in absorbing the whole span of UV light for water splitting. Efficient
absorption of natural solar light for a photocatalytic process thus lies in tuning the band gap
response of titania to the visible region. Another major concern regarding TiO; is it suffers
high electron hole recombination, which limits its activity towards water splitting.
Therefore, in order to make an efficient TiO, photocatalyst, decreasing its band gap, at the
same time, inhibiting the recombination of photogenerated electrons and holes will be the

sensible solution.

Several attempts were involved to enhance the visible light absorption of TiO,.

16,17 18,19

Among which a major portion of research is devoted to metals and non metals

doping of titania. Although it was successful in tailoring the optical properties to visible

region, the dopants often act as recombination centers affecting the photocatalytic

20,21

efficiency” . Recently, dopant free defective TiO, has triggered extensive research interest

due to the efficient engineering of band gap, towards visible light to infrared absorption**.

II



Hydrogenation of TiO, is one of such attempts which produced black/brown titania, whose
band offsets shifted to match equivalently with the water redox potential®**.

Meanwhile titania surface has been modified by various means such as coupling with

26,27 28,29

a narrow band gap semiconductor™"’, metal nanoparticles loading and so on to reduce
the recombination of photogenerated charge carriers. Among the modifications adopted,
introducing the phase junctions in titania is proved to be the effective strategy to inhibit the
fast recombination of excited charge carriers®’. This is because the photocatalytic activity of

TiO; is not only attributed to the energy band characteristics but also sensitive to the phase

composition. Recent reports demonstrated that biphase titania junctions such as anatase-

30,31 32,33

rutile’™*!, anatase-brookite®*, rutile-brookite’® outperform that of the individual phase
titania. Very recently it has been reported that the anatase-rutile-brookite (ARB) tri-phase
TiO, is more efficient than biphase titania nanoparticles due to the favourable energy band
edge alignment of three phases inhibiting the recombination®’. However synthesizing
triphase TiO, is difficult as it requires either multiple steps of rigorous reactions and/
extreme thermal treatment. Similarly, unlike anatase-rutile biphase system, studies on charge
transfer characteristics in ARB triphase system has not yet come to the spotlight to
determine the underlying physics behind the high efficiency of the triphase system. To
understand the actual reactivity of triphase TiO, nanostructures in photocatalytic water
splitting, research work on the facile synthesis of TiO, nanoparticles having three phases in
single entity as well as a clear cut picture of the charge transfer mechanism in triphase
system is highly appreciable.

Therefore in order to obtain a high quantum efficient visible light water splitting

photocatalyst, a novel and simple synthesis technique to prepare triphase TiO, nanotube

111



powders which does not require the use of expensive, time consuming thermal or
hydrothermal or rigorous acidic treatments is proposed and executed. The anatase, anatase-
rutile and anatase-rutile-brookite TiO, nanotube powders were obtained by tuning the
potential in electrochemical anodization technique. Similarly, triphase to biphase
transformation was observed with the change in electrolyte concentration during the
synthesis. The nanotube powders with various phase compositions are used in photocatalytic
water splitting experiments to compare the efficiency of single, bi- and triphasic TiO,
nanotubes. For the first time, a band diagram is proposed for ARB system with the possible
electron transfer pathway. In addition to these studies, modifications of triphasic TiO; such
as doping of nitrogen and hydrogen annealing were adapted to induce visible light activity.
Thus in general, the dissertation focuses on synthesis of triphasic TiO, nanotubes, its charge
transfer properties as well as band gap engineering in triphasic nanotubes, to develop a high
quantum efficient solar water splitting photocatalyst. In this process of band engineering in
heterostructured TiO,, the phase transformations are observed which are also studied in
detail. The studies included in the thesis are organized into seven chapters and the contents

of each chapter are summarized as follows:

Chapter 1: Introduction

The Chapter 1 discusses the present scenario in generation of hydrogen as a fuel, the
scope of hydrogen generation by photocatalytic water splitting technique, the significance of
titania as an effective water splitting photocatalyst and its properties. The brief outline on
various advantages and shortcomings of titania as a photocatalyst is also presented. The

necessity for band gap engineering of titania is briefly presented. The modifications adapted

v



on titania till date to transform it an efficient photocatalyst and their counter effect on
photocatalytic reactions are also discussed. The possibilities of enhanced photocatalytic
activity by triphase titania and its modified form are briefly described. The objective and

overview of the present thesis are briefed at the end of the Chapter 1.

Chapter 2: Experimental Techniques

The Chapter 2 deals with the experimental techniques and procedures employed for
the synthesis, characterization and evaluation of the band gap engineered titania nanotubes
in detail. The major characterization techniques for morphological, structural, elemental,
energy band gap, band edge, vibrational and luminescence studies are briefly discussed. In

addition, the basic features of the hydrogen generation reactor are also presented.

Chapter 3: Synthesis and Characterization of Band Engineered TiO; heterojunctions

The Chapter 3 discusses the facile synthesis of anatase-rutile-brookite triphase TiO,
nanotube photocatalyst using Rapid Breakdown Anodization (RBA) technique for high
quantum efficiency in solar assisted water splitting reactions. The effect of DC voltage and
electrolyte concentration towards the synthesis of triphase TiO, nanotubes are discussed in
detail. It is observed that the change in synthesis voltage and electrolyte concentration alters
phase composition of TiO, nanotubes. As the synthesis voltage is increased, the obtained
TiO;, nanotubes undergo phase transition from anatase (A) to anatase-rutile (AR) to anatase-
rutile-brookite (ARB). Similarly, with respect to electrolyte concentration, the TiO,

nanotubes transforms from anatase-rutile-brookite (ARB) to anatase-brookite (AB) phase



composition. It is observed from HRTEM that all the phases present in single TiO,
nanotube, giving rise to many heterojunctions.

This chapter also covers the synthesis of visible light active triphase heterojunctions
with high quantum efficiency. In order to tune the band gap, triphase TiO, nanotubes are
modified in two ways such as nitrogen doping and hydrogenation. It is observed that as the
nitrogen doping concentration increases, the triphase TiO, undergo transformation to
biphase composition, with a gradual decrement in band gap. In case of hydrogenation of
triphase TiO, nanotubes, the crystallinity increases with annealing temperature with a
reduction in band gap as well as change in phase composition.

This chapter hence briefly discuss about the facile synthesis of triphase TiO,
nanotubes; and effects of experimental conditions, nitrogen doping and hydrogenation on
crystallinity, phase composition, morphology and optical band gap of triphase TiO,

nanotubes.

Chapter 4: Photocatalytic Hydrogen Generation Efficiency of Triphase Heterojunctions
and Their Band Alignment

The water splitting efficiencies of TiO, nanotubes obtained with variation in
synthesis voltage and electrolyte concentration under one sun conditions are discussed in
detail. It is found that the triphase TiO, is more efficient than biphase (AR, AB) and single
phase (A) nanotubes in generating hydrogen by photocatalytic water splitting. The transfer
pathway of photoexcited charge carriers in triphase TiO, nanotubes are determined using PL
spectra and the synchrotron radiation assisted valence band edge analysis. From the

analyses, it is demonstrated that the most probable charge transfer pathway of the excited

VI



electron is from rutile to anatase to brookite. The hydrogen generated by ARB nanotubes is
nearly twice that of anatase TiO, nanotubes and 1.6 times that of anatase-rutile nanotubes
under 4 hours of one sun illumination. Similarly, the hydrogen generated by ARB nanotubes
is 1.25 times that of AB nanotubes under the same conditions.
Chapter 5: Photocatalytic Hydrogen Generation Efficiency of Doped Triphase
Heterojunctions and Their Band Alignment

This chapter demonstrates the ability of nitrogen doped triphase TiO, nanotubes (N-
Ti0O,) as a visible light active photocatalyst for water splitting with high quantum efficiency.
The detailed analyses of all the N-TiO, nanotubes demonstrate that, excess nitrogen doping
induces brookite to anatase phase transformation with increase in N 2p density of states. The
changes in density of defect states (Ti>" / oxygen vacancies/N 2p) into the band gap of TiO,
with changes in nitrogen doping are found to be critical in determining the photocatalytic
activity of Nt-TiO,. Among the nitrogen doped triphase TiO, samples, the sample with
optimum N doping is found to be 7.5 times efficient in photocatalytic hydrogen generation
compared to pristine triphasic TiO,. The hydrogen generation results also indicate that
nitrogen doped triphase TiO, nanotubes perform better than biphase nanotubes.

The effects of nitrogen doping in triphase TiO;, nanotubes at various concentrations
are discussed using band diagram. The band alignment and charge transfer pathway of N-
TiO, is discussed based on synchrotron valence band edge analysis. The presence of
nitrogen doping induced defect states below the conduction band edges of each phase and N
2p states above the valence band edge of each phase facilitates the easy transfer of excited
electrons to the neighbor phase conduction band without recombining, thus readily available

for water splitting reactions. In general the present findings imply that optimal nitrogen

VII



doped multiphase TiO, nanotubes can result in high quantum efficient visible light

photocatalyst.

Chapter 6: Photocatalytic Hydrogen Generation Efficiency of Defect Induced Triphase
Heterojunctions and Their Band Alignment

The chapter demonstrates the ability of defect induced triphase TiO; nanotubes (H-
Ti0O,) through hydrogenation as a visible light active photocatalyst for water splitting with
high quantum efficiency. It has been observed that the concentration of Ti’" and oxygen
vacancies; and their distribution increases significantly with respect to hydrogen annealing
temperature. Such changes in defects are found to be critical in enhancing the photocatalytic
activity of H-TiO,. The triphase TiO, nanotubes annealed under hydrogen atm. at 450 °C is
found to be 16 times efficient compared to pristine TiO, in photocatalytic water splitting.
Such an increase in photocatalytic activity is explained from the triphase band diagram with
defect states below the conduction band of each phase which facilitate the easy transfer of
charge carriers from one phase to another. This study showed that the well designed
multiphase construction with oxygen vacancies could enhance the photocatalytic activity
tremendously. These investigations might provide new insights into the photocatalytic
ability of hydrogenated triphase TiO, and pave the way for further studies on defective

triphase metal oxides for high quantum efficient visible light photocatalytic applications.

Chapter 7: Brief Summary of Thesis and Scope of Future Work
In Chapter 7, the major findings of the thesis are summarized and the directions for

future work on pristine and band gap engineered triphase TiO; nanostructures are proposed.
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Introduction

“Alternative energy is a future idea, whose time is past
Renewable energy is a future idea, whose time has come”

- Bill Penden

The depleting fossil fuel reserves and its serious environmental impact have
emphasized the issue of sustainable development of the human society. Hydrogen fuel by
solar water splitting is a promising alternative to conventional fossil fuels, which is of great
potential to relieve the energy and environmental issues and bring an energy revolution in a
clean and sustainable manner. In view of this, the present chapter discusses the current
scenario in fuel reserves and demonstrates the basic principles of artificial photosynthesis.
Recent impressive progresses and advancements in photocatalytic water splitting using
some promising materials are presented. The importance of TiO, and its suitability for
water splitting reaction is demonstrated with emphasis on its physicochemical properties
and their concerned drawbacks. In addition, various engineering strategies for enhancing
the efficiency of hydrogen generation, including light harvesting, and charge carriers
separation of TiO, have been outlined and discussed. Finally, the chapter is concluded with

the objective of the presented thesis.
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1.1 Present Scenario in Energy Production

Global energy demands and its consumption have been rising significantly due to the
rapid expansion in economy throughout the nations. It is also expected that these issues will
be accompanied by a steady increase in cost of energy and renewed concerns regarding
energy security and climate change'. Traditional fossil fuel sources such as petroleum,
natural gas and coal are still the primary source of power. However, fossil fuel reserve is
finite and the continual staggering usage of fossil fuels will gradually result in its depletion.
Besides, the combustion of fossil fuels emits polluting greenhouse gasses strongly believed
to be responsible for global warming'?. Even, the growth of hydrocarbon feed stocks
demands vis-a-vis of available fossil fuel resources. This led the world community to search
for new alternate fuels. Otherwise, it will make the life on earth unsustainable in the medium
and long range’. Due to these reasons, generation of cost effective, clean and renewable
energy as an alternative to fossil fuel is gradually gaining attention from various
stakeholders. Recent studies suggest that the direct use of hydrogen as a fuel provides a
clean and affordable energy supply’. Hydrogen, a colorless and odorless gas, is the simplest
and most abundant (occupying about 75% of the universe mass) element in the universe.
Although hydrogen does not occur naturally, it can always be found with other elements
such as water and organic compounds”.

In recent years, hydrogen is being produced in large quantities for commercial and
industrial purposes. Major portion of hydrogen produced for industrial utilization is through
natural gas reforming, coal gasification and electrolysis. About 96% of worlds’ hydrogen is
currently produced from natural gas, oil or coal (48% from natural gas, 30% from oil, 18%

from coal, and the remaining 4% via water electrolysis)’. These methods of hydrogen
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production demands huge infrastructure and significant energy resources. Unfortunately, the
existing methods to produce hydrogen either generate unwanted greenhouse gases or are
energy intensive®®. Because of these drawbacks, the alternative approach for H, production
through photocatalytic splitting of water seems to be a more feasible option. The
significance of photocatalytic water splitting lies in the generation of H, under solar
irradiation in a cost effective and clean manner. Hydrogen can be used to generate energy in
combustion engines or fuel cells that do not result in any toxic or greenhouse gas emission

but produces water instead*”.

1.2 Photocatalysis

Photocatalysis is the acceleration of a photoreaction in the presence of a catalyst
leading to generation of highly reactive radical species, by using solar energy’. This process
has the ability to oxidize the organic material and even mineralize the intermediates into
non-hazardous compounds. Photocatalytic reactions are initiated when a semiconductor
catalyst is illuminated by light (photon) with energy equal to or greater than the
semiconductor band gap energy (hv > AEg). Among various applications of photocatalysis,
water splitting to generate hydrogen is found to be of great interest among researchers for its

potential to replace conventional fuel sources for green energy.
1.2.1 Artificial photosynthesis

Water splitting into hydrogen and oxygen using photon energy is accompanied by a

large positive change in Gibbs free energy (+237 kJ/mol) and hence it is an uphill reaction.

10,11

Similar reactions occur in green plants, which are termed as photosynthesis ™ . Therefore
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water splitting with the aid of solar energy is termed as artificial photosynthesis. As pure
water does not absorb solar radiation, its splitting needs a photo-semiconductor capable of
efficiently absorbing solar energy and then splitting the molecule in an indirect way. The
photo-semiconductors are termed as photocatalysts and the water splitting using them is

termed as photocatalytic water splitting.

There are two subtypes of photocatalysis which are termed as homogeneous and
heterogeneous catalysis. In homogeneous photocatalysis, both the catalyst and the reactants
in the chemical system are in the same phase, whereas in heterogeneous catalysis, they are
of different phases. Even though the use of homogeneous catalysts is advantageous in
elucidating the detailed catalytic mechanisms such as detecting active intermediates for
water oxidation; heterogeneous catalyst makes a strong impact because of its practical
applications due to its high photocatalytic activity. This brought numerous reports on the
study of photochemistry of heterogeneous catalysis which blends principles of physics,

. . .12
chemistry and engineering'*™"°.

The photoassisted water splitting using heterogeneous photocatalysts can be
performed under two different configurations. They are (i) photoelectrochemical systems in
which two electrodes, with one having the photocatalyst on its surface, in aqueous
electrolyte performing oxidation/reduction reactions respectively and (2) particulate photo-
catalytic systems where the powder photocatalysts are suspended in aqueous solution and
redox reactions takes place at its surface. Comparing the two configurations, particulate
photocatalysis is advantageous as it is simple, cost effective and do not require expensive

transparent electrodes and electrical energy. However it faces difficulty in separation of
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generated hydrogen and oxygen due to the possibility of reverse reaction'', which are

suppressed by introducing alcohols, aldehydes etc.

The first demonstration of photoelectrolysis of water using titania and platinum

electrodes was performed by Fujishima and Honda'®. During photo-irradiation with photons

of energy greater than the band gap of TiO,, under direct current, oxygen and hydrogen are

evolved at TiO, and Pt electrodes respectively'®. This discovery inspired researchers across

globe leading to extensive research on hydrogen generation by water splitting using a wide

variety of semiconductor photocatalyst that continues till date.

1.2.2 Reaction mechanism of photocatalytic water splitting

“A photocatalyst is a material (usually semiconductor) that absorbs photons,

generating electron/hole pairs that assist in accelerating the desired reaction”. The

schematic representation of water splitting reaction by a semiconductor is shown in Figure

1.1.
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Figure 1.1 Schematic representation of photocatalytic water splitting

Chapter 1

Page 6



To generate hydrogen through splitting water, the CB and VB edges of any
semiconductor photocatalyst should be well matched with the redox potential of water as
shown in Figure 1.1. During light illumination, the photocatalyst generate electron-hole

pairs which undergoes reduction and oxidation reactions in water by the following sequence:

hv
Ti0, —— h*+ e~ (1.1)
Oxidation: H,0 + 2h* — 2H* +2 0, (1.2)
Reduction: 2H" + 2¢~ — H, (1.3)
TiO,/h
Overall: H,0 223 H, +2 0, (1.4)

For a better water splitting efficiency, the CB edge should be higher than hydrogen
reduction level (Epzmo) while the VB edge should be lower than water oxidation level
(Eo2/m20). Therefore, the minimum photon energy thermodynamically required to drive a
water splitting reaction is 1.23 eV'?’. From the viewpoint of thermodynamics, in addition
to the above mentioned energy, an additional electric potential of the electrons (at least 0.6
eV) is required to electrolyze water smoothly under one sun condition. Therefore, the
minimum band gap required for water splitting is around 2 eV. The theoretical water
splitting efficiency increases when the band gap of semiconductors is close to 2 eV*'. But,
most of the semiconductors have band gap larger than 2 eV, so the activity under visible

light is limited. Therefore it is necessary to engineer the band gap to suit this requirement.

1.2.3 Requirements of an efficient photocatalyst
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A semiconductor material becomes an efficient water splitting photocatalyst only
when it satisfies several functional requirements with respect to semiconducting and
electrochemical properties including® (1) appropriate visible light absorption with band gap
around 2.0 - 2.2 eV and band edge potentials suitable for overall water splitting; (2) ability
to separate photo-excited electrons from reactive holes once formed; (3) minimization of
energy losses related to charge transport and electron-hole recombination; (4) chemical
stability to chemical and photocorrosion; (5) kinetically suitable electron transfer properties
from photocatalysts’ surface to water; and (6) low production cost. However most
semiconductors with suitable band edge positioning with respect to water redox potential,
are found to be UV light active which spans only 5% of the entire solar spectrum. So far, the
maximum apparent solar to hydrogen conversion efficiency records only 16%>. The low
solar to hydrogen conversion efficiency is still the ‘‘bottleneck’” for solar water splitting.
Consequently, the design of efficient semiconductor photocatalytic systems for production
of molecular hydrogen from water is one of the foremost challenges in the development of

solar hydrogen economy*.
1.2.4 Investigation of materials for photocatalytic water splitting

A large number of semiconductor materials have been studied for photochemical and
photoelectrochemical process in the last four decades. Many types of semiconductors such
as oxides, nitride, sulphides, carbides and phosphides etc. have been investigated till date.
Many of these materials are reported to possess better water splitting capability along with
one or the other disadvantages. A few important materials that are prevalently studied for
water splitting reactions are metal oxides such as TiO,'*, Zn0O?, Sn0,***", WO;%%,

Fe,05°%%! | and Ru0,***, compounds such as GaAs**, CdTe* and CdSe*’®, suphides such
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as CdS*’, znS***, GaS* and metal (oxy) sulphide43 4 metal (oxy) nitride®, tantalates*®*’,

49,50

niobates®, tungsten based materials™ ", metal oxides with d’ and d'° electronic

52,53

. 32 . . 51 - .
configuration™, perovskite type materials’ ', inorganic complexes etc.

Among these materials, titania become a prominent one because of its favorable
band gap, high chemical and photoelectrochemical stability, biological inertness, low cost,
ease in preparation methods, etc®®. A lot of studies with its modified forms are still been

carried out.

1.3 TiO, and its Properties

Titanium dioxide (TiO;), also known as titania, a white inorganic solid substance,
belongs to the family of transition metal oxide. Titanium which is the ninth most common
element in the earth’s crust, is thermally stable, chemically inert, bio-compatible, non
flammable and nonhazardous. Titania has been investigated for over 45 years due to its
photoelectric and photochemical properties. After the demonstration of water splitting into
H, and O, by defective titania'®, the understanding of the reaction mechanism opened up a
large number of applications of titania including volatile organic compound decomposition,
disinfection in hospitals, purification of air/water, dye sensitized solar cells, organic

synthesis, cancer therapy etc.
1.3.1 Crystalline phases of TiO,

TiO, has several types of crystalline forms some of them are anatase, rutile, brookite,
TiO,-B, TiO,-R, TiO»-H, TiO,-II and TiO,-I1I>". Among these, rutile, anatase and brookite

are naturally occurring phases at atmospheric pressure and have been studied extensively for
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. o 5659 .
various applications™ . The other five phases occur at high pressure hence they are of
minor significance for research and development applica‘[ionsm'63 . Hence from now we

focus only on antase, rutile and brookite phases of titania.
(a)

4o 4> 4
ANNZINZIN
ZIN ZIX SR SR
‘gsﬂk A 4

Figure 1.2 Crystalline structures of (a) anatase, (b) brookite and (c) rutile

Table 1.1 Physical and structural properties of anatase, brookite and rutile phases

Property Anatase Brookite Rutile
Molecular weight
(@/mol) 79.9 79.9 79.9
Crystal structure Tetragonal Orthorhombic Tetragonal
Point group 4/mnm Mnm 4/mnm
SpaceGroup 141/amd Pbca P4,/mnm
a=b=3.784,c= a=5.455b=9.181, a=b=4.593,c=
Unit Cell 9.515 c=5.142 2.959
Volume = 136.25 Volume = 257.38 Volume = 62.07
Density (g/cm’) 3.894 4.123 425
Band gap (eV) 3.23 3.14 3.02

In TiO,, each titanium ion (Ti*") is bonded to six oxygen ions (O*) forming a TiOs
octahedron configuration. The differences in physical, structural and optical properties of the
three phases of titania are attributed to the difference in the arrangement of these octahedral

units and the assembly pattern of the octahedral chains®. Anatase has a tetragonal structure
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in which the octahedral units share their edges. Brookite belongs to orthorhombic crystal
system in which both the vertices (corners) and the edges are shared by the octahedral units,
whereas, in rutile, the octahedra share the vertices to give a tetragonal structure. The
representative unit cells are illustrated in Figure 1.2 and the physical/structural properties are
listed in Table 1.1.
1.3.2 Stability and phase transformation

Thermodynamically, rutile is the stable form of TiO,, whereas anatase and brookite
are metastable and are readily transformed to rutile phase under heat treatment (>400 °C).
The presence of unintentional impurities or intentional dopants has a strong effect on the
kinetics of the phase transition®. Various results have been reported stating that dopants
can have the effect of hindering or enhancing the phase transition. In the case of
substitutional solid solution formation, dopant ions can enter the lattice and influence the
level of oxygen vacancies, thereby promoting or inhibiting the transformation. In the case
of interstitial solid solution formation, lattice constraint may result in destabilisation or
stabilisation, depending on size, valence, and content effects, again promoting or
inhibiting the transformation. If the solubility limit of impurities or dopants is exceeded,
then their precipitation can facilitate the phase transformation through heterogeneous

nucleation®®?’.

Similarly, reductive atmosphere such as H, and Cl, accelerate the
transformation and gases that are conducive to Ti interstitial formation decelerate the phase
transformation®. The synthesis of TiO, nanoparticles in general results in anatase phase

especially when the preparation takes place in aqueous media®. This is due to the close

proximity of the surface energy of the three phases. Anatase is more stable at crystallite
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sizes below 11 nm, brookite at crystal sizes between 11 and 35 nm, and rutile with the

crystal sizes > 35 nm’’.

1.3.3 Physiochemical properties

TiO; is an n-type wide band gap semiconductor, whose valance band is composed of
2p orbitals of oxygen hybridized with the 3d orbitals of titanium, while the CB is composed
mainly of 3d orbitals of titanium®. Among the three phases, anatase and rutile are the most
studied crystalline forms with respect to photocatalysis because they can be easily prepared
in pure form from titanium precursors™. Brookite is often observed as a by-product in sol-
gel synthesis at low temperature. Pure brookite without rutile or anatase is rather difficult to
be prepared so that, until recently, its photocatalytic behavior has not been studied in

detail®.

After the discovery of Fujishima and Honda, the concept of hydrogen generation by
photocatalytic water splitting has been a rife in the research community. This stimulated
several reports on water splitting by using different phases of TiO, and their photochemistry
are being reported till date’'. This includes the study of variety of TiO, structures ranging
from small particles such as powders, clusters and colloids to large single crystals that
supports oxidative and reductive reactions of many type of organic and inorganic adsorbates.
This is followed by the studies on the effect of various morphologies, pore sizes, phases and

synthesis methods on their photocatalytic activities. Specifically, research on the various

16,56,75-80 81-83 84,85

architectures of TiO, such as nanorods/nanotubes , nanospheres” ~°, nanowires’

86-88

nanocrystalline particulates and thin films®' has been extensively carried out. Some of

the most common synthesis methods followed to synthesize various nanostructures are

95,96
, sol-

chemical vapor deposition (CVD)’>*, hydrothermal®”*, pulsed laser deposition
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197,98 99,100 101,102

, atomic layer deposition (ALD) , anodization etc. Due to the significance of

ge
porosity in TiO, nanostructures, macro-porousm, meso-porous1°4’105, and micro-
porous'®!'”” TiO, nanomaterials are synthesized as they play a significant part in
determining the effective surface area of the catalyst during reactions.

All these physicochemical properties, decide the scale of photocatalytic activity of
TiO,. Titania with large surface area possess high photocatalytic reaction rates because of
the presence of large concentration of active sites'™. However, a high surface area is prone
to surface charge pair (electron-hole) recombination due to the presence of large amount of
crystalline defects, leading to poor performance in photoactivity. Amorphous TiO, has poor
photocatalytic performance in contrast to TiO, with high crystallinity mainly because of the
high density of surface defects. This indicates that a balance between surface area and
crystallinity is necessary to produce an effective photocatalyst'®’. Similarly particle size is
also an important parameter that affects photocatalytic activity as it decides the type of
recombination (surface or volume recombination) and spectral shift (UV and visible light
absorption)''’. The same way, the choice of crystal structure (anatase, rutile and brookite)
and phase composition of TiO,, also play a crucial role in predicting its photocatalytic
activity. In addition, surface adsorption-desorption characteristics is also essential in
defining the activity as photocatalysis is a surface phenomenon. In conclusion, an optimized

combination of the physicochemical properties of TiO; is necessary to produce an efficient

photocatalyst for enhanced photocatalytic water splitting.

1.3.4 Drawbacks of TiO, for photocatalytic water splitting
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Having strong catalytic activity and high chemical inertness, TiO, with optimized
physicochemical properties alone doesn’t make it an ideal candidate for enhanced water
splitting. The major limiting factors are,

(1) Fast backward reaction: Decomposition of water into hydrogen and oxygen by TiO;
photocatalyst is an energy intensive process. This easily enables the backward reaction of
hydrogen and oxygen recombination to produce water.

(i1) Inactive to Visible light: Large band gap (anatase: 3.23 eV, rutile: 3.02 eV and brookite:
3.14 eV) of TiO, makes it only UV light active (corresponds to shorter wavelength < ca.
390 nm) which accounts only for about 5% of solar spectrum. The rest of the solar spectrum
is mainly composed of visible (about 50%) and IR radiation. Thus inability to utilize visible
light limits the efficiency of TiO, photocatalyst.

(iii)) Recombination of excited charge (electron-hole) pairs: After photoexcitation, CB
electrons can easily recombine with VB holes in very less time and the energy is released in
the form of unproductive heat or photons;

In order to overcome the above problems and to improve the photocatalytic
efficiency of water splitting, numerous modifications were carried out. The commonly
applied techniques are cation/anion doping, cocatalyst loading, dye sensitization, coupling
with other semiconductors, addition of electron donors (hole scavengers) etc. which are

discussed briefly in the following sections.

1.4 Photocatalyst Modification Techniques to Enhance H, Production

1.4.1 Suppressing backward reaction
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The various intermediate reactions such as the photoexcited charge -carriers
interacting with the lattice and surface defects as well as with an impurity substituting the
lattice sites of a semiconductor photocatalyst might occur during water decomposition.
These unavoidable pathways make the water splitting a complex reaction, which in turn
decreases the efficiency of hydrogen generation. The use of sacrificial agents to act as
electron donors or hole acceptors increases the efficiency of hydrogen generation either by
suppressing the recombination of electrons and holes through various reactions irreversibly
and by minimizing the reverse reaction between oxygen and hydrogen''"''?. Some of the
prevalently used electron donors are alcohols (methanol, ethanol, isopropanol, etc.), acids
(formic acid, acetic acid, etc.), aldehydes (acetaldehyde, formaldehyde, etc.). Among them
methanol and ethanol are widely used. It is reported that the amount of hydrogen produced
by decomposition of ethanol is less compared to that generated by methanol, formaldehyde,
formic acid etc''>''*. Hence in our work, we have utilized ethanol as sacrificial agent. The

reaction mechanism of ethanol is as follows''>:

hv,catalyst

C,H;OH ———— CH3CHO + H, (1.5)
CH3CHO + OH — H,0 + CH,CHO (1.6)
OH + CH,CHO — HOCH,CHO (1.7)
HOCH,CHO + 2H,0 — 4H, + 2C0, (1.8)
The overall reaction is
CH3;CHO + 3H20M 5H, + 2C0, (1.9)

Thus the presence of ethanol scavenges the holes and in turn produces hydrogen and carbon-

di-oxide.
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1.4.2 Tuning the band gap for visible light absorption

Although there has been extensive research on photocatalytic activity of titania, an
efficient visible light active photocatalyst with high quantum efficiency is still a distant goal.
The wide band gap of titania (=3.2 eV) is capable of absorbing only UV light, hence various
modifications are adapted to narrow the band gap. Some of them are metal doping, non
metal doping, metal/non metal co-doping, and coupling with other semiconductors. There
are several successful synthesis methods for modifying TiO,, including impregnation,
deposition-precipitation, sol-gel process, hydrothermal reduction and photo-deposition.

Metal doping is an efficient strategy to activate TiO, in visible-light region mainly
because the FL of these metals (especially nobel metals) is lower than that of TiO, which
results in better transfer of electrons from TiO; to the metal particles. Extensive research has

also been focused on the doping of transition and rare earth metal ions (Fe''®'"’, Ccr''®!"?

Co', Mn'?!, V12 Ce'?, La'**, Ni'® etc) for improving the photocatalytic activity of TiO,
in the visible light range.

Similarly, another approach of non-metal doping in TiO,, is also of high interest due
to the fact that anion dopants show a lower formation of recombination centers when
compared to metal dopants. A wide variety of non metal ions (N'¢, $'°, F”, C'*’, B'** etc)
doped TiO; nanostructures have been explored till date to narrow the band gap that allow the

absorption into visible region due to the introduction of dopant impurity level into the band

gap of titania.

In titania, the 3d orbitals of Ti govern the CB and O 2p orbital occupy the
VB. Cation doping generates impurity levels in the forbidden gap or resonates with the

bottom of the CB while anion doping mostly modifies the VB due to the generation of
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different p orbitals in relation to the O 2p states'*”. The two effects of doping are (i)
reducing the band gap either by increasing the top of VB edge or lowering the bottom of CB
edge or (ii) introducing intra band states (Figure 1.3). Thus the visible light photoactive
transitions in doped titania are obtained due to the excitation of an electron from mid band

B'®!1%% or the excitation of electron from the VB to the mid band gap

gap energy level to C
energy level as shown in Figure 1.3. The photocatalytic activities of doped TiO, are
dependent on the method of synthesis and dopant content. Dopant ions often act as charge
trapping sites that reduces the recombination rate; however, conflicting reports are also
found in literature stating that mono dopant ions (transition metals ions) may also acts as
recombination centers for photogenerated carriers'.

Recently, it has been reported that the optical drawback in mono-doped (cations or
anions) TiO, can be compensated by codoping. Some of the attractive combinations of
doping, includes nonmetal and metal co-doping, e.g. N-W'2 and N-Tam, N-Ptm, S-Bim, C-
M0135, B-V' or two nonmetal ions co-doping, e.g. C-Hm, N-H", C-Nl38, N-S'*. In such
case of codoping, both band gap narrowing and a decrease in recombination centers can be
achieved resulting in enhanced photocatalytic activity'”’. The photo-reactivity of doped
photocatalyst in general depends on the energy level of dopant within the TiO, band gap,
light intensity, method of doping and dopant concentration. Also it is difficult to derive
unifying conclusions from the reported results regarding the factors which influence the
doping phenomena, because of the difference in the experimental conditions, sample
preparation, photoreactivity and characterization methods. However, it is common opinion

among researchers that there is an optimum limit for dopant ion addition. The limit lies

usually at low dopant concentration and if the amount exceeds the limit then dopants
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Figure 1.3 Schematic of (i) undoped (ii) cationic and (iii) anionic doped TiO;

become the recombination sites and as a consequence the photocatalytic phenomenon is
adversely influenced'®'. In conclusion the photophysical properties of doped and codoped
photocatalysts still require investigation because bulk and surface properties and
photocatalytic activity strongly depend on the doping method used and also on the nature

and concentration of the dopant precursor' '’

In view of this, the approach of nitrogen doping in TiO, which has the competitive
virtues of efficient visible light activity and less deep level trap, has gained wide attention
for the past decade. After Asahi et al, many authors have observed that nitrogen doped TiO,
(N-TiO;) shows significant catalytic activity in various photocatalytic reactions due to the
modification of its electronic structure. This along with the tuning of surface oxidation state

can have a great impact on its photocatalytic activity.
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The mechanism of the enhancement of light absorption by N-doping is still
controversial. Asahi et al'*’ claimed that the doped N atoms narrow the band gap of TiO, by
mixing N 2p and O 2p states, thus explaining the activity for the decomposition of acetone

and methylene blue. Irie et al'"!

argued that the isolated narrow band located above the VB
is responsible for the visible light response. Ihara et al'** suggested that the visible light

activity is attributed to the oxygen vacancies caused by N doping.

Although the doping of metal and non metal ions extends the absorption of TiO, into
the visible-light region and improves photocatalytic activity, the introduction of foreign
atoms into the lattice is not always desired. Therefore the generation of native defect states
into the band gap of TiO, for wvisible light absorption is highly appreciable.
Thermodynamically, the water splitting potential is only 1.23 V. This band gap energy
corresponds to a wavelength of 1000 nm. So, ideally, the color of TiO, should be tuned to
black, with an energy gap of 1.23 eV corresponding to an absorption in near infrared region.

In 2011, hydrogenation has been reported as an effective approach to obtain black
TiO, with the band gap around 1.5 eV with an optical onset around 1.0 eV'*. This discovery
has triggered world-wide research in black TiO, nanomaterials'*"'*". Indeed, it is well
known that heating TiO, under vacuum or in a reducing atmosphere leads to color
changes'**. Generation of Ti’" or/and oxygen vacancies turn white TiO into yellow, blue or

black'*®.
1.4.3 Suppressing charge carrier recombination

Charge carrier recombination is undesirable, leading to loss of photo excited

electrons and holes thus limiting the photocatalytic performance of TiO,. Due to the high
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recombination rate, only a small fraction of these charge carriers (5%) can be used to

undergo redox reactions at the interface. Modification of TiO, by organic dye

149,150 151-153

photosensitization , nobel metal deposition'™ or doping and semiconductor

. 154-1
compounding'**'*°

can effectively utilize the incident photons and enhance the charge
separation, thereby improving its photocatalytic efficiency. Under illumination, the dyes
absorb photons of longer wavelengths beyond the absorption range of TiO,, where the
electrons are excited from the highest occupied molecular orbital (HOMO) level to lowest
unoccupied molecular orbital (LUMO) level. The photoexcited electrons will then be
transferred to CB of TiO, increasing the number of free electrons available for
photocatalytic reactions'’’. The deposition of metal nanoparticles on TiO, nanostructures
enhance the quantum yield of photoinduced charge transfer process by (i) improving charge
separation within the oxide semiconductor, (ii) discharging photogenerated electrons across

1'%, Besides acting as

the interface and (iii) providing redox pathway with low overpotentia
photosensitizers for charge injection or as electron traps for facilitating charge separation,
noble metal nanoparticles can also act as the light trapping or scattering agent in TiO,-metal
structures. Heterojunction formed by coupling with different semiconductors of appropriate
band structures has been considered to be an effective approach to overcome the charge pair

159 The difference in chemical

recombination by means of inter-particle charge transfer
potential between two semiconductors causes band bending at the junction interface, which
induces a built-in field, driving the photogenerated electrons and holes to move in opposite

directions, leading to a spatial separation of the charge carriers on the different sides of the

heterojunction.
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However, the above methods face drawbacks such as poor reaction stability and
controllability, high cost, photocorrosion etc. In these respects, mixed-phase TiO, with
relatively simple preparation process, low cost, resistance to photocorrosion and adjustable
crystal type has attracted much attention. Recent studies have demonstrated that, the mixed

phase in TiO, have higher photocatalytic activity compared to single phase TiO,'®.

1.5 Mixed Phase TiO,

Many research reports state that the mixtures of rutile and anatase TiO, forming
heterojunctions can significantly improve the photocatalytic activity'®''>'®'. These results
invoked extensive research on other phase combinations of TiO, such as anatase-

162163 rutile-brookite'*, anatase/TiO»(B)'*® and anatase-rutile-brookite'**'®. The

brookite
results of these studies also state that the mixed phase TiO, performs better in photocatalytic
activity compared to single phase TiO,. The enhanced photocatalytic activity of mixed phase
Ti0, is due to the difference in band edge positioning of the phases. Their combination can
effectively promote the separation of photo-generated electron-hole pairs. In addition,
interface of different phase junctions can acts as “catalytic hot spots”, therefore increasing
the photocatalytic efficiency in many folds'®'%. Owing to the better performance of mixed

phase TiO; heterostructures compared to single phase, great efforts have been devoted to

synthesize TiO, with different phase heterojunctions and apply them in photocatalysis.

1.5.1 Synthesis and application of mixed phase TiO,
The mixed phase TiO, nanomaterials having different phase compositions are
obtained through several synthesis techniques. The hydrothermal method is used most

commonly for the preparation of TiO, mixed phases in laboratory scale'’*'”>. The phase

Chapter 1 Page 21



compositions of mixed phase TiO, are controlled by varying the process parameters'’.
Solvothermal method is similar to hydrothermal method wherein organic solvents are used
instead of an aqueous environment for the synthesis of mixed phase TiO,. Similar to
hydrothermal method, the crystal phases and morphology of the TiO, namomaterials
synthesized by solvothermal method are controlled by regulating parameters such as the
autoclave pressure, the reaction temperature, the reaction time and the titanium source'’*'”.
The mixed phase TiO, nanomaterials, prepared by the above two methods are usually well
crystallized and doesn’t require calcinations under high temperature. Besides these
advantages, these methods face drawbacks including the requirement of special equipments
to withstand high temperature and high pressure. In addition, the reaction is sometimes
incomplete due to the absence of stirring process and hence difficult to reproduce the
uniform product.

Recently, microemulsion method combined with solvothermal method termed as
“microemulsion mediated solvothermal method” has been used to prepare the mixed phase
TiO; crystals. The advantage of this method lies in the synthesis of small grain size of the
product and good control over the phases'’®'”’. Another commonly used method for
preparation of mixed phase TiO; is sol-gel method. This method has the ability to synthesize
various shapes of high pure small size mixed phase TiO, at low temperature. However, this
method requires long time aging and the particles agglomerate after high temperature

168 Another

calcinations, which may have a significant impact on the photocatalytic activity
method, solvent mixing and calcinations method (SMC method) which refers to mixing of

different phases of TiO, in a suitable solvent and then evaporating it followed by

calcinations at high temperature to make a close contact among different crystal phases. The
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phase composition of the product can be regulated easily using this SMC method however
the resultant TiO; is prone to easy agglomeration under final high temperature calcinations
process. In addition, it is difficult to achieve perfect mixing of different phases, thus limiting
its photocatalytic performance'”*'".

The mixed phase TiO;, product obtained by above methods is of mainly anatase-
rutile (AR), anatase-brookite (AB) and some gives rise to rutile-brookite (RB) compositions.
These different phase mixtures are widely studied for photocatalytic water splitting and are
found to be highly active than its component phases in charge separation. There are very few
reports on the synthesis of anatase-rutile-brookite (ARB) triphase TiO,. Although ARB is a
rare polymorph and its synthesis involves multiple steps of rigorous reactions and/ thermal
treatment, their importance in photocatalysis is recently realized'®'*’. The phase selection
in these synthesis techniques depends on the reactant concentration, temperature and

reaction time'®1!%3,

Unlike the widely studied single or biphase systems, the reports on
water splitting efficiency of ARB triphase TiO, nanostructures are unavailable. To
understand the actual reactivity of triphase TiO, nanostructures in the photocatalytic water
splitting, a facile synthesis of TiO; nanoparticles having three phases in single entity whose
phase compositions are not separated by dispersion is highly appreciable.
1.5.2 Challenges in using mixed phase TiO, as a photocatalyst for water splitting

Research on synthesis methods and applications of mixed-phase TiO, in
photocatalysis have made great progress since years. The superior photocatalytic

performance of mixed-phase TiO, to single-phase TiO; has been well received among the

researchers and the mechanism of the enhanced photocatalytic activities has also been
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widely studied. However, there are still many problems remaining to be resolved. Some of
the important issues are:

(1) Particulate mixed-phase TiO, nanomaterials are prone to agglomeration, which
will greatly decrease the photocatalytic activity;

(2) Although the relatively narrow band gap of rutile extends the absorption of the
mixed-phase TiO, slightly to visible light range, it is still insufficient to utilize all visible
light radiation from sun light, limiting its application in sun light assisted photocatalysis;

(3) Although researchers all agree that the mixed-phase crystal structure enables the
effective separation of photogenerated electrons and holes, thereby enhancing the
photocatalytic activity, there is much controversy about the mobility direction of photo-
generated electrons and holes'™*. Further research is essential to confirm the mechanism of
the enhanced photocatalytic activity of mixed-phase TiO,.

Therefore, developing mixed-phase TiO, nanomaterials in advantageous
nanostructures, enhancing the visible light utilization, and exploring the mechanism by
newly developed characterization techniques will continue to be the challenges and hot

research topics in this area.

1.6 Motivation and Research objectives

Although mixed-phase crystal TiO, has been studied for decades, it is still a popular
topic due to its excellent photocatalytic activity and there exists a large gap to be covered. In
recent days, with increasingly serious energy and environmental problems, the application of
mixed-phase TiO, in water splitting application is anticipated to attract considerable

attention. It is seen that the efficiency of triphase TiO; in photocatalysis is recently realized
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as it is found to perform better than its biphase and single phase forms. Also it is

demonstrated that the physiochemical properties and application of triphase TiO; in

photocatalytic water splitting is not yet ventured due to the difficulties in synthesis of

triphase TiO, in single entity. Considering the above issues, a stepwise systematic approach

to explore triphase TiO,, for hydrogen generation by photocatalytic water splitting is the

main objective of this thesis, which is represented in following points:

> Oxides in nanotubular forms are of high importance in photocatalysis due to the
availability of high active surface area and enhanced electron transport properties.
Therefore having three phases of TiO, in single nanotube is advantageous as it forms
a single entity which gives rise to bulk heterojunctions and hence high photo-excited
charge transfer properties. Therefore, the first objective of this thesis is to synthesize
triphase TiO, using electrochemical anodization technique as it is a facile, cost
effective technique which gives rise to nanotubular TiO, powders and using it in
water splitting.

> The co-existence of three phases is highly sensitive to experimental conditions.
Hence it is necessary to study the growth mechanism of triphase TiO, with respect to
change in applied potential and electrolyte concentration in electrochemical
anodization technique. Also, the ability of triphase TiO, in water splitting is
understood only when it is compared with its biphase and single phase forms. Hence
it is necessary to be able to tune the conditions so as to obtain TiO, nanotubes with
varied phase compositions, such as single phase, biphase and triphase, single

experimental set up.
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> Unlike, biphase TiO,, the photo-excited charge transfer properties of triphase TiO,
has not been explored yet. Therefore it is necessary to study the band alignment and
charge transfer properties of the synthesized triphase TiO, nanotubes.

> Among various modifications adopted to decrease the band gap of TiO,, nitrogen
doping is found to be promising. Hence in order to extend solar light harvesting,
nitrogen doping is to be carried out without altering the triphase composition in
nanotubes. Also it is necessary to delineate the effect of N doping into triphase TiO,
with change in nitrogen concentration. The solar water splitting ability of N-doped
triphase TiO, should be compared with its pristine form. In addition, the charge
transfer pathway of N-doped triphase TiO, should be delineated in order to
understand the photocatalytic mechanism.

> In order to obtain enhanced light absorption in triphase TiO, without the need of
external doping, the intraband states should be created by generating native defects.
This can be achieved by means of hydrogen annealing the triphase TiO,. This as the
advantage of having negligible recombination centers as external dopant sites act as
recombination centers. The water splitting ability of hydrogenated triphase TiO,
should be compared with its pristine form. In addition, the charge transfer pathway
of photoexcited charge carriers in hydrogenated triphase TiO; should be delineated
in order to understand its water splitting efficiency.

> Finally the photocatalytic efficiencies of pristine and band engineered triphase TiO;
are to be compared.

Thus, the objectives will justify the chosen thesis title “Band gap engineering of TiO, for

efficient water splitting to generate hydrogen”.
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Experimental Techniques

To arrive at a comprehensive understanding of the material properties, it is
important to choose the right characterization tools. Proper choice of operating conditions,
understanding sources of errors, accurate interpretation of results are all equally important
in the process of material characterization. In line with this, the current chapter gives
details of the experimental techniques adopted for the study of band engineered triphase

TiO, nanotubes.
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2.1 Introduction

The Chapter deals with the brief description of the experimental techniques and
procedures employed for the synthesis, characterization and application of the band
engineered titania nanotube powders in photocatalytic hydrogen generation. The synthesis of
pristine and modified triphase TiO, nanotubes were carried out using electrochemical
anodization facility whose details are explained. Following this, the major characterization
techniques for structural (XRD, Raman spectroscopy, TEM), morphological (FESEM),
elemental (XPS), energy band gap (UV-Visible absorption spectroscopy), band edge (UPS,
Synchrotron VB spectra), band bending (MS plots) and PL analysis are briefly discussed. In

addition, the basic features of the hydrogen generation reactor are presented.

2.2 Rapid Breakdown Anodization (RBA)

TiO, nanotube powders are synthesized by potentiostatic RBA technique using
titanium and platinum foils as the working and counter electrodes (two -electrode
configuration), respectively, in 0.1 M perchloric acid electrolyte as represented in Figure
2.1. Before performing the experiment, the titanium foil (0.5 mm thickness, 99% pure, cut to
the size of area 2.5 x 0.5 cm?) is polished smoothly to remove the oxide layer on the surface.
The polished foils are ultrasonicated in alcohol, acetone followed by distilled water and
dried in N, gas stream. A programmable DC power supply (Agilent N6700 series) and a
multimeter (Agilent 34401A) interfaced to computer were used for DC voltage supply and
measurement of current transients respectively. All anodization reactions were performed
under potentiostatic conditions in perchloric acid medium. The TiO, nanotube powders
obtained in the present work is synthesized at voltages equal to or above 9.5 V as it is the

threshold voltage, below which no TiO, nanopowders are seen to fall into the solution. The
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TiO, powders obtained were washed several times in distilled water, followed by overnight

drying at 70 °C and labeled accordingly.

Hj; evolution

0.1 MHCIO,

Figure 2.1 Schematic of potentiostatic RBA technique

2.3 X-Ray Diffraction (XRD)

When electromagnetic rays are incident on a solid material (grating), they are either
coherently/in-coherently scattered or absorbed. The coherent scattering of rays can interfere
with each other giving bright (constructive interference) and dark (destructive interference)
fringes. Since X-rays have wavelength comparable to inter-atomic spacing in a crystal, it can
interact with the solid and scatter to produce a diffraction pattern. However, the scattered
rays will become constructive only at a particular angle when the path difference between
the two rays differs by an integral number of wavelengths. This condition for constructive
interference of X-rays is termed as Bragg’s law which is represented as'®’:

2dsinf =nAi (2.1)
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where d is the inter-planar spacing (i.e. spacing between adjacent planes in a set of planes, as
given in Figure 2.2), 6 represents the angle of incidence, n the integer representing the order
of diffraction, and A represents the wavelength of the X-ray (normally Cu Ka =1.54056 A°).
Generally, the diffraction pattern is plotted as intensity versus diffraction angle 26. The X-
ray diffractometer typically uses Bragg-Brentano geometry for recording the diffraction
pattern. Each peak in the diffraction pattern can be correlated to a set of planes in a crystal
lattice. A schematic representation of the X-ray Diffraction (XRD) in crystal planes is
shown in Figure 2.2. In powder XRD, the X-rays can penetrate the material from 0.1 to 10
mm depth depending on the material type and the incident X-ray energy. In the present
study, observed diffraction patterns of titania nanopowders were compared with JCPDS
(Joint Committee on Powder Diffraction Standards, 1974) files corresponding to anatase:

21-1272; rutile: 21-1276 and brookite: 29-1360.

Incident
plane wave

Figure 2.2 Schematic representation of XRD
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Width of the diffraction peaks signifies the dimension of the reflecting planes. It is
known that the width of a diffraction peak increases when the crystallite size is reduced

below a certain limit (<100 nm). Therefore, XRD patterns can be used to estimate the

average crystallite size by using Scherrer formula which is given as'®®

_ 092
- L cosBp

(2.2)

where t is the thickness of the crystal (in A), A the X-ray wavelength, and 85 the Bragg angle
in radians. Broadening f is calculated by taking the full width half maximum (FWHM) of
the diffraction peak corresponding to each plane in the diffraction pattern. The phase
identifications of all the samples in this thesis work are carried out using X-Ray
Diffractometer (D8, Bruker) with a scanning range from 26 = 20° to 80°.

Further Synchrotron XRD measurements were carried out for TiO, nanotube
powders synthesized at different voltages in RBA technique for the phase composition
analysis. The high brilliance of synchrotron source compared to conventional source and
superior signal to noise ratio is been exploited for identification of phases whose signal is
week due to its high orientation when laboratory XRD is used. The measurements were
recorded in transmission geometry using Image Plate area detector at ambient temperature
and pressure using ADXRD beamline on Indus-2 synchrotron source at RRCAT, Indore,
India. For this purpose, the angle dispersive mode with a wavelength, A = 0.82 A is used.
The beamline consists of adaptive focusing optics and Si(111) based double crystal
monochromator. A MAR345 imaging plate system was used and this image plate data was
further processed with automated software FIT2D by integrating over full circle, to obtain

the 2 dimensional XRD data. The center of the pattern has been fixed carefully to minimize
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the possible error. The calibration of the X - Ray photon energy and the distance between

the sample and the image plate was carried out by using standard LaBs and CeO, samples.
In the present study, TiO, nanotubes having anatase-rutile-brookite phases are

synthesized. From XRD pattern, the individual phase composition of the triphase samples

can be determined using the equations'™’:

Wa = KaAa/(KaAa + Ar + KbAD) (2.3)
Wr = Ar/(KaAa + Ar + KbAb) (2.4)
Wb = KbAb/(KaAa + Ar + KbAb) (2.5)

where Wa, Wr and Wb represent mass fractions of anatase, rutile and brookite,
respectively; Aa, Ar and Ab represent the integrated intensities of anatase (101), rutile (110)
and brookite (121) respectively. Ka and Kb stands for correction coefficients whose values
are 0.886 and 2.721 respectively'®’. After deconvoluting the overlapping anatase (101) and
brookite (120) peaks, calculations are performed using the above formula to calculate the
individual phase composition.

The theoretical band gap of nanocomposite materials could be accurately determined
using the XRD data (ie mass fraction of each polymorph) and band gap energies of

individual polymorphs (anatase, rutile, brookite) using equation:
Eg(ARB) = Eg(A)Wa + Eg (R)Wr + Eg(B)Wb (2.6)

where Eg represents band gap energy for each material (A-Anatase, R- rutile, B-

brookite, ARB — anatase/rutile/brookite nanocomposite)'®.
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2.4 Raman Spectroscopy

Vibrational spectra obtained using Raman spectroscopy is the fingerprint of the
sample through which its physical and chemical information can be delineated. In 1928, an
Indian physicist Chandrashekhara Venkata Raman discovered the phenomena of inelastic
scattering of light, known as the Raman effect. This explains the change of wavelength
exhibited by some of the radiation scattered by a medium. The degree of shift is specific to
chemical structure of the molecules responsible for scattering'™.

Raman spectroscopy utilizes scattered light to gain knowledge about molecular
vibrations which can provide information regarding the structure, symmetry, electronic
environment and bonding of the molecule, thus permitting quantitative and qualitative
analysis of the individual compounds. The irradiation of a molecule with a monochromatic
light always results in two types of light scattering, elastic and inelastic. In elastic scattering,
there occurs no change in photon frequency. Conversely, in inelastic scattering which is
accompanied by the shift in photon frequency due to excitation or deactivation of molecular
vibrations where the photon may lose some amount of energy or gains energy.

Thus, three types of phenomena can occur when light is scattered by a medium. First,
when light is incident on a molecule, it can interact with the molecule but the net exchange
of energy is zero, so the frequency of the scattered light is same as that of the incident light.
This process is known as Rayleigh scattering. Second, the light can interact with the
molecule and the net exchange of energy is the energy of one molecular vibration. If the
interaction causes the light photon to gain vibrational energy from the molecule, then the

frequency of the scattered light will be higher than that of the incident light, whic is termed
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as anti-Stokes Raman scattering. Third, if the interaction causes the molecule to gain energy

from the photon, then the

Virtual
energy
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energy states
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Figure 2.3 Schematic of Raman scattering process

frequency of the scattered light will be lower than that of the incident light, this process is
known as Stokes Raman scattering.

The two spectra (Stokes and anti-Stokes) are mirror images on opposite sides of the
Rayleigh line. However, because anti-Stokes scattering depends on the existence of
thermally activated vibrations, their intensities are strongly temperature dependent; whereas
the Stokes intensities are only weakly temperature dependent. For this reason, anti-Stokes
scattering is rarely measured, except for the specialized technique known as coherent anti-
Stokes Raman spectroscopy. The schematic of the Raman scattering process is given in
Figure 2.3. Raman spectra bring direct results from the sample without the need for specific
sample preparation and also it is a non destructive technique. Hence it is a time saving and

cost effective technique for structural analysis.
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All the Raman spectra presented in the thesis were recorded on a micro-Raman
spectrometer (inVia, Renishaw, UK), in the back scattering configuration, with Ar" laser
(514.5 nm) being used as excitation source, diffraction gratings of 1800 grmm ' for
monochromatization and a thermoelectric cooled charged coupled device (CCD) as detector

to study the vibrational modes.

2.5 Field Emission Scanning Electron Microscopy (FESEM)

Electron microscopy is based on the interaction between the electrons (matter wave)
and the sample. This utilizes the advantage of significantly short wavelength of the electrons
which can be focused with the help of electromagnetic lenses to generate highly magnified
images. Scanning electron microscopy (SEM), which can produce high resolution images of
the surface of a sample, is widely used to analyze the surface morphology of synthesized
materials. It is a type of electron microscopy that images a sample by scanning its surface

with a focused beam of high energy electrons (€).

An accelerated beam of €’s with a high potential difference impinges on the target
material under consideration resulting in consequent elastic and inelastic interactions (Figure
2.4)." The elastically backscattered electrons (BSEs), which are emitted through an angle
more than 90° posses energy comparable to the primary e beam. By convention, if the
energy of the emitted € is greater than ~50 eV, then it is considered as BSE. Whereas, in the
case of the inelastic scattering, a little amount of energy of primary €” beam is transferred to
the target atom. If the energy transferred to the target atom exceeds the work function of the
material, then it can knock out additional e’s, which can escape from the solid surface, those

are termed as secondary electrons (SE). The energy of this SEs is less than ~50 eV. Most of
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the emitted SEs is produced within the first few nm scale of the surface. By detecting and

scanning the BSE and SE, the

BSE SE

Photons/CL

EBIC

Elastically scattered e \ Inelastically scattered e

Transmitted electrons

Figure 2.4 Schematic of the effect of high energy e” beam interaction with the

material

image formation can be carried out for the topography and Z—contrast variations in the
sample. Thus, in SEM, the primary incident electrons coming from electron gun strike the
surface of the sample and interact with the surface atoms of the tested sample, giving rise to
electron emission that reveal information about surface morphology and electrical
conductivity. The morphological studies of the all the TiO, nanotubes samples reported in
the thesis were carried out using FESEM (SUPRA 55 Zeiss and JEOL 6360) with 30 kV

source from a tungsten field emission (FE) tip.

2.6 Transmission Electron Microscopy (TEM)
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As discussed in the previous section, when high energy electrons interact with the
specimen, various phenomena occurs as shown in Figure 2.4. SEM involves the
investigation of elastically backscattered electrons (BSEs) and secondary electrons (SE). On
the other hand, TEM involves investigation of the transmitted electron from a thin sample
and reveals information about its morphology and particle size distribution at a spatial
resolution of 1.4 nm.

A TEM setup basically consists of an electron gun, voltage generator, vacuum
system, electromagnetic lenses and recording devices whose schematic is given in Figure
2.5a. Usually thermionic gun (tungsten filament, LaB6 crystal) or field emission gun is used
as an electron source to illuminate the sample specimen. The acceleration voltage of the
electrons determines the wavelength of the electron beam, which in turn governs the
resolution of the electron microscope. The electron beam after passing through the
condenser lens system is directed towards a thin sample. Typically TEM specimen thickness
is in the range of 50 to 100 nm for it to be electron transparent. The microscope column is
maintained at high vacuum levels to prevent scattering of electrons by the atmosphere inside
the microscope. The diffraction pattern and image are formed at the back focus plane and
image plane of the objective lens. Information is obtained from both transmitted electrons
(i.e. image mode) and diffracted electrons (i.e. diffraction mode) whose schematic is given
in Figure 2.5b. A transmitted beam combined with one or more diffracted beam gives a
bright field image, whereas a dark field image is obtained from a transmitted beam alone or
one of the diffracted beams. Some of the diffraction patterns are from a selected area of the

specimen which is termed as selected area electron diffraction (SAED) patterns.

Chapter 2 Page 38



Electron Apecien (b)
source Objective g
e Back focal o lens Aperture
ectron . : ..
Baarn plane _Diffraction_ . lstimage
pecimen o plane
Intermedi ate
Electro- lens
nagnetic
lense
Projector
lens
<_
o Final Final
Viewing - = \ diffraction pattern image

Figure 2.5 (a) Basic set up of TEM; (b) Different modes of TEM

High resolution TEM (HRTEM) on the other hand, requires both high instrumental
resolving power and high image contrast. In case of HRTEM, transmitted beams along with
at least one diffracted beam is admitted by using a large-diameter objective diaphragm. All
of the beams passing through the objective aperture are then made to recombine in the
image-forming process, in such a way that their amplitudes and phases are preserved. When
viewed at high-magnification, it is possible to observe contrast in the image in the form of
periodic fringes. These fringes represent direct resolution of the Bragg diffracting planes.
Thus this mode of contrast is referred to as phase contrast. The fringes that are visible in the
high-resolution image originate from those planes that are oriented as Bragg reflecting
planes and possess interplanar spacing greater than the lateral spatial resolution limits of the
instrument.

TEM (JEOL, 2010) was employed for the morphological and structural

characterization of all the samples investigated for the present work.
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2.7 Ultraviolet-Visible absorption spectroscopy

The band gap (EQ) is an important feature of semiconductors which determines their
application in photocatalysis. The UV-Visible spectrum can be used to measure the band
gap of any material. In samples, where light penetrates and initiates different processes such
as reflection, refraction and diffraction, and eventually emerges out diffusively (scatters in
all directions), UV —Visible spectroscopy in transmission mode becomes difficult to execute.
In such cases, diffuse reflectance spectroscopy (DRS) is adopted. The difference in these
techniques is that in UV-Visible spectroscopy in transmission mode, one measure the
relative change of transmittance of light as it passes through a solution, whereas in diffuse
reflectance, one measures the relative change in the amount of reflected light off a surface.

There are different methods for determining the band gap using DRS'#190, Among

0191 45 widely used to determine the band gap of the

the various methods, Tauc plot
materials in which (ahv)" is plotted as a function of 4v where a represents the absorption
coefficient of radiation, h is the Planck’s constant and v is the frequency of the radiation.
The value of n is either 2 or 2 depending on the direct and indirect transition behavior
respectively'”.

In the case of thick samples, Kubelka Munk function (KM) is used to convert the

diffuse reflectance measurements to equivalent absorption coefficient'” using the equation:

_ (1-R? _ «a
~ 2R s

KM (2.7)

where R is the ratio of the intensities of radiation reflected in diffuse manner from the
sample and from the reference sample, and S is the scattering factor. When the thickness of

the sample is much bigger than the individual particle of the sample, S is approximately
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unity or it assumes a constant value. Therefore, the KM function will be almost equal to the
absorption coefficient a.

For different transition mechanisms, it has been proved that along the sharp
absorption edge, the energy of incident photons (4v) and EgQ of a semiconductor will have
the relation

(ahv)™ = A(hv — Ej) (2.8)
Since the re-emission function (scattering factor S) is equal to the absorption coefficient
according to the equation 2.7, the Tauc plot, (Nahv ) versus Av can be replaced by (VKB *hv )
versus hv . Therefore, using reflectance values of UV-Visible radiation, we can calculate the
band gap of semiconductors using the above relation.

In the present thesis work, an UV Vis spectrometer (PerkinElmer, Lambda 750S)
equipped with a 60 mm diameter integrated sphere in reflectance mode is used for band gap
measurements, with barium sulphate as the reference. The powder samples and barium
sulphate are loaded into their respective sample lid and tightly packed which then are

exposed to UV-Vis light for reflectance measurements.

2.8 Photoluminescence (PL) Spectroscopy

Many materials are capable of emitting visible luminescence when subject to
electromagnetic radiation. This process is termed as photoluminescence (PL). PL
spectroscopy is a powerful technique for investigating the electronic structure, both intrinsic
and extrinsic, of semiconducting and semi-insulating materials. There are two pre-requisites
for luminescence: (a) the luminescent material must have a nonzero Eg and (b) energy must

be imparted to this material before luminescence can take place. The PL mechanism in
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semiconductors is schematically illustrated in Figure 2.6 which plots the E-k diagrams for
direct and indirect band gap semiconductors, where E and k are the kinetic energy and wave
vector (or momentum vector) of the electron or hole. The direct and indirect band gap
semiconductors are distinguished by their relative positions of CBM and VBM in the
Brillouin zone. In a direct band gap material, both CBM and VBM occur at the zone center
where k = 0. In an indirect band gap material, however CBM doesn’t occur at k = 0, but
rather at some other values of k which is usually at the zone edge or close to it'**.

Upon absorption of a UV or visible light photon with an energy exceeding the band
gap Eg of the material, an electron-hole pair is created where the electron is excited to states
high up in the CB. During a photon absorption process in semiconductors, both energy and
momentum should be conserved. In a direct band gap material, CBM and VBM have the
same k values; conservation of momentum is guaranteed for the photoexcitation of the
electron which only involves a UV or visible photon:

hk; + hkppoton = hk; = hkg (2.9)

where k; and k; are the wave vectors of the initial and final electron states. Since hkppoton,
the wave vector of the absorbed photon (which is in the order of 2 /A =~ 10°) is negligible
compared to the electron wave vector (which is related to the size of the Brillouin zone 7 /a
~ 10%, where the unit cell dimension ‘a’ is in the order of few angstroms). This implies that
in a direct band gap material, the electron wave vector doesn’t change significantly during a
photon absorption process. Therefore the photon absorption process is represented by
vertical arrows in the E-k diagrams.

In contrast, for an indirect band gap material of which the CBM and the VBM have

different k values, conservation of momentum implies that the photon absorption process
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must be assisted by either absorbing or emitting a phonon, because the electron wave vector
must change significantly in jumping from VB to CB and the absorption of a photon alone
cannot provide the required momentum change since |kpporon| << |k; — kf|. The excited
electron and hole cannot remain in their initial excited states for very long, instead, they wil
relax very rapidly to the lowest energy states withtin their respective bands by emitting
phonons. When the electron finally arrives at the bottom of the CB, the electron-hole pair
can recombine radiatively with the emission of a photon giving rise to luminescence, or
nonradiatively by transferring the electron’s energy to impurities or defects in the material or
dangling bonds at the surface.

Therefore, the photon absorption process in an indirect gap material for which
conservation of momentum can be fulfilled by either absorption or emission of a phonon, in
the electron-hole recombination process, phonon absorption becomes negligible, whereas
phonon emission becomes the dominant mediator for momentum conservation because (1)
the number of phonon available for absorption is low and it rapidly decreases at low
temperatures, whereas the emission of phonons by electrons which are already at a high-
energy state is very probable; and (2) an optical transition assisted by phonon emission
occurs at a lower photon energy E; — hVpponon than the energy gap, whereas phonon
absorption results in a higher photon energy of at least E; + hVpponon, Which can be more
readily re-adsorbed by the semiconductor. But we note that the energy of a phonon
(MVphonon) 1s just in the order of = 0.01 eV, much smaller than the energy of the electron-
hole recombination luminescence photon. Also because prior to the recombination, the
electron and holes respectively accumulate at the bottom of the CB and the top of the VB,

the energy separation between the electrons and the holes approximately equals to the
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energy of band gap. Therefore, the luminescence emitted by both types of semiconductors

occurs at energy close to the band gap Ej.

\E interband photoluminescence
condyction
band
ks S R
“X\c—lecn‘cns_'-'/ Eh:
e (e conduction band
\y-
W
< |
W n a4
& / +?\'x‘%‘f‘\(/)“v”7\\ TSty |
VWV \elecirons /
~phonon \\ /
<—VWWW
M= E. (MW SRpED
El

k

direct—gap materials indirect—gap materials

Figure 2.6 Photoluminescence in direct and indirect band gap semiconductors

The PL efficiency is determined by the competition between radiative and
nonradiatve recombination. For an indirect gap material, the PL process, which requires a
change in both energy and momentum for the excited electron and hence involves both a
photon and a phonon, is a second-order process whith a long radiative lifetime (= 10° — 107
s), therefore a relative small efficiency because of the competition with nonradiative
recombination, In contrast, in a direct gap material, the emission of a PL photon doesn’t
need the assistance of a phonon to conserve momentum, hence it’s a first order process
having a much shorter radiative lifetime (= 10° — 10 s) and a higher PL efificiency than an
indirect band gap material.

The PL studies on TiO; nanotubes, reported in this thesis, are carried out using the

same setup used for the micro—Raman measurements (inVia, Renishaw), by choosing the
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He—Cd laser source (325 nm) operating at a power level of 200 mW, a long pass filter, 2400

gr.mm’' grating and a CCD detector.

2.9 X-ray Photoelectron Spectroscopy (XPS)

The physical and chemical composition of the catalyst surfaces determines the nature
of surface - adsorbent interactions. Their surface chemistry will influence factors such as
corrosion rates, catalytic activity, adsorption properties, contact potential and reaction
mechanisms. XPS is a semi-quantitative technique to determine chemical composition of the
materials surface based on photoelectric effect. Each atom in the surface has core electron
with the characteristic binding energy that is conceptually, not strictly, equal to the
ionization energy of that electron. When an X-ray beam radiated on the sample surface, the
energy of the X-ray photon is adsorbed by the core electron. If the photon energy, hv, is
large enough, the core electron will then escape from the atom and emit out of the surface.
The emitted electron with the kinetic energy (Ey) is referred to as the photoelectron. The
binding energy (E}) of the core electron is given by the Einstein relationship:

hv=E,+ E, + ¢ (2.10)
Ep=hv—E,— ¢ (2.11)
where hv is the X-ray photon energy (for Al Ka, hv =1486.6eV); E}, is the kinetic energy of
photoelectron, which can be measured by the energy analyzer; and ¢ is the work function
induced by the analyzer, about 4~5eV. Since the work function ¢, can be compensated
artificially, it is eliminated, giving the binding energy as follows:

E, =hv— E (2.12)
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Figure 2.7 Schematic of photoelectron emission

XPS 1s a widely used technique for obtaining chemical information of various
material surfaces. The low kinetic energy (0 < 1500 eV) of emitted photoelectrons limit the
depth from which it can emerge, so that XPS is a very surface-sensitive technique and the
sample depth from which electron is emitted is in the range of few nanometers (<10 nm).
Photoelectrons are collected and analyzed by the instrument to produce a spectrum of
emission intensity versus electron binding (or kinetic) energy. In general, the binding
energies of the photoelectrons are characteristic of the element from which they are
emanated, so that the spectra can be used for surface elemental analysis. Small shifts in the
elemental binding energies provide information about the chemical state of the elements on
the surface. The peak area can be used (with appropriate sensitivity factors) to determine the
surface compositions of the material. Therefore, the high resolution XPS studies can provide

the chemical state information of the surface. Once a photoelectron has been emitted, the
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ionized atom must relax in some way. This can be achieved by the emission of an X-ray
photon, known as X-ray fluorescence. The other possibility is the ejection of an Auger
electron through a secondary process.

All XPS data present in the thesis were collected using hemispherical analyzer EA
15 (PREVAC) equipped with dual anode X-ray source RS 40B1 (PREVAC). The
measurements were performed using Al Ka (1486.6 eV) radiation and analyzer pass energy
of 100 eV. The electron binding energy (BE) scale was calibrated at the maximum of C 1s
core excitation at 285 eV. The ultra-high vacuum (UHV) conditions of 1:10” mbar were
maintained during the measurements.

X-ray photoelectron spectrometer (XPS) (SPECS, Germany) with Al Ka X-ray
source (1486.74 eV) is also used for some other set of samples (TiO, synthesized with
different voltages). In this XPS set up, the photoelectron energy spectra were collected
using the PHOIBOS 150 MCD-9 analyzer with a resolution of 0.67 eV for 656 kcps

ata pass energy of 12 eV.
2.10 Ultra-violet Photoelectron Spectroscopy (UPS)

UPS is analogous to XPS except that it uses Helium discharge source for excitation.
Depending on the operating conditions of the source, the photon energy can be optimized for
He I = 21.22eV or He Il = 44.8eV which is significantly lower energy than Al or Mg Ka
used in XPS. As lower energy photons are used, most core level photoemissions are not
accessible using UPS, so spectral acquisition is limited to VB region of the material. There
are two types of experiment performed using UPS: (1) VB acquisition and (2) electronic

work function measurement.

Chapter 2 Page 47



XPS UPS

Figure 2.8 Difference in information depth for XPS and UPS

UPS also exhibits greater surface sensitivity than XPS. The inherent surface
sensitivity of XPS is due to the shorter inelastic mean free path (IMFP, or L) of free
electrons within a solid, with the so-called ‘information depth’ from which > 99% of
photoemission signal originates. For UPS, the conventional mean free path is being defined
as 3 nm from the surface, whereas for XPS, it is often quoted as 10 nm. The values are an
approximation as the IMFP of an electron is determined by the material properties of the
solid media through which it is travelling and its kinetic energy. The lower incident photon
energies used in UPS emit photoelectrons of much lower kinetic energies than those
measured in XPS, therefore UPS spectra provides an approximate information depth of 2-
3nm. Figure 2.8 shows the difference between XPS and UPS with respect to surface

sensitivity.
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The difference between the FL and Vacuum level is referred to as the electronic
work function, a material property applied in the development of electronics devices, for
example where matching of VB and CB in multilayered devices is required. As a surface
property, the work function is strongly influenced by variation in composition or structure at
the surface, such as atmospheric contamination.

The UPS study in the present work is carried out for VB edge analysis. The UPS set
up used for the present work consists of discharge UV source UVS 40A2 (PREVAC), which
produces the characteristic excitation line He la (21.2 eV). The analyzer pass energy of 10
eV, at a chamber pressure better than 10™® mbar is used.

In order to distinguish the VB edges of three phases present in triphase TiO,
nanotubes, high resolution VB edge spectra using synchrotron radiation source is sought.
The VB spectra were measured with angle resolved photoelectron spectroscopy (ARPES)
beam line (BL-3) at Indus-1 synchrotron radiation source, RRCAT, Indore, India. Vacuum
in the analysis chamber was better than 3 X 10” mbar during the measurements. The
analysis chamber is equipped with SPECS PHOIBOS 150 electron analyzer. UPS spectrum
from Au foil was used as a reference to characterize the monochromatic synchrotron light

from the beamline.

2.11 Electron Paramagnetic Resonance Spectroscopy (EPR)
EPR spectroscopy, also called electron spin resonance (ESR) spectroscopy, is a
technique used to study chemical species with unpaired electrons. EPR spectroscopy plays

an important role in understanding both organic and inorganic radicals, transition metal
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complexes and even some biomolecules. In photocatalysis, EPR studies are carried out to
study the defects present in the sample.

When a molecule with an unpaired electron placed in a magnetic field, aligns its spin
in two different ways giving rise to two spin states, mg = £1/2. The alignment can either be
parallel to the magnetic field which corresponds to the lower energy state mg = -1/2 or

antiparallel to the

A
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Figure 2.9 Energy levels for an electron spin (mg = +1/2) under magnetic field
direction of applied magnetic field mg = +1/2 (Figure 2.9). The two alignments have
different energies and this difference in energy lifts the degeneracy of the electron spin
states. The energy difference is given by:

AE =E*— E~ =hv = gugB, (2.13)
where h is the Planck’s constant, v is the radiation frequency, [ is the Bohr magneton
(9.274 * 10%* JT"), B, is the magnetic field strength (in Tesla) and g is called the g factor.

The g-factor is a unit less parameter of the intrinsic magnetic moment of the electron and its
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value for a free electron is 2.0023. During the experiment, the values of h, v and pg doesn’t
change whereas g value changes with change in magnetic field strength B,. The EPR
spectrum is the absorption of microwave frequency radiation plotted against the magnetic
field intensity.

In an EPR experiment, the magnetic field of the magnet is varied linearly to excite
some of the electrons in the lower energy level to the upper energy level while the sample is
exposed to fixed microwave radiation. The free or the unpaired electrons having magnetic
moment align parallel to the larger field produced by the spectrometer’s magnet. At a
particular magnetic field strength, the microwave irradiation will cause some of the free
electrons to flip and orient against the applied magnetic field. This separation between the
lower and the higher energy level is exactly matched by our microwave frequency. The
condition where the applied magnetic field and the microwave frequency are just coinciding
to produce EPR resonance (or absorption) is known as the resonance condition and is
detected by the spectrometer. EPR spectroscopic measurements can be carried out either by
varying the magnetic field keeping the frequency constant or vice versa. Typically, in
commercial EPR spectrometer, microwave frequency is held constant and the applied
magnetic field is varied to record the spectrum.

EPR experiments in the thesis work were performed using a Jeol JES X310
ESR spectrometer, Japan at an operating frequency of 9.4GHz. The EPR measurements
were taken at room temperature with the powder sample kept in 4mm OD quartz EPR tubes.
The g-value was calibrated with standard DPPH (a, a0 -diphenyl-b-picryl hydrazyl) and is

used as a field marker.
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2.12 Mott-Schottky Analysis

Fundamental studies on photoelectrochemical properties of semiconductor are
required in order to understand its behavior in photocatalysis. When a semiconductor is
immersed in a redox electrolyte, the electrochemical potential is disparate across the
interface. In order for the two phases to be in equilibrium, their electrochemical potential
should match each other. The electrochemical potential of the solution is determined by the
redox potential of the electrolyte species, whereas that of semiconductor is determined by its
FL. In order to equilibrate the redox potentials of two phases, the charges migrate between
the semiconductor and the solution.

The excess charge that is now located on the semiconductor does not lie at the
surface rather it extends into the electrode for a significant distance (100- 10,000 A). This
region is referred to as the “space charge region”, which gives rise to inbuilt electrical field.
Hence, two double layers develop when the semiconductor is immersed in electrolyte
solution: the interfacial (electrode/electrolyte) double layer, and the space charge double

layer.
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Figure 2.10 Band bending of (a) n-type and (b) p-type semiconductor in equilibrium with

redox potential of electrolyte.
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The FL of n-type semiconductor is in general higher than the redox potential of the
electrolyte under open circuit condition and hence electrons will be migrated from the
electrode into the solution. This develops a positive charge in the space charge region which
leads to the upward bending of the band edges as shown in Figure 2.10a. Since the region is
devoid of majority charge carriers, it is also referred to as “depletion layer”. For a p-type
semiconductor, the FL is lower than the redox potential hence reverse reactions takes place
leading to the downward bending in the band edges as represented in Figure 2.10b.

The FL of metallic electrodes can be altered by changing the potential applied to the
electrode. Similar way, the band edges in the semiconductor interior (i.e., away from the
depletion region) also vary with the applied potential whereas the one at the interface
doesn’t undergo any change. Therefore, the magnitude and direction of band bending, varies
with the applied potential. There are three different situations to be considered in the
semiconductor/electrolyte under applied potential:

a) At a certain potential, the FL of semiconductor lies at the same energy as the redox
potential of the electrolye (Figure 2.11 b). There is no net transfer of charge, and hence there
is no band bending. This potential is therefore referred to as the flatband potential, Eg,.

b) Depletion regions arise at potentials positive of the flatband potential for an n-type
semiconductor (Figure 2.11 a) and vice versa for a p-type semiconductor.

c) At potentials negative of the flatband potential for an n-type semiconductor, excess of
majority charge carriers (electrons) generated in this space charge region, which is referred
to as an accumulation region (Figure 2.11c). An accumulation region arises in a p-type

semiconductor at potentials more positive than the flatband potential.
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The charge transfer abilities of a semiconductor electrode depend on whether there is
an accumulation layer or a depletion layer. If there is an accumulation layer, the behavior of
a semiconductor clectrode is similar to that of a metallic electrode, since there is an excess
of majority charge carrier available for charge transfer. In contrast, if there is a depletion
layer, then there are few charge carriers available for charge transfer, and electron transfer

reactions occur

~ |- Space Charge .
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Figure 2.11 Effect of varying the applied potential on band edges in the interior of a n-type

semiconductor (a) E > Eg, (b) E = Eg, and (c) E < Egp,

slowly, if at all. However, if the electrode is exposed to radiation of sufficient energy,
electrons can now be promoted to the CB. If this process occurs in the interior of the
semiconductor, recombination of the promoted electron and the resulting hole typically
occurs, together with the production of heat. However, if it occurs in the space charge
region, the electric field in this region will cause the separation of the charge. Therefore
estimating the Eg, gives information about the band edge and charge transfer properties of
the semiconductor at the electrolyte interface.

There are many methods to determine Eg. Among them, determining the apparent

capacitance of the semiconductor/electrolyte interface as a function of applied potential
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under depletion condition called MS analysis is widely used. The MS relationship'® is
defined as;

KT
2 (E-Efp—y)

(Cs)2 = (2.14)

NpeggeA?

where C,. is space charge capacitance, Np represents the charge carrier density of the
sample, ¢ is the dielectric constant of the sample (100 for TiO, nanotubes), &,is the
permittivity in vacuum and A represents the active surface area of the exposed electrode.
The value of Efj is calculated from the intercept extrapolating a straight line from 1/c?

versus potential plot.

2.13 Photocatalytic Hydrogen Generations

Solar water splitting reactions were carried out in order to prove the photocatalytic
activity of the materials. The hydrogen generation experiments are carried out by dispersing
10 mg of the photocatalyst in ethanol-aqueous solution (1:4 ratio) in a quartz photocatalytic
cell of 50 mL capacity sealed with a rubber septum. The suspension is carefully purged with
argon for 30 minutes. The quartz cell with dispersed sample is kept at 20 cm away from the
solar simulator (equipped with 300 W Xenon arc lamp and AM 1.5 cut-off filter from
Newport) to ensure one sun irradiation conditions'”> with an area of illumination to be 12
cm® (Figure 2.12). The generated hydrogen is measured every hour by periodically
withdrawing gas samples through the rubber septum followed by quantification using a gas

chromatograph (GC, Agilent 7890A) for the total reaction time of 4 hours.
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Figure 2.12 Photocatalytic hydrogen generation test done under AM 1.5 illuminations (100

mW/cm?) for 10 mg of photocatalyst in 40 ml aqueous ethanol solution.

The spectral output of the solar simulator with and without AM 1.5G type filter is

calibrated to be 1 Sun (100 mW/cm?) and 1.6 Sun (160 mW/cm?).

The solar to hydrogen conversion efficiency (STH) of powder photocatalyst for

particulate water splitting at AM 1.5G illumination is measured using the formula'*:

(et 2.15)

mw
Piotal (cm—z)*Area (ecm?)

STH =

where the denominator is the total power of incident simulative sunlight (AM 1.5G)
multiplied by the area irradiated by the incident light, and the numerator is the product of the

H, evolution rate and the Gibbs free energy for generating one mole of H, from water.
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2.14 Summary

This chapter provides brief overview of synthesis and characterization techniques
adopted to understand the physiochemical properties of TiO, nanotube powders and its
variants. The microscopic imaging, spectroscopic and electrochemical characterization tools
employed are described with their basic functionalities. The experimental set up needed for
testing the photocatalytic hydrogen generation ability of TiO, nanotubes and their variants

are also demonstrated.
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3

Synthesis and Characterization of Band Engineered

Ti10, Heterojunctions

TiO,, being a wide band gap semiconductor, is universally opted for photocatalytic
hydrogen generation application. High electron hole pair recombination and absence of
visible light activity are the two major intrinsic issues of this material. The thesis is
dedicated to address and attenuate the above issues of titania. Recently, it has been found
that the heterostructures formed by various phases of titania exhibit better photoexcited
charge pair separation leading to efficient photocatalytic activity compared to single phase
titania. In this regard, biphase titania with different phase compositions are widely studied
till date. However, the study on the potential of triphase TiO, in water splitting is scarce as
it’s a rare polymorph.

The present chapter introduces a new route for the simple synthesis of triphase
(ARB) TiO, nanotubes for efficient photocatalytic hydrogen generation. The effects of
experimental conditions over the triphase TiO, synthesis are demonstrated. In addition, the
chapter also discusses the synthesis of doped and defect induced triphase TiO, nanotubes
for extending the absorption spectrum to obtain visible light active high quantum efficient

photocatalyst.
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3.1 Introduction

Even though the water splitting efficiency of TiO, is attributed to its energy band
characteristics, the physical and chemical properties of TiO, are sensitive to the phase
composition. TiO, has three different crystalline forms viz anatase, rutile and brookite,
whose photocatalytic activity is strongly limited by its low quantum efficiency due to fast
recombination of excited electron-hole pairs’®. It has been demonstrated that the effective
strategy to inhibit the recombination is to introduce phase junctions in TiO, catalyst'®'.

Recent studies have reported that biphase interfaces such as anatase/rutile,'®’*'®!

162,163 164

anatase/brookite and brookite/rutile perform better in photocatalytic application
compared to individual phases. Although triphase (ARB) composition of titania is a rare
polymorph and its synthesis involves multiple steps of rigorous reactions / thermal
treatment, their importance in photocatalysis is recently realized'*"""'*®. The phase
selection in these synthesis techniques depends on the reactant concentration, temperature

. . 181-1
and reaction time'8!"1%3,

Moreover the triphase TiO, obtained by most of these synthesis
methods can be easily separated by peptization to individual phase nanoparticles where the
efficiency of triphase interface 1s doubted due to the dispersive nature of the

. 1.160,183,1
colloids'6% 183199,

Unlike the widely studied single or biphase systems, the reports on water splitting
efficiency of triphase (ARB) TiO; nanostructures are unavailable. To understand the actual
reactivity of triphase TiO, nanostructures in the photocatalytic water splitting, a facile
synthesis of TiO, nanoparticles having three phases in single entity whose phases are not
separated by dispersion is highly appreciable. Among the various nanoarchitectures of TiO,,

one dimensional nanostructure is preferred for various photcatalytic applications due to their
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high aspect ratio and enhanced electron transport properties®***’'. In addition to that, the
titania in powder form are favorable as these can be suspended homogenously in the media
facilitating better light harvesting capability and superior reaction kinetics. Therefore having
three phases in a single TiO; nanotube is advantageous as all phases exist in single entity,
providing high aspect ratio with enhanced charge transport properties in water splitting. Of
the various techniques available for the synthesis, an electrochemical technique called Rapid
Breakdown Anodization (RBA) is adopted in the present work to synthesize triphase TiO,
nanotube powders, whose phase composition can be varied by varying electrochemical
parameters such as synthesis voltage and electrolyte concentration in a very simple

experimental set up.

After the remarkable discovery of Asahi et al'** on band gap engineering of TiO, by

101,202-204
56,101202204 nd other non

nitrogen doping to absorb visible light, the effects of nitrogen
metals®”>"" doping in various TiO, nanomaterials are reported. It is found that compared to
other non metals, nitrogen doping is more appropriate for extending the photocatalytic
activity of TiO; into visible region because of its comparable atomic size to that of oxygen,

small ionization energy and stability”"*".

Despite the fact that the heterostructures formed by two polymorphs of titania can
endure photocorrosion, the composites are active only under UV light. Hence the strategy of
coupling binary structure with nitrogen doping has been designed for high quantum efficient
visible light photocatalysis, which was well received'®*!%. Although, there are many reports
on visible light active nitrogen doped single and biphase TiO,, still there exists lot of space
to be covered to obtain a practicable photocatalyst. One such step towards this is to carry out

nitrogen doping in triphase TiO,, to obtain efficient visible light photocatalytic activity.
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There are no reports on nitrogen doping in triphase TiO, for water splitting applications till

date.

Our efforts to synthesize N-doped triphase TiO, by annealing the triphase TiO,
nanotube powders obtained from RBA technique (discussed above), in NH; atmosphere
resulted in N-doped biphase TiO,'¢. Efforts to synthesize N-doped triphase TiO, at low
temperatures through soft chemistry and electrochemical routes using various amines as
nitrogen precursor resulted in destruction of tubular structure and carbon contamination.
After several trials, use of carbon less precursor in combination with an electrochemical
technique is identified to be a potential method for synthesizing visible light active N-doped

triphase TiO, nanotube powders.

Although it was successful in tailoring the optical properties to visible region, the
nitrogen dopant sites often act as recombination centers affecting the photocatalytic

. 16,211
efficiency'®

. Recently, dopant free defective TiO, has triggered extensive research
interest due to the efficient engineering of band gap, towards visible light to infrared
absorption®'>*"°. Hydrogenation of TiO, is one such attempt which produced black titania,

whose band offsets shifted to match equivalently with the water redox potential**2'%!”.

Thus obtaining high photoexcited charge separation by constructing multiple phase
junctions in TiO, and visible light absorption through hydrogen annealing is a great deal
towards the synthesis of high efficient photocatalyst. Many reports are found on the
hydrogenation of single phase titania nanoparticles and its photocatalytic properties'*’*!**',

Similarly there are few reports on the study of hydrogenated biphase titania®'>. However

there are no reports which emphasize the study of hydrogenated triphase titania. The
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difficulties encountered in synthesis of tailored ARB nanoparticle limit the information on

their photocatalytic efficiencies.

Therefore in the present chapter, the synthesis of triphase TiO, nanotube powders
under varying experimental conditions such as synthesis potential and electrolyte
concentration in RBA technique, are discussed. In addition, the chapter focuses on extending
visible light absorption in these triphase TiO; nanotubes by nitrogen doping using suitable
precursor in RBA technique and also by creating native defects through hydrogen annealing
at various temperatures. The resultant pristine and modified TiO, powders are characterized
for its phase composition, structure and optical properties. The work is carried out with an
aim to build an ideal photocatalyst by exploiting the multiphase junctions towards charge

separation and visible light absorption.

3.2. Synthesis of Triphase TiO, Nanotubes

3.2.1 Effect of synthesis voltage

The schematic of TiO; nanotube synthesis using RBA technique is shown in Figure
3.1a. As soon as we apply a potential difference between the Ti foil and Pt electrode in
HCIO4 solution, an oxide layer grows on the surface of titanium. Below the threshold
voltage Vi, the oxidation of titanium proceeds much more rapidly than that of chlorination
by the overall anodic reaction

20H (aq) + Ti(s) » TiO,(s) + 2H*(aq) + 4e~ (3.1)

The applied bias voltage causes an inward migration of oxide ions which increases

the oxide layer thickness. At low anodization voltage, the oxidation of titanium dominates
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that of chlorination even after the formation of a steady state barrier thickness and hence
etching of TiO, is not observed. The reaction pathway is schematically depicted in Figure
3.1b. At threshold voltage (V:), the chlorine chemistry begins to compete with the oxygen
chemistry causing etching of TiO, layer. This in turn, reduces the oxide thickness and the
chlorination interferes with the oxide growth mechanism. At this point, we start to observe
the TiO, powders falling out of the Ti foil into the solution. At higher voltages (V>Vy), both
chlorine chemistry and oxygen chemistry speed up, leading to rapid increase in reaction

rates producing more TiO, powders into the solution.

V>>V,

(b) V<V, V=V, V>V

N

Hjevolution

O dominates  CI dominates Competition between Equilibrium between

0.1MHCIO, o-and o Oand ¢

() Oxygenspecies
(O chlorine species
=3 The length of the arrow represents the speed of the reaction

TiO4 Nanotubes

Figure 3.1 (a) Schematic representation of synthesis of TiO, nanotubes; (b) A tentative

reaction route of the synthesis with respect to voltage

Hence at different voltages there is a rapid change in reaction rates of chlorine species
and oxygen species. The earlier reports on RBA technique for the synthesis of nanotubes
have concentrated either on the threshold voltage V; or the much higher voltages (V>>
Vt)ml’2 19220 However, there are no reports which concentrate on the reactions that occur in

between these two extremes where the specific phase growth phenomena take place.
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Previous studies confirmed the optimum concentration of HClO4 as 0.1 M for obtaining
TiO, powders with good tubular morphology''. Hence in order to study the phase formation
with respect to voltage, the anodizations were performed at different voltages from 9.5 to 15
V (at 9.5, 10.2, 11, 12 and 15 V) in 0.1 M HCIO4 and the obtained TiO, nanotubes are
characterized. The synthesis is repeated multiple times and the voltages are constantly

monitored to ensure minimum error (£0.03 V) in the set voltage.

3.2.1.1 Phase evolution

3.2.1.1.1 XRD analysis

The XRD pattern of the TiO, powders obtained at different anodization voltages are
shown in Figure 3.2. From the XRD patterns, it is evident that the nanotubes obtained at 9.5

V are of anatase phase, with a weak residual rutile phase peak around 54.3° and 69°. The

Intensity (a.u.)

20 (degrees)

Figure 3.2 XRD of TiO; nanotubes synthesized at different voltages.
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XRD pattern of samples synthesized at 10.2 V shows diffraction peaks corresponding to
strong anatase and rutile peaks. The two phase formation can be attributed to the
competition between chlorination and oxidation at moderate speed. As we increase the
synthesis potential to 11 V, the peaks corresponding to brookite are evolved along with

anatase and rutile peaks. The phase evolution of rutile and brookite with respect to voltage is
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Figure 3.3 Synchrotron XRD of TiO, nanotubes synthesized at different voltages.

shown in the window depicted in Figure 3.2. The TiO, powders synthesized at 11 and 12 V
have sharp peaks compared to powders synthesized at other voltages. This can be attributed
to the good crystallinity of the tri-phase nanotubes resulted from stabilized synthesis voltage
at which the equilibrium is reached between oxidation and chlorination. At higher voltages,
the oxidation and chlorination rates are high, which constantly disturbs the phase growth

mechanism resulting in non tubular morphology as reflected in T-15 (Figure 3.2). The low
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intensity of the major peak of rutile R(110) in all the samples can be attributed to the
preferred orientation of TiO, nanotubes.

Thus it can be concluded that the phase composition can be changed by simply
tuning the DC voltage in RBA technique. The quantification of phases is difficult from the
XRD pattern obtained from the laboratory X-ray diffractometer (Figure 3.1a) due to the poor
resolution of rutile (110) peak. Therefore, high resolution synchrotron XRD analysis is
carried out for the samples and compared in Figure 3.3.

The reflections from the corresponding planes of anatase, rutile and brookite phases are
labeled in Figure 3.3 after matching the calculated interplanar spacing with that from the
JCPDS files listed in Chapter 2. A clear resolution of the XRD peaks corresponding to

reflections from R(110), R(111), B(221), R(210), R(301) and R(112) planes is observed,

Table 3.1 Quantification and crystallite size of individual phases in TiO, nanotubes

synthesized at different voltages (The calculated error values are < 2%)

Anatase Rutile Brookite
Samples
Phase % | Size (nm) | Phase % | Size (nm) | Phase % | Size (nm)

T-9.5 94 7.1 6 3.2 - -
T-10.2 67 6.83 31 6.77 2 3.69
T-11 45 6.74 26 6.17 29 5.19
T-12 46 6.98 28 6.33 26 6.19
T-15 44 6.99 32 6.57 24 6.25

which is poor in case of laboratory XRD (Figure 3.2). The phase evolution with respect to

synthesis potential can also be discerned from Figure 3.3. The individual phase composition
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and grain size of the samples can be determined using the equations 2.2-2.5 and the results
are listed in Table 3.1. It is clear that T-9.5 is majorly anatase with residual rutile (6%) and
T-10.2 is majorly anatase-rutile with residual brookite (2%). The grain size of each phase, in
an average, increases slightly with increase in synthesis voltage. The relatively smaller grain
size of each phase in T-11 leads to the availability of large number of heterojunctions, hence

effective charge transfer can be expected.

3.2.1.1.2 Raman spectra analysis
The phase structure of TiO, nanotubes synthesized at different voltages is further

examined by Raman spectra analysis (Figure 3.4). The characteristic Raman modes of

anatase
ﬁ A —T-9.5
/ —T-10.2
—T-11
| —T12
»:-{ ¢—T-15
s A
A R &
2 R B B
5 T
c
L.
£

T T T T T T T T L T ¥ 1 Y
100 200 300 400 500 600 700 800
Raman Shift (cm™)

Figure 3.4 Raman spectra of TiO, photocatalysts synthesized at different voltages.

phase around 148, 402, 515, 630 cm™ are present in all the samples. These peaks are

assigned to Eg, Big, Aig/Big and Eq modes of anatase phase respectively'”'. The peak
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corresponding to Eg mode of rutile appears around 448 cm™ and is found in all the samples

221 A small peak around 240 cm™, as a result of second order scattering effect

except T-9.5
in rutile phase*', also appears in all the samples except T-9.5. Similarly, the Raman shift
corresponding to brookite phase which appears around 245, 322 and 360 cm™ representing
its A1g, B1g and Byg modes respectively’® are clearly visible in T-11, T-12 and T-15. Thus
Raman studies confirm the phase evolution from anatase to anatase-rutile to anatase-rutile-
brookite with increase in synthesis potential.
3.2.1.2 Structural analysis

It is essential to know the morphology of the synthesized TiO, nanopowders
as it plays a major role in determining the photocatalytic activity. Also it is necessary to
obtain the information of the co-existence of different phases in the nanotube powders.
Hence in order to understand the morphological and structural information, FESEM and
TEM analysis are performed on these nanotubes and are presented in the following sections.
The tubular morphology of the samples is confirmed from scanning electron micrographs
given in Figure 3.5. The granular arrangement of particles in tubular orientation is observed
in T-9.5 and an improved tubular morphology is observed in T-10.2 sample. This is due to
the slow chlorination rate and the large oxide thickness. Where as in T-11 and T-12 samples,
the nanotube bundles are clearly seen (Figure 3.5¢ and d). The diameters of the nanotubes in

T-11 and T-12 samples are in the range of 30-120 nm. It is evident from Figure 3.5e that the

tubular morphology of triphase TiO, is lost at higher synthesis potential.
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Figure 3.5 FESEM images of (a) T-9.5, (b) T-10.2, (c) T-11, (d) T-12, (e) T-15 and (f) the

perpendicular view of T-11 nanotubes in which the tubular openings are visible.

TEM images of T-11 are presented in Figure 3.6. The bright field images of the
nanotubes are shown in Figure 3.6a and b. The diameter of the nanotubes is in the range of
40-120 nm from SEM (Figure 3.5). High resolution TEM images of the nanotubes are
presented in Figure 3.6¢ and d, with the Fast Fourier Transform (FFT) and Inverse Fast

Fourier Transform
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Figure 3.6 (a), (b) Bright field images of TiO, nanotubes; (c), (d) HRTEM images of T-11

(IFFT) images of the selected spots on the TiO, nanotube. The images clearly show the
tubular structure of TiO, with the fringes corresponding to anatase (101), brookite (120) and
rutile (110). Figure 3.6¢ confirms that all the three phases are present in a single nanotube.
The junction observed between different phases of TiO; is an important feature which is
expected to allow facile transfer of charge carriers. This would increase the dispersion of
charge carriers and enhance the utilization of charge carriers for redox reactions. The results
depict that TiO, nano-powders with best tubular morphology and optimum phase
composition is obtained at 11 V.
3.2.1.3 Band gap analysis

The optical properties of the TiO, nanotubes synthesized at different voltages were

analyzed using UV-visible DRS (Figure 3.7). The band gap values estimated from KM
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function (Equation 2.7) corresponding to the DRS spectra of each sample is listed in Figure
3.7. Band gap energies for TiO, nanotubes synthesized at different voltages were found to
be around 3.06 + 0.04 eV. The obtained values are close to the reported values for anatase-
rutile-brookite mixtures'**'®. Only a small difference is observed in band gap of samples as

they are practically independent of different phases®**.
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Figure 3.7 KM plot of TiO, nanotubes synthesized at different voltages

3.2.2 Effect of electrolyte concentration

It is discussed in previous section that variation in synthesis potential leads to
changes in phase composition and TiO, nanopowders with best tubular morphology as well
as optimum phase composition are obtained at 11 V. In order to study the effect of
electrolyte concentration, the TiO, nanotubes are synthesized at different perchloric acid
(electrolyte) concentration (0.07, 0.1, 0.12 and 0.15M of HCIO,), keeping the voltage

constant at 11 V (£0.03 V). The titania powders fallen into the electrolyte are collected,
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centrifuged, washed in double distilled water and dried in air atmosphere at 70 °C overnight.
The synthesized samples are labeled as T-0.07, T-0.1, T-0.12 and T-0.15 where the numbers
represent the respective electrolyte concentration. More the chloride ions more will be the
etching, and hence faster the reaction. It is noticed that the time to complete transformation

of foil to powder is inversely proportional to the concentration of electrolyte.

3.2.2.1 Phase evolution

3.2.2.1.1 XRD analysis

The XRD patterns of TiO, nanotubes synthesized at different electrolyte
concentrations are shown in Figure 3.8. It is observed that all the three phases are present in
T-0.07 and T-0.1. As the perchloric acid concentration is increased from 0.07 to 0.15M, the
intensity of rutile peaks gradually decreases and almost disappears in T-0.15. On the other
hand, the brookite peaks grows in intensity with increase in electrolyte concentration. The
rutile to brookite phase transformation (R(211) to B(113))with increase in electrolyte
concentration, resulting ARB to AB phase composition is evident from Figure 3.8 (the

windows depicted).

Phase quantification using Equations 2.2 - 2.5 and grain sizes of each phase obtained
using Equation 2.6, are tabulated in Table 3.2. The phase compositions of different samples
also indicate rutile to brookite phase transformation with increase in electrolyte
concentration. Grain size of anatase is unaltered whereas that of rutile decreases and
brookite increases. The energetics of phase polymorphs is sufficiently close that they could

be reversed by small differences in surface energy.
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Figure 3.8 XRD of TiO, nanotubes synthesized at different electrolyte concentration

Table 3.2 Quantification and crystallite size of individual phases in TiO, nanotubes

synthesized at different electrolyte concentration (The calculated error values are < 2%)

Anatase Rutile Brookite
Samples
Phase % | Size (nm) | Phase % | Size (nm) | Phase % | Size (nm)
T-0.07 46 6.8 29 6.22 25 5.3
T-0.1 45 6.7 26 6.23 29 5.4
T-0.12 49 6.7 13 5.9 38 5.6
T-0.15 50 6.8 1 - 49 5.9
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Figure 3.9 Raman spectra of TiO, photocatalysts synthesized at different electrolyte
concentration

The phase structure of TiO, nanotubes synthesized at different electrolyte
concentrations is further examined by Raman spectra analysis (Figure 3.9). The
characteristic Raman modes around 148, 402, 515, 630 c¢cm™ corresponding to Eg, Big,
A1g/B1g and Eq modes respectively of anatase phase are present in all the samples''.
Similarly the Raman shift corresponding to brookite phase which appears around 245, 322
and 360 cm™ representing its Ayg, B1g and Byg modes respectively”® are clearly visible in all
the spectra. The peak around 448 cm™ corresponding to Eg mode of rutile and that around
240 cm’', as a result of second order scattering effect in rutile phase®', are present in T-0.07
and T-0.1. Whereas its intensity decreases in T-0.12 and it totally disappears in T-0.15. Thus

it is clear that T-0.07 and T-0.1 possess all three phases whereas the rutile is diminishing in

Chapter 3 Page 76



T-0.12 and is absent in T-0.15. The Raman analysis again depicts that the increase in

electrolyte concentration induces rutile to brookite phase transformation.

3.2.2.2 Structural analysis
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Figure 3.10 FESEM images of (a) T-0.07, (b) T-0.12 and (c) T-0.15; HRTEM images of (d)
T-0.07, (e) T-0.12 and (f) T-0.15

FESEM analysis of selected TiO, samples is given in Figure 3.10 a-c. The tubular
morphology is clearly evident in the FESEM images (Figure 3.10a - ¢) which represent the
surface of T-0.7, T-1.2 and T-1.5. The tubular diameters are observed to be in the range of
30 to 120 nm for all the samples. It is very clear that change in electrolyte concentration
doesn’t affect the tubular morphology.

From HRTEM analysis of T-0.07 (Figure 3.10d), it is evident that the well resolved

lattice features of three phases viz anatase, rutile and brookite exist in close proximity
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making heterojunctions. Similar features are observed in the case of T-11 as seen already in
Figure 3.6c and d. The interfaces among different phases lead to the efficient transfer of
excited charge carriers from one phase to another thus enhancing its lifetime and thereby its
photocatalytic efficiency. The interplanar spacing corresponding to rutile phase is not
frequently observed in close proximity in HRTEM images of T-0.12 as shown in Figure
3.10e, whereas it is completely absent in the case of T-0.15 (Figure 3.10f). This further
confirms that the TiO, nanotubes undergo phase transformation with increase in electrolyte
concentration leading to ARB to AB composition, corroborating with results obtained from

XRD and Raman spectra analysis.

3.2.2.3 Band gap analysis

The optical properties of the TiO, nanotubes synthesized at different electrolyte
concentration were analyzed using UV-visible DRS (Figure 3.11). The band gap values
estimated from KM function (Equation 2.7) corresponding to the DRS spectra of each
sample is listed in Figure 3.11. It is noticed that the band gap values are independent of
phase composition. All samples possess band gap which are in same range around 3.1 eV.
Therefore it is clear that the change in electrolyte concentration doesn’t affect the band gap

instead only changes the phase composition.
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Figure 3.11 KM plots of TiO; nanotubes synthesized at different electrolyte concentration

3.3 Synthesis of Nitrogen Doped Triphase TiO, for Visible Light Activity

The synthesis of pristine triphase TiO, nanotubes are carried out by following RBA
technique where the synthesis voltage is kept constant at 11 V (£0.03 V), as it is seen earlier
that it is the optimum voltage set up for obtaining triphase TiO, nanotubes. Nitrogen doped
triphasic TiO, nanotubes, corresponding to different nitrogen concentrations are synthesized
by having 0.5, 1.5, 3 and 4.5 wt% hydrazine hydrate as nitrogen source in 0.1 M HCIO4
electrolyte solutions with 11 V (+0.03 V) as synthesis voltage. The pristine and doped TiO,
powders fallen into the electrolyte are collected, centrifuged, washed in double distilled
water and dried in air atmosphere at 70 °C overnight. The dried samples are labeled as, T-
ARB for anatase-rutile-brookite TiO, nanotubes, whereas labels NT-0.5, NT-1.5, NT-3 and
NT-4.5 represent nitrogen doped TiO; nanotubes synthesized with 0.5, 1.5, 3 and 4.5 wt% of

nitrogen source respectively. The nitrogen concentration present in NT-0.5, NT-1.5, NT-3
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and NT-4.5 are estimated to be 0.19, 0.29, 0.37 and 0.48 at % respectively from N 1S spectra

of XPS which is demonstrated in later chapters.
3.3.1 Effect of N doping in triphase composition

3.3.1.1 XRD analysis

The XRD patterns of the pristine and N-doped catalysts are shown in Figure 3.12. It
is observed that all the three phases are present in pristine T-ARB. The peak intensities
corresponding to different phases obtained for samples synthesized at different
concentrations of nitrogen precursor are found to be different. It is noticed that, as we
increase the nitrogen source concentration from 0.5 wt to 4.5 wt %, the intensity of brookite
peaks remain unaltered in NT-0.5 and NT-1.5 whereas it gradually decreases in NT-3 and
finally disappears in NT-4.5. On the other hand, the anatase peaks grows in intensity with
increase in nitrogen concentration. The brookite to anatase phase transformation with
increase in nitrogen doping, resulting in ARB to AR transformation in N-TiO; nanotubes is
evident from Figure 3.12 (depicted window).

Phase quantification and grain size, using Equations 2.2-2.5 are tabulated in Table 3.3.
It 1s found that T-ARB is composed of 45% anatase, 26% rutile and 29% brookite phases.
Marginal increase in grain size is noticed in case of rutile phase (almost in the same range),
whereas reasonable increase of grain size in anatase phase with decrease in brookite grain size
is noticed with increase in nitrogen concentration. The cause of brookite to anatase phase
transformation can be attributed to the relation between phase stability and crystallite size viz.
anatase is more stable at crystallite sizes below 11 nm, brookite at crystal sizes between 11
and 35 nm, and rutile with the crystal sizes > 35 nm'®’. The initial particle sizes of brookite

and anatase in the pristine triphase TiO, nanotubes
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Table 3.3 Quantification and crystallite size of individual phases in TiO; and N-TiO,

polymorphs (The calculated error values are < 2%)

Concentration of Anatase Rutile Brookite

Samples Nitrogen Phase Size Phase Size Phase Size
(at %) % nm % nm % nm
T-ARB - 45 6.7 26 6.23 29 5.19
NT-0.5 0.19 46 6.9 25 6.22 29 5.26
NT-1.5 0.29 54 7.2 26 6.191 20 5.03
NT-3 0.37 65 7.6 27 6.465 8 4.42

NT-4.5 0.48 72 8.06 28 6.68 - -

are 6.7 and 5.1 nm, respectively. Upon nitrogen doping, particles of all the three phases

coarsen. Due to this coarsening effect, the particle size of every phase increases initially.
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However, as the nitrogen doping concentration increases, the smaller crystallite size of
brookite (5.3 nm) than its stable crystallite size (11 — 35 nm) makes it unstable and is
converted to anatase which is more stable phase at crystallite sizes between below 11 nm.
Most nanocrystalline materials have metastable structure which gets converted to stable
structure with change in temperature, pressure, grain growth, defects etc*?*. In case of
TiO,, anatase is stable at low temperature whereas rutile is stable at high temperatures®*>.
Brookite, on the other hand is metastable when compared to rutile and anatase™’. Therefore
it is expected that brookite should transform either to anatase or rutile. Since the surface

228,229

Gibbs free energy of anatase is lower than that of rutile phase when the particle size is

small, brookite prefers to stabilize by transforming into anatase phase rather than into rutile

phase. Pen and Banfield et al**’

showed that the brookite phases can be considered as a
polytype (reversible solid state transformation) of anatase, constructed out of essentially
identical octahedral layers stacked in different ways. Therefore the inter conversion of
anatase to brookite or brookite to anatase can be invoked by the displacement of Ti atoms
into adjacent sites in the lattice. When the concentration of nitrogen doping into the lattice
increases, the induced strain in the lattice causes displacement of lattice atoms. In addition,
the oxygen vacancies generated by N-doping also leads to Ti displacement. These in turn

invoke the unstable brookite to transform to stable anatase phase as it is the more stable

phase in the size range of <11 nm.

3.3.1.2 Raman spectra analysis
The phase compositions of pristine and N-TiO, nanotubes are further examined by
Raman spectra analysis (Figure 3.13). The characteristic Raman modes of anatase phase

appear at 148, 402, 515 and 630 cm™ for T-ARB and with slight shift in N-TiO,
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polymorphs. These peaks are assigned to Eg, Big, A1g/B1g and Ey modes of anatase phase
respectively'®'. The peak corresponding to Ey mode of rutile appears around 448 cm’ !
and a small peak around 240 cm™, as a result of second order scattering effect in rutile
phase”', also appears in all the samples with shift due to N-doping. Similarly, the Raman

features corresponding to brookite phase around 245, 322 and 360 cm’! representing Ayg, Big

and Byg modes respectively™® are visible in T-
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Figure 3.13 Raman Spectra of pristine and N-TiO, nanotubes

ARB and with slight shift in NT-0.5 and NT-1.5; whereas their intensities decreases in NT-3
and are absent in NT-4.5. Thus Raman studies further confirm the ARB to AR phase
transformation with increase in nitrogen doping which is clearly depicted in the window of
Figure 3.13. It is observed that the peaks corresponding to anatase, rutile and brookite modes

are blue shifted (the shift is depicted in Figure 3.13) as a result of nitrogen doping. The shift
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of the peaks can be attributed to change in size™'**? lattice disorder or defects such as
oxygen vacancies” . The blue shift is also indicative of better electronic interaction

between titania and nitrogen doping'’.

3.3.2 Structural analysis

The surface morphology of pristine and nitrogen doped TiO, is analyzed using
FESEM and TEM on selected samples. The tubular morphology is clearly visible in FESEM
images (Figure 3.14a - ¢) which represent the surface of T-ARB, NT-1.5 and NT-4.5. The
tube diameters are observed to be in the range of 30 to 120 nm for all the samples. Figure

3.14d shows the perpendicular view of the nanotubes present in NT-1.5 samples.

(2 gh ")

Figure 3.14 FESEM images of T-ARB and selected N-TiO; nanotubes.
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The bright field image given in Figure 3.15a and b also confirms the tubular
morphology of T-ARB and NT-1.5. From HRTEM analysis of single nanotube of T-ARB
(Figure 3.15c¢), it is evident that the three phases viz anatase, rutile and brookite are present
in a single nanotube. The triphase nature with well resolved lattice features is retained in
NT-0.5, NT-1.5, and NT-3 as evident from the HRTEM analysis represented in Figure 3.15¢

and d.
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Figure 3.15 TEM bright field image: (a) T-ARB and (b) NT-1.5; HRTEM images:

(c) T-ARB (d) NT-1.5 and (e) NT-4.5

The interplanar spacing corresponding to brookite phases is not frequently observed in close

proximity in HRTEM images of NT-3, whereas it is completely absent in the case of NT-4.5
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(Figure 3.15e). This further confirms that the TiO, nanotubes undergoes phase
transformation from ARB to AR composition with increase in nitrogen doping, which
corroborate with results obtained from XRD and Raman spectra analysis. An important
observation is the hetero-junctions formed between various phases of titania in the
nanotubes. This demonstrates the physical connectivity between three phases at nanoscopic

levels, and the junctions are expected to act as charge separation centers.

3.3.3 Band gap analysis
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Figure 3.16 KM plots of T-ARB and N-TiO; nanotubes

The optical properties of the pristine and N-doped TiO, nanotubes were analyzed using UV-
visible DRS (Figure 3.16). The band gap values estimated from KM function (Equation 2.7)

corresponding to the DRS spectra of each sample is mentioned in Figure 3.16. Band gap of
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pristine TiO; nanotubes (T-ARB) is found to be around 3.06 eV. The degree of nitrogen
doping strongly affects the visible light absorption of TiO; leading to monotonic decrease in
band gap with increasing nitrogen doping. The lowest band gap of 2.87 eV is achieved in

NT-4.5 which has highest nitrogen doping.

3.4 Synthesis of Hydrogenated TiO, for Visible Light Activity

3.4.1 Effect of hydrogenation in phase composition

3.4.1.1 XRD analysis

The phase composition of the pristine TiO, nanotubes (T-ARB) and TiO, nanotubes
annealed in hydrogen atmosphere at 250 and 450 °C (H-250 and H-450) is analyzed by
XRD (Figure 3.17). From Figure 3.17 it is clearly seen that all three phases such as anatase,
rutile and brookite are present in all the samples. The crystallinity of the TiO, powder is
improved after hydrogen annealing which is evident from the sharp increase in the peak
intensities of H-250 and H-450. The crystallite size of the individual phase in all the samples
are determined using Scherrer equation (Equation 2.2) from characteristic XRD peaks of
anatase A(101), rutile R(110) and brookite B(121). The calculated values are represented in
Table 3.4. It is found that the crystallite size of all phases increases with hydrogen annealing
temperature. Similar changes in XRD pattern are observed in T-ARB annealed in air
atmosphere for 2 hours at 250 and 450 °C. The individual grain size and phase composition
of pristine and hydrogenated triphase sample determined using Equations 2.3-2.5 is also
tabulated in Table 3.4. It is found that the T-ARB is composed of 49% anatase, 27% rutile

and 24% brookite phases. The phase percentage of rutile is increased at the expense of
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Figure 3.17 XRD of pristine and hydrogenated TiO, nanotubes

Table 3.4 Quantification and crystallite size of individual phases in pristine and

hydrogenated TiO, nanotubes (The calculated error values are < 2%)

Anatase Rutile Brookite
Samples
Phase % | Size nm | Phase % | Size nm | Phase % | Size nm
T-ARB 49 7.021 27 10.0637 24 6.5246

H-250 42 12.106 33 16.838 25 9.8637
H-450 24 18.806 48 22,1218 28 10.454

anatase in the hydrogen annealed samples as well as at higher annealing temperatures;
whereas brookite shows a marginal increase in content after H, reduction at 450 °C. The

presence of brookite phase enhances the anatase-rutile transformation as the interface
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between brookite and anatase with high interfacial energy would provide potential
nucleation sites for anatase-rutile transition as suggested by Gribb and Banfield*>**. The
brookite phase forms as the byproduct in anatase-rutile phase transition and hence it

increases marginally with respect to hydrogen annealing temperatures® .

3.4.1.2 Raman analysis

The phase composition of the samples and the effect of hydrogen annealing are
further explored by Raman spectroscopy. The Raman spectra of the samples are illustrated
in Figure 3.18 with corresponding labels. The well resolved distinct Raman peaks
corresponding to anatase, rutile and brookite phases are present in all the polymorphs. In T-
ARB polymorph, the peaks at 148, 401 and 509 cm™ corresponds to Eg, Big and Agg (or Byg)

238239 the peaks at 440 and 610 cm™ corresponds to Eq and Ay

modes of anatase phase,
modes of rutile phase”’ whereas the peaks at 240, 318 and 626 cm™ corresponds to Aig, Byg
and Ay modes of brookite®*’ respectively. The spectra of H-250 and H-450 retain the peaks
as that of T-ARB as the Raman modes are preserved during hydrogenation. It is observed
that the peaks corresponding to different vibration modes of rutile and brookite are blue
shifted whereas that of anatase phase is red shifted (the shift is depicted in Figure 3.18) as a
result of hydrogen annealing of ARB polymorph. The shift of the peaks may be due to some

231,232 : :
31,23 , lattice disorder due to

of the following reasons such as change in grain size
hydrogenation or defects such as oxygen vacancies™ . In our case the size of crystallites
obtained from XRD data (>10 nm) exclude the occurrence of finite size effects.
Consequently the presence of defects is rather responsible for the blue shift of rutile and

brookite peaks. The red shift in anatase E, mode at 148 cm’ in hydrogen annealed TiO;

samples hints that the anatase is being transformed to rutile as the rutile B, appears around
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Figure 3.18 Raman Spectra of TiO; and hydrogenated TiO, nanotubes

143 cm™ and it is difficult to distinguish®*'. The red shift in anatase Bj, peak around 401
cm” may be due to the stress induced in the nanotubes with growing size of other phases”*.
Thus the Raman spectrum of hydrogen annealed samples clearly confirms the presence of

three phases in reduced TiO, samples.

3.4.2 Structural analysis

The surface morphology of pristine and hydrogenated TiO, is analyzed using SEM
and TEM images on selected samples. The tubular morphology is clearly visible in SEM
images (Figure 3.19a and b) which represent the surface of T-ARB and H-450 samples. The
tube diameters are in the range of 30 to 120 nm in both the samples. The bright field image
of T-ARB given in Figure 3.19¢ also confirms the sample’s tubular morphology. From

HRTEM analysis of single nanotube of T-ARB (Figure 3.19d), it is evident that the three
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phases viz anatase, rutile and brookite are present in single nanotube. The triphase nature
with well resolved lattice features is retained in H-250 and H-450 as evident from the
HRTEM analysis represented in Figure 3.19¢ and f. The disorder layer at the lattice surface

resulting out of hydrogenation®"****

is not observed in this case as the samples are
marginally hydrogenated. The SAED pattern in Figure 3.19 g and h further proves that the
H-450 is highly crystalline compared to T-ARB thus leading to the conclusion that the

hydrogenation doesn’t induce disorder on the surface of TiO, nanotubes.
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Figure 3.19 FESEM images of (a) T-ARB and (b) H-450; (c) TEM bright field image of T-
ARB, (d) HRTEM of single nanotube of T-ARB; HRTEM images of (e) H-250 and (f) H-

450; SAED patterns of (g) T-ARB and (h) H-450
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3.4.3 Band gap analysis

Optical properties of the prepared samples were characterized using UV-Vis
absorbance and DRS (Figure 3.20). In our case, there is no enhancement after 520 nm in the
absorbance spectra of hydrogenated polymorphs, the region where the spectral improvement
leads to the typical color change of hydrogenated samples as reported in many
literatures.'***'” In fact the TiO, powder maintained the original colorless nature even after
hydrogenating at 250 °C and 450 °C for 2 hours. However there is a minor shift in the
spectra towards visible region and the spectral intensity is enhanced in the region from 412
to 518 nm"*® with respect to hydrogen annealing temperature. Therefore H-250 and H-450

samples may be considered as marginally hydrogenated.
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Figure 3.20 UV-Vis absorbance spectra of TiO, and hydrogenated TiO, nanotubes (Inset:

Band gap values calculated from the KM plots)
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The synthesis of black color titania requires either high pressure hydrogenation or

#3295 a5 reported in literatures. In the present case of

high temperature hydrogenation
triphase TiO, nanotube powders, the black titania is not obtained with the present
hydrogenation conditions and even with prolonged annealing time (7 hours at temperatures
250 and 450 °C). In order to maintain three phase crystalline structure and nanotubular
morphology, the high pressure or high temperature hydrogenation treatments are not carried
out. Also, it is reported that the slight hydrogenation exhibit enhanced photocatalytic activity
compared to the black titania produced after heavy hydrogenation'*’. Thus the TiO,
hydrogenated at 250 and 450 °C for 2 hours are used for photocatalytic treatments. However

it is noticed later (vide infra, Figure 6.1) that these slightly hydrogenated samples are much

better in performance in hydrogen generation compared to pristine TiO,.

KM analysis of the corresponding diffuse reflectance spectra is represented as the
inset of Figure 3.20. Band gap energies (calculated using Equation 2.7) of T-ARB, H-250
and H-450 are found to be 3.1, 2.99 and 2.95 eV respectively. The theoretical band gap of
nanocomposite materials could be accurately determined using the XRD data (ie mass
fraction of each polymorph) and band gap energies of individual polymorphs (anatase,
rutile, brookite) using Equation 2.6. Theoretically determined band gap energies of T-ARB,
H-250 and H-450 are equal to 3.11, 3.09 and 3.08 eV. Among the values, only the
theoretical band gap of T-ARB matches with the experimental value. This confirms that the
band gap of H-250 and H-450 samples have been modified only due to the hydrogen
annealing rather than the change in crystallinity due to heating effect as observed from
XRD. The decrease in the band gap values of hydrogenated samples may be due to the

formation of inter band gap states.'*®
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3.5 Summary

Triphasic TiO, nanotubes are successfully synthesized using RBA technique. The
increase in synthesis potential induces the phase evolution from anatase to anatase-rutile to
anatase-rutile-brookite in TiO, nanotubes. Similarly, the increase in electrolyte
concentration induces anatase-rutile-brookite to anatase-brookite phase composition in
synthesized nanotubes due to rutile to brookite phase transformation. All the synthesized
Ti0O, samples have tubular morphology with the tube diameters from 30-120 nm. Also, it is
found in triphase TiO, that all the three phases exist in single nanotube leading to more
heterojunctions. This demonstrates the physical connectivity between three phases at
nanoscopic levels, and the junctions are expected to act as charge separation centers.
Similarly, the same is found for the case of biphase TiO, nanotubes (anatase-brookite)
obtained with increase in electrolyte concentration. In addition, the band gap analysis of all
the TiO, nanotubes reveals that their band gap is independent of phase composition in TiO,

nanotubes.

Nitrogen doping in triphase TiO, is successfully obtained using RBA technique
using suitable nitrogen precursor. It is found that the nitrogen doped into the TiO; lattice
induces brookite to rutile phase transition at higher nitrogen concentrations. All the phases
exist in single nanotube again indicating the potential of enhanced photoexicted charge
transfer among the different phases in N- TiO,. The band gap is decreased with increase in
nitrogen doping, thereby extending the visible light absorption. This indicates the formation
of defects states (N 2p) into the band gap of doped TiO,. Hence it is expected that these N-
TiO, polymorphs are expected to possess better photocatalytic efficiency due to the

absorption of increased quanta of light.
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On the other hand, hydrogen annealed TiO, doesn’t alter the number of phases
present in the sample as obtained in our previous modifications of triphase TiO,, rather it
changes only the crytallinity and triphase composition. The hydrogenation of triphase TiO,
nanotubes doesn’t induce disorder on the surface of TiO, nanotubes. All the three phases are
present in single nanotubes similar to the results of above cases. Like N-doped triphase
TiO,, hydrogenation also decreases the band gap thus allowing absorption of more light
quanta. This may be due to the generation of defect states into the band gap of triphase TiO,.
Hence it is expected that hydrogenated TiO, can act as an efficient visible light
photocatalyst for hydrogen generation due to the presence of high crystalline triphase TiO,

nanotubes with extended visible light absorption.
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4

Photocatalytic Hydrogen Generation Efficiency of

Triphase Heterojunctions and Their Band Alignment

In the previous chapter, the synthesis of triphase TiO, nanotubes using RBA
technique is discussed. In addition, the sensitivity of the synthesis of triphase TiO, nanotubes
with respect to variation in experimental conditions is also demonstrated. The present
chapter illustrates the photocatalytic hydrogen generation efficiency of the synthesized
triphase TiO, nanotubes in comparison with biphase and single phase TiO, nanotubes
obtained in RBA technique under different experimental conditions. In addition, the band
alignment and charge transfer pathway in triphase TiO, nanotubes is derived from the

deconvolution of PL and UPS spectra.
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4.1 Introduction

Unlike the widely studied anatase or anatase/rutile systems, the reports on water
splitting efficiency of ARB triphase TiO, nanostructures is unavailable to the best of
author’s knowledge. To understand the actual reactivity of triphase TiO, nanostructures in
photocatalytic water splitting, a facile synthesis of TiO, nanoparticles having three phases in
single entity whose phase compositions are not separated by dispersion as well as a clear cut
picture of the charge transfer mechanism in the triphase system is highly appreciable. In
order to study the efficiency of triphase TiO, in comparison to its biphase and single phase
form, the single, two and three phase compositions should be obtained from the same
system. It is already demonstrated in the previous chapter that the triphase TiO; nanotubes
are synthesized successfully by simple cost effective RBA technique. It is also found that
using the same technique, the biphase and single phase TiO, nanotubes are obtained by

varying experimental conditions.

Therefore, the hydrogen generation efficiencies of all the synthesized TiO,
nanotubes with varying phase composition can be compared easily to understand the
reactivity of triphase TiO, nanotubes. In addition, unlike anatase-rutile biphase system,
studies on photoexcited electron transfer pathway in ARB triphase system has not yet come
to the spotlight to determine the underlying physics behind the high efficiency of such
systems. Therefore the present chapter deals with the hydrogen generation efficiency of the
synthesized TiO, nanotubes corresponding to various phase compositions under one sun
condition to compare the efficiency of single, biphase and triphase TiO, nanotubes. For the
first time, a band diagram is proposed for ARB system with the possible electron transfer

pathway.
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4.2 Photocatalytic Hydrogen Generation

4.2.1 TiO, nanotubes synthesized at different voltages

The photocatalytic hydrogen generation experiments using all the samples are
carried out in water, containing ethanol as a sacrificing agent. The H, evolution rate of TiO,
nanotubes at different time intervals are depicted in Figure 4.1. The highest hydrogen
evolution of 645 pmol/g is observed for T-11, after 4 hours of light irradiation. The
hydrogen generation efficiency of the samples follow the order T-9.5(A: 94%, R: 6%) < T-
10.2 (A:67%, R:31%, B: 2%) < T-15(A: 44%, R: 32%, B: 24%) < T-12 (A:46%, R :28%, B:

26%) <T-11(A: 45%, R: 26%, B: 29%).
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Figure 4.1 Cumulative hydrogen generation of triphasic TiO, synthesized at
different voltages under one sun conditions with ethanol as sacrificial agent (The error bars

in the figure are standard error values of three tests). The area of illumination is 12 cm”.
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The low hydrogen evolution of T-9.5 compared to that of T-10.2 can be attributed to
the presence of single phase in T-9.5 and two phases in T-10.2 which lead to the efficient
electron transport along anatase-rutile (AR) interface. Compared to T-10.2, the hydrogen
generation is more in T-11, T-12 and T-15 samples. This is due to the presence of anatase,
rutile and brookite phases in the nanotubes of T-11, T-12 and T-15, which enhances the
charge separation by the facile movement of charge carriers across the heterojunction
interfaces. Among the triphase samples, T-11 has the highest hydrogen generation
efficiency. This can be attributed to the better crystallinity of the phases in the nanotubes
which enhances charge transport thereby facilitating charge separation leading to effective
hydrogen generation'®’. Despite the fact that T-12 possesses similar characteristics as T-11,
the noticeable difference in hydrogen generation efficiency is due to the presence of defects
which is discussed later with respect to Figure 4.4a and b. The low reactivity of T-15 can be
attributed to the destruction of tubular morphology (Figure 3.5¢) leading to reduction in
active surface area. H, generated by T-11 (ARB) is twice that of T-9.5 (anatase) TiO,

nanotubes and 1.6 times that of T-10.2 (AR) TiO, nanotubes.

The solar to hydrogen conversion efficiency (Equation 2.15) of 10 mg photocatalyst
of all the TiO, samples synthesized with change in synthesis potential is calculated to be

around 0.01 %.
4.2.2 TiO, nanotubes synthesized at different electrolyte concentrations

The hydrogen generated by TiO, nanotubes synthesized under different electrolyte
concentrations is represented in Figure 4.2. The sample T-0.07 (A:46%, R:29%, B: 25%)

produces more hydrogen (655 umol/g for four hours of solar irradiation) compared to other
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sets at each hour of light irradiation. Similarly, the hydrogen generated by T-0.1 (A:45%,
R:26%, B: 29%) is almost equal to that of T-0.07. As the electrolyte concentration is
increased as in the case of T-0.12 (A:49%, R:13%, B: 38%) and T-0.15 (A:50%, R:1%, B:
49%), the hydrogen generation values drops to 582 and 538 pumol/g. The surface
morphology and band gap analysis given in Chapter 3 clearly indicates that there is no
phenomenal difference in the samples synthesized using different electrolyte concentration.

Only difference among these samples is its
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Figure 4.2 Cumulative hydrogen generation of triphasic TiO, synthesized at
different electrolyte concentration under one sun conditions with ethanol as sacrificial agent
(The error bars in the figure are standard error values of three tests). The area of illumination

is 12 cm?.
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phase composition which is clear from XRD and Raman spectra (Figures 3.8 and 3.9).
Hence, the hydrogen generation results indicate that the high hydrogen generation
efficiencies of T-0.07 and T-0.1 are due to their triphase composition. The decrement in
hydrogen generation ability of T-0.12 can be ascribed to the low content of rutile phase. The
relatively low water splitting ability of T-0.15 can be attributed to its biphasic nature. The
hydrogen generated by high efficient sample T-0.07 (ARB) is 1.25 times that of T-0.15
(AB).

The solar to hydrogen conversion efficiency (Equation 2.15) of 10 mg photocatalyst
of all the TiO, samples synthesized with change in electrolyte concentration is also

calculated to be around 0.01 %.
4.3 Charge Separation Efficiency

4.3.1 TiO, nanotubes synthesized at different voltages
4.3.1.1 Mott-Schottky analysis

To ascertain the improvement in charge separation due to band alignment in triphase
system compared to biphase and single phase systems, MS analysis is performed under UV
light for T-9.5, T-10.2, T-11 and T-12 samples in 0.5 M Na,SO, electrolyte. Figure 4.3
represents the MS plots, from which the Eg, is calculated using the MS relation as expressed
in Equation 2.14'° and the calculated Eg, values are given in Figure 4.3. All samples exhibit
a positive slope in MS plots, as expected for n-type semiconductors. The observed cathodic
shift in Eg, is in the order T-11 > T-12 > T-10.2 > T-9.5. When TiO; is irradiated, the
upward shift of the Fermi level (FL) enhances the charge separation at the

semiconductor/electrolyte interface. The electrons in CB and holes in VB take part in the

Chapter 4 Page 103



redox reaction®'®**. In a multi-phase system, under UV illumination, the excited charge
carriers transfer from one phase to another leading to a higher shift in the FL towards the CB
edge (as in the case of triphase (T-11 and T-12) and biphase (T-10.2)). This causes higher
degree of band bending and hence higher Eq,. The degree of FL shift depends on the number
of phase junctions present. The difference in Eg, among the different samples (T-11 > T-12 >
T-10.2 > T-9.5) supports that more the phase junction more the flat band potential (Eg) and

hence better charge separation.
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Figure 4.3 MS plots of TiO, nanotubes synthesized at different voltages in 0.5M Na,SOy, at

a frequency of 1 KHz, under UV illumination.

From Table 3.1, it is clear that T-11 and T-12 shows comparable phase percentages.
However, crystallite size analysis (Table 3.1) indicates a marginally smaller crystallite size
of anatase and rutile, and significantly smaller size of brookite in T-11 compared to T-12.

This difference in crystallite size would lead to more number of heterojunctions and is
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expected to assist in effective charge separation. This reflects in the MS plots presented
above (Eg of T-11 > T-12). Further, the presence of all three phases in close proximity in T-
11, as observed in the HRTEM analysis (Figure 3.6c and d), directly supports the presence

of bulk heterojunctions.
4.3.1.2 Photoluminescence

The PL spectra (Figure 4.4 a) is analyzed to study the photophysics of the
photogenerated charge carriers in the samples. In Figure 4.4a, the high PL intensity is
observed for T-9.5, T-10.2 and T-15 whereas the intensity is comparatively low for T-11 and
T-12 samples. In general the PL intensity in the region from 1.75 eV to 2.65 eV is due to the
defects present in the sample, which act as electron traps. The peak around 2.11 eV is due to

the oxygen vacancy related defects in addition to the under-coordinated Ti acting as electron
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Figure 4.4 (a) PL spectra TiO; nanotubes synthesized at different voltages (b) O 1s XPS

spectra comparison of T-11 and T-12.
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traps”*’**®. The broad green emission peaked at 2.3 eV is usually assigned to the surface
defects caused by oxygen deficiency and the associated Ti’" ions®***'. It is noted that the
emission intensity in 1.75 eV to 2.65 eV is quenched for T-11 and T-12. This may be due to

the passivation of oxygen vacancies residing along the nanotube walls>

. This passivation
suggests the efficient transport of charge carriers along the axis of the nanotubes®”. This is
in accord with the observation of high crystallinity and good tubular morphology in T-11
and T-12 (Figure 3.5 ¢ and d) in which the three phases favor efficient transport of excitons
for hydrogen generationl(’o. Compared to T-12, T-11 has slight increase in intensity. This
may be due to the presence of excess defects in T-11. The O 1s spectra of T-11 and T-12 are
compared in Figure 4.4b. It is clear that there is a slight broadening in T-11 which can be
attributed to the presence of excess oxygen vacancies'®. It is well known that the presence of

oxygen vacancies in TiO, decrease the band gap. This is further confirmed by a slight

decrease in band gap of T-11 compared to that of T-12 (Figure 3.7).

The high energy emission in the region from 2.65 eV to 3.4 eV (Figure 4.4) can be
either due to the self trapped excitons located at TiO4 octahedra or due to the near band edge
emission. As our samples are composed of different phases, the deconvolution is necessary
for the further insight. This is done in the succeeding sections of this chapter for the

evaluation of average band gaps of anatase, rutile and brookite phases present in the sample.

4.3.2 TiO, nanotubes synthesized at different electrolyte concentrations

4.3.2.1 Mott-Schottky analysis
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Figure 4.5 MS plots of TiO, nanotubes synthesized at different electrolyte concentration in

0.5M Na,S0O; at a frequency of 1 KHz, under UV illumination.

Similar to the MS plots of TiO, prepared under different voltages (Section 4.3.1.1),
the TiO, samples synthesized under different electrolyte concentrations also exhibit a
positive slope in MS plots (Figure 4.5) indicating n-type semiconducting behavior. The
observed cathodic shift in Eg is in the order of T-0.07> T-0.1 > T-0.12 > T-0.15. These
results corroborate with the results of hydrogen generation. In section 4.3.1.1, it is discussed
that the degree of FL shift depends on the number of phase junctions. Therefore, the nearly
equal Eg of T-0.07 and T-0.1 indicating high charge pair separation can be attributed to the
presence of triphase heterojunctions. Whereas decrease in Eg, values in samples synthesized
with increase in electrolyte concentration as in case of T-0.12 (less triphasic) and T-0.15

(biphase) can be attributed to the transformation of triphase to biphase.

4.3.2.2 Photoluminescence
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Figure 4.6 PL spectra of TiO, nanotubes synthesized at different electrolyte concentration

The PL spectra of TiO, nanotubes synthesized under different electrolyte
concentrations are given in Figure 4.6. Unlike the PL spectra of TiO, nanotubes synthesized
at different voltages (Figure 4.4a), the PL intensity of all the samples is nearly same in the
energy region from 1.75 eV to 2.4 eV. This indicates that the change in electrolyte
concentration doesn’t alter the presence of defects. In the near band edge emission region
(2.65 eV to 3.4 eV) there is a slight difference in PL intensity among the samples. A close
look at this region (Inset of Figure 4.6) reveals that T-0.07 and T-0.1 have same intensity
whereas it increased in T-0.12 and more for T-0.15. The variation of intensity can be
attributed to the phase composition of different TiO, nanotubes as T-0.07 and T-0.1 have

triphase composition, where as T-0.12 is less triphasic and T-0.15 is biphasic.
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4.4 Energy Band Alignment and Charge Transfer Pathway in Triphase

TiO, Nanotubes

4.4.1 PL spectra in detail

The high energy emission in the region from 2.65 eV to 3.4 eV (Figure 4.4a and
Figure 4.6) can be either due to the self trapped excitons located at TiOg octahedra or due to
the near band edge emission. As our samples are composed of different phases, the
deconvolution is necessary for the further insight. To perform it, the PL spectra of TiO,
nanotubes synthesized at different voltages are considered due to the distinguishable
difference in their intensities. The emission spectra of T-9.5, T-10.2, T-11 and T-12 samples
are deconvoluted in this region after background subtraction and are represented in Figure

4.7. The peak parameters such as peak centre and area are shown in Table 4.1. It can be seen
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Figure 4.7 A close look of the PL spectra in band gap region from 2.6 to 3.4 eV
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from Table 4.1 and Figure 4.7, that only two peaks are fitted into the spectra of T-9.5 and T-
10.2, whereas three peaks are required to fit the spectra of T-11 and T-12. The strong
emission which appears around 3 eV is dominant in all the samples can be attributed to the
allowed indirect transition from the edge to the centre of the Brillouin zone of anatase

namely Xa, — I'jp (3.05 eV) as calculated by Daude et al*

. The band gap estimated from
Tauc plot of T-9.5 which is majorly anatase is also calculated to be 3.05 eV. Therefore the
value 3.05 eV can be considered as the band gap of anatase phase present in all

the samples. The estimated band gap of anatase is lower than the usually reported value 3.2

199

eV which may be due to the lack of crystallinity (in the case of T-9.5 and T-10.2) ™ and due

to the presence of multiple phases as in the case of T-11 and T-12%**,

Our observation of the lowest energy emission around 2.8 ¢V in the deconvoluted PL
spectra of the samples cannot be considered as the typical energy transition X1a— I'1b (2.91
e¢V) in anatase phase proposed by Daude et al*>® as the values are very different. It is also
observed that the area of the peak around 2.8 eV is very low in T-9.5 whereas it increased
nearly 12 times in T-10.2 and exists in rest of the samples with small variation in area. This
leads us to the idea that the peak may be due to the near edge transition in rutile phase which
in itself a direct band gap semiconductor. Therefore the low intensity of the 2.8 eV peak in
T-9.5 can be attributed to the residual amount of rutile present in the sample as observed in
XRD (Figure 3.2). The red shifted rutile peak from the reported value of 2.98 eV may be
because of the small crystallite size of rutile in the nanotube™*. The peak centered at around
3.2 eV occurring in T-11 and T-12 samples can be attributed either to the band edge

transition/lowest energy indirect transition in brookite phase present in the sample or due to
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Figure 4.8 Deconvoluted PL spectra of selected TiO, nanotubes synthesized at different

voltages in the region from 2.6 eV to 3.4 eV

Table 4.1 Deconvoluted peak parameters of PL spectra of selected TiO, nanotubes

synthesized at different voltages

T-9.5 T-10.2 T-11 T-12
Sample

Centre | Area | Centre | Area | Centre | Area | Centre | Area

Peak 1 | 2.77 | 1.23 | 2.81 | 155 | 2.77 | 5.08 | 2.84 | 9.26

Peak 2 | 3.03 |24.28  3.07 [24.53| 3.04 |15.13| 3.02 |20.79

Peak 3 - - - - 3.2 8.83 | 3.19 | 8.84
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the high energy emission of anatase due to the transition I'3— X1b (3.19 eV) as proposed by
Daude et al. However, it is noted that the 3.2 eV peak is absent in T-9.5 and T-10.2 where
the brookite phase is absent (confirmed by XRD). Also there are many literatures in which
the band gap of brookite is calculated to be in the range of 3.1 to 3.4 eV 824025258 g4 ¢ g
concluded that the peak at 3.2 eV is arising from the band edge transition in brookite phase
present in the sample. Thus, it can be roughly estimated from the deconvolution of the PL

spectra that the band gap of anatase, rutile and brookite in the triphasic T-11 sample are

around 3 eV, 2.8 eV and 3.2 eV respectively

4.4.2 Synchrotron valence band edge analysis

Figure 4.9 shows the UPS spectrum of T-11 sample after background subtraction
recorded using incident photon energy of 27 eV. It can be seen that for the VB spectra (low
binding energy side, shown in the expanded view) there are three leading edges of the VB
(VB onsets). The density of states observed in Figure 4.9 in 0-1 eV region can be attributed

259261 .. .
39261 This is also evident

to occupied defects states due to partial population of Ti 3d states
from the O 1s core level spectra of the sample T-11 (Figure 4.4b), which clearly indicates
the presence of oxygen vacancy. The intersection point of the tangents to the leading edge of
the VB onset and the zero line is taken as the VB onset point. The points of intersections of

the linearly extrapolated tangents with the binding energy axis are found to be 1.85, 2.71 and

2.9¢eV.
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Figure 4.9 Synchrotron photoelectron valence band spectra of T-11

4.4.3 Possible band diagrams

The obtained VB edge values from UPS spectra are 1.85, 2.71 and 2.9 eV. However
labeling these VB edge values to the specific phases of T-11 sample is difficult as we have
got a single band gap value from DRS. Hence to obtain a clear picture on the VB edges of
anatase, rutile and brookite phases in T-11, the assistance of deconvoluted PL spectra are
sought. The estimated band gap values of anatase, rutile and brookite phases in T-11 from
the deconvoluted PL spectra (Figure 4.8 and Table 4.1) are 3.04, 2.77 and 3.2 eV
respectively. The VB edges obtained from the UPS analysis (Figure 4.9) are 1.85, 2.71 and
2.9 eV, which are actually the energy gap between the FL and the VB maxima of the
respective phases. According to the compatibility of these two sets of values, the rutile VB

edge can be fixed as 1.85 eV as the other values (2.71 and 2.90 eV) gives either near zero or
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negative values when subtracted from the band gap of rutile ie 2.77 eV. Therefore two cases
are to be considered to draw a band diagram of T-11. They are: case I - fixing anatase VB
edge as 2.71 eV and brookite edge as 2.9 eV and case II- fixing anatase edge as 2.9 eV and
brookite edge as 2.71 eV. The band diagrams resulted out of these assumptions, are depicted
in Figure 4.10. The probable electron transfer pathway for case I, deduced from Figure
4.10a, is rutile to anatase to brookite and the holes transfer in reverse direction. Similarly,
the probable electron transfer pathway for case II based on Figure 4.10b, is from rutile to

brookite to anatase with holes transfer in opposite direction.

It can be seen that the gap between CB edge and FL of anatase in case II is very less
(0.14 eV) compared to that of brookite in case I (0.3 eV) from Figure 4.10. For efficient
hydrogen production, the CB edge must be more negative than the reduction potential of
H to H, (Ey"/H,= 0 Vvs.NHE at pH = 0) **>. Hence the electron transfer pathway
corresponding to case I (Figure 4.10a) can be considered as the probable one. The overall
peak position of PL spectra (the sharp peak in the range of 2.6 eV to 3.4 eV) of T-11 (Figure
4.7) is observed at 3.14 eV which is around the band gap value of brookite. This high
emission intensity around brookite can be attributed to the large recombination at brookite
phase compared to anatase and rutile phases. This can happen when electrons get
accumulated in brookite due to their transfer from rutile to anatase to brookite after

160
1

excitation by light. A similar transfer pathway is suggested by Kaplan et al ™ as the charge

separation is enhanced by the synergistic effect of anatase and rutile as recognized by
already reported literatures'® and due to the preferential oxidation reaction at brookite

1184

phases. It is also reported by Scanlon et al ™ that the photogenerated electrons flow from

rutile to anatase due to the high electron affinity of anatase in an anatase-rutile composite
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whose band gap is significantly lowered. From these observations, it can be concluded that

the transfer pathway of electrons in ARB system is from rutile to anatase to brookite.

Casel Casell

Rutile Anatase Brookite Rutile Brookite Anatase

Figure 4.10 Possible band edge positions of T-11 (a) Case I and (b) Case II

The overall peak position of T-12 in Figure 4.7 is at 3 eV which is close to the band
gap of anatase ascertained from the deconvolution of PL spectra. This indicates the
possibility of higher electron hole recombination in the anatase phase of T-12 sample. A
comparison of the deconvoluted PL peak areas of T-11 and T-12 samples (Table 3.1) reveal
that the peak area corresponding to the rutile and anatase phases (around 2.8 eV and 3 eV) in
T-12 is high compared to T-11; whereas, the peak area corresponding to brookite phase
(around 3.2 eV) is almost equal. Therefore it is clear that the relatively-high anatase rutile

phase content in T-12 (Table 3.1) causes high charge recombination at anatase and ruile
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phases, which substantially decrease the rate of electron transfer to brookite leading to the

low photocatalytic efficiency of T-12 compared to T-11.

4.5 Summary

In summary, the present study demonstrates facile synthesis of anatase-rutile-brookite TiO,
nanotubes and its application in photocatalytic hydrogen generation. The efficiency of
triphase TiO, in hydrogen generation is compared with anatase-rutile / anatase-brookite and
anatase TiO, nanotubes. It is found that the triphase TiO, is more efficient compared to
biphase and single phase TiO, nanotubes in photocatalytic hydrogen generation as evident
from both of their values obtained by samples synthesized at different voltages and different
electrolyte concentrations. The transfer pathway of charge carriers in triphase TiO;
nanotubes are determined using deconvolution of PL spectra and VB edge analysis. It is
demonstrated that the excited electron transfers from rutile to anatase to brookite in triphase

Ti0O;.
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Photocatalytic Hydrogen Generation Efficiency of
Doped Triphase Heterojunctions and Their Band

Alignment

The two important factors that affect visible light assisted water splitting ability of
TiO, are its charge recombination and large band gap. Smooth charge transfer pathways
for effective charge separation with tuned band gap for visible light absorption, can be
achieved by having large number of nitrogen doped heterojunctions of TiO, polymorphs. In
Chapter 3, the synthesis of nitrogen doped triphase TiO, nanotubes, corresponding to
different nitrogen concentrations, are discussed. The present chapter reports the first
demonstration of nitrogen doped triphase (anatase-rutile-brookite) TiO, nanotubes as sun
light active photocatalyst for hydrogen generaton with high solar to hydrogen conversion
efficiency. In addition, the band alignment and charge transfer pathways in nitrogen doped

TiO, with triphase heterojunctions are delineated.
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5.1 Introduction

The potential of triphase TiO, nanotubular structures in photocatalytic hydrogen
generation is clearly demonstrated in the previous chapter. In order to extend the photo-
absorption to visible light regime, nitrogen has been successfully doped in triphase TiO,
nanotubes whose synthesis procedures and characterization are presented in Chapter 3. Now,
it is essential to study the ability of N-doped triphase TiO; in splitting water to generate
hydrogen. In addition, it is also required to compare its hydrogen generation ability with
nitrogen doped biphase system as it’s the most commonly studied heterostructure. In
Chapter 3, it is seen that the change in nitrogen concentration alters the phase composition
of nanotubes from ARB to AR. In the present chapter, the hydrogen generation efficiency of
nitrogen doped triphase and biphase TiO;, nanotubes, obtained using the synthesis technique
described in Chapter 3, is presented and compared with that of pristine triphase TiO,
nanotubes. The effects of nitrogen doping on band structure and sunlight/visible light

assisted hydrogen generation efficiency are studied in detail.

5.2 Photocatalytic Hydrogen Generation

Nitrogen doped triphasic TiO, nanotubes (N-TiO,), corresponding to different
nitrogen concentrations are synthesized using RBA technique having 0.5, 1.5, 3 and 4.5 wt%
hydrazine hydrate as nitrogen source in the electrolyte solution. The resultant samples are
labeled as NT-0.5, NT-1.5, NT-3 and NT-4.5 (Section 3.3). The nitrogen concentration
present in NT-0.5, NT-1.5, NT-3 and NT-4.5 are estimated to be 0.19, 0.29, 0.37 and 0.48 at

% respectively from the N s spectra obtained from XPS analysis whose details are given in
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later sections. The hydrogen generation experiments are carried out for all the N-TiO;
photocatalysts along with pristine triphase TiO, nanotubes (T-ARB) in water/ethanol
mixture under one sun conditions. The experimental details are given in Chapter 2. The
hydrogen generation results are depicted in Figure 5.1. It is clear from Figure 5.1 that the
volume of hydrogen generation of TiO, polymorphs increased after nitrogen doping. The
hydrogen generation efficiency of the given photocatalyst is in the order of NT-1.5 > NT-0.5
> NT-3 > NT-4.5 > T-ARB. The hydrogen generation of T-ARB after 4 hours of light
irradiation is estimated to be 2 mmol/g. The maximum hydrogen generation of 15.2 mmol/g
is produced by NT-1.5 polymorph after 4 hours of light illumination. It is already clear from
Chapter 3 that NT-0.5, NT-1.5 and NT-3 possess triphasic nature whereas NT-4.5 is

biphasic (Figure 3.12).
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Figure 5.1 (a) Cumulative hydrogen generation of T-ARB and N-TiO, and (b)
verification of their stability under one sun condition with ethanol as sacrificial agent. The

area of illumination is 12 cm”.
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Sample NT-1.5 exhibits better efficiency compared to NT-0.5 (10.3 mmol/g for 4
hrs of light illumination) because of higher nitrogen content. The lower efficiency of NT-3
(8 mmol/g for 4 hrs of light illumination) compared to NT-0.5 and NT-1.5 despite its higher
nitrogen doping is attributed to its low three phase content. The brookite content in NT-3 is
very less that it acts almost like biphase TiO, The hydrogen generation efficiency is lowest
for NT-4.5 (6.3 mmol/g for 4 hrs of light illumination) which is attributed to the absence of
brookite phase; which likely leads to lower charge separation because of lower number of
bulk heterojunctions and hence low activity.

To verify the reusability and the long term stability of the photocatalyst, H,
generation measurements were carried out in 3 cycles (Figure 5.1b). All three cycles shows
the same trend as well as the same range of values of hydrogen generation for different

photocatalysts. Thus, reusability of N-TiO; photocatalysts is discerned from the results.

The STH conversion efficiency of the samples T-ARB, NT-0.5, NT-1.5, NT-3 and
NT-4.5 (for 10 mg of photocatalyst taken) is calculated to be 0.03, 0.17. 0.2, 0.13 and 0.1 %

respectively.

5.3 Charge Separation Efficiency

To ascertain the improvement in charge separation due to band alignment in
multiphase system, MS analysis is performed under UV light for pristine and N-TiO;
nanotubes in 0.5 M Na,SOy electrolyte as explained in Chapter 2. Figure 5.2 represents the

MS plots, from which Eg, is calculated using the MS relation' (Equation 2.14).
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All samples exhibit a positive slope in MS plots, as expected for n-type
semiconductors. The observed cathodic shift in Eg, is in the order of NT-1.5 > NT-0.5 > NT-
3 > NT-4.5 > T-ARB. The hydrogen generation values also follows the same trend (Figure
5.1). When TiO; is irradiated, the upward shift of the FL enhances the charge separation at
the semiconductor/electrolyte interface. The resultant electrons in CB and holes in the VB

. . 21824
take part in the redox reaction®'®#%.
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Figure 5.2 MS plots of T-ARB and N-TiO, nanotubes in 0.5M Na,SOy at a frequency of 1

KHz, under UV illumination

In a multi-phase system, under UV illumination, the excited charge carriers transfer
from one phase to another leading to a higher shift in the FL towards the CB edge. The

degree of FL shift depends on the number of phase junctions present *°. In the present case,
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shift in FL is affected by two factors viz. N doping and phase composition. The T-ARB
sample exhibits low Eg among all the samples after irradiation, because the FL shift is
contributed only by triphase composition as there is no N doping. As we can see from the
Eg, values, the nitrogen doped triphase samples such as NT-0.5, NT-1.5 and NT-3 possess
same range of values compared to N-doped biphase NT-4.5. This indicates that the charge

separation is better in case of nitrogen doped triphase samples.

The highest Eg, 1s observed in NT-1.5 which is the best photo active sample as
discerned from hydrogen generation experiments. The crystallite size analysis indicates that
NT-1.5 (Table 3.3) possess overall smaller crystallite size of anatase, rutile and brookite
compared to other doped triphase samples (NT-0.5 and NT-3). This smaller crystallite size
would lead to more number of bulk heterojunctions and is expected to assist in effective
charge separation. This is reflected in the Mott-Schotky plots presented above (NT-1.5 >
NT-0.5 > NT-3). Further, the presence of all three phases in close proximity in NT-1.5, as
observed from the HRTEM analysis (Figure 3.15c¢ and d), makes it an efficient photocatalyst

for water splitting.

5.4 Energy Band Alignment and Charge Transfer Pathway in N-Doped

Triphase TiO, Nanotubes

5.4.1 XPS and UPS analysis

To investigate the change in surface bonding of TiO, induced by nitrogen doping,
XPS analysis is performed for all the samples which are deconvoluted and presented in

Figure 5.3a. The Ti 2p core level spectrum of all samples, deconvoluted using CasaXPS,
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exhibited Ti 2p spin-orbit doublet centered at binding energies 458.6 and 464.1 eV, that
corresponds to Ti 2ps, and Ti 2piy» core levels of Ti*" species, respectively. Our
observation is in agreement with the literature*'®. In addition, the presence of shoulder
peaks around 456.8 and 462 eV indicate the presence of Ti*™ in pristine T-ARB as well as in
N-TiO, samples. The area of Ti’ " peak increases with increase in N doping by 7.8% in NT-
0.5, 13% in NT-1.5, 23% in NT-3 and 24.7 % in case of NT-4.5 compared to that in T-ARB.
The localization of charge carriers generated due to oxygen vacancy formation at Ti*" could
be the cause for the reduction of Ti*" to Ti*".

The O 1s spectra of all the samples are deconvoluted into two peaks which are
centered at 529.8 and 531 eV which are represented in Figure 5.3b. The O 1s spectra of
pristine TiO, centered around 529.8 eV corresponding to the lattice oxygen. In addition to
this lattice oxygen signature peak, a shoulder can be discerned at higher binding energies,
whose area increases with increase in nitrogen doping (Figure 5.4a). The shoulder peak at
531 eV occurring in nitrogen doped polymorphs is attributed to the surface hydroxyl group
(Ti-OH)'®. The quantity of OH species increases initially with increase in nitrogen doping
however it remains unaltered at higher degree of nitrogen doping as in the case of NT-3 and
NT-4.5 (Figure 5.4a). The area of the peak at 531 eV increases by 6% in NT-0.5, 11% in
case of NT-1.5 and 19% (average) in case of NT-3 and NT-4.5 respectively compared to that

in T-ARB.
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Figure 5.3 Deconvolution of (a) Ti 2p and (b) O 1s spectra of T-ARB and N-TiO,

Incorporation of nitrogen into the lattice results in the formation of oxygen vacancies
in order to maintain charge neutrality. The oxygen vacancies at the surface take the form of
missing oxide ions in the bridging oxygen row (bridging oxygen vacancies in the form: Ti*"
-V, - Ti*" where V, denotes the oxygen vacancy) leading to the formation of co-ordinatively
unsaturated Ti>" ions. These Ti'" ions have distorted coordination geometry, because of
adjacent oxide ion vacancies. They have a tendency to form additional coordination and

therefore, the oxygen vacancies act as adsorption sites for organic and water molecules

nanotubes

thereby playing an important role in the photo-oxidation®**.
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When water molecules come in contact with nanotube surface, they are adsorbed at
the bridging oxygen vacancies to form Ti — OH - Ti bridge****®. The bridging hydroxyl
groups are in close proximity to adsorbed water molecules and hence form, through
hydrogen bonding, hydrated bridging OH**®. The hydrated bridging OH groups offer a
channel for the transfer of photo-generated holes, giving rise to 2H", Ti-OH and Ti-O
species”®. The generated H' species are reduced to H, by the photo-generated electron and
the two adjacent Ti-O" species couple to form surface peroxide. With increase in nitrogen
doping, oxygen vacancy concentration increases which in turn increases hydrated bridging

OH group resulting in enhanced hole assisted photo-catalytic reaction.

However, in the present study, the expected trend is not observed. An initial increase
in hydrogen generation with increase in N-doping followed by decrease in hydrogen
generation is observed. The initial increase in hydrogen generation can be attributed to the
increase in light absorption due to nitrogen doping, the presence of bulk heterojunctions due
to the inter band states, in addition, to the increase in surface hydroxyl group. Although, the
increase in nitrogen concentration increases the photo-absorption and surface hydroxyls, the
subsequent reduction in hydrogen generation with increase in N-doping is observed. This
can be attributed to the decrease in three phase content with increase in N-doping and only
two phases (anatase-rutile) are present at highest N-concentration (NT-4.5). This shows that
in N-doped samples, the effect of phase content overshadows the effect of surface hydroxyl
group. Presence of N-doping can be understood from the high resolution N 1S spectra
analyzed for pristine and N-doped samples which are represented in Figure 5.4b. The peaks
are positioned around 398.7 in all the samples which correspond to doped nitrogen, which is

. . . L 102,267-269
consistent with our previous report and other reports found in literature .
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Figure 5.4 (a) O 1s, (b) N 1s and (c) UPS spectra of T-ARB and N-TiO; nanotubes

The N 1s peak intensity gradually increases from NT-0.5 to NT-4.5 which confirms

that the quantity of nitrogen doping in TiO, crystal increases with increase in hydrazine

hydrate concentration. The nitrogen content in NT-0.5, NT-1.5 and NT-4.5 are calculated to

be 0f 0.19, 0.29, 0.37 and 0.48 at % respectively.
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In order to identify the effect of nitrogen doping on VB offsets, UPS analysis was
performed for all the samples. Figure 5.4c shows that the UPS spectra of both pristine and
N-TiO; samples. The obtained VB edge values of the samples are listed in label of Figure
5.4c. It is noticed that as we increase the nitrogen content, the gap between the VB edge to
FL increases from T-ARB until NT-1.5, whereas it starts to decrease with the further
increase in nitrogen doping (as for the case of NT-3 and NT-4.5). However it is noticed in
band gap analysis from DRS that the band gap decreases with nitrogen doping. The results
indicate that the FL shifts towards CB edge until the doping is at 0.29% (NT-1.5), then it
starts to shift away from the CB edge as in the case of NT-3 and NT-4.5 where the nitrogen
doping is high. This can be attributed to the change in phase composition upon nitrogen
doping which changes the FL position®”. As in the case of low nitrogen doping, the Ti®"
defects states and N 2p density start to increase. At higher nitrogen doping, it is observed
that the Ti*" defects are unaltered whereas the N 2p states grow denser. This should in turn
decrease the gap between the FL and VB edge at higher N doping. However it is not
observed so in our case. This is due to the presence of multiple phases, where the FL is near
to CB edge in triphase system and it start to shift away from CB edge when the triphase
system is converted to biphase system. The results coincide with the MS results where we
see similar pattern in Eg,. Thus phase composition plays a major role in hydrogen generation

reactions as triphase increases the charge pair separation compared to biphase system.

5.4.2 Photoluminescence
PL spectra of pristine and N-TiO, nanotubes are shown in Figure 5.5. The PL spectra
can be divided into two regions viz. region 1.8 to 2.7 eV and 2.7 to 3.4 eV. The PL intensity

in the former region is due to the defects present in the samples, whereas the later is due to
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the band edge emission®. All samples exhibited a secondary peak emission in the range of

1.8 to 2.7 eV. The peak around 2.1 eV is due to oxygen vacancy related defects in addition

247,248

to the under-coordinated Ti acting as electron traps . The peak around 2.3 eV is due to

248-251
8251 For

the surface defects caused by oxygen deficiency and the associated Ti’* ions
pristine TiO,, the intensities of secondary peaks are nearly equal to that of main emission

peaks (around 3 eV). For N-TiO,
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Figure 5.5 PL spectra of T-ARB and N-TiO; nanotubes

polymorph the relative intensity of the secondary peaks is enhanced remarkably, when
compared with the main emission peaks. This demonstrates the formation of oxygen defects
in the TiO; lattice as an effect of nitrogen doping. It is also observed that the defects in TiO,
increase as we increase the nitrogen doping precursor concentration from 0.5 to 3 wt% and
then it remains almost constant from 3 to 4.5 wt%. This study proves that nitrogen doping is

accompanied by the formation of oxygen vacancies. Even though the higher intensity PL of
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N-TiO, samples in this region indicates a high radiative recombination of charge pairs, the
majority of non-radiative recombination that releases phonons, in general, is a major
pathway for the photogenerated charge annihilation in TiO, (as in indirect band gap
semiconductors)'*®. It is already proved that N-TiO, possesses better photocatalytic activity
compared to pristine TiO,. Therefore, the results demonstrates that the N-TiO, have a lower

non-radiative recombination rate compared to pristine T-ARB.

When we compare the band edge emission region in the spectra (2.7 to 3.4 eV) for
all the samples, it is observed that T-ARB has highest emission which is indicative of high
recombination. It is observed that the main emission peak is shifted to lower energy for the
N-doped samples which indicates that there is a decrement in band gap (pointed in Figure
5.5). The main emission peak of doped TiO, polymorphs are in the order of NT-4.5 > NT-3
> NT-0.5 > NT-1.5. The low PL main emission intensity of N-TiO; is indicative of the
forbidden recombination of photogenerated electrons and holes. It is clearly observed that
NT-1.5 is having the lowest emission and the band edge emission peak intensity of all the
samples inversely follows the trend observed in hydrogen generation efficiency ie lowest
emission tends to higher hydrogen generation. However, higher nitrogen doping as in the
case of NT-3 and NT-4.5 creates lot of vacancies which tends to behave as recombination
centers hence increases the recombination rate thus leading to poor hydrogen generation
efficiency. The highest recombination is observed in NT-4.5 which may be due to either
high nitrogen doping whose defect states act as recombination centers or due to the
difference in number of phases present. It is already noted that the emission peak intensity
due to defects in the former region of PL spectra of NT-4.5 and NT-3 are almost similar.

Therefore the most probable reason for high band edge emission intensity of NT-4.5 is due
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to its biphase nature that decreases the rate of electron-hole pair separation hence increases

the recombination compared to NT-3. From the above results it is clear the defects created

are saturated with increase in nitrogen doping (as in NT-3 and NT-4.5) but affect the phase

composition leading to ARB to AR transformation.

5.4.3 Effect of N doping in triphase TiO, nanotubes

Combining the results of the above analysis, a schematic diagram to illustrate the

effect of nitrogen doping in triphasic TiO, in comparison with pristineT-ARB has been

derived and is depicted in Figure 5.6. The growth of Ti’" and N 2p states are clearly depicted

in the figure. The
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Figure 5.6 Effect of nitrogen doping in triphase TiO, nanotubes

presence of oxygen vacancies generated under the synthesis conditions in T-ARB gives rise

to Ti’" level below the CB. When T-ARB is doped with nitrogen as in NT-0.5 and NT-1.5,

the Ti’" state and N 2p state grow denser, leading to the decrement in band gap and

increment in shift of Er towards CB. At higher nitrogen doping, as in case of NT-3 and NT-

4.5, the density of Ti** states reach a saturation level, as evident from O 1s (Figure 5.4a) and

PL spectra (Figure 5.5). The increase in N 2p density of states leads to further decrement of

band gap in these samples. However the FL shifts away from the CB edge as seen from MS
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analysis. This is due to the decrement in brookite phase concentration in NT-3 and its

absence in NT-4.5.

5.4.4 Charge transfer mechanism

From UPS analysis, it is clear that there is alteration in VB edge due to N doping. It
is also clear that the nitrogen doping increased Ti** defects as confirmed from XPS and PL
spectra analysis. Based on the above analysis of N-Ti0O, in comparison with pristine T-ARB,
the schematic for the effective photocatalytic charge transfer mechanism in NT-1.5 is
proposed (Figure 5.7). Because of the synthesis conditions and nitrogen doping, Ti>" levels
are formed below the CB edge and N 2p states appear above the VB edge of each phase as
depicted in Figure 5.7. When NT-1.5 is photo-irradiated, the electrons in VB and N 2p states
of each phase absorb photoenergy and excited to their CB and Ti’* states depending upon

the absorbed photoenergy that varies from UV to Visible light.

Since the CB and VB edge positions of anatase, rutile and brookite are different; the Ti’"
and N 2p levels in one phase will be close to CB and VB of the adjacent phase respectively.
This paves way for easy transfer of excited charge carriers thereby increasing the charge
separation. The excited electron transfer pathway in triphase system is assumed to be from
rutile to anatase to brookite®. The excited electrons in Ti’" state of rutile phase transfers to
anatase CB, whereas electrons in Ti®" transfers to brookite CB leading to the high life time
of charge carriers which will be available for hydrogen generation reactions. In addition the
excited electron in the CB of each phase transfers to its adjacent phase. Similarly, the holes
in VB and N 2p of one phase flow in reverse direction through VB and N 2p states of
adjacent phase. Thus more number of charge carriers will be available for hydrogen

generation reactions. The presence of Ti*" defect states and N 2p in triphase TiO, appears to
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make a significant difference in catalytic acitivity. This is why we notice 7.5 times of

hydrogen generation in NT-1.5 compared to pristine triphase TiO, (T-ARB).
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Figure 5.7 Schematic diagram for efficient charge transfer mechanism in NT-1.5

5.4.5 Synchrotron valence band edge spectra

In our previous study on T-ARB (Chapter 4)*°, the angle resolved photoelectron
spectroscopy (ARPES) using synchrotron radiation with incident photon energy of 27 eV is
used to probe its VB features, whose results are represented here again in Figure 5.8a. Three
leading edges (VB onsets) of the VB are observed. The points of intersections of the linearly
extrapolated tangents along these edges with the binding energy axis are found to be 1.85,
2.71 and 2.9 eV. Each of these values corresponds to VB edge of one of the three phases

present in the sample. Thus synchrotron UPS fetched us a clear resolution in the VB edge
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Figure 5.8 Synchrotron valence band spectra of (a) T-ARB; and (b) NT-1.5

features of triphasic T-ARB. Hence in order to distinguish the modified VB edge features,
the synchrotron UPS is performed for NT-1.5 whose results are given in Figure 5.8b. There
is no clear resolution of three leading edge VB onsets as observed in case of T-ARB (Figure
5.8a). Only one VB onset value is obtained which is around 2.94 eV. The absence of clear
resolution in the VB onsets in the UPS spectra corresponding to NT-1.5 in contrast to that of
T-ARB is due to the presence of N 2p states above the VB of each phase which are closely

coupled as depicted in Figure 5.7.

5.5 Summary

The hydrogen generation efficiencies of N-TiO, nanotubes are evaluated in
comparison with pristine triphase TiO,. The highest solar hydrogen generation (15.2
mmol/g) obtained by NT-1.5 is due to the optimum nitrogen doping in triphase structure.
This value is 7.5 times higher than that of pristine triphase TiO; and 2.4 times higher than
nitrogen doped biphase (AR) TiO,. The variation in density of intra-band states (Ti*" /

oxygen vacancies and N 2p states) with increase in nitrogen doping are found to be critical
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in tuning the photocatalytic activity of TiO, nanotubes. The presence of Ti>* states below the
CB edges of each phase and N 2p states above VB edge of each phase reduced the band gap
making it visible light active photocatalyst. In addition, it facilitated easy transfer of photo-
excited charge carriers to the neighbor phase CB, thereby reducing recombination rate and
enhancing hydrogen generation efficiency. Thus, bulk heterojunctions among the three
phases present in the nanotubes with intra-band defect states is shown to enhance the
photocatalytic activity tremendously. Our study also confirms the theory that three phase

system is efficient in photocatalysis compared to two phase system.
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6

Hydrogen Annealed Triphasic TiO, Nanotubes and

Their Photocatalytic Activity

In chapters 3 and 5, synthesis, photocatalytic hydrogen generation and charge
transfer pathway of visible light active nitrogen doped triphase titania are discussed. One
probable drawback of doping metal/non-metal ions into titania is that the dopants can act as
recombination centers. Hence the modification of titania to make it visible light active
without the need of external doping is appreciated. In this regard, hydrogen annealing
(hydrogenation) of triphase TiO, nanotubes is carried out whose synthesis procedure is
discussed in Chapter 3. The present chapter deals with the photocatalytic hydrogen
generation efficiency in comparison to pristine triphase TiO, nanotubes under solar light

illumination. The possible band alignment and charge transfer pathway is discussed.
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6.1 Introduction

In the previous chapter, nitrogen doping in triphase TiO, nanotubes to enhance the
visible light absorption of triphase TiO, are discussed. However the introduction of foreign
atoms into TiO, lattice can be disadvantageous as the dopants themselves acts as
recombination centers. Therefore it is always advantageous to induce native defects rather
than external doping. Hydrogenation of TiO, to obtain black titania for visible light
photocatalysis has got wide attention due to the absence of foreign atoms and creation of
native defects. In this regard, the hydrogenation of triphase TiO, polymorphs was carried out
whose characterizations are given in Chapter 3. The present chapter focuses on the
evaluation of photocatalytic hydrogen generation efficiencies of hydrogenated triphase TiO,
nanotubes. It is demonstrated that the generated defect states in each phase in the triphase
system facilitate visible light absorption and easy transfer of excited charge carriers from
one phase to the neighbor phase without recombining, thus enhancing the hydrogen
generation efficiency. The work is carried out with an aim to build an ideal photocatalyst by

exploiting the multiphase junctions towards charge separation and visible light absorption.

6.2 Photocatalytic Hydrogen Generation

The photocatalytic hydrogen generation experiments of the pristine TiO, nanotubes
(T-ARB) and that annealed in hydrogen atmosphere at 250 and 450 °C (H-250 and H-450)
as well as in air at 250 and 450 °C (represented as Air-250 and Air-450) are carried out in
water, containing ethanol as a sacrificing agent. The H, generation rate at different time

intervals are depicted in Figure 6.1. It is noticed that the hydrogen generated by
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hydrogenated TiO; is greater than the pristine TiO,. The highest hydrogen evolution of 27
mmol/g is observed for H-450, whereas it is 12 and 1.7 mmol/g for H-250 and pristine
triphaseT-ARB respectively, after 4 hours of light irradiation. The air annealed samples
shows better efficiencies than pristine T-ARB due to the improved crystallinity; however the
rate is not equivalent to that of H-250 and H-450. It is therefore clear from the comparison
of hydrogen generation capability of hydrogen annealed and air annealed triphase TiO,
nanotubes that the improvement in crystallinity of the triphase samples plays only a small
role in water splitting. The huge difference in hydrogen generation of hydrogenated samples

compared to that of air annealed samples can be attributed to the presence of native defects.
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Figure 6.1 Cumulative hydrogen generation of T-ARB and hydrogenated TiO, under
(a) one sun conditions and (b) visible light with ethanol as sacrificial agent (The error bars in

the figure are standard error values of three tests). The area of illumination is 12 cm’.

These defects in hydrogenated samples decrease the band gap leading to enhanced
absorption of incident light. In addition, the presence of triphase junctions aid the efficient

charge transport across junctions and thereby inhibiting the electron hole pair
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recombination, paving way for enhanced photocatalytic activity. In order to understand the
role of visible light absorption of hydrogenated TiO, samples, the hydrogen generation
experiments are performed under visible light irradiation (obtained using visible band pass
filter) whose results are plotted in Figure 6.1b. It is evident that the hydrogenated samples
perform better than pristine T-ARB, which is attributed to the extended photo-absorption tail
from 400 - 550 nm of hydrogenated samples (Figure 3.20). It is expected that H-250 and H-
450 should deliver nearly the same amount of hydrogen due to their almost near band gap
values and absorption tail. However, the visible light hydrogen generation results follows
the pattern H-450 > H-250 > T-ARB similar to the hydrogen generation values obtained
under one sun condition. This is because of the high density of Ti*" states in H-450. Among
the hydrogenated triphase samples, H-450 is best at its efficiency generating around 16
times of hydrogen under one sun condition and around 50 times of hydrogen under visible
light irradiation when compared to that of pristine TiO,. The high efficiency of H-450 can
be attributed to the high crystallinity, high percentage of defects and low band gap as
confirmed from XRD and DRS (discussed in Chapter 3) as well as PL and XPS (discussed
in following sections). The STH conversion efficiency of 10 mg of samples such as T-ARB,
H-250, H-450, Air-250 and Air-450 tested under AM 1.5G is calculated to be 0.03, 0.19.

0.44, 0.06 and 0.6 % respectively.

6.3 Charge Separation Efficiency

To ascertain the improvement in charge separation due to favorable band alignment
in hydrogenated triphase system compared to pristine triphase TiO,, MS analysis is

performed under UV light for T-11, H-250 and H-450 samples in 0.5 M Na,SO, electrolyte.
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Figure 6.2 represents the MS plots, from which Eg, is calculated using the MS relation in

Equation 2.14'® and the calculated Eg, values are given in Figure 6.2.
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Figure 6.2 MS plots of T-ARB and hydrogenated TiO; in 0.5M Na,SOy at a

frequency of 1 KHz, under UV illumination

All samples exhibit a positive slope in MS plots, as expected for n-type
semiconductors. The observed cathodic shift in Eg, is in the order H-450 > H-250 > T-11. It
is already discussed in previous chapters that when TiO; is irradiated, the upward shift of the
FL enhances the charge separation at the semiconductor/electrolyte interface leading higher
degree of band bending at the TiO, surface compared to that in dark. The electrons in CB
and holes in the VB take part in the redox reaction®'***°. It is already proved in our previous
discussion that more the phase junctions more the band bending (Eg) and hence better
charge separation. In addition to that, the Ti>" defects states (ascertained from EPR analysis

in following section) generated due to hydrogen annealing lead to the facile transfer of
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charge carriers from one phase to another reducing their recombination thereby increasing
their life time. This further shifts the FL towards CB edge leading to higher En. The MS
results clearly indicate that the charge separation is better in H-450 compared to H-250 and

T-ARB, leading to higher hydrogen generation efficiency as observed in Figure 6.1.

6.4 Energy Band Alignment and Charge Transfer Pathway in

Hydrogenated Triphase TiO, Nanotubes

6.4.1 XPS and UPS analysis

To investigate the change in surface bonding of TiO, nanotubes induced by
hydrogenation, XPS analysis was performed and is depicted in Figure 6.3. The Ti 2p core
level spectrum of T-ARB showed two peaks centered at binding energies 458.6 and 464.1
eV, corresponding to the Ti 2ps, and Ti 2py, core levels, respectively, of Ti*" species. Our

204,263 :
7. The spectrum remains

observation is in agreement with the reported literature
unaltered upon hydrogenation as noticed in Figure 6.3a. The O 1s spectra of pristine TiO,
centered around 529.8 eV corresponding to the lattice oxygen is observed as shown in
Figure 6.3b. However the hydrogenated samples exhibit broader O 1s spectra with an
additional shoulder at higher binding energy compared to that of pristine TiO,. The O 1s
spectra of H-250 and H-450 can be deconvoluted into two peaks centered at 529.8 and 531
eV. The shoulder peak at 531 eV is attributed to surface hydroxyl group (Ti-OH)'®. The O
Is spectra analysis confirms the formation of hydroxyl group on triphase TiO; surface. The
quantity of OH species varies with respect to hydrogenation temperature. Some literatures

mention that the hydrogenation of titania has effect on its CB*'®*"” while VB offset remains

unaltered and the other few reported the effect to be in reverse'***. In order to identify the
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Figure 6.3 (a) Ti 2p, (b) O Is and (c) UPS spectra of T-ARB and hydrogenated TiO,
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effect of hydrogenation on VB offsets, UPS analysis was performed for all the samples.
Figure 6.3c shows the UPS spectra of both pristine and hydrogenated TiO, samples. It is
noticed that all the three samples look similar in the leading edge of the VB (low binding
energy side) arriving to the conclusion that hydrogenation of TiO, having anatase-rutile-
brookite phase composition doesn’t lead to changes in VB offset. However it is noticed that
there is a decrease in band gap of hydrogenated samples from UV-Vis absorbance spectra
analysis (Figure 3.20). Therefore it is concluded that the hydrogenation leads to the changes

in CB offset rather than VB.

6.4.2 Photoluminescence

The PL spectra of pristine and hydrogenated TiO, polymorphs are carried out to
study the photophysics of the photogenerated charge carriers (Figure 6.4). It is observed
from Figure 6.4 that the main emission peak of pristine TiO, appears around 3.14 eV which
is attibuted to the emission of bandgap transition. Whereas, the main emission peak of H-
250 and H-450 is shifted to 2.9 eV in an average (shown clearly in Inset of Figure 6.4). This
may be due to the presence of defect states into the band gap of hydrogenated TiO,. This is
evident from the DRS that the band gap is decreased after hydrogen annealing (Figure 3.20).
The PL emission intensity in the band gap region (from 2.7 — 3.4 eV) of hydrogenated TiO,
are less compared to that of pristine sample, which indicate that the recombination rate of
photogenerated electrons and holes had been inhibited considerably in H-250 and H-450,
because of the formation of oxygen vacancies which served as electron capture traps, thus
enhancing the charge separation significantly’'>. All samples exhibited a secondary peak
emission in the region from 1.8 to 2.7 eV. The peak around 2.1 eV is due to oxygen vacancy

related defects in addition to the under-coordinated Ti acting as electron traps>***. The
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peak around 2.3 eV is due to the surface defects caused by oxygen deficiency and the
associated Ti’" ions*** ', For pristine TiO,, the intensities of secondary peaks are nearly
equal to that of main emission peaks (around 3 eV). However, for H-250 and H-450, the
relative intensity of the secondary peaks is enhanced remarkably, compared to the main

peaks. This demonstrates the formation of oxygen defects in the TiO, lattice after

hydrogenation.
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Figure 6.4 PL spectra of T-ARB and hydrogenated TiO, (The inset shows the PL spectra in

the region from 2.6 to 3.5 eV)

The higher PL intensity of hydrogenated TiO, samples in this region compared to pristine
TiO, even though indicate high radiative recombination of charge pairs, the majority of non

radiative recombination that releases phonons is a major pathway for the photogenerated
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charge annihilation in TiO; (as in indirect band gap semiconductors) . It is seen already
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that these slightly hydrogenated TiO, possess better photocatalytic activity compared to
pristine TiO,. Hence the results demonstrate that the hydrogenated TiO, have a lower non-

radiative recombination rate compared to pristine T-ARB.

6.4.3 EPR analysis

EPR spectra of all the samples are analyzed (Figure 6.5) to further investigate the
concentration and distribution of defects in pristine and hydrogenated TiO,, as it is highly
sensitive to detect paramagnetic species containing unpaired electrons. The EPR analysis is
performed at room temperature to detect Ti’™ or oxygen vacancies present in the samples.
The pristine T-ARB shows a pronounced signal at g = 2.0131 which is usually assigned to
surface O species generated from the interaction of O, with the surface Ti’" species

associated with surface
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Figure 6.5 EPR spectra of T-ARB and hydrogenated TiO,
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oxygen vacancies’”. In H-250, a strong signal is observed at g = 1.99 in addition to the
surface O signal. This strong signal is attributed to the paramagnetic Ti*" defects present in
the sample.”®® Similarly, it is observed in H-450 that the same signal is enhanced suggesting
the presence of large quantity of Ti'" defects compared to H-250. The Ti’" centers are
formed due to the elimination of adsorbed oxygen species via the formation of OH species
which desorbs from the surface as H,O at elevated temperatures leaving behind the oxygen
vacancies with Ti’" species. It is expected that the signal at g = 2.0131 also increases in
intensity with respect to hydrogenation temperature as the surface Ti®" generated during
hydrogenation, will adsorb O, resulting in O species on the surface. But in this case it
remains the same as that of T-ARB. This indicates that Ti’" is located majorly in the bulk of
TiO,**. Therefore it is evident that the hydrogenation leads to the formation of Ti’" in the
bulk whose quantity varies proportionally to the hydrogenation temperature as evident from
the difference in peak intensity at g = 1.99.
6.4.4 Charge transfer mechanism

From UPS analysis (Figure 6.3c), it is clear that there is no change in VB edge. It is
also clear that the hydrogenation increased Ti’" defects as confirmed from PL spectra
(Figure 6.4) and EPR (Figure 6.5) analysis. Based on the above analysis, the schematic for
the effective photocatalytic charge transfer mechanism in H-450 is proposed (Figure 6.6).
As our samples are comprised of anatase, rutile and brookite phases, the Ti*" defects are
generated in each phase due to hydrogen annealing. This gives rise to the generation of Ti**
defect states below the CB edge of all the three phases as depicted in Figure 6.6. When the
sample H-450 is photoexcited, the electrons in each phase either jumps to its CB edge or to

its Ti*" defect state depending on the light energy. The electron transfer pathway in triphase
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is assumed to be from rutile to anatase to brookite'® as inspired from the previous analysis
of triphase TiO, in Chapter 4. Due to the difference in band edge alignment of different
phases, the presence of Ti*" defect state in each phase occupies the position such that it will
be nearer or equivalent to the CB edge of adjacent phase. Therefore the electrons excited to
the Ti’" defect state are preferentially transferred to adjacent phase CB rather than

recombining with holes, thus facilitating the
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Figure 6.6 Schematic diagram for efficient charge transfer mechanism in H-450

charge transfer. Thus excited electrons in Ti’" state of rutile phase transfers to anatase CB,
whereas electrons in Ti’" anatase transfers to brookite CB leading to enhanced life time of
charge carriers which will be available for hydrogen generation reactions. In addition the

excited electron in the CB of each phase transfers to its adjacent phase. Thus more number
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of charge carriers will be available for hydrogen generation reactions. The presence of Ti>"
defect states in triphase TiO, appears to make a significant difference in catalytic activity.
That is why we observe 16 times of hydrogen generation in H-450 compared to pristine

triphase TiO, (T-ARB) despite the samples being only slightly hydrogenated.

6.5 Summary

In summary, the enhancement in photocatalytic reactivity is noticed in TiO;
nanotubes annealed in hydrogen at different temperatures. The triphase TiO, sample
annealed at 450 °C is best at its efficiency generating around 16 times of hydrogen under
one sun condition and 50 times of hydrogen under visible light irradiation than that of
pristine TiO,. The above results show that the slightly hydrogenated triphase TiO, nanotubes
can, without the need of a cocatalyst, be intrinsically activated to have high H, evolution rate
in photocatalytic hydrogen generation. This is due to the presence of generated defect states
below the CB edge of each phase facilitating the easy transfer of excited electrons to the
neighbor phase CB without recombining, as well as making it visible light active. In general
the present findings imply that an optimal hydrogen treatment of multiphase TiO, nanotubes
can result in high quantum efficient visible light active photocatalyst. These investigations
might provide new insights into the photocatalytic ability of hydrogenated triphase TiO, and
pave way for further studies on defective triphase metal oxides for visible light

photocatalytic applications.
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Summary and Scope of Future Work

In the previous chapters, the synthesis of triphase TiO, nanotubes and its nitrogen
doped and hydrogenated variants are discussed in detail. In addition, their photocatalytic
efficiencies in water splitting to generate hydrogen are thoroughly analyzed. Similarly, their
charge transfer characteristics are also delineated. The present chapter summarizes the
important results of the previous chapters. At the end of the chapter, the scope of future

work is suggested.
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7.1 Conclusions

The present thesis reports a novel synthesis method of band gap engineered triphase
TiO, nanotubes and their potential application in photocatalytic hydrogen generation. The
influence of experimental parameters such as change in synthesis voltage and electrolyte
concentration, nitrogen doping and hydrogen annealing on structure, morphology, phase
composition and photocatalytic efficiency of triphase TiO, nanotubes are discussed in detail

in the previous chapters. The key results are summarized below:

1. Using Rapid Breakdown Anodization (RBA) technique, a simple and novel method,
single, biphase and triphase TiO, nanotubes are synthesized. Increase in synthesis potential
results in phase evolution from single phase (anatase) to biphase (AR) to triphase (ARB) in
TiO, nanotubes. Similarly, the increase in electrolyte concentration results in phase
transformation from triphase (ARB) to biphase (AB) TiO, nanotubes. Doping of nitrogen
into the triphase TiO; nanotubes resulted in phase transformation from triphase (ARB) to
biphase (AR) composition with increase in nitrogen content. However, hydrogen annealing
of triphase TiO, nanotubes until 450 °C didn’t induce any phase transformation rather it
enhanced the crystallinity. Thus it is concluded that the synthesis of triphase TiO, nanotubes
is highly sensitive to experimental conditions leading to variation in phase composition and

crystallinity.

2. In all the sample variants, all the phases are present in each nanotube giving rise to bulk
and surface heterojunctions. The obtained TiO, nanotubes are in the size range of 30 to 120

nm. The presence of all the three phases in single entity provides enhanced charge transfer
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among the phases, which in turn enhances the water splitting reaction generating more
hydrogen.

3. The band gap of TiO, nanotubes and its variants, obtained using different synthesis
voltage and electrolyte concentration, is found to be independent of phase composition, thus
possessing nearly same range of value. Hence the difference in photocatalytic hydrogen
generation activity observed among the synthesized TiO, samples are not due to absorption
phenomena rather it solely depends on phase composition. On the other hand, the band gap
decreases with increase in nitrogen doping in triphase TiO, nanotubes from 3.06 to 2.87 eV
thus extending its absorption tail to visible region. Similarly, the band gap of hydrogenated
TiO; also decreases from 3.1 to 2.95 eV. Thus the adopted modifications such as nitrogen
doping and hydrogenation resulted in extension of the absorption tail of the triphase TiO,

nanotubes, making them visible light active.

4. In photocatalytic hydrogen generation under solar illumination, the synthesized triphase
TiO, nanotubes are found to be 1.6 times efficient than that of biphase (anatase-rutile)
nanotubes, 1.25 times that of anatase-brookite nanotubes and twice that of anatase TiO,
nanotubes. Thus more number of phases (triphase) in a single entity (nanotube) enhances the
photo excited charge transfer and separation leading to more hydrogen generation. Similarly,
the best sample among the synthesized nitrogen doped triphase TiO, nanotubes showed
around 7.5 times better hydrogen generation efficiency than that of pristine triphase TiO,
nanotubes and around 2.5 times that of nitrogen doped anatase-rutile nanotubes under one
sun illumination. The hydrogen generation efficiency obtained by the best sample among

hydrogenated triphase TiO, nanotubes is found to be 16 times more efficient than that of
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pristine triphase TiO, nanotubes under one sun illumination. Thus the hydrogen generation
by solar water splitting is enhanced in multiple folds due to band engineering of TiO, by
introducing three phase junctions as well as by adding defect states into the band gap of
triphase TiO,. It is found that, among the modifications adopted to obtain visible light
activity in triphase TiO,, hydrogenation is found to be a better method for enhancing the
photocatalytic activity compared to nitrogen doping. This is due to the presence of minimal
recombination centres compared to that in N-TiO,.
5. In addition to the investigation of photocatalytic efficiency of triphase TiO, nanotubes,
its charge transfer characteristics are also studied. For the first time, a band diagram is
proposed for ARB system with the possible electron transfer pathway using PL spectra and
synchrotron VB edge analysis. It is found that the photoexcited charge transfer takes place
from rutile to anatase to brookite in triphase TiO,. The introduction of defect states into the
band gap of triphase TiO, enhances the charge separation because of low energy difference
among defect states and the band edges leading to enhanced hydrogen generation as in the
case of nitrogen doped and hydrogenated TiO,.

Thus the thesis work opens up a new route for the synthesis of band engineered
triphase TiO, nanotubes and its potential application in solar hydrogen generation in

comparison with the widely studied biphase and single phase TiO,.

7.2 Future aspects
The literature on triphase TiO, nanotubes for any applications is limited. This is
mainly because of the constraints on its synthesis as it requires stringent experimental

conditions and also due to the high sensitivity of triphase form of TiO, which induces phase
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change. In view of the above, the present thesis work that introduced the simple technique
for the facile synthesis of triphase TiO; in nanotubular form is of high significance. It is also
proved that the triphase TiO, nanotubes can perform better compared to conventional
biphase and single phase TiO,. In addition, the basic modifications carried out to enhance
the visible light activity of these triphase nanotubes, proved to enhance hydrogen generation
in many folds. Even though the thesis work covers all the basic areas to understand the
triphase TiO», still it has lot of scope for improvement. The following are the suggestions:

1. The triphase TiO, and its variants synthesized by RBA technique can be utilized in other
applications such as Dye Sensitized Solar Cells (DSSC), degradation of organic pollutants,
dye degradation, biomedical applications such as antibacterial activity etc, in place of
conventional biphase and single phase TiO,.

2. The triphase system can be doped / loaded with other elements such as metals, non-
metals, quantum dots etc to study the photocatalytic efficiency and its effect on phase
composition.

3. The triphase TiO, can be merged with other suitable semiconductors or with few layer 2D
nanosheets such as graphene, graphitic carbon nitride, molybdenum bisulfide etc. for
enhancing the water splitting ability.

4. Apart from engineering the triphase TiO, nanotubes for photocatalytic applications, the
basic studies such as crystal properties, lifetime of charge carriers, interface structure, band
alignment and charge transfer properties etc can be carried out in detail using suitable
experimental techniques such as synchrotron based XRD, XAFS, XANES; time resolved

spectroscopic techniques, positron annihilation spectroscopy, etc.
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5. In addition, theoretical modeling of triphase system can be carried out to compare the

difference between the theoretical and the experimental results, for a deep understanding.

Thus there is lot of scope for improving this material in order to obtain a practicable

photocatalyst.
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TEM bright field image: (a) T-ARB and (b) NT-1.5; HRTEM images: (c)
T-ARB (d) NT-1.5 and (e) NT-4.5

KM plots of T-ARB and N-TiO; nanotubes

XRD patterns of T-ARB and hydrogenated TiO, nanotubes

Raman Spectra of T-ARB and hydrogenated TiO, nanotubes

FESEM images of (a) T-ARB and (b) H-450; (c) TEM bright field image of
T-ARB, (d) HRTEM of single nanotube of T-ARB; HRTEM images of (e)
H-250 and (f) H-450; SAED patterns of (g) T-ARB and (h) H-450

UV-Vis absorbance spectra of T-ARB and hydrogenated TiO, nanotubes
(Inset: Band gap values calculated from the Kubelka-Munk plots)
Cumulative hydrogen generation of triphasic TiO, synthesized at different
voltages under one sun conditions with ethanol as sacrificial agent (The
error bars in the figure are standard error values of three tests)

Cumulative hydrogen generation of triphasic TiO, synthesized at different
electrolyte concentration under one sun conditions with ethanol as
sacrificial agent (The error bars in the figure are standard error values of
three tests)

MS plots of TiO, nanotubes synthesized at different voltages in 0.5M
Na,SOq at a frequency of 1 KHz, under UV illumination

(a) PL spectra TiO, nanotubes synthesized at different voltages (b) Ols
XPS spectra comparison of T-11 and T-12

MS plots of TiO, nanotubes synthesized at different electrolyte
concentration in 0.5M Na,SO4 at a frequency of 1 KHz, under UV
illumination

PL spectra of TiO, nanotubes synthesized at different -electrolyte
concentration

A close look of the PL spectra in band gap region from 2.6 eV to 3.4 eV
Deconvoluted PL spectra of selected TiO, nanotubes synthesized at
different voltages in the region from 2.6 eV to 3.4 eV

Synchrotron photoelectron valence band spectra of T-11

Possible band edge positions of T-11 (a) Case I and (b) Case II

Cumulative hydrogen generation of T-ARB and N-TiO, under one sun
conditions with ethanol as sacrificial agent

MS plots of T-ARB and N-TiO, nanotubes in 0.5M Na,SO, at a frequency
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Schematic diagram for efficient charge transfer mechanism in NT-1.5
Synchrotron valence band spectra of (a) T-ARB; and (b) NT-1.5
Cumulative hydrogen generation of T-ARB and hydrogenated TiO, under
(a) one sun conditions and (b) visible light with ethanol as sacrificial agent
(The error bars in the figure are standard error values of three tests)
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